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Preface

Since the first ICHSF, which was held in 2004 at the Technische Universitat Dortmund,
Germany, this biannual conference has grown into one of the major events for high speed
forming technologies and its applications. This meeting series is now being organized with
the support of the International Impulse Forming Group (IFG) that was formed in October
2008 through the vision of Professor Erman Tekkaya. His goal was to model this in many
ways after the International Cold Forging Research Group which has been instrumental in
applying cold forging to wide manufacturing practice. The public face of this site can be
found at http://www.i2fg.org with useful information as well as the proceedings of all the
ICHSF meetings. This 6th conference is organized as a joint event of the Department of
Mechanical Engineering of KAIST (Korea Advanced Institute of Science and Technology)
and the Institute of Forming Technology and Lightweight Construction of Technische
Universitat Dortmund.

Like its five predecessors, the ICHSF 2014 shall provide an international forum for the
exchange of experience and knowledge to scientists, engineers, manufacturers, industrial
operators as well as other interested persons. Especially this conference is, for the first
time, held in the Asia region, which provides a truly international forum to disseminate
cutting-edge information on the high speed forming. The large number of international
participants from 12 different countries emphasizes the demand for discussions in this
niche technology. 38 high quality papers are presented over a range of topics including
impulse forming and equipments, joining and welding, and their modeling. The papers are
contributed by 25 academic institutions, 6 industries, and 10 research institutions.
Accordingly, the conference will serve as a platform to present research results regarding
the process technologies, tools and equipment, energy, materials and measurement
techniques, modeling and simulation, and industrial applications.

We would like to take this opportunity to cordially thank the authors and co-authors, the
scientific committee as well as all participants of the conference for their valuable
contributions. Special thanks are due to Mr. Min Kuk Choi, Mr. Joern Lueg-Althoff and Mr.
Christian Weddeling for compiling these materials. It is our pleasure to express deep
gratitude for strong support from POSCO.

We are particularly honored to welcome you to Daejeon, Korea.

We hope to see you at the next meeting in Dortmund in 2016.

it A& LUy

Hoon Huh A. E. Tekkaya
KAIST Technische Universitat Dortmund

Daejeon, May 2014
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MATERIALS AND MEASUREMENT TECHNIQUES






Avoiding Bending in Case of Uniaxial Tension with
Electromagnetic Forming

O. K. Demir, C. Weddeling, N. Ben Khalifa, A. E. Tekkaya

Institute of Forming Technology and Lightweight Construction, TU Dortmund, Germany

Abstract

During electromagnetic forming, excessive bending of the specimen takes place due to
high velocities and inertia. We show that the excessive bending can be prevented by
optimizing the coil geometry in case of uniaxial tension. The process is simulated with
various coil geometries, and the resulting amount of bending is compared to the case of
standard Nakajima Test. The comparison shows that the bending can be minimised to
acceptable levels to be able to call the method a decent way of determining forming limits.
The results should be verified experimentally.

Keywords

Forming limits, Electromagnetic forming, Nakajima Test

1 Introduction

To determine the quasi-static forming limits of a material there are standard tests like
Nakajima Test and Marciniak Test. In these tests, the material should be formed
monotonically on distinct strain paths until failure. There is not a standard test in case of
electromagnetic forming. The main reason for this is the difficulty to let forming proceed on
a certain strain path monotonically: The specimen bends and twists in several planes due
to practical impossibilities, high velocities, and inertia.

" This work is based on the results of the German Research Foundation (DFG) project
Te 508/10-2 (PAK343); the authors would like to thank DFG for its financial support
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In this paper, we focus on the electromagnetic forming on the strain path of uniaxial
tension, and propose a solution to the problem of bending.

To stretch material uniaxially, a harrow specimen is formed into a die cavity. If this is
performed with a spiral coil, the centre of the specimen cannot be pushed with the
electromagnetic forces. This leads to excessive bending in the centre. In order to avoid
this, instead of a spiral one, a straight coil should be used. This improves the situation in
the centre, however; without an optimization of the coil geometry, a flat coil leads to
excessive bending at the rim of the specimen.

Only if we can avoid any excessive bending, we can be sure that the forming
proceeds monotonically on the strain path of uniaxial tension. And only in this case, we
can be sure that the maximum strain achieved is the forming limit for uniaxial tension.

We simulate the electromagnetic forming of a narrow specimen into a round die
cavity. This is done with a straight coil, and the coil geometry is optimized to minimize any
unwanted bending. The simulation results are compared with the results of a conventional
Nakajima-Test. The comparison shows that the unwanted bending and wavy form of the
specimen can be minimized by coil geometry optimization.

2 State of the Art

Several researchers observed the bending of the specimen during forming into a die
cavity. The bending was seen both in cases of a spiral coil or a straight coil.

Kleiner et al. (2005) investigated forming into a conical die using a spiral coil [1].
Simulation showed a “strongly inhomogeneous velocity distribution in the sheet metal”.
They stated: “In case of spiral coils, the pressure in the centre of the workpiece is always
zero; therefore a homogenous distribution is not achievable”. This inhomogeneous
velocity distribution leads to the bending of the specimen during forming (see Figure 1).

b) F70-6/12

Figure 1 The wavy forms the specimen takes in case of electromagnetic forming with spiral coils. A
round specimen is formed into a v-shaped die cavity [1]

Golovashchenko (2007) used a straight coil to form on the strain paths of plane
strain and uniaxial tension (see Figure 2a) [2]. He reported a “nonuniformly distributed
electromagnetic field” and a “nonmonotonic character of deformation”. He observed a “fold
in the center of the sample” (Figure 2b). By stating “The shape is different from typical
dome shape of samples after FLD testing”, he revealed that the method is not suitable to
determine forming limits like in a decent “FLD testing” method.
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a) b)

Specimen Coil

Figure 2 a) Straight coil windings laying under the specimen b) The specimen after being formed
with a straight coil [2]

Kamal (2005) introduced a coil design, which is called Uniform Pressure Actuator, to
be able to use straight coils more effectively [3]. In this design, a conductive part is added
to the setup. This part is called the conductive outer channel. The channel and the
workpiece form a closed circuit and the induced current flows through it. Imbert et al.
(2006) used this design and compared the results with a spiral coil [4]. They reported
drastic improvement in the uniformity of the velocity distribution, and thus less bending of
the specimen.

They obtained this result by using a straight and a flat coil, and focused on the
bending in the centre, not on the bending at the rim. Our simulation results show that a flat
coil induces severe bending at the rim. In this paper we are going to change the flat shape
of the coil, and optimize it to prevent bending.

3 Methods

3.1 The Finite Element Model

The specimen material is EN AW-5083 with temper designation H111. The quasi-static
flow curve of the material was obtained by conventional tensile tests. The high strain rate
flow curves until 1000 s* were determined by the company Nordmetall GmbH using a
rotating wheel test, and published by Engelhardt et al. in 2010 [5]. These flow curves do
not exhibit a significant strain rate dependency. That is why, the strain rate dependency of
the workpiece material was neglected during the simulations.

The specimen is a scaled version of standard Nakajima Test specimen that is used
to create uniaxial tension. Its dimensions can be seen in Figure 3. It is modelled with
approximately 15000 nodes and 10000 3-dimenisonal brick elements with single
integration points. The specimen thickness is divided into three elements. The element
aspect ratio varies between 1 and 2.15.

The coil width was varied between 8.5 mm and 10 mm during the optimization. The
thickness profile of the coil was also varied during the optimization. At the thickest point
the coil is 14 mm thick (see Figure 3). The coil was modelled with 10000 nodes and 12000
3-dimensional brick elements with single integration points. The element aspect ratio
varies between 1.3 and 2.
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Symmetry axis

Specimen

Coil profile (to optimize)

Symmetry axis
Figure 3 The geometries of the specimen and the coil. The specimen has a thickness of 1 mm.

The dimensions of the drawing ring are given in Figure 4. The edge radius of it is
5 mm. A 25 kN blank holder force and a draw bead at @150 mm was used in the model.

<

+
® ©52,5
> F 1 |

%/

Figure 4 The drawing ring has a round opening

20

For the electromagnetic part of the simulation, the machine called SMU 0612 FS
was modelled with its 80 uF capacitance, 4.2 mQ internal resistance, 40 nH internal
inductance, and 9 kJ maximum energy. This machine is used by the Institute of Forming
Technology and Lightweight Construction (IUL) for electromagnetic forming, and was
manufactured by the company Poynting GmbH.

The simulation was conducted with LS-DYNA v980. The electromagnetic, thermal
and the mechanical parts of the problem were loosely coupled with each other. The
electromagnetic matrices were updated every 5 microseconds. The electromagnetic and
thermal solutions had a time step of 0.04 microseconds, while the mechanical solution
had a time step of 0.02 microseconds.

In order to evaluate the simulation results, they were compared with a conventional
gquasi-static Nakajima Test. For that, Nakajima Test was simulated using the same
specimen geometry with the electromagnetic simulation. A semi-spherical punch
(2100 mm) was used in the Nakajima Test simulation. This simulation was performed by
explicit finite element method using LS-DYNA v980.

3.2 Optimization

The optimization was performed manually, without using any special software. The width
and the thickness profile of the coil were optimized. Three different widths were simulated:
8.5mm, 9.25mm, and 10 mm, which is equal to the specimen width. The various
thickness profiles that were simulated can be seen in Figure 5.
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Specimen: —> Length of specimen

Coil #1: Flat Coil Thickness 1 mm

|

)
)

Figure 5 Thickness profiles that were used in the simulations.

The forms that the specimen takes during electromagnetic forming and Nakajima
Test were compared with each other. This was done at two different forming depths:
2.8 mm (at the beginning of the process) and 12 mm (towards the end of the process). For
that, the simulation was stopped at the desired forming depth, and a section cut along the
length or width of the specimen was taken. In order to see the details of the cross-section
geometry better and notice the nuances between them, the displacements were scaled
up. The corresponding scaling ratios are given in the captions of the figures Figure 6,
Figure 7, and Figure 8.

4 Results

4.1 Specimen profile along the length

To see the specimen profile along the specimen length, a section cut normal to the
specimen width was taken. Figure 6 and Figure 7 show this section view. Figure 6 reveals
the comparison between three different coil designs at the beginning of the process
(forming depth 2,8 mm). Figure 7 shows the same comparison towards the end of the
process (forming depth 12 mm).
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Flat coil

Plastic Strain
A / 0.04 I

Coil #2 |
0.02 |

Conventional
Nakajima Test I
0
—> Length of specimen

Representative
coil geometry

Figure 6 Cross-sectional views of specimen in cases of different coil geometries given in Figure 5,
and in case of conventional Nakajima Test. Displacement scale factor: 20

A . /\\ Coil #5

12 mm '/ \}

' Flat coil . .
-\ / \ Plastic Strain
E 0.110 I

0.055 |

y
Nakajima Test ~
—> Length of specimen

Coil #2

Conventional

Representative
coil geometry

Figure 7 Cross-sectional views of specimen in cases of different coil geometries given in Figure 5,
and in case of conventional Nakajima Test. Displacement scale factor: 5

4.2 Specimen profile along the width

To see the specimen profile along the specimen width, a section cut normal to the
specimen length was taken. Figure 8 shows this section view. Figure 8 reveals the
comparison between coils with three different widths: 8.5 mm, 9.25 mm, and 10 mm.
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Specimen
att=t_, [ D ———
————-
—————————-
an .

Specimen width 10 mm

.

Specimen
at t=t, i
Coil width 10 mm Coil width 8.5 mm Coil width 8.25 mm

Figure 8 Cross-sectional views of specimen during the test, in case of different coil widths. Figure
not to scale. Displacement scale factor: 5

5 Discussion

Figure 6 shows that the specimen experiences severe bending in case of a flat coil. The
change of coil profile, in which it is thicker in the middle and thinner at the rim, improves
the situation drastically.

At the beginning of the forming process (Figure 6), in case of Coil #2, the profiles of
the quasi-static and electromagnetic cases overlap perfectly in the centre. Only the slight
bending at the rim distinguishes the two results. In case of Coil #5, the profile does not
overlap perfectly with the quasi-static case. The electromagnetic forming stretches the
specimen more, compared to Nakajima Test. When we compare the results with Coil #2
and Coil #5, we see that Coil #2 leads to more bending in the specimen profile: The
specimen profile with Coil #2 is wavier than the one with Coil #5.

Towards the end of the forming process (Figure 7), in case of Coil #5, the profiles of
the quasi-static and electromagnetic cases overlap in the middle. Only the slight bending
at the rim distinguishes the two results. When we compare the results with Coil #2 and
Coil #5, we see that coil Coil #2 leads to more bending in the specimen profile: The
specimen profile with Coil #2 is wavier than the one with Coil #5.

Coil #5 delivers at both the beginning and the end of the process the minimum
amount of bending. This is an acceptable amount to call the test as a decent method of
determining forming limits. This can be seen when the cross-sections delivered by Coil #5
and Nakajima Test are compared in figures Figure 6 and Figure 7. The results show that it
is logical to select Coil #5 as the optimized coil geometry.

Figure 6 and Figure 7 show the bending in the plane normal to the width of the
specimen. Figure 8 shows that the specimen also experiences bending in the plane
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normal to the length of the specimen. Such a bending does not occur when the forming is
conducted quasi-statically with a punch. This bending is a severe disadvantage of using
an electromagnetic coil instead of a punch, and must be minimized.

Figure 8 shows that the least bending occurs when the coil width equals 9.25 mm.
So it is logical to select 9.25 mm as the optimized coil width.

6 Conclusion

In order to determine the electromagnetic forming limit of a material in case of uniaxial
tension, a narrow specimen can be formed electromagnetically into a die cavity. However,
during this process, the specimen experiences excessive bending in the planes normal to
its length and width. Simulation results show that this bending can be minimized by
optimizing the coil geometry. The optimized coil geometry delivers specimen geometries
which are very similar to the specimen geometries encountered during the standard
Nakajima Test.

To verify the conclusions drawn from the simulations, experiments should be
conducted with the optimized coil geometry, and the results should be compared with the
Nakajima Test.
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Experimental investigations on forming limits for
aluminium alloy sheet metal at various strain rates

M. Engelhardt’, C. Klose'

! Institut fiir Werkstoffkunde (Materials Science), Leibniz Universitat Hannover, Germany

Abstract

The application of a pneumatic testing device for the high speed forming of aluminium
alloy sheet metal is presented in this paper. Former publications of the authors showed
the feasibility of a drop tower test rig for Nakajima testing of sheet metal (EN AW-6082 T6)
at punch speeds of approximately 10 m/s or strain rates of approximately 100s™.
However, the pneumatic testing method allows for punch speeds of at least more than five
times higher compared to the mechanical testing devices available. The modular design of
the pneumatic-mechanical testing device enables the set up in a universal testing
machine, as used for tensile testing, and thus, punch speeds in the range of 1 mm/s are
also possible for testing at quasi-static strain rates.

The experimental set-up and the measuring system used for the trials will be
described in detail. At first, experiments with a punch speed of 1 mm/s, according to DIN
EN ISO 12004-2, were done using various specimen geometries in order to determine a
forming limit curve for 1 mm thick aluminium alloy sheets (EN AW-5083) at quasi-static
strain rates. Secondly, experiments with different air pressures were conducted to
evaluate the speed capabilities and restrictions of the device. After verification of the
desired speeds and possible quality, several specimens were tested at 21 m/s and the
resulting strains were compared to those achieved at low forming speeds. Optical analysis
was used to determine the resulting strains at fracture for all specimens tested.

Keywords

Aluminium Alloy, Forming Limit Test, Strain Rate Analysis

" This work is based on the results of Paketantrag 343 “Methodenplanung fiir
quasistatisch-dynamisch kombinierte Umformprozesse”; the authors would like to thank
the German Research Foundation (DFG) for its financial support
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1 Introduction

Sheet metal forming is used for the mass production of parts with various geometries at
high qualities for the automotive or aviation industries. Yet, the complexity of the sheet
metal products is limited to the formability of the sheet metal material. These limitations
can be overcome in different ways. For example, changing the strain path in a multi-step
forming process is an effective way [1] without using high(er) temperatures as needed for
superplastic forming (SPF) [2] or quick plastic forming (QPF) [3]. The need of multiple
steps is a disadvantage when changing strain paths, since the changes are limited to
geometrical and/or process restrictions. The temperatures required for SPF and QPF
processes lead to the need of additional heating and/or processing equipment, combined
with low to very low forming speeds and their corresponding processing times. Changes in
microstructure and heat treatment conditions can lead to unbeneficial mechanical
properties as well as additional costs for following heat treatments.

The use of high speed forming processes is an alternative method to increase
forming limits. It has been researched intensely in the last years starting middle of the past
century. The effect of increased formability at high forming speeds has later been named
“hyperplasticity” by Balanethiram and Daehn (1994) [4]. The main phenomena causing
this increase in formability are found to be due to inertia effects [5—7], changes in strain
rate sensitivity [8—10], or a combination of both. An overview of the various processes and
means to provide the energy required for the high speeds needed can be found in [11].
Commonly used methods are explosive, electro-hydraulic, or electromagnetic forming.

However, comparable experimental analysis of these processes, especially for the
data generation and verification of simulations in high speed sheet metal forming, is still
not established properly. The most common way to determine material data at high
speeds is the use of tensile tests with a split Hopkinson Pressure bar, which lacks the
flexibility to test at stress states different than that of uniaxial tension. Experiments using
electro-hydraulic forming or electromagnetic punch stretching proved to be able to reach
higher strain rates but miss the possibility of defined strain paths, reproducibility and, most
importantly, their deformation cannot be standardized or directly compared to quasi-static
results. The commonly used standardized tests for the evaluation of forming limits, as
stated in DIN EN ISO 12004-2, are only valid at low forming speeds (punch speeds
between 1 mm/s to 2 mm/s). Moreover, the available test equipment is not capable of
reaching punch speeds needed for high speed forming. Recently published test setups in
accordance to DIN EN ISO 12004-2 used a high-speed crash testing machine [12] and a
drop tower testing device [13] to achieve punch speeds of around 10 m/s. Although the
test setups showed suitable to predict the dynamic forming limit curves for the tested
materials, the achieved deformation speeds were not sufficient to increase the formability
of the tested sheet metals.

From the results and findings stated above, it is obvious that there is a need of a
forming device capable of testing standardized sheet metal specimens at low to very high
forming or punch speeds respectively. In this paper, a forming device capable to test at
low punch speeds (<10 mm/s) and very high punch speeds (>10 m/s) is shown. In
addition, the device is also capable of testing specimens at low and very high speeds in
the same set-up.
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2 Forming device

The general set-up of the device is shown in Figure 1. The selected air pressure is
provided to the air inlet of the pressure valve. After the valve is open, the piston is
accelerated inside the cylinder according to the set air pressure (up to 250 bar) until the
connected punch hits the sheet metal specimen to be tested. A measuring set-up, made
of a laser curtain, has been placed just above the specimen in order to measure the

speed of the punch at the moment of impact.
Cylinder Laser

\

Specimen
L
- 1=
R \
High speed
Pressure Valve Receiver Punch

Figure 1: Set-up of the pneumatic testing device in side (left) and section view (right)

The forming device described above (Figure 1) can be roughly divided in three
connected units, the energy supply, the forming device itself, and the speed measurement
unit.

2.1 Energy supply

The energy supply (Figure 2) consists of a compressed air bottle, a pressure regulator,
different valves, and an intermediate pressure storage. Compressed air bottles (volume of
50 litres) with a maximum pressure of 300 bar (standard) can be employed as air pressure
supply used to fill the pressure storage. The interposed pressure regulator is used to set
the air pressure between 20 bar to 300 bar as desired for the experiments, the adjacent
check valve separates the compressed air bottle and the pressure storage during the
experiments. Between the pressure storage and the high speed valve a manually
operated 2/2-way valve is placed in order to detach the forming device from the air supply
between experiments or when the device is not in use. The high speed pressure valve,
type PCD-H 15 by miiller co-ax AG, is an electronically controlled 2/2-way valve designed
for pressures of up to 500 bar, powered with an additional pressure system operated at
10 bar, and a minimal switching time of 30 ms (opening and closing).

13
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Compressed air bottle
Pressure regulator

Check valve
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Figure 2: Sketch of air supply system

S o

A pressure release valve attached to the pressure storage and a quick release
coupling connecting the high speed valve and the forming device are not shown in Figure
2.

2.2 Forming device

A detailed CAD-drawing of the forming device is shown in Figure 3. The device works
either pneumatic-mechanically (high speed mode) or manipulated externally with the help
of a universal testing machine (low speed mode).

In both modes, the specimen (Figure 3, bottom right) is fixed between the blank
holder and the draw ring. The width of the specimen is defined by the “X” dimension; in
the case that a circular specimen “100” is used. Points of 1 mm diameter were laser
engraved on the sheet specimens in a linear pattern with 1 mm distance in between and
perpendicular to rolling direction. In order to evaluate the strains after fracture of the sheet
specimens, the change in distance of the laser engraved dots was optically analysed
using an ARGUS system by GOM mbH.

Shear pin Piston Stem  Punch Blank Specimen Draw
holder ring

Breakthrough
for speed
measurement

Q ?
S ! |
Q‘\ & . . - \
& @ Lid Cylinder Guiding Spacer Base = B
Q\\?} part plate

Figure 3: Detailed drawing of the forming device and specimen shapes used for testing
(bottom right)
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2.2.1 High speed mode

The initial state of the experiment is depicted in Figure 3. Here, the piston (J75 mm) is in
contact with the lid. It can also be fixed using a shear pin. After the high speed pressure
valve is activated (opening), the air flows in through the lid and enters the small pressure
chamber (@40 mm). This small pressure chamber reduces the surface in which the air
pressure is acting on, and thus, decreasing the force on the piston in the initial state. If a
shear pin is used, the shear pin locks the piston in its position until the pressure/force
working on the piston exceeds the yield strength of the shear pin. The reduced diameter
of the small pressure chamber allows to reduce the required shear pin diameter for
different working pressures. If no shear pin is used or if the shear pin fails, the piston-
stem-punch unit (hemispherical punch @50 mm) is propelled towards the specimen, losing
contact with the lid and instantaneously increasing the area on which the air pressure is
working on, up to the full surface of the piston. The piston-stem-punch unit is then
accelerated, hitting and deforming the specimen until it is stopped in the final position at
the top of the guiding part. Here, the air pressure acting on the piston is released through
the holes in the cylinder wall. The deformation depth can be adjusted using distance
plates attached on top of the guiding part. After the high speed pressure valve is closed
automatically, the system is pressureless and the deformed specimen can be removed.

2.2.2 Low speed mode

In the low speed testing mode, the cylinder, lid, and piston are dismounted, and the
forming device is inserted vertically into a universal testing machine (not shown). In the
initial state, the stem-punch unit is in contact with the specimen. The movement of the
testing machine crosshead is then used to deform the specimen to a certain deformation
depth or until rupture occurs.

2.3 Speed measurement

An ODC1201-20 Laser Beam Sensor by MICRO-EPSILON Eltrotec GmbH has been used
for measuring the punch speed right before impact on the specimen. The sensor consists
of a Laser, emitting a linear laser curtain with a height of 20 mm, with a cut-off frequency
of 100 kHz and a dynamic resolution of 100 um. The laser and receiver are placed just
above the blank holder, in 10 mm distance to the specimen.

Receiver Punch Laser light curtain for Laser

AN speed measurement

Draw ring Specimen Blank holder

Figure 4: Speed measurement set-up
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Figure 4 shows how the laser curtain is shadowed by the approaching punch. The
sensor signal strength is between 12 V (when not shadowed) and 0 V (when shadowed
completely). The sensor signal has been measured using a storage oscilloscope, which
allows to manually evaluate the resulting speed as shown in Figure 5.

3 Results and Discussion

3.1 Punch speed adjustment

While the punch speed during testing in low speed mode equals that of the crosshead of
the used universal testing device, to define the punch speed at high speed mode a speed
adjustment is needed. For this, several trials at different air pressures, and with or without
shear pins of different diameter, had to be performed. Examples for the resulting signals
and the optical-manual evaluation of the punch speed (v,) are shown in Figure 5.

First trials were performed using no shear pin with increasing air pressures, starting
at 50 bar, increasing the pressure in several steps to a maximum pressure of 200 bar. Up
to a pressure of 100 bar, the punch speed increases from around 12 m/s to 18 m/s.
Nevertheless, the resulting deformation energy or mass of inertia of the punch is not
sufficient to deform specimens with a width of more than 45 mm until rupture occurs.
Above 100 bar the punch speed increases very slowly and with a high deviation of more
than £5 m/s. This is most probably due to changes in friction and pressure surges leading
to premature movement of the piston-stem-punch unit. Only at pressures of 150 bar or
higher, reproducible punch speeds with a standard deviation of about 1.5 m/s are possible,
reaching 21 m/s at 150 bar and a maximum speed of around 23 m/s at 200 bar.

However, if a shear pin is used, much higher speeds are possible. Trials with
different shear pin diameters at 200 bar air pressure were done. Punch speeds of
33.3m/s and 52 m/s were possible with shear pin diameters of 5mm and 7.5 mm
respectively (Figure 5). Thus, exceeding the punch speed without a shear pin at 200 bar
by a factor of 1.5 to 2.5.
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Figure 5: Samples of speed measurement results

3.2 Forming analysis at high speed

At first, low speed experiments were done with a punch speed of 1 mm/s in a
universal testing machine. Several specimen geometries / widths were used to display the
different stress states needed for defining the forming limit curve (FLC) shown in the
forming limit diagram in Figure 6. Here, the horizontal axis shows the minor strain ¢, and
the vertical axis the major strain ¢4. The specimen widths of 7.5 mm, 10 mm, 15 mm,
35 mm and 55 mm as well as full circular specimens were chosen for these experiments.

05 -
@4
0,4

03 - >

0,1 -
®75 010 A15 035 55 [100 ===FLC

0,0

-0,2 -0,1 0,0 0,1 0,2 03 ¢, 04

Figure 6: Forming limit diagram, punch speed 1 mm/s
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The forming limit curve is in good accordance with forming limit diagrams presented
by Naka et al. [14], although the forming limits presented here are approximately 10-20 %
higher, especially for the full specimens. These differences could occur due to the
different experiment settings, such as the punch geometry used (Naka et al.: flat/ @92 mm
and here: hemispherical/ @50 mm), and specimens used (Naka: rectangular/ 170 mm to
here: round/ @100 mm).

After the forming limit curve at quasi-static level or low punch speeds had been
evaluated, high speed trials using 150 bar of air pressure and no shear pin with a resulting
punch speed of approximately 21 m/s were done. This speed was chosen for the first high
speed trials, since it depicts the lowest punch speed at which reproducible testing is
possible, as stated before. As can be seen in the forming limit diagram for low speed
testing, a specimen width between 7.5 mm and 15 mm results in almost the same values
for minor and maijor strain. Therefore, different specimen widths, including 10 mm, 35 mm,
45 mm, 60 mm and full circular specimens (100), were chosen for the high speed testing.

Figure 7 shows the strains per dot and, for better visibility, the resulting strain paths
(depicted by arrows) for the specimens tested at 21 m/s. It is obvious, that for all
specimen geometries tested, the strains at fracture at a high punch speed of 21 m/s are
much higher than those at the low punch speed of 1 mm/s. Furthermore, the chosen
specimen widths allow for measuring more diversified strain states than those used for
low speed testing.

0,5

OF

04 1.

0,3 A1

0,2

0,1

0,0

-0,2 -0,1 0,0 0,1 0,2 03 ¢, 04

Figure 7: Deformation of specimens of different widths tested at 21 m/s compared to the
forming limit curve for 1 mm/s punch speed
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4 Summary

The design of a pneumatic-mechanical forming device for testing of forming limits
at low (<10 mm/s) and very high punch speeds (>10 m/s) for sheet metal has been
presented.

Experiments with different settings were done to define the limitations of the
forming device. Here, the forming device has proven capable of punch speeds
higher than 50 m/s.

Further experiments are needed to evaluate the maximum capability of the forming
device

A forming limit curve for a 1 mm thick EN AW-5083 aluminium alloy sheet metal
was determined at a low punch speed of 1 mm/s.

High speed trials with a punch speed of 21 m/s stated that the achievable
formability at this speed is higher than that at low speeds, such as the ones used
for quasi-static testing according to DIN EN ISO 12004-2.
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Abstract

For having the lowest density of all metal construction materials of 1.75 kg/dm®, magnesi-
um wrought alloys are outstanding lightweight materials. The low formability at room tem-
perature limits the industrial use of magnesium AZ31B-0. In this paper the influence of
high strain rates was investigated with the aim to improve the formability of the alloy
AZ31B-0 at room temperature.

The negative strain rate sensitivity of quasi-static strain rates causes an early loss of ma-
terial stability due to formation of local deformation zones on the work piece surface. This
leads to a low formability in the forming state of plane strain, in which the forming limit
(FLC) of magnesium alloy AZ31B-O has a critical minimum. For process illustration of
multi-axial stress states - which appear in conventional forming processes - the pulse
magnetic forming process is used. To create plane strain formability a flat coil is used. The
applied die is used to control the free formability. Hereby, a change of the maximum loads
on the power transfer zone to areas of plane strain formability occurs.

The results that have been achieved show that high strain rates at room temperature in-
crease the permitted loads of the material with plane strain formability significantly. High
speed forming is linked to a rising strain rate sensitivity which increases the flow re-
sistance in critical forming areas, in favor of a rising material stability. This fact is repre-
sented by equally reduction of the sheet thickness on the power transfer area. The homo-
geneous work piece stress clearly increases the formability of AZ31B-0O at room tempera-
ture compared to quasi-static forming process.

Keywords

Pulse magnetic forming, magnesium AZ31, plane strain formability
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1 Introduction

National and international guidelines, e.g. reduction of CO, emission in automotives as
well as the E-mobility sector due to previously limited energy density of batteries [1], re-
quire new lightweight components to reduce the whole weight of a vehicle and associated
with these new production technologies. In comparison to steel components, lightweight
components like magnesium alloys exhibit lower density and therefore lower mass.

The use of different materials — a so-called “multi-material design” — was investigated in
the EU project “Super Light Car’. The mass of the front end structure of a vehicle was
reduced up to 100 kilograms, thus the emission of CO, could be reduced to 8.4 gram per
100 kilometer. This value corresponds to a fuel economy from 0.3 to 0.5 liters [2]. Espe-
cially in the area of E-mobility the total weight of the vehicle structure exhibits a very im-
portant role. The average energy density of a lithium-ion battery is 0.10 kWh/kg. The av-
erage energy density of a gasoline engine, which was fuelled with premium gasoline, 12.0
kWh/kg. To achieve comparable distances with an electric motor in comparison to a com-
bustion engine an accumulator with a huge energy density is required. The use of light-
weight components at different areas in the car body is essential to reduce the weight.
Therefore it is necessary to develop an efficient and environmentally sustainable process
to form lightweight components like magnesium alloys.

Forming processes with optimal utilization of material and high productivity offer potential
for excellent accuracy. Forming process of magnesium alloys is accomplished at high
temperatures of 220°C currently. A general challenge in forming of magnesium alloys will
be in the realization of forming processes at lower temperatures.

In the last years the pulse magnetic forming processes have gained an increasing atten-
tion from both manufacturing companies and research facilities [3, 4]. A considerable ad-
vance has been made in the field of process understanding. In this paper an approach for
the extension of formability of the magnesium wrought alloy AZ31 by pulse magnetic form-
ing at lower forming temperature is described.

2 State of the art

Formability of magnesium alloy AZ31

In the present work casting rolled and then hot-rolled sheets of the wrought magnesium
alloy AZ31 in the condition O (O- temper AZ31B Mg sheet alloy) has been investigated.
Magnesium crystallizes in the hexagonal densely packed unit cell (hcp) with an axial ratio
c/a of 1.6236. As a consequence of its crystal structure, there are during the forming pro-
cess at room temperature only two independent slip systems with «a>-Burgers vector on
the <0001>-Basal plane [5]. The activation of the pyramidal slip system of second order
which provides not only a deformation component with <«c>-Burgers vector but also satis-
fies the ‘von Mises’ criterion of five independent slip systems takes place at temperatures
above 225°C. Regardless the critical shear stress T«ss possesses for dislocation motion
on the «0001>-Basal plane the lowest values at all temperatures [6, 7]. Therefore, the
«0001>¢1021>-sliding system is also at high temperatures the main sliding system of mag-
nesium. Associated with this fact the expression of a sharp basal texture during sheet
metal fabrication by rolling, in which the c-axis of the unit cell aligns parallel in the intensity
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maximum of sheet plane normal [8]. Due to the lack of dislocation activity in the sheet
thickness direction at room temperature - parallel uni-axial tensile stress to Basal plane -
the material is not able to oppose the geometric softening with dislocation hardening. In
addition, the logarithmic degree of deformation ranges in the sheet thickness direction not
to mechanical pressure twins for an additional strain contribution along the c axis to form
in the sheet thickness direction. This is associated with an early loss of material stability
and also a low elongation [9]. After CONSIDERE criterion, the material is not stable when
the increment of the reduction in cross section exceeds the increment of the stress (1),
[10].

ar, _
de
The connection between flow stress and deformation can be captured by using the ,Lud-
wik“ equation in the power function by HOLLOMON (2), [11].

Y, (1)

Y, =C-¢" (2)

The low hardening capacity of AZ31B-O alloy by Basal texture is associated with a hard-
ening exponent less than 0.2. This is associated with an early diffuse constriction in the
uni-axial state of stress in the tensile test which ends without strain localization in shear
failure [12]. Despite declining hardening exponent formability of AZ31B-O alloy increases
with increasing temperature [13, 14]. Macroscopic background is a rising strain rate sensi-
tivity of AZ31B-O alloy [15]. In the extended approach of the HOLLOMON equation the
strain rate is taken into account with the exponent m of the strain rate sensitivity (3), [16].

Y, =C-&"-&" (3)

If a cross-section in the forming zone of the material occurs during the forming process an
increase of the strain rate takes place. With a positive strain rate sensitivity in the forming
zone the flow resistance increases in the relevant zone of the work piece and the forming
zone differs in surrounding areas with low flow resistance. This is associated with an in-
crease of the material stability in the form of uniform elongation [17]. At quasi-static strain
rates at room temperature the AZ31B-O alloy has a low positive strain rate sensitivity of
0.05 which increases with increasing temperature at 0.7, [18]. Furthermore, the strain rate
sensitivity can also assume negative values at pronounced tensile twinning. This reduces
the achievable material stability significantly, [19].

The AZ31B-0O alloy shows at high strain rates maximum CONSIDERE strain and maximum
elongation at break at uni-axial stress state, see Figure 1. This circumstance is due to an
increasing strain rate sensitivity m of AZ31B-0O at high speed, [20].

In sheet metal forming, however, mainly multi-axial strain states are important. In particu-
lar, the plain strain constitutes for AZ31B-O alloy a critical state of deformation in deep-
drawing processes and stretch forming processes. Due to the disabled minor strain the
material flow mainly occurs from the sheet thickness. Therefore the forming limit curve
(FLC) of AZ31 alloy has a critical minimum in the stress-strain state of deformation [21, 22,
23].
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Figure 1: Strain-to-failure strain and CONSIDERE strain of AZ31B-0O at room temperature
[20]

ULACIA ET AL showed that an increase of strain rates up to £ = 1 s™ leads to a reduction of
the deformability of the alloy AZ3 [24]. Increasing the strain rate £ comes along with an
increase of the proportional elongation and breaking elongation [20]. Furthermore, it was
shown that the magnesium alloy AZ31 shows a strong strain rate dependency. This re-
sults in an improved formability at high strain rates [25].

In the present study the behavior of the AZ31B-O is investigated in the state of plane
strain. Pulse magnetic forming, which exhibit process-dependent high strain rates, is
compared with a conventional quasi-static forming process at low strain rates.

3 Approach

Basically the forming behaviour of magnesium alloys at low forming temperatures is af-
fected through process-dependent strain rates and the texture of the material [8]. By com-
bining high strain rates which occur in processes like pulse magnetic forming as well as
an optimized texture the formability of magnesium alloy AZ31B-O can be increased signif-
icantly.

Process principles

Pulse magnetic forming, which is an active-energy based process, is based on the physi-
cal effect of induction [26]. The required energy for the forming process is stored in capac-
itors by charging them to a high voltage U. By discharging the capacitors over a high-
current switch, the arising large currents /,(f) generate an intense magnetic field H(t) out-
side the tool coil with the magnetic flux density B = uH (see Figure 2). This magnetic field
H(t) induces eddy currents /lqqqy(t) in the workpiece which are running in the opposite direc-
tion compared to the primary currents /4s(t) in the tool coil (see Figure 2 A).



6" International Conference on High Speed Forming — 2014

Induced eddy current l.qq, (t) Work piece
F
A 40
s = /\ === Current profile
S kA
= \ Process:
c . .
B g 5 Discharging process
3
[&]
) \ Process parameter:
£ 10 U= 50 kv
ling ki \ R = 00750
9 0 L= 15 mH
(2]
a g C =720 uF
Coil winding -10
/ 0 50 100 150 200 ps 300
Discharged current l(t) B Discharging time t,
A) B)

Figure 2: Principle of discharging process and resulting Lorentz force F, (A); characteris-
tics of an damped sinusoidal discharged current I,s(t) (B)

Due to the short process time t, and high frequencies f of the discharging process (see
Figure 2 B), the skin effect' causes that the induced eddy currents loaay(t) @re running near
the surface of the sheet metal. Consequently the resulting Lorentz forces F; (f) which de-
pend on the primary magnetic field H(t) are acting for a short time of 50 us to 100 us on
the work piece. The acting Lorentz F, (t) forces are converted as a magnetic pressure on
the work piece surface. As now work piece and tool coil repel each other, the work piece
will be deformed. Here, the yield stress Y;is exceeded and as a consequence plastic de-
formation of the work piece takes place within milliseconds.

Pulse magnetic processes are assigned to high speed forming processes due to the high
strain rates occurring during the process. The whole forming process is realized without
any mechanical contact between work piece and tool coil.

4 Experimental setup

For the experimental study of pulse magnetic forming of magnesium alloy AZ31 at room
temperature an experimental setup was designed, see Figure 3. The design of the die
makes it possible to create plane strain in the forming area.

'Skin effect is the tendency of an alternating current to become distributed within an electrical conductor
such that the current density is largest near the surface of the conductor, and decreases with greater depths in
the conductor.
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Figure 3: Experimental setup including pulse generator A), tool coil in section view B)

5 Results

Figure 4 shows a comparison of plain strain forming limit distributions between a defor-
mation at a high strain rate applied during pulse magnetic forming and during conventional
forming at a quasi-static® strain rate, both conducted at room temperature. The major axis
strains achieved at failure during conventional forming with a quasi-static strain rate are
comparable to [27]. During forming at high strain rates, however, an increase in major axis
strain of 61 % could be reached without any evidence of macro or micro cracks. One rea-
son for the non-failure of the work piece at high strain rates can be found in the investigat-
ed loading charging energy of the pulse generator of E =25 kJ, which was not high
enough to reach the forming limit of AZ31B-O. Five samples were investigated. Its shift in
position on the axis of major strain compared to the quasi-static results is, according to
[28], a result of increasing strain rate sensitivity. As has been the case for tensile tests, the
increasing strain rate sensitivity m leads to an increase in strain and material stability, [17].
Hence, an increase in strain rate sensitivity combined with a constant strain hardening
coefficient leads to a rising flow stress of AZ31B-O [29] expressed by an increase in cold
work hardening.

*The sample shape was generated by deep drawing. For this purpose a mechanical punch was used.
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Figure 4: Comparison of realized deformation in the field of plane strain of AZ31B-0O with
Basal texture; pulse magnetic forming (light gray) and quasi-static forming (dark grey) with
the theoretical influence of strain rate sensitivity m on the location of the forming limit
curve (FLC) [27]

The quasi-static sample shows a significant gradient in terms of hardening which was ob-
tained by determining the Vickers hardness HV. The hardness had been increased by
14.5 %, based on an initial hardness of 55 HV 4.9012/15, before cracks appeared on the
upper surface. On the inner surface of the sheet, however, a hardly measurable increase
in hardening of 3.6 % occurred. One possible reason for that behaviour can be found in
the missing hardening mechanisms in sheet thickness direction due to the significant ba-
sal texture of AZ31B-O at room temperature. Consequently, the first cracks appeared on
the outer surface of the sheet already after 8.1 % elongation.

The sample deformed by pulse magnetic forming also shows a significant gradient in
hardening across the sheet thickness leading to a nonappearance of hardening on the
inner side of the sheet just as it has been found for the quasi-static deformation. Despite
this, the hardness of the upper surface increases by 27 % without the appearance of any
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visible cracks, corresponding to a doubling in hardening compared to conventionally de-
formed samples. That increase is based on the strongly increasing flow stress of
AZ31B-0O during high speed deformation, [20]. Hence, the increasing ability for hardening
during pulse magnetic deformation is tantamount to an increase in plain strain forming
ability of AZ31B-0. According to the high material stability caused by an increase in strain
rate sensitivity at high deformation speeds a consistent reduction in sheet thickness
across the entire force transmission zone could be observed. On the other hand, during
conventional deformation distinctive local deformation zones appear leading to a structural
failure as a result of a strongly localized deformation. In conclusion, an increasing strain
rate sensitivity at high speed deformations, reached e.g. in pulse magnetic forming pro-
cesses, causes an increase in flow resistance at high strains which allows a better distri-
bution of deformation on surrounding areas, leading to a consistent sheet thickness reduc-
tion. This results in an increasing forming ability of AZ31B-O at plain strain deformations.

Quasi-static forming Pulse magnetic forming

outer fibre

mid fibre

inner fibre

Figure 5: Comparison of material hardening by measuring increase of hardness AHV of
AZ31B-0 (initial hardness: HV 4,902 55/15) at quasi-static rates and high strain rates
(pulse magnetic forming)
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Conclusion

The plain strain deformations achievable with pulse magnetic forming systems at least
are higher than 61% compared to conventional deformation processes.

During conventional deformation as well as during pulse magnetic deformation a sig-
nificant gradient in hardness can be found across the sheet thickness at plain strain
condition.

High strain rates of pulse magnetic forming processes increase the hardening ability of
AZ31B-0O. This is caused by increased strain rate sensitivity at high speed defor-
mations.

The increasing strain rate sensitivity at high speed deformations enhances the materi-
al stability which is indicated by a consistent sheet thickness reduction across the en-
tire load transmission zone.
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Abstract

Magnetic Pulse Forming (MPF) and electrohydraulic forming (EHF) are very promising
high speed forming processes. During these kinds of processes, strain-rates are very high
(typically between 100 and 10 000 /s), leading to some advantages: material behavior can
change and provide a higher formability and a better accuracy due to the reduction of
springback.

During the last decade, the industrialization of such processes has been strongly helped
by the development of simulation codes, associated with growing computation facilities.
To design accurately the forming process, numerical models require specific data such as
dynamic constitutive laws for the workpieces.

The aim of the study presented here is to identify the parameters of a constitutive law
(Johnson-Cook) by means of an electromagnetically-driven ring expansion test.
Simulation conditions are optimized to enable an identification procedure, based on: LS-
Dyna® electromagnetic/thermal/mechanical simulations, PDV measurement of the rings’
expansion velocity, and the optimization tool LS-Opt®.

Keywords

Magnetic Pulse Forming (MPF), Material behavior, Identification

1 Introduction
Magnetic pulse forming and electrohydraulic forming are high potential processes for

sheet forming [1], as they offer many advantages such as higher formability, fine
engraving or reduced springback. They are also quite complex to design, as they are
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multi-physical in dynamic conditions. Thus, they require numerical simulations, implying a
coupled electromagnetic, mechanical and thermal resolution. The predictive quality of
these simulations depends on the model representativeness and on the input data
accuracy.

The present study describes a method to characterize the material behavior in
conditions proper to magnetic pulse forming and electrohydraulic forming. These
processes involve strain-rates between 100 and 10 000 s [2]. In this range, the
mechanical behavior of many metals is known to be possibly very sensitive to strain-rate
[3]. Many constitutive models have been proposed to take into account dynamic effects in
material behavior, and can be basically sorted in three classes: the phenomenological
models such as the Cowper-Symonds or the Johnson-Cook’s [4] models; the models
derived from thermal activation analysis, some of them using microstructural internal
variables in addition to the classical ones (i.e. strain, strain-rate and temperature); and the
models that are more specific to shock regimes and viscous drag.

The test chosen to identify the model parameters is an electromagnetically-driven
ring expansion. It has been used for material characterization in strain-hardening and
fragmentation regimes [5]. The ring expansion test has been particularly studied and
developed at the Ohio State University. One of the major developments is the
instrumentation with a photon Doppler velocimetry (PDV) system, capable of measuring
high speeds with a great accuracy [6]. Disposing of such data, the test can be used for
material testing [7].

This study is based on copper ring expansions performed at the Ohio State
University. The numerical studies and the material parameter identification have been
done at Bmax.

2 Ring expansion experiments

The inducer is a five-turn coil made from C18150 (CrZrCu) alloy. It is connected to the
high pulse circuit by two connection paths, one of them coming through the helix coil. The
coil is electrically insulated, and the ring to be deformed is placed around. The ring
material is C12200 (phosphorus-deoxidized, 0.04% P), and the ring dimensions are:
thickness 0.81 mm; height 6.10 mm; outside diameter 50.8 mm.
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Figure 1. Measured currents from Rogowski probes, for ring 1 (i1) and ring 2 (i2)
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The ring expansion system is instrumented with a Rogowski current probe to
measure the high voltage and high intensity current discharged in the actuator. The ring
radial expansion velocity is measured by means of a photon Doppler velocimetry system.
The following material characterization is based on two rings expansions, whose input
currents are presented on Fig.1. For each ring, two radial PDV probes were placed on
opposite sides of the ring.

3 Numerical modeling
3.1 3D model

The numerical model for electromagnetic tube expansion is built in the code LS-Dyna®.
The electromagnetic resolution is based on a coupling between finite elements for solids,
and boundary elements for surrounding air. The input for loading is a time-dependent
current curve applied through the actuator section.

A 3D model is built to serve as a reference for numerical validation of the 2D-
axisymmetric model. The needed material parameters are summarized in Table 1. An
arbitrary constitutive behavior is chosen for the ring material (taken from [4] for OFHC
copper). A convergence study is done on the 3D mesh to define the required mesh size
for valid calculation of the electromagnetic field, the induced current in the ring and its
expansion velocity. The resulting reference mesh is presented on Fig.2.

Material C18150 (coil) C12200 (ring)
Mass density 8,890 kg/m° 8,890 kg/m®
Electrical conductivity 43.5 MS/m 58.0 MS/m
Thermal conductivity 320 W/m/K 320 W/m/K
Specific heat 385 J/kg/K 385 J/kg/K
Young modulus Shear modulus
Elastic coefficients 120 GPa 45 GPa
Poisson’s ratio Bulk modulus
0.3 115 GPa
Johnson-Cook model =
A =90 MPa; ?,,:'
B = 292 MPa; )
Plastic behavior n=031:
C=0.025 (&5 = 1/s);
m = 1.09

Fraction of mechanical work converted into heat : 1.0
Fraction of electrical work converted into heat (Joule effect) : 1.0

Table 1: Material parameters for LS-Dyna simulations Figure 2: 3D mesh

Thanks to the 3D simulations, it can be observed an influence of the helix shape on
the ring deformation. In the radial direction, the calculated velocities show non-negligible
differences and will be a point to be careful about in the test analysis. To take away the
rigid body part of velocity, it can be necessary to deal with the mean of opposite velocity
measurements.
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3.2 2D-axisymmetric model

In an optimization perspective, 3D models are not suitable because of the needed
computation time. A 2D-axisymmetric model is thus created (Fig.3). In this model, it is not
possible to represent the return path inside the coil, as the current in this part flows in the
axial direction.

The 2D model is run in the same conditions as the 3D reference model. It is
observed that the radial velocity is about 10% higher in 2D than in 3D (Fig.4). This is the
consequence of the absence of return path: it is confirmed by a 3D calculation without
return path, which gives the same velocity as the 2D model. To take into account the
return path in the 2D model, it has been chosen to apply a corrective factor on the input
current. By multiplying it by 0.955, the radial velocity fits the 3D result.
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Figure 3: 2D mesh Figure 4: Influence of the return path

4 Material behavior identification
4.1 Material behavior modeling

The strain-hardening behavior of the ring is modeled by means of the Johnson-Cook’s
relationship [4] (eq.1).

cr—(A+B-£“)-(1+C-ln(é%))-(1—(%)m) (1)

where ¢ is the effective Von Mises stress, ¢ is the effective plastic strain, £ is the
effective strain-rate, £, is a reference strain-rate (chosen to be 1 /s), T the material
temperature, T, the room temperature (25 °C), Tne: the melt temperature (1083 °C). A, B, n
and C are the material parameters to be identified. m is chosen to be equal to 1.09, as
proposed by [4] for OFHC copper.

4.2 ldentification procedure

The identification consists in searching material parameters, such that the computed
velocity fits the measurement. To do so, the experimental current is used as an input for
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the 2D model, and simulations are run iteratively with different sets of parameters [8]. For
each set of parameters, the mean square error between experimental and computed
velocity is evaluated, and the identification objective is to minimize this error.

Identifications are performed using the optimization tool LS-Opt®, whose role is to
define the sets of parameters to be tested to reach the objective of minimal error. A hybrid
algorithm is chosen, combining a gradient algorithm (Leapfrog optimizer for constrained
minimization) to converge to a minimum, and a global algorithm (Adaptive Simulated
Annealing) to avoid finding only a local minimum.

The identification is done simultaneously on both ring expansions, the function to
minimize being the sum of each mean square error between the calculated and measured
velocities. For ring 1, the opposite PDV signals C1_1 and C2_1 have given almost the
same velocities; the identification is based arbitrarily on curve C1_1. For ring 2, the
opposite signals have a peak difference of about 8 m/s, due to a rigid body displacement
(effect shown on 3D simulations). In this case, the identification is thus based on the mean
of curves C1_2 and C2_2.

4.3 Identification results

The identified parameters are: A = 73.1 MPa, B = 375 MPa, n = 0.398, C = 0.0208; and the
velocity curves are well fitted (Fig. 5). The values found for the parameters, and in
particular for the parameter C, are in the same order of magnitude than other parameters
in the literature. For example, Johnson and Cook [4] have proposed for OFHC copper: C
= 0.025. This gives some confidence in the present results.
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Figure 5: Identification result on radial velocities for ring 1 (up) and ring 2 (down)
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5 Conclusion

The ring expansion test experiment is used to characterize the ring material mechanical
behavior at strain-rates specific to magnetic pulse forming. The pulse current and the ring
expansion velocity are measured. In parallel, a numerical study is led to define
appropriate 2D-axisymmetric simulation conditions. From the experimental results and the
numerical model, an optimization procedure is applied on the constitutive parameters. The
constitutive parameter identification is performed simultaneously on two ring expansion
tests. Parameter values are found for the Johnson-Cook’s constitutive model.

The method shows its particular interest in dynamic material characterization, which
is necessary in the development of high speed processes. A better knowledge in plasticity
at high strain-rates is necessary to get accurate MPF or EHF models. The straining
conditions can thus be studied more precisely, as well as the necking prediction.
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Abstract

Electromagnetic pulse crimping of form fit joints was investigated using tubes with a
diameter of 50 mm and a wall thickness of 1,5 mm, in the aluminium alloy EN AW-6060.
The tubes were crimped onto steel internal parts, which were designed to bear torsional
loads. Grooved, knurl rolled and knurl cut internal workpieces were used. To assess the
torque strength of the connections, a torque test set-up was designed and built.

In a first test series, grooved internal parts were used. The influence of the internal
workpiece design and the energy level on the torque resistance was investigated. Related
to the geometry of the internal workpiece, the following parameters were varied: the
groove depth, the groove width, the edge radius and the number of grooves.

In a second test series, knurl rolled and knurl cut internal workpieces were used. For the
jJoints with a knurl rolled internal part, the influence of the knurl pattern, defined by the

pitch, was investigated. For the connections with a knurl cut internal part, the influence of
the energy level was studied. The different joint failure mechanisms were determined.

Keywords

Electromagnetic pulse joining, Torque crimp joints, Failure mechanisms.
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1 Electromagnetic pulse joining

The electromagnetic pulse technology uses magnetic forces to deform and/or join work-
pieces. The energy stored in a capacitor bank is discharged rapidly through a magnetic
coil. Typically, a ring-shaped coil is placed over a tubular workpiece. When deforming
tubular products, the magnetic field produced by the coil generates eddy currents in the
tube. These currents, in turn, produce their own magnetic field. The forces generated by
the two magnetic fields oppose each other and a repelling force between the coil and the
tube is created. As a consequence, the tube is collapsed onto an internal workpiece,
creating a crimp joint or a weld joint. In the electromagnetic pulse crimping process, no
atomic bond is created; these joints obtain their strength from the combination of an
interference and a form fit. A special profiled internal workpiece is therefore used, with for
example grooves.

2 Literature survey

As in most mechanical assemblies, the performance of the manufactured joints is
evaluated based on their mechanical strength. Figure 1 shows a torque joint made by the
electromagnetic pulse crimping process, and with a torsional resistance higher than the
tube base material. The feasibility and performance of such joints has been demonstrated,
in for example [1,2,3]. However, a better understanding of the electromagnetic pulse
crimping process has to be achieved to obtain large-scale industrial applicability.

Figure 1: Magnetic pulse crimped torque joint used in the Boeing 737, 747 and 777
aircraft. Left: after torque testing [1]

As discussed in [4], the transferrable torque of a joint is proportional with the
circumferential forces and with the effective length of the joint zone, as long as this length
has experienced the full influence of the electromagnetic field. When the joint length is
larger than the work range of the coil or field concentrator, multiple pulses can be used.
Furthermore, deeper grooves result in a higher transferrable torque, as long as the
reduction of the tube wall at the groove edge is less detrimental to the joint strength than
the additional interlocking surface is beneficial to the joint strength.

The transferrable torque is proportional to the number of grooves in circumferential
direction. This last assumption is justified as long as the different grooves do not affect
each other’'s strength. When using too many grooves, the width of the grooves is
insufficient in comparison with the groove depth, leading to a weaker joint and eventually
cutting of the tube during electromagnetic pulse crimping.
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Guidelines for design values

In [4], experiments are described with tubes with a diameter and wall thickness of 46 mm
and 1 mm resp., in the aluminium alloy EN AW-6063-T5. The following design rules are
specified for joint strength optimisation:

= groove depth d: t <d < 0,057xD [5]

= groove edge radius r: (0,5t or t)* < r < {0,5d or min(t; 0,5d)}
with: t: tube wall thickness (mm), and D: diameter of the specimens (mm)

*: The lower limit of the groove edge radius is significantly depending on the method of
specimen testing. In [4], it was demonstrated that a smaller groove edge radius is allowed
for torsion-loaded joints, due to the decreased dependency of the joint strength on the
tube wall thickness reduction. A value of 0,5xt or t for the groove edge radius is a good
guideline for respectively torque and axial joints.

The groove width should always be minimised because the smaller its value, the more
grooves the internal workpiece can contain, leading to a higher torsional strength of the
electromagnetic pulse crimped joint. Based on earlier work on axial joints [6], the lower
limit for the groove width was determined as 3 to 4 times the groove depth, which results
in reliable joints, exhibiting only limited tube wall thickness reduction.

For reasons of material cost, the groove length should be as short as possible without
jeopardising the integrity of the torque joint or the load bearing capacity. Furthermore, the
longer the internal workpiece, the longer the necessary axial length of the coil or field
concentrator. For an increased work length, the required energy will also increase,
together with the equipment cost.

3 Overview of the experiments

Electromagnetic pulse crimping of form fit joints was investigated, using tubes made of the
aluminium alloy EN AW-6060 T6. The tubes had a diameter of 50 mm and a wall
thickness of 1,5 mm. Solid internal workpieces were used, made of steel S355.

The experiments were performed using a Pulsar model 50/25 system with a maximum
charging energy of 50 kd (corresponding with a maximum capacitor charging voltage of
25 kV) and a discharge circuit frequency of 14 kHz. The total capacitance of the capacitor
banks equals 160 uF. The pressure resulting from the magnetic flux induced by a 5-turn
aluminium Bitter coil (length: 100 mm, internal diameter: 165 mm) is concentrated over the
processing area using a conical field concentrator with a workzone width equal to 15 mm
[7,8]. The crimp joints were produced using a single pulse.

In order to study the optimisation possibilities, knowledge concerning the occurring joining
mechanisms is required. As the manifesting joining mechanisms are very dependent on
the geometry of the internal workpiece, the relation between the occurring joint strength
and the workpiece design was examined. In a first phase, crimp connections with internal
parts containing longitudinal grooves were investigated. In a second phase, knurl rolled
and knurl cut internal workpieces were used as an alternative concept.
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To evaluate the performance of the crimp joints, the torsional strength of all specimens
was determined using a torque testing set-up (Figure 2). With this device, the torsional
resistance of the joints as a function of time and angular displacement was measured.

4 Design of torque joints using grooved internal workpieces
4.1 Design of torque joints with internal workpieces with 5 grooves

In a first test series, internal workpieces were used containing 5 longitudinal grooves, but
no axial load bearing capacity (see Figure 3). By using this design of the internal part, it is
possible to investigate the pure torque bearing capacity of the crimp connections.

In case of a 5 groove design, 5 parameters are of importance: the groove length, width
and depth, the groove edge radius and the energy level. For obtaining an optimal design
of the internal part in terms of torsional strength, experiments were performed in which the
above mentioned parameters were varied. The groove length was assumed to be
constant, and adapted to the internal field concentrator length (15 mm). The proportional
influence of this factor on the torque strength justifies the choice to keep it constant in all
experiments.

If 3 different parameter values for the 4 other parameters are considered, 3* or 81
experiments would be required to obtain a full understanding of the influence of all
parameters. To reduce the amount of experiments, a statistical technique, called
Response Surface Methodology (also called ‘Box-Wilson’ method) was used. This allowed
a reduction of the number of experiments to 2* = 16 designs, and 2 additional experiments
using an internal part with a so-called reference design (shown in Figure 4).

Figure 2: Torque testing setup Figure 3: Design of the internal part

The parameters values of the reference design and the parameter range were determined

as follows:

= Groove length. Since the used field concentrator has a work length of 15 mm, it was
decided to keep the groove length constant at 12 mm.

= Energy (defined by the capacitor charging voltage). Based on preliminary experiments,
the reference value was chosen equal to 3,9 kd. The lower and upper value of this
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parameter was equal to 3,4 and 4,5 kJ (corresponding with a charging voltage of 6,5
and 7,5 kV).

= Groove depth. Based on the design rules in [4], the following parameter range was
found for the groove depth: 1,5 mm < d < 2,85 mm. As the influence of the tube wall
reduction on the joint strength is not so big, it was decided to use larger values for the
parameter range: 2,3 mm < d < 3,3 mm. The reference value was set equal to 2,5 mm.

= Groove width. As the ratio groove width/groove depth = 3...4 provides a reliable form fit
[6], the groove depth was varied at the values 8 and 12 mm. The reference value was
equal to 10 mm. For aluminium tubes with a diameter of 50 mm and taking into account
a sufficient width of the collar in between the grooves, the possible number of grooves
can vary between 4 and 8. In this test series, the amount of grooves was equal to 5.

= Groove edge radius. In [4], the following range for the groove edge radius r is provided:
0,5xt < r < {0,5%d or min(t;0,d)}. This results in a range of 0,75 mm <r < 1,25 mm. A
groove edge radius of 1 mm was chosen as the reference value. Since the range
obtained by the design rule is very small, it was decided to widen this range, and the
lower and upper limits were set at 0,5 and 1,5 mm respectively.

Figure 4 shows the drawing of the reference design. An example of a crimped connection
is shown in figure 5.
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Figure 4: Drawing of the reference design with the Figure 5: Example of a torque
according parameter values crimp connection (internal

workpieces with 5 grooves)

The crimp connections were mechanically tested in the torque test set-up to determine the

torsional joint strength. For all connections, a torque versus angular displacement curve

was obtained. The torque strength of the crimp connection with the reference design was

equal to 215 Nm. In this test series, a maximum torque strength of 305 Nm was measured.

The investigation of the influence of the parameters led to the following conclusions:

= The influence of the energy level is low in the investigated range. It can be expected
that the influence of the energy is low as long as no severe tube wall reduction at the
groove edges is observed after the crimping operation.

= Two failure mechanisms were observed; more specific bending of the tube out of the
groove, with and without cracking of the tube wall. A higher joint strength is observed
for the first failure mechanism (with tube cracking).

= A small groove edge radius is more beneficial. The large difference in joint strength
proves the importance of this parameter. A similar conclusion was also found in [4].
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= A significantly stronger joint is formed when using a groove width of 12 mm. A wider
groove enables a better interlocking of the tube with the groove edge.

= The influence of the groove depth on the joint strength is not clear. Certainly, it is
smaller than the influence of the groove width.

4.2 Design of torque joints with internal workpieces with 8 grooves

A test series was performed dedicated to the design of the internal workpieces with 8

grooves. Based on the results of the previous test series, it was decided that:

= A large groove width was used; this parameter was chosen equal to 12 mm.

= The groove length was again equal to 12 mm.

= A small groove edge radius was used; and chosen equal to 0,5 mm.

= The energy level was again varied between 3,4 and 4,5 kJ (corresponding with a
charging voltage of 5,5 and 6,5 kV).

= |n the previous test series, the influence of the groove depth was not completely clear;
so 4 different groove depths were used for the internal parts: between 2,3 and 3,8 mm,
in steps of 0,5 mm.

A drawing of the internal part with a groove depth of 2,3 mm is shown in Figure 5.
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Figure 5: Drawing of an internal workpiece with 8 grooves (groove depth 2,3 mm)

The torque-angle curves obtained during torque testing of the 8 torque joints looked very
similar to the ones obtained for the 5 groove design torque joints. Visual inspection of the
workpieces after testing led to the conclusion that now only 1 failure mechanism was
present. The failure mechanism consisted of bending of the tube out of the groove,
together with cracking of the tube (see Figure 7). All tested specimens showed cracks at
the groove edges. Since the design of the internal workpieces with 8 grooves was based
on the best performing design with 5 grooves, which failed due to cracking of the tube wall,
this was an expected observation.

An analysis of the influence of the parameters on the torque strength was carried out.
Only the charging voltage and the groove depth were varied, as the influence of the other

parameters was clear.

The influence of the energy level was again very small (<2% difference).
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It was clear that a groove depth of 3,8 mm resulted in lower torque values (463 Nm). This
is the consequence of a too big tube wall thickness reduction at the groove edges, as
shown in Figure 8. A groove depth of 3,3 mm resulted in the highest torque value
(526 Nm). A clear trend of the joint strength as a function of the groove depth remained
however undetectable.

Figure 7: Close-up of the groove zone of a test specimen Figure 8: Reduction of the
before (left) and after (right) torque testing tube wall at the groove edge

All torque joints using internal workpieces with 5 or 8 grooves showed a joint strength
lower than that of the tube base material. Figure 19 shows the relative joint strength of the
connections, calculated as the absolute joint strength divided by the tube base material
torsional strength. On average, a ratio of 1,617 was found between the torque strength of
crimp joints with 5 and 8 grooves. This ratio is approximately equal to the groove ratio (8/5
= 1,6), which demonstrates the linear relation of the joint strength and the number of
grooves, as expected from literature.

4.3 Conclusions concerning torque joints using grooved internal parts

= For both test series, the influence of the energy level is low for the investigated ranges.
A limited amount of tube wall thickness reduction is allowed, as long as the beneficial
effect of the additional interlocking capacity is not detrimental for the joint strength. This
extra interlocking capacity forces the tube to fail by bending of the tube out of the
groove, with cracking of the tube wall. A higher joint strength is observed for joints that
fail by this failure mechanism. The maximum joint strength is observed at a lower
angular displacement than for joints failing due to bending of the tube out of the
grooves.

= A small groove edge radius (0,5 mm) and a large groove width (12 mm) are preferred.

= The groove depth has less influence on the joint strength than the groove width, but the
optimal groove depth value remains undetermined.

= For similar grooves, a direct proportional relation exists between the joint strength and
the amount of grooves, as was stated in literature. This conclusion applies to the range
of 5 to 8 grooves. Experiments with designs with a larger amount of grooves should be
performed to confirm further proportionality.
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5 Design of torque joints using knurled internal workpieces

5.1 Design of torque joints using knurled rolled internal workpieces

In a first phase, preliminary experiments were performed with knurled rolled internal
workpieces. The knurl zone had a length of 25 mm. With this size, a large region
influenced by sufficient magnetic pressure to plastically deform the tube onto the inner
workpiece is used and a maximum joint contact surface is generated. No clearance
between the internal part and the tube was present, which means the tube internal surface
and the knurl pattern made contact prior to the crimping operation. Three different knurl
sizes were used, defined by the pitch: 1,2; 2 and 3 mm. All crimping experiments were
done with an energy of 5,12 kJ. An example of an internal workpiece is shown in Figure 9.

The coarse knurl pattern provided the maximum torsional resistance (376 Nm), which is
2 times higher than for a fine knurl pattern (164 Nm).

The occurring failure mechanism was the same for all the test specimens. The internal
workpiece started to slide in the tube and a wear mechanism developed. The steel knurl
pattern made indentations in the internal surface of the aluminium tube. This wear
mechanism could be observed in the torque curve as well (see Figure 10). A decrease of
the torsional strength is detectable in the figure in the form of a decreasing amplitude of
the load variation.

Wear mechanisms
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Figure 9: Internal workpiece with a  Figure 10: Torque versus angular displacement of
knurl zone of 25 mm a knurled test specimen

5.2 Design of torque joints using knurled cut internal workpieces

The length of the knurled cut internal surface was chosen equal to 25 mm (see Figure 11).
This allowed to compare the results with the preliminary experiments using a knurl rolled
internal part. The pitch size of the grooves was 2 mm, and a groove depth of 1 mm was
created. The initial gap between the tube and the internal workpiece was equal to 1 mm.
This allows the aluminium tube to impact with a higher velocity onto the internal workpiece.
The influence of the energy level was investigated, which was varied between 5,12 and
20,48 kJ.
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Since the grooves have dimensions comparable to the tube wall thickness, a limited
amount of tube wall shearing into the grooves is possible, allowing interlocking to be
achieved (see Figure 12).

Figure 11: Internal workpiece  Figure 12: Example of a torque joint with a cut-knurled
with a knurl groove geometry pattern

For every value of the charging energy, two experiments were performed. Every
connection was mechanically tested. As can be seen in Figure 13, no influence of the
energy level on the torque strength can be observed. Only for a charging energy of
5,12 kJ, somewhat lower torque values were measured. This implies that the energy level
can be chosen in a broad range.
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Figure 13: Relative joint strength of the tested knurl groove joints.

The following failure mechanisms were observed.

Failure mechanism 1: Sliding of the internal workpiece in the tube

The obtained torque-angle curve was similar to the curve obtained for the crimp
connections with the knurled rolled internal parts (see Figure 10). A maximum torque
value close to the theoretical tube strength was reached. Further angular displacement
causes the internal workpiece to rotate inside the aluminium tube, causing wear at the
internal surface.

Failure mechanism 2: Buckling of the tube, without cracking of the tube in the joint zone
The torque-angle curve of a specimen failing by this mechanism is shown in Figure 14.
The repeating pattern observed in the previous case is no longer present. The decreasing
torque value is no longer due to failure of the torque joint, but due to buckling of the
aluminium tube (as shown in Figure 15).

47



48

6" International Conference on High Speed Forming — 2014

650 - Tube buckling
T

Torque (Nm)

i
-50 0 5 Omax 10

15 20 25
Angle (°)
Figure 14: Failure mechanism 2: torque Figure 15: Failure mode 2: tube buckling,
versus angular displacement without cracking

Failure mechanism 3: Buckling of the tube, with cracking of the tube in the joint zone

The torque-angle curve of a specimen failing by this mechanism is shown in Figure 16.
Although the load on the joint decreases due to buckling of the tube, this particular joint
failed due to cracking of the tube shortly after the buckling initiated (Figure 17).
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Figure 16: Failure mechanism 3: torque

versus angular displacement

Failure mechanism 4: Buckling of the tube, with cracking of the tube in the joint zone when
using an internal support during torque testing

A steel support was placed inside the aluminium tube during torque testing. In the torque
tests executed without the internal support, the maximum tube load is maintained for only
a very short time, as the tube starts buckling from the moment the maximum load is
reached. Placing a steel support inside the tube causes the tube to remain its strength,
even for a higher angular displacement.

The torque-angle curve of a specimen crimped at 8 kJ is shown in Figure 18.

After a first maximum is reached, the tube starts buckling until the internal tube surface
makes contact with the internal support. When sufficient contact between tube and
support has been established, a reinforcement of the aluminium tube is noticed in the
torque-angle curve. This reinforcement continues until cracking of the tube in the joint
zone is observed.
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Figure 18: Failure mechanism 4: torque versus angular displacement
5.3 Conclusions

= The joint strength of crimp joint with a knurl cut internal workpiece is high, most of the
crimped connections showed a strength equal to that of the tube base material.

= The influence of the energy level on the joint strength is low.

= Within the investigated range of the energy level (5,12 - 20,48 kJ), no detrimental
effects of a tube wall reduction has been discovered. Still, the energy should not be set
higher than required to obtain the full joint strength.

6 General conclusions

An overview of the relative strength of all tested torque joints is shown in Figure 19. The
maximum measured torque strength of a connection using an internal part with 5 grooves
was equal to 307 Nm. In case of a connection with 8 grooves, the maximum torque
measured was equal to 527 Nm. Based on the average torque strength of all connections,
a linear relationship between the torque strength and the number of grooves was
observed.

The strength of the connections with a knurl rolled internal part significantly increased for
a larger pitch of the knurl pattern. The coarse knurl pattern provided a maximum torque
resistance which was 2 times higher than for a fine knurl pattern (376 Nm vs. 164 Nm).
The torque strength of the crimp connections with a knurled rolled internal part showed a
large variation, dependent on the parameters used. Generally, the best performing
connections had a strength approximately equal to that of the connections using an
internal part with 5 grooves.

The crimp connections using a knurl cut internal part exhibit the highest joint strength,
equal to the tube base material strength. Since the grooves of the knurl pattern have
dimensions comparable to the tube wall thickness, shearing of the tube wall into the
grooves was observed, creating a strong interlock of the tube with the internal part.
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Figure 19: Overview of the relative joint strength of all tested joints

It was also concluded that for all designs, the influence of the energy level on the joint
torque strength is low in the investigated range. For torque connections using longitudinal
grooves, it is advisable to use a small groove edge radius and a large groove width. The
groove depth has less influence on the joint strength.

Three types of failure mechanisms appeared during torque testing. In order of increasing
joint strength, we can distinguish:

= The internal workpiece slides in the tube.

= The tube cracks at the joint.

= The tube buckles, and the joint does not fail. Instead, the tube base material fails.
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Abstract

In this paper, influential factors on the bonding strength of magnetic pulse welds between
Aluminium (A1050) and Steel (S235JR) sheets are shown. First, a process window
defined by varying charging energy and standoff distance for the welds. These welds will
be characterised by the means of weld length and shear strength. Sound parameters are
worked out at a standoff of 1.5 mm and a charging energy of 9 kJ. Nevertheless, no direct
correlation between archived weld length and weld strength can be seen for the specific
parameter set with a glass blasted, nearly polished surface. The achievable shear
strength for this parameter set varies in the magnitude of 30 %.

The chosen parameters are used to investigate the effect of surface preparation on the
weld. Surface preparation has an acceptable impact on the achievable weld length in the
interface and on the maximum shear strength. Furthermore, a controlled surface
appearance reduces the statistic deviation of the weld length. It is shown that machining,
which cuts grooves perpendicular to the collision direction, enhances the joint
performance as well as the achievable weld characteristics.

Furthermore, an acceptable impact of the rolling direction of the steel on the appearance
of the joint interface will be shown. A rolling direction which lies perpendicular to the
collision direction enhances the bulging of the steel into the aluminium.

Keywords

Welding, Aluminium, Surface

1 Introduction

1.1 Motivation

Lightweight design has been a permanent trend in various industrial areas in the last few
years. Specifically for transportation applications it has gained an outstanding importance,

due to its potential to reduce fuel consumptions and thus CO, emission. One of the main
driving forces of light weight designs is the mixed material approach. Apart from the
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occasional use of other alloys, the materials that are used mostly for lightweight designs
are aluminium and steel. [11]

For this purpose, a joining operation for steel and aluminium alloys is necessary [11].
However, because of their properties, joining operations for the joining of aluminium to
steel are limited. Basically, there are three approaches to this operation. The first is
adhesive bonding, it ensures advantages in stiffness for the car body. Nevertheless, a
sound surface preparation is needed to provide the aimed properties. Furthermore, an
additional joining operation for the car body has to be considered until the curing of the
adhesive is finished. The second approach to joining aluminium to steel are form fit joints,
e.g. clinching. These joints have a good quality but are not suitable for crash relevant
structures, because their behaviour is anisotropic and their strength is not as the results
gained in other operations. The third approach is the welding of aluminium to steel
through low heat input welding sources. In detail, this welding method equals the
soldering of the aluminium to the steel partner; hence the wetting of the aluminium to the
steel is dependent on the surface preparation. Furthermore, plenty of heat is generated
and intermetallic phases are likely to be formed and have a disadvantageous impact on
the joint performance.

A recent approach to joining aluminium to steel is the so called magnetic pulse welding
technology (MPW). It is a promising process, which is also likely to solve various problems
of other joining operations and enlarges the possibilities of multi-material designs with
aluminium and steel. This paper aims to show the potential of this process for sheet metal
welding and will discuss the impact factors of the boundary layer on the weld formation
process.

1.2 State of the Art

The basic principle of magnetic pulse sheet welding is displayed in Figure 1. According to
[1], an increasing coil current, which flows through the coil, induces eddy currents into the
aluminium sheet. These eddy currents have the opposite direction to the current of the
coil. Hence, a force between both currents occurs, which causes the aluminium to be
deformed in certain positions. In order to form a bond between both materials, the
aluminium impacts onto the steel parent mainly under an oblique collision angle and with a
certain collision speed.

Eddie current coil \

Aluminum sheet Steel sheet
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Figure 1: Sheet metal welding, left according to Watanabe [1]

All the papers, which are known to the authors and which deal with aluminium steel welds,
are based on a small amount of specimens welded with the same parameters. They
describe the weld formation phenomena in a qualitative way. Lee investigated the
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interfacial microstructure of aluminium A6111 to SPCC steel weld [2]. With the help of
optical micrographs, he showed that the aluminium seems to suffer a lot more deformation
than the steel parent. Furthermore, the hardness distribution shows that a work hardening
of the material near to the interface takes place and he assumes that the “work-hardened
layer around the intermediate layer is considered to be the origin of high interfacial
bonding strength* [2].

The characteristics of a magnetic pulse weld of aluminium to steel are also discussed for
tube welding by Marya, et al. in [3] and [4], [3] shows that the intermediate layer of an
aluminium steel weld contains intermetallic phases which are likely to be formed due to
non-equilibrium conditions. Furthermore, the work hardening is proved. The impact of the
intermetallic layer on the tensile shear strength is investigated in [4]. The paper shows the
impact of the minimum thickness of the interface layer on the tensile shear strength and
states that a thickness of 5 ym delivers sound joints. However, only three different
specimens were tested within the testing series for that paper.

A good sample for a process window research is [5], in which sheet metal welding of
aluminium to stainless steel is described. A rather big amount of different process
parameters were tested and plotted. The main focus of the investigation lay on the
influence of different coil cross sections on the tensile shear strength. Hereby, the
adjustable parameters charging energy and stand-off were varied, showing that a tapered
cross section produces advantageous welds. The joined materials had a small thickness
(steel: 0.25 mm; Al: 1 mm) and both joining partners were accelerated, hence the results
are not directly transferable to a lot of applications, e.g. car body manufacturing. Overall,
Kore achieved sound welds, but gave no information about the impact of the surface
preparation on the weld formation as well as on the weld formation itself.

2 Aim of the Work

This paper aims to clarify the reliability of the MPW process for the welding of aluminium
to steel. Research results from the University of Kassel, Germany, in [6], [7] and [8], as
well as the results from [9], show that for the MPW of aluminium to steel a big variance in
weld strength can be expected. Hence, this aspect will be examined for certain conditions
during welding.

In context to past tests performed by the Department for Cutting and Joining
Manufacturing Process at the University of Kassel, the hypothesis that weld length and
tensile strength correlate was formed. This paper wants to show that the results of MPW
can be treated as a Gaussian distribution and, in addition, shows the impact of the surface
roughness on the process.

3 Experimental Setup
3.1 Specimen Material and Preparation

The specimen materials were AA 1050 as a flyer material with a thickness of 1.5 mm and
a S235 JR as parent material with a thickness of 2 mm, Table 1.

e-module Rpo,2 ReHeL Rm Hv0,1 density

[MPa] [N/mm?] [N/mm?] [N/mm?] [kg/cm?]
AA 1050 70 101,8 107,2 42 2,7
S235 JR 210 337,2/331,9 378,1 68 7,85

Table 1: Mechanical properties of the flyer and base material
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For the evaluation of the reliability and the calculation of whether the process can be
treated as a process under Gaussian distribution conditions, 50 specimens were glass
blasted by a mikromat eco 50 machine, manufactured by joke Technology GmbH. The
average size of the glass pearls was 110 pum — 70 pm.

To examine different surface preparations for the steel parent, a brown aluminium oxide
(NKF 70) blasting with an average grain size of 180 ym — 250 ym was processed in the
same machine. Furthermore, a grinding process with a band grinder, with corning number
80 and Al,Os as corn material, was used for the surface preparation. Two directions of
grinding were applied to the specimens, one parallel and one perpendicular to the collision
velocity vector.

Finally, a cleaned laser system was used to form the surface with the help of the laser
ablation technique. The laser was a Q-switch laser with a wavelength of 1064 nm and a
maximum power of 50 W. The obstacles were machined perpendicularly to the welding
velocity vector. All surfaces were documented, using a white-light interferometer,
MicroProf manufactured by the company Fries Research & Technology GmbH. Before
welding, the elements were cleaned by using ethanol and a paper towel. The aluminium
flyer was simply cleaned with ethanol and a paper towel, because it will be deformed
heavily and with regard to [10], no large impact of further surface preparations can be
expected.

3.2 Testing

For testing, the specimens were machined using a wire eroding process with a Fanuc
Robocut a-0 to keep the heat input and the mechanical load as low as possible. The
preparation is shown in Figure 2. The round edges of the weld seam were cut out to
ensure that only fully formed weld seams were tested. Hence, the weld seams have a
uniform appearance. The micro section that was cut out is located nearer to the middle of
the specimen. This ensures that the micro sections lie in the area of uniform welding
parameters for the weld process.

. AA 1050 Micro section cut out

flyer plate velocity
left seam middle right seam (V )
p

AA 1050

S235JR |

Figure 2: Specimens’ preparation and weld seam denomination

Tensile tests of the specimens were carried out with a Zwick/Roell Z100 tensile testing
machine. The micro sections were ground and polished to a 1 pm finish. Afterwards, a
picture of the micro sections was taken with a microscope from Leitz and a CCD camera.

3.3 Magnetic Pulse Welding Process

For the welding process, a PS 48-16 magnetic pulse machine, manufactured by the
company pstproducts GmbH, was used. The overall maximum charging energy is 52 kJ
with a charging voltage of 16 kV as well as the coil has a web thickness of 5 mm.

The welding parameters were investigated by means of laser-polished surfaces. The
charging energy of the machine was varied from 5 to 12 kJ as well as the standoff
between flayer and target in 0.5 mm steps from 1.5 mm to 2.5 mm for specimens. The
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process window was defined by comparison of the reached tensile strength and charging
energy.

4000

3500 .

3000

Standoff 2.0 mm
2500

Standoff 1.5 mm

tensile strength [N]

2000

1500
Standoff 2.5 mm

1000
5 6 7 8 9 10 11 12

charging energy [kJ]

Figure 3: Magnetic pulse welding process window

Figure 3 shows the welding process window, which shows that an increasing standoff
requires a higher charging energy. The lower standoff was taken, whereby low charging
energy could be used for the process. This leads to low impact velocities and thus to small
energy inputs into the base material. The charging energy of 9 kJ was selected to ensure
welding within and not on the limit of the process window. In sum, the charging voltage
was 6,642 kV and the overall circuit frequency of the process was 19.8 kHz. The standoff
between flyer and target was 1.5 mm and the charging energy 9 kJ.

4 Experimental Work

4.1 Test of the Weld Properties for a Standard Deviation

First the reliability and reproducibility of the MPW process was investigated. Therefore, 50
specimens with a glass blasted and cleaned surface were welded. The results in Figure 4
show that no reproducible tensile strength and weld length for a carefully glass blasted
and cleaned surface can be accomplished. The weld failure stands in no relation to the
weld length, hence not only the weld length can be a criteria for the tensile shear strength
of MPW bond.
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Figure 4: Relationship between tensile strength, weld length and failure mode
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A Shapiro-Wilk-Test was carried out to test the weld properties for the hypothesis
regarding the standard deviation using SPSS-Software by IBM [12]. First, a graphical
evaluation of the specimens with histogram, boxplot and Q-Q-Plot was performed,
Figure 5.

Q-Q-diagram of weld length
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Figure 5: Histogram, Boxplot and Q-Q-Plot of weld length

The evaluation showed no signs for a deviation from a standard distribution. Therefore,
the characteristics of the distribution can be compared with the characteristics of the
standard distribution, Table 2. The comparison of the determined results displayed no
significant deviation.

Parameter Series of Measurements Standard Deviation
(average value — median) / s 0,05 0
Quartile gap /' s 1,30 1,34
Specimens in 1s interval 68 % 68 %
Specimens in 2s interval 96 % 95 %
Specimens in 3s interval 100 % 99,73 %

Table 2: Analysis of weld length and standard distribution

Based on the observed data, a null hypothesis is given as a result. Hence, the distribution
of the weld length corresponds to that of the standard distribution. The significance of the
standard distribution was determined with a high quality (low B-error) on the basics of
tests for standard distribution and was compared with a-error, Table 3. As an option, a
Kolmogorov-Smirnov-Test can be used additionally to the Shapiro-Wilk-Test. However, the
Shapiro-Wilk-Test provides better quality for low sample sizes. Therefore the conclusions
are based on results from this test. The assumed a-error is set at 5%, as the hypothesis is
not true.

Testing procedure Statistical significance value (a = 0,05)

Shapiro-Wilk 0,738

Kolmogorov-Smirnov 0,93

Table 3: Tests for standard distribution

The results of the statistical significance tests show that the values are clearly exceeded.
Thus, the null hypothesis cannot be rejected. Furthermore, we can assume that the
distribution of the lengths of the weld is a standard distribution and that statistical methods
for the evaluation of the weld length can be used. The graphical analysis for standard
distribution was also performed for the mid-width. Here, a standard distribution could not
be demonstrated. The depiction of the distribution shows a right-skewed distribution,
Figure 6.
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Figure 6: Graphic analysis for normal distribution of the middle width

This distribution property is equally characterized for the whole length (right weld, middle
and left weld). Therefore, median will be used for the evaluation of the middle and the
whole length as a benchmark. The figure suggests that there is no linear dependence
between weld length and tensile strength. This assumption is confirmed by a correlation
calculation. Based on these results, we can assume that the length of weld is always
normally distributed.

4.2 Influence of Different Roughness Characteristics

In addition, different surface preparations were applied to the steel parent and in each
case 50 specimens were welded, as this was also the aim of the paper. The general
appearance of the surface can be seen in Figure 7. The glass blasted specimens have the
smallest value of average roughness of about 2 ym. The average roughness of both the
grinded and Al.Os (NKF) blasted profiles are quite similar as they are close to 3 ym. The
laser machined surface has the highest average roughness of close to 5 um.

. Al,O; blasted

- glass blasted

A f s

Grinded case 2 " Laser machined

B mean Rz [um] with ® mean Ra [um] with
standard derivation / standard derivation

Figure 7: Surface preparations
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A weld could be accomplished with all specimen preparations, except with the Al,0; (NKF)
blasted specimen. It was not possible to obtain a weld with this kind of surface. Hence, no
metallurgical examination could be done for this specimen.

All other specimens were subjected to a metallurgical examination. The results of the
measured weld length can be seen in Figure 8. For glass blasting and grinding case 2, the
average weld length and the length of the middle section are nearly the same. For
grinding case 1, the average weld length is approximately 30 % longer. For the laser
machined specimen, the weld length is comparable to that of the glass blasted specimen
but has a significantly wider middle section.
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H |aser machined 1,0963 2,5411 1,1561

Figure 8: Interface weld length at different surface preparations

The micro sections give a deeper understanding of the process behavior. When looking
closely at the interface, intermetallic phases that occur after obstacles can be detected,
especially in the grinded case 1 and laser machined specimen, Figure 9. Furthermore, a
wavy appearance, due to the preparation, occurs and hence a mechanical interlocking
can be observed. The intermetallic phases are mainly located behind obstacles which
were caused by the surface preparation.

glass blasted £= Grinded case 1

=5

Grinded case 2 Laser machined

Figure 9: Micro sections of the weld area for different surface preparations

In terms of achieved tensile shear strength, both the grinded case 1 and the laser
machined surface preparation delivered sound welds with a failure only in the base
material. Hence, the results have been very reliable. The glass blasted surface results
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were shown previously in Figure 4. The same pattern was achieved for grinded case 2
surfaces.

As regards the distribution, the macroscopic evaluation of the weld length shows no
significant deviation from the theoretical basic value. Thus, we can assume that the
average length of the welds in both directions is equal. However, the test showed one
difference concerning the equality of variances.

grain size of the perpendicular rolled

specimens grain size of thelengthwise rolled specimens

perpendicular lengthw ise

Figure 10: Joint interface and grain size with perpendicular and lengthwise rolled steel

The specimens with a perpendicular rolling direction to the collision vector showed a
statistically significant lower variance. Thus, the formation of the weld with this specimens’
preparation is reproducible. Despite the equal length of the welds, the perpendicular rolled
specimens have a significantly different interface than the lengthwise rolled specimens.
For a comparison, two interface micrographs were taken 300 mm from the weld start. The
two interfaces are displayed together with the receiving position in Figure 10.

5 Conclusion

As part of the investigation, the process window was defined by varying the parameters.
The charging energy of the machine was set at 9 kJ for all specimens. This resulted in a
charging voltage of 6.642 kV. The overall circuit frequency of the process was 19.8 kHz.
The standoff between flyer and target material was 1.5 mm. In summary, we can state that
no linear dependence between weld length and tensile strength is given.

In general, we could show that the surface treatment which is applied before welding with
magnetic pulses influences the welding process of aluminium and steel significantly. In
regard to the different surface preparations, we could demonstrate that a preparation,
which forms uniform obstacles perpendicular to the weld seam, delivers sound welds with
a reliable joint quality. The joint quality of these welds is produced by an interlocking of the
boundary layer and a significantly longer weld length (up to 30% compared to other
preparations, e.g. glass blasting, Figure 8, p.8) of the weld seams.
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For the future the main questions that need to be answered are:

o Why do specimens that are prepared perpendicularly to the collision velocity
vector have an advantageous behaviour?

e Why is the reliability of those specimens higher?

¢ Why is the middle sector for the laser machined surfaces bigger in comparison
to the other preparation methods and why is this specimen still reliable?

To answer these questions we need to take a closer look at the formation of the weld, with
regards to the time dependent behavior of the process.
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Abstract

In current article, applications of electromagnetic pulsed fields for processing of powder
materials are presented. The main attention is paid to the following applications of pulse
electromagnetic fields in powder metallurgy and allied industries: pressing of powders,
manufacturing of powder coatings, and conveying of ferromagnetic powders by means of
pulsed electromagnetic field.

Keywords

Electromagnetic compaction, pressing, powder materials, coil, impulse currents, coatings,
multilayer parts.

1. INTRODUCTION

Practical applications of pulsed electromagnetic fields in powder metallurgy are rather limited,
yet it can be applied to a variety of technological processes such as, pressing of powders,
processing of powder coatings, conveying of powders etc. A majority of research activities in
this area was conducted in the USA, Germany, Russia, and Latvia. D. Sandstrom is
pioneered the research of pulsed electromagnetic fields for consolidation of powder materials
[1]0 . V. Mironov has investigated a method of magnetic-pulse pressing of powders on the
basis of iron and hard alloys [2]] [3] . N. Dorozhkin, A.Kot, etc. have studied influence and
practical use of a method of magnetic-pulse processing of materials on powder metal
coatings [4] . A comprehensive research in the field of consolidation of iron powders and
hard alloys were carried out in Germany by H. Wolf and V. Mironovs [5] . The intensification
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of processes of the expiration of powder materials from bunker devices under the influence
of electromagnetic impulses was studied in work [6] . Application of pulse electromagnetic
fields for joining of metallic materials obtaining a single-piece connections was investigated in
works [7]0 [8] . Recently, applications of pulsed electromagnetic fields for conveying of
ferromagnetic particles and metal powders have been studied [9]] [10] .

A method of magnetic pulsed compaction of powders (MPCP) came from powder metallurgy
and was reviewed in many papers, including [2]1 [3]1 [5] . Great technological capabilities
of MPCP for manufacturing of complex configuration, multi-layered and high-density part
were discovered. The current article overviews engineering and research activities of the
Scientific Laboratory of Powder Materials of Riga Technical University (Riga, Latvia).

2. MAGNETIC PULSED COMPACTION OF POWDERS (MPCP)

In the past, the studies of MPCP process were conducted in the U.S. [11]1 [12]1 , Russia
[13] , Israel [14] , Latvia [15]1 and other countries. The main aim of current research is in
finding the ways for improving technological MPCP equipment, as well as a research of
feasible applications for MPCP process. Preceding research [16]]1 shows that MPCP
process can be applied for laying and processing of anti-friction coatings.

Magnetic pulsed compaction of powders is a process which occurs under the action of
electromagnetic pulsed loads. A principle of MPCP process is illustrated in Figure 1.

The MPCP is a very complex process with
many influencing factors on the compaction
results:
e work piece dimensions,
e properties of the powder,
e electrical parameters (current
frequency), :3
o wall thickness,
¢ electromagnetic pressure,
e work-piece pre-treatments,

o form of particles, Figure 1: Schematics of magnetic pulsed

e discharge energy (capacity, voltage),  compaction of powders (MPCP).

e gap between coil and work piece,

e coil properties. 1 — transformer; 2 — rectifier; 3 — battery of
capacitors; 4 — discharger; 5 — ferromagnetic
powder in shell; 6 — coil
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In this case the electromagnetic pressure can be determined by the following expression (1)

[3]0 :

where,

plF %Hi,ue_ M sin’ wt

Hm -

(1)

magnetic field strength in the gap between coil and details, y - magnetic

constant, B — damping of discharge current, w — current angular frequency, t — time.
Technical parameters of electrical current and pulse pressure obtained on equipment
designed at Riga Technical University are shown in Figure 2.
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Figure 2: Change of pulse current and produced electromagnetic pressure.

Main advantages and disadvantages of MPCP process are outlined in Table 1.

Advantages of the MPCP process

v" Obtaining PM parts made of different
powder materials, including
ferromagnetic, ceramic and amorphous
powders.

By means of MPCP process it is
possible to achieve up to 75-85% of
theoretical density for green PM parts.
v Manufacturing of multilayer parts.

Disadvantages of the MPCP process

x

Need of liners (conductive plates) or
shells used for pressing powders,

Low-precision product that
subsequent machining,
A short lifespan of equipment.

Table 1: Advantages and disadvantages of MPCP process.

requires

63



6™ International Conference on High Speed Forming - 2014

Another MPCP technique is a stepped radial compression of rod-shaped or tubular parts
[15]0 with a length to diameter ratio greater than 2.5 Figure 3. This technique can be applied
either along a whole length of tubular part or in certain points of a tubular shell.

2L

% ,.',...’..-. FRRAEN _,,.,.I\ 87’

l —\‘I"‘. ‘." -' " “‘H \‘f

Figure 3: Schematics of stepped radial compression of rod-shaped or tubular
parts.

1 — shell filled with powder; 2 — coil; 3 — mandrel (made of solid of powder
material); 4 — compacted powder;

However, a stepped radial compression in shell technique is characterised by advantages
and disadvantages shown in Table 2.

Advantages of stepped radial compression Disadvantages of stepped radial

compression

v" Compaction of ceramic or granular

x Transverse cracking by axially acting

materials, obtaining porous structures
with variable porosity.

Tight crimp of powder materials in
shell.

Obtaining compacted powder parts with
variable density.

tensile stresses during the compression
process

Density drop in the radial direction,
inhomogeneity of the density and
strength.

Tubular parts can be manufactured
with wall thickness up to 8 mm with
sufficient density distribution in the
radial direction by magnetic force
compaction using a driver.

Table 2: Advantages and disadvantages of stepped radial compression technique.

The MPCP process opens an opportunity to manufacturing of metallic coatings, where
material of coating have solid or porous structure. Here, a method of powder compaction in a
conductive deformable shell (outer layer) by pulsed electromagnetic field [5]1 and the
method of magnetic-pulse treatment of pre-stowed and then sintered powder layer [17]] can
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be applied. Methodology and recommendations on use of MPCP process in shells for anti-
friction part manufacturing are described in [4] . These recommendations are based on the
possibility of obtaining high anti-friction properties of parts by means of Fe-C-Cu materials.
Experimental studies were carried out on the equipment described in [18] . In conducting
the experiments the following sequence of operations was developed Figure 4.

( Preparation of
powders and mixtures and
annealed copper
shell of diameter 20,
length 40 and a wall
\ thickness of 0,8-1,2 mm Y,

Filling of powder into the
gap between the shell and
a steel mandrel with a diameter
L of 12 mm

S

\

Pre-sintering temperature

MPCP processing of powder in range of 0,5-0,6 of powder

\ on a mandrel /

\ / . melting point J
shell removal |
.//- ! \\\ :/ ] h \-.
Final machining of
\ Final sintering / \ obtained product
. ) _/ AN

Figure 4: A sequence of operations for powder coating manufacturing by means MPCP
process.
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Advantages and disadvantages of powder coating manufacturing process are listed in Table
4,

Advantages of powder coating Disadvantages of powder coating
manufacturing manufacturing
v' Obtaining compacted porous powder % The implementation of radial pressing
coating which can be impregnated by of powder coating is related to the
lubricants. problem of ensuring the coating
v" Manufacturing of multilayer elements properties uniformity.
with variable properties for each % Adhesion strength of coating is
layered material. determined by conditions of mandrel

surface, powder material, and by
discharge parameters.

Table 3: Advantages and disadvantages of stepped radial compression technique.

3. CONCLUSIONS

This article outlines scientific and engineering developments of the Scientific Laboratory of
Powder Materials of Riga Technical University (Riga, Latvia) related to magnetic pulsed
compaction of powders process. Applications of pulsed electromagnetic fields have a
number of positive features, opening great prospects for improvement of technological
processes in powder metallurgy:
o flexible opportunity for generation of pulsed pressure with variable amplitude and
duration,
e concentration of pressure in certain locations of PM part,
e directed action of pulsed electromagnetic fields on a material with the aim of changing
its properties.
At the same time a number of technical constraints are limiting the use of pulsed
electromagnetic fields for mass production of PM parts. For example, a need for reliable and
affordable high-performance equipment for industrial applications [19]] and related
manufacturing procedures in order to ensure a constant and high-quality final products.
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Abstract

This article introduces the current research in China’s electro-magnetic forming(EMF)
technology, including research in the area of EMF theory, the production of EMF
equipment, the EMF of pipe and plate parts, the application of punch and rivet etc, and
also some new forming craft. Although China’s research potential in the area of EMF is
still rather low compared to more developed countries, but as market demand continues to
increase, the level of research will also continue to rise.

Keywords: the electro-magnetic forming; electro-magnetic punch;
electro-magnetic rivet

China’s research into EMF techniques started from the 1960s, and was interrupted by
the Cultural Revolution. Towards the end of 1970, the Harbin Institute of Technology
started researching the basic theory and craft of EMF, and through experimental devices,
successful made the first nationally produced EMF machine in 1986. Currently, there are
many institutes of higher education and research that have started studying applications
of EMF and also started productiont".

1 Progress in theoretical research.

Electromagnetic forming process involves the study of electricity, magnetism,
electrodynamics, plastic dynamics as well as many other multidisciplinary subjects,
making theoretical studies very different difficult. Electromagnetic forming theory includes
two aspects: research on electromagnetic force and research on deformation of the
workpiece by this force. The former is the theoretical basis of electromagnetic forming
technology, the results of the analysis applied directly to the deformation of the workpiece.
Theoretical research on analysis electromagnetic force is based on using spiral coil, plate
coil and former etc. for the plate coil, it can be a layering many different radius single
spiral coil, the former can be seen as two single spiral coil with through current in contrast.
Therefore, analysis of spiral coil is the very foundation of electromagnetic forming theory,

69


mailto:luxin0522cn@aliyun.com

70

6™ International Conference on High Speed Forming — 2014

and the plate coil and the former can be derived based on the foundational theory,
collective known as column coil deformation %2,

Cylindrical electromagnetic coil tube bulging process has always been the main
object of study, and researchers have conducted in-depth process of theoretical analysis
and experimental study. Since the late 1980s, the Harbin Institute of Technology
electromagnetic forming study groups have been carrying out systematic study of
cylindrical coil electromagnetic forming process theory. Early work was primarily based on
experimental research, and systematically started to develop analysis and experimental
research on expand and contract deformation with column coil. In the late 1990s, we
introduced finite element method into our study of EMF theory, and accelerated the
search process, obtaining a number of research results®. Numerical simulation of
electromagnetic forming has been increasingly viewed as important by researcher, and
we are still at the exploratory research phase. However, reports of using research on
complex part or simulating of complex part forming are still rare. Currently, mainland
research mainly use three kinds of major theoretical research: the equivalent circuit
method, finite element method and the analytical method.

Prof. Zhang Shou Bin[4] used the equivalent circuit method to analyze the process of
discharge in the steel pipe part expanding, and on that basis, received the process of
deformation of the steel pipe part under electromagnetic force, and research analysis
results reveal phenomena that occur or may possibly occur during deformation.
Experimental research was also conducted on the strength of magnetic sensibility of
tool(coil) and blank. Research suggests that the strength of magnetic sensibility is
connected to the length of the coil. When the coil is quite short, magnetic sensibility
distribution is not even; when the coil is longer, magnetic sensibility tends to be more even.
The distribution of magnetic sensibility is affected by the gap between the coil and blank,
and is also related to distribute of strain after blank deformed.

Dr. Zhao Zhiheng [3] used the finite element method to study the magnetic field of the
electromagnetic bulging, and some of his conclusions verify the distribution of magnetic
sensibility as described above. He also discovered that the inside of the whole pipe has
expand electromagnetic force, and it is decrease along the thickness from inside to
outside. This is different from other bulging processes, and therefore helps deepen our
understanding of electromagnetic forming deformation mechanism. Wang Shang Yu used
the analytic method to research the distribution of magnetic fields of plate EMF, and
calculated the EMF process using finite element method.

In order to better understand the magnetic fields of the workpiece while undergoing
electromagnetic formation, some have used the finite element method to study the pipe
contract, pipe forming with die, and the distribution pattern of magnetic fields of plate part
forming. Research confirms that the energy discharged, the former can increase the
magnetic field at the specially position in the pipe, and create large deformations. The die
will absorb a small amount of magnetic field lines, producing a “magnetic cushion” effect.
Therefore, we need to optimize the gap between die and the workpiece during molding.
While the plate coil is expanding, the magnetic field is strongest at one half of the radius of
the blank. The larger the radius, the smaller the magnetic field, and this conclusion is the
same as that in the prevailing literature 1
The literature®® studied the magnetic field distribution and its impact on deformation of
oval-shaped coil by using the analytical method. The magnetic sensitivity is 0 at centre of
the oval-shaped coil, and starts to increase quickly starting from the start of wire , and
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then following this increasing trend, and after it exceeds the area of the coil it reduces
drastically. As the distance from the coil increases, magnetic sensitivity swiftly declines.
The distribution of The magnetic sensitivity of radius direction also reflects the distribution
pattern of magnetic fields felt by blank.

2 Advances in technological research

Electromagnetic forming can be widely used in the pipe part bulging, necking,
punching, connecting ; the plate parts punching, coining, forming, assembling ; powder
pressing; electromagnetic riveting ",

2.1 Pipe bulging

The pipe bulging is one of the areas of electromagnetic formation technology that has
more applications. The main ones are free-tube bulging with mold forming, school-
shaped tube, pipe flange, flaring and shaped tube forming etc. While undergoing
electromagnetic formation, the deformation distribution is even in the tubing, hardening is
not significant, and therefore the formability of the material is improved. When compared
to static punching, electromagnetic formation methods can improve the bulging factor by
30% to 70%. The thinning and even rupture of the tube walls is the major problem.
Current technology is already applied to narrowing and shaping some important parts and
components.

2.2 Pipe necking

When positioning the external coil, it is easy to achieve a reduction in the diameter of
the necking, localized necking and necking pipe section etc. The connection of the
external coil can also deform the necking, and can make possible pipe connections and
pipe rod connections etc. Electromagnetic forming is the same as conventional stamping
in that its limiting factor is in the destabilizing wrinkling of the tube. Therefore, preventing
wrinkling and diminishing wrinkling is the most crucial problem that tube necking
technology must resolve. Axle necking technology is an effective method to prevent

wrinkling. Using steel axle can dramatically increase the limit of shaping. The mechanism

behind axle prevent wrinkling is the flat action, therefore the size of the axle cannot be too
small, and it must be appropriately lubricated to make it easy for the metals to flow in the
deformation process. Currently, China already has specialized tube necking technology
applied to missile assembly. Furthermore, tube necking can be used for the metal foil
packaging of beverages.

2.3 Plate blank forming

The plate blank forming can be divided into two kinds: free shaping or mould shaping.
The former is mainly used for cone shaping that have low requirements for precision, and
the latter is often used in embossing, indenting, and other surface parts forming and
punching. Because tablet roughcast shaping creases uneven force distribution, therefore
it affects the quality of the product. The shape of parts produced by free shaping is hard
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to control, and there problem of the precision of forming. [1] the oval-shape coil forming is
one form of table roughcast shaping machinery. According to the distribution principles of
oval-shape coil magnetic fields, we should use oval-shape coil as opposed to circular coll
in the long workpiece; and for core parts where shaping is more demanding, we should
select circular coil. This is because oval-shape coil will not sufficiently shape the core
parts, and this is more serious than for circular coil.

3 Electromagnetic equipment

China began to study the electromagnetic forming device in the early 1960s, after a
standstill for some reason. 1986 Harbin Institute of Technology developed the first 7. 2 kJ
electromagnetic forming machine. After the mid-1990s, those studying electromagnetic
forming devices were the Shanghai Aerospace Bureau, Beijing Institute of Electrical and
development and manufacturing with a 30 kJ electromagnetic forming machines, has
gradually developed 1. 2 ~ 30 kJ of energy ranging from seven electromagnetic forming
device. In addition, there are other institutions who produced and have made
electromagnetic forming device. Harbin Institute of Technology now has three domestic
and one imported from the former Soviet Union 56 kJ electromagnetic forming machine, is
currently one of the units of a strong electromagnetic forming process and equipment
research and development capabilities. Newly developed equipment with power protection,
overvoltage protection, automatic unloading, security troubleshooting, simulation run other
functions, equipment, operating flexibility has been greatly improved.

Although there has been gradual improvement of electromagnetic forming
equipment, storage size, structure, control and security, it still suffers from the following
disadvantages:

(1) Equipment Energy is not big enough, the largest of 50 kJ, the maximum foreign to 500
kJ;

(2) the energy efficiency is low, typically 10% to 20%, the maximum does not exceed
300/0;

(3) the cost is still high and difficult to spread.

4 Test Technology

(1) measuring the resistance measurement of large currents: the use of measuring tools
to measure DC current resistance is the method first used. We measure resistance with a
standard resistor. It is characterized by its simple structure, its accuracy and reliability, but
it can only be used to safely measure the resistance for electric currents under a few
thousand DCs.

(2) Hall transducer measurement of large currents: the magnetic field and electric current
are closely linked. Therefore, the Hall element for measuring the magnetic principles can
also be used to measure the amount of current. Characteristics of the Hall transducer are
its small size, its wide operating frequency range. Its disadvantages are that its linearity
error is relatively large, and it is sensitive to temperature changes.

(3) measuring pulse current shunts: In order to measure the pulse current shunt, we must
have inherent inductance as small as possible in order to meet the accuracy requirements.
The use of pulse current shunt measurement test circuit is relatively simple, and it is also
accurate and reliable.
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( 4 Ymagnetic level gauge measuring pulse current : magnetic level gauge can be used to
measure the pulse current , which is a measure commonly used . Its characteristics are its
simple structure, and its does not have an inherent problem with stability of heat and
electricity. Hundreds of more than a thousand real-time measurement of pulsed high
current performance is still very stable. Its disadvantages are that its magnetic level gauge
accuracy is not high, and its test circuit is complex, and that it only applies to large and
rapid changes in the measured value of the pulse current . Measurements of the magnetic
field is varied. From the measurement principle of view, there are two relatively simple
method of magnetic field measurement method, which are the magnetic line and
electromagnetic induce method.

5 Looking forward

Electromagnetic forming technology and other high-energy rate forming process have

many advantages, such as its good production conditions, lack of pollution, its
convenience of production, the ease of implementing machinery automation , and high
production efficiency . Especially for some special and unique parts, electromagnetic
forming is the only selectable method for forming. This accounts for the widespread use
of electromagnetic forming compared to other high energy methods. Although the
electromagnetic forming device has become stable products on the market, there is still
continuous improvement. For example the use of multiple circuit technology in order to
make devices safer and more reliable. Using the capacity with the high capacitance rate
can make the device structure more compact, and can also improve the capacity of the
equipment. We can also add heating and detection devices in the equipment, in order to
facilitate the processing of large workpieces, collecting test data recording and processing.
Electromagnetic forming process described above can also be used to position, assemble
and form metal parts on glass, which is difficult to achieve using other processes . The
use of high- speed electromagnetic forming characteristics can be successfully applied to
the composite blanking and forming, too .
The current state of research suggests that if instead of using steel structures, we use
aluminium structures, the quality of the car body will be reduced to half the original , and
the extensive use of aluminum body structure for cars is driven by the trend. However,
since the formation limit of aluminiumis less than that of steel, it can easily tear at high
strain zones. Aluminium is not stiff, it is prone to rebound, and low stiffness can cause
rather big deformation. Deformation of parts before assembly can greatly reduce the
precision of its measurements. Although aluminum superplastic forming technology can
solve this problem, it is very expensive Current research suggests that composite forming
technology (ordinary stamping technology and electromagnetic forming technology
combined ) can be used to solve aluminum shaping problems in the car industry.
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Abstract

Most researches on the mechanisms of impact welding in general base their results on
the investigation of the joint area after the process, primarily by destructive testing. A
detailed analysis of the joining process itself, especially concerning electromagnetic pulse
welding, has not been performed yet and thus leads to a lack of understanding. As a
consequence of this, the design of the joint area and the process parameters are almost
exclusively found empirically.

With the help of a special image intensifier camera and a laser, which illuminates the joint
area, a new attempt is made to visualize the impact in electromagnetic pulse welding. The
results suggest that at least some mechanisms are currently not fully understood.
Explanations are developed, mainly concerning jet formation (surface cleaning during the
impact) and material behavior of the workpieces under the high strain rates of the
process. Areas of large strain rates (liquid-like behavior of the metal) and areas of
comparably small strain rates can be found within one workpiece. The question will be
discussed whether process parameters can be gained with the help of a simulation that is
sufficiently accurate at least in the macroscopic scale.
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1 Introduction

Impact welding is a process which enables metallurgical bonds even between dissimilar
metals. Explosion welding was the first practical implementation several decades ago. It
uses the blast wave of powerful explosives and allows joining greater areas and thus is
therefore mainly used for cladding. One important application is the production of vessels
especially for the chemical industry, where high strength steels are combined with
corrosion resistant metals, for example. A few decades later, electromagnetic pulse
welding has been developed. It draws its energy from charged high voltage capacitors.
The accelerating force on the workpiece is generated by a coil, through which the current
is driven by discharging the capacitors. Compared to explosion welding, a much lower
amount of energy is available and therefore only line-shaped joint areas can be achieved.
However, it is safe and easy to conduct because no explosives are needed and the welds
can be repeated in the range of seconds. Nowadays, the necessary coils and pulse
generators meet the industrially requested lifetimes. The main applications of
electromagnetic pulse welding are the construction of hybrid space frames, the gas-tight
sealing of high pressure containers or low-ohmic joints between aluminum to copper for
the electromobility. The joints produced with impact welding are very tough, because the
joint area is not weakened by thermal influences but exhibits fine grains [1].

Despite all advantages of impact welding in general and of electromagnetic pulse
welding in particular, the latter is still not widely spread. One reason is the comparably
poor predictability of the weld, which requires an empirical design of the joint area and the
machine setup. The investigation of the process principles is challenging: Explosion
welding is a stationary process, but requires large amounts of explosives and is therefore
hard to observe. Electromagnetic pulse welding can be easily observed, but the impact
parameters constantly change during the collision [2].

The basic mechanisms are understood [3,4] and illustrated in Figure 1: One
workpiece has to impact another at velocities (v;,;,) in the range of roughly about 250 m/s
and above. The impact has to occur under a certain impact angle (8;n,). This leads to a

collision point (or line) travelling across the surface.

g
-
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Figure 1: Schematic illustration of impact welding.

Due to the high strains and strain rates in this area, superficial oxides and impurities
are removed and driven out of the closing gap. The impact is accompanied by a bright
flash which is characteristic for this process. The metallically pure surfaces are then
pressed together by the immense pressure of the impact, which finally evokes the
metallurgical joint. [5]
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2 Experimental Setup

For the basic investigations, a special test rig has been developed at the PtU. It avoids the
drawbacks of explosion welding and electromagnetic pulse welding by colliding and
welding flat sheets mechanically. The buildup consists of two rotors which are driven by
one synchronous motor each. Each rotor holds an aluminum tube with a length of
500 mm. At one end of each rotor a welding specimen is mounted and a counterweight is
attached to the opposite side. Figure 2 shows the test rig without housing.

Figure 2: Left: Test rig without housing. Right: Rotors with specimens in collision
position.

Both rotors have the same sense of rotation, so the specimens’ velocity adds when
they meet in the center. The maximum speed of 6000 rpm equals an impact speed of
about 300 m/s. Further improvements are planned in order to increase the collision speed
by greater lengths of the aluminum tubes. When the specimens are welded successfully,
they rip off their clamped rest with the help of a predetermined breaking point. The welded
specimens (EN-AW1050A) and the clamped parts are shown in Figure 3.

2 )
y = )
- -

Figure 3: Welded specimens (center) with the clamped parts.

The test rig allows to set the initial impact angle (8;,,,) and the initial impact velocity
(vimp) independently. The latter is independent of the specimens’ mass in contrast to
explosion welding or electromagnetic pulse welding. To adjust the desired impact angle,
one specimen is bent correspondingly (right image in Figure 2). The test rig has proven its
capabilities in first results, which are described in [2] in more detail.
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3 Numerical Simulation

As motivated above, one aim is to be able to predict the necessary process parameters
and, with the help of this knowledge, the extent of the actual metallurgically joined area.
This allows to find the ideal design for the joint area and to achieve the best possible weld
during the development of the products without costly experimental parameter studies.
One of the greatest challenges here are the high strain rates of the impact welding
processes: Directly at the bond area, strain rates are in the order of magnitude of 10°-
10" 1/s. At these high strain rates, metals show a liquid-like behavior without being
actually molten. A result of this is the wavy interface of the weld and the emission of
superficial impurities as the so-called jet. If the small weld area is to be simulated, the
material model has to be able to represent these properties. Material models like for
example Steinberg-Lund or Zerilli-Armstrong are suitable for this task. In addition, the
contact definition and the discretization have to be chosen correspondingly. In [6], for
example, the Smooth Particle Hydrodynamics method (SPH) has been used to model the
joint formation. Both the jet and the wavy interface have been simulated successfully by
applying a hybrid mesh consisting of Lagrange elements for the base material and the
SPH method for the actual impact area. This procedure provided good results but at the
same time exhibits two disadvantages: It is quite complex and the necessary parameters
for the material model at very high strain rates are required. The latter are difficult to
obtain and therefore very expensive. Hence it would be very advantageous if the weld
could be predicted without the need for a detailed simulation in a microscopic scale.

Therefore the aim of the numerical simulation in this paper is to investigate whether
it can be sufficient to model the impact process in a macroscopic scale. Process windows
are known from explosion welding, which depend on the angle g directly at the collision
point and its velocity v.. Figure 4 shows both quantities and a qualitative process window.
It can be easily seen that impact velocity v;,,,,, and impact angle g;,,, are not equal to v,
and g, respectively. All angles and velocities are macroscopically visible and thus should
be easy to observe and to simulate.

g

. —

—— ] ¢

Figure 4: Left: Angles and velocities close to the collision point. Right: Qualitative
process window derived from explosion welding.

The thickness of the jet and the amplitude of the wavy interface are small compared
to the other dimensions. Consequently, it appears possible to neglect their influence on
both angle and velocity. In doing so, element size can be increased and the maximum
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strain rates are lower, because the areas of large strain rates (and strains) are just one
small part of an element. Thus, computation time is reduced and the material definition
can be simplified.

In this paper a simplified and two-dimensional geometry is used for the simulation
which represents the collision in the test rig. It consists of two sheets with a thickness of
2 mm and a length of 10 mm approaching each other. The angle and the velocity are set
independently. The simplified Johnson-Cook material model is used with the parameters
for EN-AW1050A A =140 N/mm?, B=75N/mm? n=0.65 and C=0.0125. The
calculation is carried out with a solver of LS-DYNA. Figure 5 shows the setup of the
simulation and its evaluation. The coordinates of the superficial nodes on the opposing
faces are analyzed and the angle § at and the velocity v, of the collision point are
calculated for each time step by an additional script in Matlab. A more detailed description
of this procedure and the estimated process window can be found in [2].

Figure 5: Left: Setup of the simulation. Right: Evaluation of angle 8 and velocity v,
as seen by the script running in Matlab.

Irrespective of the simplification, the question arises whether material properties
have a great influence on the results. Due to the great dynamic of the impact process it
could be expected that the material density has a significant effect on the deformation
behavior. To check this assumption, each of the parameters of the Johnson-Cook material
model (A, B, n and C) is varied by 40 % in positive and negative direction which equals
the factors 0.6 and 1.4, respectively. For example Parameter A, which is 140 N/mm? by
default, is set to 84 N/mm? and 196 N/mm?2. The result is a fictional material. The following
Figure 6 shows the results for the collision point angle 8 versus the collision point velocity
v, for a variation of all four parameters. The impact angle g;,,, is always set to 10° and the
normal impact velocity v;,, of each sheet is always set to 125 m/s, which equals
5000 rpm of the test rig. Starting with A, it is quite obvious that it has a great influence on
the impact angle 5.The parameters B and n only have a minor effect on the result as well
as the parameter C. An attempt can be made regarding the governing formula developed
by Johnson and Cook [7]:

o= (A+Be})1+C né) (1)

€, and € denote the effective plastic strain and the (normalized) strain rate,
respectively. B and n determine the influence on the plastic strain which explains the
negligible effect on the results: The maximum plastic strain at the impact area is even
below 0.5. The low sensitivity to parameter C is surprising at first glance, because it is
directly linked to the (plastic) strain rate. However, it can be easily explained by the
logarithm which weakens the effect of even the high strain rates.
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Figure 6: Collision angle versus collision point velocity for different sets of material
model parameters (left to right, top to bottom : A, B, n, C).

The material density is varied next, again by adding and subtracting 40 %,
respectively. The resultant plot is given in Figure 7 (left). As assumed above it is clearly
visible that the density of the colliding joining partners has a great effect on the results,
mainly on the impact angle. Preliminary to a detailed discussion, the calculation will be
extended to the variation of the impact velocity of both parts. Although a much lower
deviation of £ 20 % is chosen, both angle g and velocity v, are significantly shifted to
higher values. The resultant plot is shown in Figure 7 (right).
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Figure 7: Collision angle versus collision point velocity for three different material
densities (left) and three normal impact velocities (right).
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Comparing the plots for different densities and for different velocities, a common
trend becomes obvious: Higher velocities and higher densities lead to higher angles. This
effect is plausible as an increase of the speed and/or the angle is equivalent to an
increase in kinetic energy. This kinetic energy in turn depends on the impact velocity and
the mass (density). The exact reason for the increasing angle might be some kind of a
“whip effect” during the impact. The increasing collision point velocity, when increasing the
impact velocity, may be caused by the geometric constraints: Ignoring the deformation of
both joining partners and with regard to the geometric constellation depicted in Figure 4,
the collision point velocity can be estimated by

Vim
Ve = (2)

tan Bimp

A similar behavior can be observed in simulations of electromagnetic pulse welding.
The calculated setup involves two aluminum sheets with a thickness of 2 mm and an initial
distance of 2 mm. The current is driven through a nearby coil at a frequency of 20 kHz. A
more detailed description on this numerical setup and the electromagnetic simulation can
be found in [2]. The evaluation of the results for different maximum currents (Figure 8)
shows that higher currents and thus higher impact speeds lead to higher angles and
velocities as well, especially at the end of the process (left half).

angle vs. velocity of the collision point
80 |

angle B in [°]

0
0 1000 2000 3000 4000
velocity v, in [m/s]

Figure 8: Collision angle versus collision point velocity for three different peak
currents.
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4 High Speed Imaging

As the actual impact and the joint formation take place in only few microseconds, the
process is hard to capture with a conventional high speed camera. Hence for these
research works, an image intensifier camera is used. It allows exposure times and frame
delays in the range of nanoseconds at still remarkable spatial resolutions of up to more
than 1000 pixels.

Filming the impact is accompanied by two more obstacles in addition to the high
speeds: During the impact, a bright flash covers the actual joint area. Its formation will be
discussed in the following chapter. Exact triggering is the second challenge, because the
camera technique does not allow pre-triggering. Due to the fast turning rotors, the exact
measurement of the momentary angle is hardly possible.

The bright process glare can be suppressed by a trick which is also used when
conventional welding processes are investigated. As the glare is usually whitely, it can be
concluded that its intensity is spread almost constantly across all (visible) wavelengths.
The light source which is mandatory for the high speed images only emits light in a small
wavelength range. Thus, its intensity is much greater than the process glare, even if the
latter appears to be brighter to the human eye. Figure 9 illustrates this issue.

light source

intensity

—

process glare

wavelength

Figure 9: Emitted wavelength range of the light source and the wavelength
distribution of the process light.

To suppress all other wavelengths, an optical bandpass filter is fitted to the camera
in addition to the special light source. In the experiments, a laser with a nominal
wavelength of 640 nm £ 10 nm is used together with a filter for 640 nm £ 5 nm. The laser
is comparably easy to handle, because the light is visible and the emitted beam itself is
neither coherent nor collimated. This avoids speckling and makes reflections harmless
even despite the power of 400 W. The laser pulses are synchronized with the camera,
because their length is limited to a few microseconds only due to the limited duty cycle
which prevents a constant illumination.

Triggering is realized by using the two rotors as a kind of switch for the trigger
circuit. A voltage is applied to one rotor whereas the other rotor is connected to ground. In
addition, each rotor is mounted electrically insulated from the test rig’s framework. When
the specimens collide, the circuit is closed and a voltage signal is generated which can be
directly used as trigger signal. This system is very robust and even works if the specimens
do not collide exactly at the center.
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The following Figure 10 shows the process in two independent experiments
immediately after the finished impact with and without bandpass filter. It can be clearly
seen that it is almost impossible to investigate the impact in detail without the filter.

Figure 10: Propagation of the jet 20 us after the impact with (left) and without (right)
optical bandpass filter.

5 Jet Formation and Process Glare

A common explanation for the process glare is that it is caused by the jet. The jet does not
only consist of oxides, but also of parent material [6]. The theory states that this parent
material burns whilst being emitted and thus causes the intense light. However, it is
generally accepted at the same time that high temperatures or even melting do not occur
during the impact and welding process. Thus, a sufficient energy source which is capable
of initiating the oxidation should actually not exist.

In order to examine jetting and glare in more detail, the electromagnetic pulse
welding process is investigated under different atmospheres. It is more convenient than
the test rig because only the small volume around the tool coil has to be filled with the
respective gas. The complete housing of the test rig has a volume of approximately 1 m?
and is not gas-tight. For the experiments, the coil is covered by an acrylic glass box, which
is filled with an inert welding gas. It consists of argon and about 8 % CO2 which makes
the inert gas heavier than the surrounding air and therefore simplifies its displacement.
When the enclosure is completely filled with the inert gas, the pulse generator is charged
and the weld is established after only few seconds. The following images show the
welding of two aluminum sheets (EN-AW1050A) with a thickness of 2 mm by a peak
current of 300 kA at 20 kHz. Figure 11 shows the welding process with the inert gas
atmosphere (left) and with the surrounding air (right). The inert gas does not only
significantly decrease the emitted light, but also strongly weakens the emitted pressure
wave during the impact.
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Figure 11: Electromagnetic pulse welding of two aluminum sheets with (left) and
without (right) inert gas atmosphere.

Welds between two copper sheets (Cu-ETP, thickness 1 mm) show a different
behavior: Neither the light emission nor the pressure wave is significantly influenced by
the surrounding atmosphere. In both cases, it is comparable to aluminum welds with inert
gas.

These experimental results suggest that an oxidation proceeds during the impact.
Aluminum burns with a bright white flame and the oxidation is a highly exothermal
reaction. As it can be seen in Figure 10, the emitted jet looks like a cloud of dust. If this
dust does not only consist of superficial oxides but also of pure aluminum from the base
material, which has been proven in past researches [6], a huge surface is created. Thus, if
an appropriate energy source is available, a strong exothermal reaction can occur. This
theory is supported by the experiments with the test rig: The extent of the glare and the
extent of the jet are almost identical as highlighted in Figure 12. This indicates that jetting
and glare are the same phenomenon or at least correlate closely.

Figure 12: Highlighted propagation of the jet, with (left) and without (right) optical
bandpass filter.

The auto ignition temperature of aluminum strongly depends on the particle size.
The past research work in this field, which has been summarized in [8], shows that the
auto ignition of aluminum powder with a particle size of under 10 ym can already happen
at about 600 °C. As burning aluminum is even capable of splitting water molecules, a
hydrogen explosion due to the atmospheric humidity might occur as well. Copper on the
other hand does not burn, which explains why the surrounding atmosphere does not
change the light emission.
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Nevertheless, the question arises where the necessary temperature for the ignition
is created. Two theories appear imaginable:

1. During the impact, temperatures reach higher values than generally assumed.
Temperatures of several hundred degrees Celsius are possible and thus are
capable of igniting the jet.

2. During the movement of the collision point, which travels at a multiple speed of
sound, its supersonic pressure wave generates a plasma which in turn ignites
the jet.

The first approach is supported by the welding trials with an inert gas atmosphere. A
small luminous effect can be observed even though an oxidation can be excluded. This
could imply that temperatures are reached which are even sufficient to heat up copper
until it glows. This again might lead to molten areas, which actually should not occur in
impact welding as a solid state welding process. However, studies have revealed that a
thin intermetallic layer can be observed at least in dissimilar metal combinations [9].
Furthermore, the ultra-fine grains could be caused by a very fast melting and solidifying
process. This appears possible as the molten area is very small and very rapidly cooled
down by the surrounding material, because metals usually exhibit a good thermal
conductivity.

The second approach relies on the minor radiance as well. Immediately after the
first contact, the collision point travels at very high velocities along the surfaces (right half
in Figure 8) and pushes the surrounding gas out of the closing gap. Due to the high
velocity, which can reach more than ten times the speed of sound, a powerful shock wave
is generated. The energy of this shock wave could be sufficient to create a plasma from
the ambient gases. The plasma temperature is high enough to ignite the jet which can
then be observed as a bright flash if oxygen is available.

6 Summary

The experimental setup which enables the investigation of the impact welding process in a
secure way and under clearly defined conditions has been presented. The numerical
approximation of the impact has been described and the results from a parameter study
have been discussed. It has been shown that inertia seems to play an important role. A
promising method to observe the actual welding process by high speed imaging has been
presented and first images have been discussed. They enable the closer investigation of
the welding zone. Experiments have been conducted to find out more about the jet
formation and the process glare. Two theories have been developed and discussed. They
will be closely investigated in the future.
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7 Conclusion and Outlook on Future Works

The numerical simulation of the impact in a macroscopic scale provides plausible results,
even though it is kept very simple. Even the influence of the breaking point of the
specimens remains disregarded. Future experiments and high speed images will show
whether this simplification is justified or not. It appears possible to give analytic
explanations to the numerical results

The test rig will be steadily improved in order to achieve higher impact speeds under
more exact impact conditions.

The high speed images will be helpful in investigating the formation of the jet the
glare during the impact. By using a higher magnification and a higher frame rate, the
identification of the origin of both the jet and the glare should be possible. This will prove
whether one of the theories applies or not.

References

[11 Zhang, Y.; Babu, S.; Daehn, S.: Impact Welding in a Variety of Geometric
Configurations. In: 4" International Conference on High Speed Forming, 2010, pp.
97-107

[21 Groche, P.; Wagner, M. F.-X.; Pabst, C.; Sharafiev, S.: Development of a novel test
rig to investigate the fundamentals of impact welding. In: Journal of Materials
Processing Technology. 2013. http://dx.doi.org/10.1016/j.jmatprotec.2013.10.008

[3] Carpenter, S.H.; Wittman, R.H.: Explosion Welding. In: Annual Review of Materials
Science, pp. 177-199, 1975

[4] Crossland, B.: Explosive Welding of Metals and Its Applications. In: Oxford Series
on Advanced Manufacturing, Clarendon Press, Oxford, 1982

[5] Deribas, A.A.: Treatment of Materials by explosive Energy. In: Combustion,
Explosion and Shock Waves; September-October, 1987, Volume 23, Issue 5, pp.
639-648

[6] Kakizaki, S.; Watanabe, M.; Kumai, S.: Simulation and Experimental Analysis of
Metal Jet Emission and Weld Interface Morphology in Impact Welding. In: Materials
Transactions - Special Issue on Aluminum Alloys 2010, Vol. 52, No. 5, 2011, pp.
1003-1008

[71 Johnson, G.R.; Cook, W.H.: A constitutive model and data for metals subjected to
large strains, high strain rates and high temperatures. In: Proceedings of the 7th
International Symposium on Ballistics, 1983, pp. 541-547

[8] Trunov, M. A.; Schoenitz, M.; Dreizin, E. L.: Ignition of Aluminum Powders Under
Different Experimental Conditions. In: Propellants, Explosives, Pyrotechnics, 30,
2005, No. 1, pp. 36-43

[91 Gobel, G.; Kaspar, J.; Herrmannsdérfer, T.; Brenner, B.; Beyer E.: Insights into
intermetallic phases on pulse welded dissimilar metal joints. In: 4" International
Conference on High Speed Forming (ICHSF), 2010



Magnetic Pulse Spot Welding: Application to Al/Fe
Joining
A. P. Manogaran, P. Manoharan, D. Priem, S. Marya, G. Racineux

! Institut de recherche en génie civil et mécanique (UMR 6183) — GeM, Ecole Centrale
Nantes, 1 rue de la noé, 44321 Nantes, France

Abstract

Magnetic pulse welding is a rapid process (takes place within few micro seconds) that
joins both homogeneous and heterogeneous materials in the solid state. The process
involves applying variable high current on an inductor to generate Lorentz forces on to the
conductive primary part (flyer). To realize the weld it is necessary to accelerate the flyer to
impact on to the secondary stationary part (base material) at a very high velocity attained
over the distance, called air gap, between the parts. It is typically possible to perform
welding of tubes and sheets provided there is an optimized air gap between the parts to
be welded. As part of our work we have developed an innovative approach (Magnetic
Pulse Spot Welding-MPSW) that eliminates the delicate task of maintaining the
aforementioned air gap between the plates. The proposed method opens better viable
perspectives for heterogeneous assembly of automotive structures or connecting batteries
in a quasi-cold state. The developed approach has been validated on the heterogeneous
assembly Al/Fe by tensile tests (quasi-static and dynamic) that attested the quality of
welds.

Keywords

Welding, Magnetic pulse spot welding, Dissimilar Al/Fe joining

1 Introduction

Resistance spot welding is the most suitable method used for joining steel plates for motor
vehicles. On average, it accounts to 4000 spot welds per car [1]. To reduce the fuel
consumption of the vehicle, automotive manufacturers started to replace/join steel parts
with parts made of aluminum or magnesium alloys [2,3,4]. This raises the problem of
assembling these parts. Even though there are many methods to join steel with aluminum
or magnesium alloys (magnetic pulse, laser, friction, etc.) [5], they are rarely compatible
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with the constraints of automotive (cadence, positioning sheets, geometry, spot weld
strength, etc.).

Among these methods we propose an evolution of the magnetic pulse welding
process (MPW). Figure 1 shows the principle of MPW for joining two tubes together. The
circuit is charged by accumulating a large amount of electrical energy in a capacitor bank.
When the circuit is discharged, it liberates all the stored electrical energy to a high current
solenoid (the inductor) in a very short time (within a few microseconds). If a conductive
part (here an aluminum tube) is placed near the solenoid, it is subjected to a changing
magnetic field which induces current at the skin of the aluminum tube (skin effect). This
current is itself subjected to this magnetic field, resulting in generation of Lorentz forces on
the surface of the tube and the tube starts to greatly accelerate away from the solenoid at
very high velocity to impact on to the inner core (steel). The controlled impact of the
aluminum tube on to the steel allows under certain conditions to produce a weld. This
method is similar to explosive welding. Micrographic analysis of the weld in each case
indicates a "corrugated/wavy" interface welding (Figure 2.a) [6].

Cylindrical pieces to be
welded

High power
switch
o—
AC i 1
power Inductor] | ! ! | |Tnducto
supply —— 1
Capacitor
Magnetic Magnetic

field el ) field

Lorentz force
Figure 1: Schematic diagram of the magnetic pulse welding.

To achieve dynamic welding, be it explosive or magnetic pulse, it is necessary
(Figure 2.b):

e To accelerate one of the parts sufficient enough to generate an impact on to
the other to produce a very short but intense heat. This is achieved by
means of an air gap between the two parts to be assembled with a
generated impact velocity.

e To break away the oxides on the surface. This is ensured by the progressive
collision of the flyer part on to the fixed part at a certain collision angle and
collision velocity, so that the air jet formed expels the oxides away with it. By
this way, the two contacting parts are provided with inter-atomically clean
surfaces to form a metallurgical bonding.
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Figure 2: (a) Micrograph of the wavy interface, (b) Parameters of magnetic pulse welding.

Almost 40 years after its invention, the only magnetic pulse welding configuration
used commercially till the start of 2000s was tube/tube welding (Figure 3.a) [7,8]. Aizawa
et. al. (2004) [9] developed a new method of magnetic pulse seam welding two flat plates
by means of a double layer H shaped single-plane inductor coil (Figure 4.a). Here, the air
gap was provided by means of an insulator placed between the two sheets. In 2007, the
same team proposed a simple inductor: an E shaped one layer flat coil [10] (Figure 4.b)
and more recently they have proposed a way of spot welding (single or multi spots) using
an insulating mask between the two sheets (Figure 4.c and 4.d) [11]. In all the above
cases, the requirement of ensuring an acceptable air gap of distance for each part to be
welded makes it challenging to be implemented in automotive industry.

In our study we propose an evolution to the magnetic pulse welding process which
produces spot welds between similar or dissimilar materials under conditions compatible
with respect to the constraints in the automotive industry (cadence, robotics, resistance,
etc.). The process is named as “Magnetic Pulse Spot Welding”.

Before Welding 1 mm
: Ga Base metal
FET [_Sheet metal &
z spacer
Driver — .
After Welding ] Insulation sheet
- Coil Magnetic flux

a.

Figure 3: (a) MPW of two tubes, (b) Cu/Al parts before and after welding [8], (c)
Schematic of the magnetic pulse seam welding process [9,10].
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Figure 4: (a) Double layer H shaped single-plane inductor coil [9], (b) Monolayer E
shaped flat coil [10], (c) Spot welding with the help of insulating mask, (d) Welding system
[11].

2 Magnetic Pulse Spot Welding: Principle

Figure 5 shows the principle of Magnetic Pulse Spot Welding (MPSW) for spot welding
two sheets together. As said earlier, the two plates are always in contact with each other
before and after welding. So, in order to ensure that there is necessary gap between the
plates for intended acceleration and impact of the flyer plate on to the parent plate
(Figure 2); and also to ensure correct positioning of the sheets on each other before and
after welding, we propose to carry out a prior local stamping, called "hump" (Figure 5).
This hump geometry combined with the inductor geometry is critical in ensuring both the
necessary collision rate and the removal of surface oxides. The inductor is designed in
such a way that it is placed just above the hump. When the current is discharged,
according to the MPW principle, the hump deforms and impacts on to the other material at
a very high velocity to realize spot welding. Here, the geometry of the hump determines
the size of the spot weld. Generally, the sheet with good electrical conductor is chosen as
the flyer part, in our case, aluminum.

Steel
Al

—— Insulation sheet
Inductor

>

Y

| current

Figure 5: Schematic of the magnetic pulse spot welding process (MPSW).

3 Materials and Experimentation

To validate the principle of MPSW process we have chosen the heterogeneous assembly
of Aluminum to Steel. The materials used are steel sheet (EN355) having a thickness of
1.5 mm, and aluminum sheet (AA1199) with a thickness of 0.5 mm. The MPSW process
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utilizes a monolayer | shaped flat inductor that concentrates magnetic flux at the surface
of the hump of the flyer sheet. Figure 6 shows the hump configuration and the intended
spot welding location — hump on AA1199 aluminum sheet. The generator used for
carrying out welding is developed at Ecole Centrale de Nantes which has a capacitance of
272 yF, 0.5 pH inductance and maximum energy of 30 kd. Three different energies —
2.8 kJ, 3.4 kd, 4.15 kJ are chosen to carry out spot welding and are compared.

10 mm

p ‘ Y [t&mm
A'_}: 1 5 ram
E 12 m 123 mm
of b
(a) A S (b)

Figure 6: (a) Hump configuration, (b) Intended spot welding location — “hump” in the
AA1199 aluminum sheet.
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Figure 7: Micrographic analysis using SEM for Al/Fe magnetic pulse spot weld for 3.4 kJ
energy.
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4 Results and Discussion

Figure 7 shows the micrographic analysis of the welded area done using scanning
electron microscope. We observe a characteristic corrugated/wavy interface typical to
dynamic welding processes (explosive/magnetic pulse). However, unlike these processes,
the waves on the interface are in opposite directions from the center. Moreover it can be
verified that the center part of the part is not welded. The weld zone typically shows a
rectangular region with no weld at the center as shown in Figure 7. A rectangular weld
region is formed on the sheets which correspond to the side edges of the coil placed
above it and no welding took place in the area between them i.e. at the center. Since, the
process is rapid, only very thin intermetallic layers (2-5 ym) are formed and that too only
around those wavy regions.

The size of the no-weld zone at the center was measured to be 1 x 6 mm? for all the
weld specimen sets done by peel tests. Figure 8 shows the peel test results for different
energies. In all the cases, the weld was good and only the aluminum sheet around the
weld sheared off.

Figure 8: Peel test carried out for different welding energies.

Tensile tests were carried out on spot welded specimens for different discharge
energies viz. 2.8 kJ, 3.4 kJ and 4.15 kJ. Figure 9 shows an example of tensile test results
both quasi-static and dynamic tests. Quasi-static tests were carried out on a
tensile/compression testing machine from Instron and dynamic tests are carried out on a
machine developed by GeM, Ecole Centrale de Nantes. In all cases, the aluminum sheet
were sheared off around the spot weld zone and the spot welds were in contact through
out. We also see that, as we increase the discharge energy, the tensile failure load also
increased indicating that the area of the spot weld has a great influence in the test results.
This suggests that our welds are satisfactory and are stronger than the weaker base
material (aluminum).
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Figure 9: (a) Quasi-static tensile test results, (b) Dynamic tensile test results, (c) Spot
welded specimen after dynamic tensile test.

5 Conclusion

In this study we developed a new method for spot welding two different sheets. The
process is named as "Magnetic Pulse Spot Welding - (MPSW)". Like Magnetic Pulse
Welding, it is a cold welding process which allows spot welding both homogeneous and
heterogeneous materials. As the welding process is very rapid (takes place within few
microseconds), the formation of thick intermetallic layers are avoided; for example, in case
of Al/Fe joining, intermetallic formation cannot be avoided. From this process only very
thin intermetallic layers (2-5 ym) are formed and that too only around those wavy
interfaces. This makes it a very interesting process for spot welding heterogeneous
materials especially, Al to steel for automotive applications.

In order to obtain spot welds, it is necessary to make a local stamping called “hump”
on the flyer sheet where you intended to realize a spot weld. The welding operation (once
the sheets are in place) lasts only a few microseconds. The sheets are always in contact
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with each another before and after welding. This suggests the possibility of using this spot
welding method in the automotive industry for joining light materials such as Al/Mg with
steel.
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Abstract

The Iimportance to implement more functionality on the same space pushes
miniaturization and makes hybrid joints under various conditions, also in the micro range,
necessary. Conventional joining processes, which are used in macro range, cannot be
easily transferred to micro range dimensions. In this work a new high speed joining
method for the micro range is presented, which is realized by a plastic forming process
based on TEA-CO.-Laser induced shockwaves. In a first step it is shown how sheet-sheet
joints can be realized with this method. The experimental results illustrate the possibilities
as well as the limits of the joining process by laser shock forming. Also the possible
defects which can occur during the joining process are presented. Especially fracture of
material at the edge. This is explained by the sharp edges in the joining area, which are
caused by the production process of the specimen.

Keywords

High speed forming, Laser shock forming, Joining by forming

1 Introduction

Resource efficiency, reduction of production costs and function compaction are reasons of
miniaturization. This makes also hybrid joints for micro range necessary. Conventional
joining processes, which are used in macro range, cannot be easily transferred to smaller
dimensions. With the ongoing trend of miniaturization so-called size effects appear [1],
which inhibit sometimes the use of conventional manufacturing processes in total, or they
can be used only with restrictions in micro range.

Typical joining processes for thin sheets of dissimilar materials are welding and
brazing processes [2]. SHADOW® welding technique is a one of the processes which is
used for joining of thin metal sheets with a material thickness <5 ym [3]. However, joining
of dissimilar materials can result in formation of diffusion based intermetallic phases,
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which are characterized by high hardness and high brittle behaviour. Furthermore these
processes are thermal based, which can influence the geometry of the components
through distortion. In case of micro engineering these problems by thermal influences are
particularly significant, since there is a high density of technical elements to be carried out
next to heat sensitive components.

Another solution for joining thin metal sheets of dissimilar materials is explosion
welding [4]. The advantages of these processes are that they do not lead to typical heat
affected zones or distortion and the occurrence of intermetallic phases is minimized [5].
One approach for manufacturing thin metallic hybrid joints by non-contact impact joining
was done by Nd:YAG-laser induced shock waves [6]. A thin metal foil (thickness
<200 um) was placed on a solid joining partner tilted by a process specific angle. For the
increase of the shockwave and for protecting the surface against thermal influence an
ablation layer was applied. Finally the foil is accelerated by laser induced shock wave in
direction of the solid body. Due to high pressure in the contact area the metallurgical bond
was achieved. Thereby no intermetallic phases were observed and an increased micro
hardness along the boundary layer after the joining could be measured [7].

How joining by laser shock forming using a TEA-CO, laser can be realized is
presented in former publications [8]. Using a TEA-CO, laser enables a simple process
handling and short process times without need of an ablation layer. This kind of shock
wave formation is known since the 70s, e.g. [9]. Due to laser treatment free electrons are
generated by thermo emission out of the surface [10]. The number of free electrons
depends on focus size, laser pulse intensity and surface material [10]. These free
electrons absorb energy by inverse bremsstrahlung absorption and can produce further
ions and electrons by impact processes until an optical breakdown and thus a plasma
formation is achieved [11]. The inverse bremsstrahlung increases with the square of the
wavelength accomplishing a nearly complete absorption of the longer wavelength of CO,-
laser light by the plasma. If the energy density of the laser pulse exceeds a certain
threshold, the fast expansion of the plasma forms a shock wave [12], which is initiated
~8 mm above surface [8]. This shock wave moves spherically [13]. The shock wave
pressure, which is in the range of some MPa [14], leads to a forming of the surface [15].
The laser shock forming process first was used for deep drawing of copper and aluminium
sheets [16] and later for joining process [8]. Thus this process is promising for hybrid joints
in the micro range and the increasing need of micro joints i.e. in precision mechanics and
electronic industry. In this work the process window of the joining process of aluminium
and steel is presented.

2 Experimental setup

For the joining process a pulsed TEA-CO.-laser (wavelength:10.6 ym) with a pulse
duration of 100 ns, a spot size of 0.04 cm? and a laser pulse energy up to 6 J per pulse is
used. The principle experimental setup is shown in Fig. 1. The setup consists out of 5
basic elements: the blank holder, Joining Partner | and Joining Partner Il, a spacer and
the bottom of the tool. The Joining Partner | and Joining Partner Il are positioned upon
each other. Joining Partner | is made out of aluminium with a thickness tpaner1 0f 20 um or
50 um. Joining Partner Il is made out of stainless steel with a thickness of tpartnern Of 25 pm
up to 300 ym and has a hole which is the diameter of with a diameter of 2 mm or 4 mm
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and is specified as d the diameter of the joining area. Both parts are produced by a laser
cutting process with a Nd:YAG short pulse laser, which ensures reproducible specimen
geometries. Aiming to provide space for material flow of Joining Partner | to create an
undercut, a spacer is located between Joining Partner Il and the bottom of the tool. The
spacer thickness (in the following tspacer) is varied from 25 ym to 300 ym and the diameter
of the spacer hole is 1 mm bigger than the hole of the used Joining Partner Il. The blank
holder is holding the partners in position during the process while the blank holder force is
over the clamping force. This leads to a pure stretch drawing process. In the tools bottom
ventilation holes are implemented, so that air below the specimens is not disturbing
forming of the material. This tool ensures an exact positioning of the specimens and
reproducible experimental conditions through alignment pins and bedstops.

Laserbeam

Joining partner | Blank :older J Shockwave Joining partner ||
J‘\ /

i N
=\
T

Spacer \ d

A 4

Ventilation hole Bottom

BIAS ID 140531

Figure 1: Experimental setup

The laser irradiates on Joining Partner | with the focus lying on the surface. This
leads to plasma formation about 8 mm above the surface [8]. The resulting shockwave
forms the material in the joining area accomplishing an undercut which presents the joint
itself, as shown in Fig. 1 inside the circle. The number of laser pulses is varied for different
material thicknesses of Joining Partner |. For material thickness of 20 ym the pulses are
varied from 10 up to 50 shots. For material thickness of 50 um laser pulses between 50
and 200 are used. The repetition rate of the laser pulses is 20 Hz, and for each parameter
set 5 experiments are carried out.

3 Results

3.1 Joining geometries and failure behavior

By varying the process parameters different joining results could be observed. These
results are classified in three different main types, which are: joining could be achieved,
no joining could be achieved because no undercut was created and material failure in the
joining area. For the first main type: joining could be achieved, there are two possibilities,
which are shown in Fig. 2.
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Figure 2: cross section of undercut bigger than double the material thickness (left) and
small undercut (right)

The first one is an undercut depth, which is more than double the material thickness and
this undercut depth is constant over the whole joining area. The second one is a very
small undercut depth which is smaller than the material thickness as shown in Fig. 2 on
the right side. From the cross section of the joints it can be seen that the joint is achieved
due to mechanical clamping of the upper sheet to the lower one. Material fracture during
the process can occur in two different locations, in the bottom of the forming area or at the
edge of Joining Partner Il. These failure behaviors are shown in Fig. 3.

BIAS ID 140533

Figure 3: material failure, broken in the edge (left) and broken in the bottom (right)

3.2 Process windows

For these experiments a joint is defined as a material fracture free joining area which is
able to carry their proper weight. For each parameter set five experiments were carried
out. As long as all five experiments result in a joint, this point is marked as “good joint”.
For less than five joints the process is not reproducible and therefore not feasible for
industrial applications. These points are marked as “not reproducible”. The points where
no joint could be achieved, or a material failure appeared are marked as “no joint”.

Fig. 4 shows a schematic process window. For this process window the used laser
pulses are varied above the different spacer thicknesses. The area marked as “A” shows
the parameter, which leads to a good joining result. In area “B”, which is lying left and
below the process window, no undercut could be observed. Area “C” and “D” are the
areas where material failure occures. This kind of process window is made for different
material thicknesses.
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In order to analyse the process behavior over different material thicknesses process
windows are compared with each other. Therefore the limits of the process window needs
to be described. One approach of describing the lower limit of the process window is
shown in Fig. 5. For the illustration of this curve the lowest points of the process window
are taken. These are for Fig. 4 the datapoints for 100 pulses with a spacer thickness of
0,1 mm and 80 pulses with a thickness of 0,2 mm. For comparing the other joining
geometries, these parameters need to be scaled to a comparable value. Therefore the
used laser pulses are divided through the material thickness of Joining Partner |. The
same approach is used for the spacer thickness. With these two relative values a
comparison of the different process windows to each other is possible, asshown in Fig. 5.
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Figure 5: Needed laser pulses over spacer to Joining Partner I ratio

It can be seen that for a bigger tspacer / trarner1 ratio less energy is needed to create a joint.
The amount of laser pulses which are needed, decreases exponentially to a value of 1
pulse / um.

The ratio tspacer / trarner1 has also an upper limit. When the total distance from Joining
Partner | to the tool bottom reaches a certain distance, material fracture of Joining
Partner | occurs. For the description the mean value for these limits are calculated and
presented in Table 1.

@ joining area Thickness Joining Partner | Mean height to material failure
2 mm 20 ym 187 ym
50 ym 225 uym
4 mm 20 ym 137 um
50 ym 433 ym

Table 1: Mean height as the sum of Joining Partner | and Spacer Thickness where
material failure occurs

It can be seen that for a thickness of 20 um the height for both geometries are in the same
range, while for the thickness of 50 um the height to material failure is nearly factor two
bigger for a diameter of 4 mm.

4 Discussion
The results of this work illustrate the possibilities as well as the limits of the joining by

laser shock forming. On one hand, the creation of joints is possible with all used joining
geometries of 2 mm and 4 mm and on the other hand there are limits, especially with
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thinner material, where more fractures occur. For the process window shown in Fig. 4
different limits of the process are presented.

The upper limit of the Process window is given by material failure. The joining
process can be seen as a stretch drawing process. During a stretch drawing process the
material, which is needed for increasing the surface, is taken from the material thickness.
If the strain of the material is getting too high the material will crack. So the material failure
is a result of too much induced strains. Especially material failure at the edge is a result of
a sharp edge from the steel sheet, during the process. Beside this it results from a
combination of applied laser pulses and a sharp edge which leads to stress concentration.
Sharp edges at the hole are a result from the laser cutting process, where the material
melts during the process and burr at the edge is created. Bottom tear in the material is
occurring, when the distance between Joining Partner | and the bottom is too high. The
mean values of these limits are shown in table 1. Differences in the limits for the different
material thicknesses can be explained by the lower forming limit curve of thinner material
[17]. When the material is touching the bottom of the tool before a bottom tear occur the
material is supported by the bottom, which leads to lower induced tensile stresses in the
bottom of the joining area trough the shockwave. This means that the induced stresses
through a shockwave are higher in the groove and edge than in the bottom which leads to
material fracture in the edge.

One influence of the difference in the maximum height to the bottom between the
joining geometries is that the material failure material failure is not only occurring in the
bottom. Material failures are also occurring in the edge of Joining Partner Il, which is
influencing the result of the maximum height to material failure.

In Fig. 5 it is shown that for a larger tspacer / trartner1 ratio less energy or laser pulses
are needed to create a joint. This fact can be explained by the geometry of the
experimental setup and the joining geometry. For the creation of an undercut there should
be enough space between Joining Partner Il and the bottom of the tooling which should
be more than double the thickness of Joining Partner I. This can be seen in the ratio of
spacer to Joining Partner I. If the ratio is smaller than two there will be a resistance for the
material flow into the space to create an undercut. This resistance can be overcome by
using more laser pulses, but will only result in a small undercut depth. If the ratio from
spacer to Joining Partner | is getting bigger the amount of necessary shockwaves is
reduced. The contact surface, on which the pressure wave acts, is dimensioned by the die
diameter and the spacer height. The effective force which is induced by the shockwave
increases with the spacer height, which leads to less shockwaves needed to create an
undercut.

5 Conclusion

By an experimental approach using different thicknesses of metal sheets and different
size of joint geometries it was shown that joining of aluminium to stainless steel is possible
by the means of laser induced shock waves. For nearly each combination of material
thicknesses a process window could be detected. From the cross section of the joints it
can be concluded that the joint strength is achieved due to mechanical clamping of the
upper sheet to the lower one. Also could be concluded that for bigger spacer thickness to
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thickness of Joining Partner | ratio less laser pulses are needed for the creation of an
undercut and hence for the joining process.
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Abstract

Magnetic Pulse Welding (MPW) process is one of the useful welding processes of the
dissimilar metal joining, because this process has only employed the electromagnetic forces
between the flowing currents in working coil and the induced-opposite direction currents in
the specimen. For achieving the successful MPW, the selection of optimum process
variables such as the charge voltage, the gap between specimen and the thickness of
workpiece is most important. Therefore, the objective of this study is to investigate the effect
of process variables on Al/Cu joint using DOE(Design of Experiment) and to develop the
mathematical model for prediction for the leakage pressure. In order to carry out this, center
composite design was employed to design of experiment. The MPW equipment
manufactured by WELDMATE CO., LTD. has been employed and applied for the materials
such as the A1070, C1221 for aluminium tube and copper rod respectively. After the sequent
experiment, leakage test has been done to verify efficiency of the welding. The measured
results have been shown the good agreement with the calculated results so that it means the
developed mathematical model was suitable for expecting the leakage pressure. It is
concluded that the charged voltage is major process variable for influence on quality of joint
on Al/Cu in MPW process.

Keywords

Magnetic Pulse Welding, Electromagnetic Force, Design of Experiment, Process Variable,
Mathematical Model
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1 Introduction

Since aluminum is very low in price and lighter in comparison with that of copper and has
thermal conductivity similar to that of copper so that it is advantageous to use aluminum in
the aspects of product weight reduction and manufacturing cost. Accordingly, aluminum has
been focused as a material to replace copper in refrigeration cycle, and its application is
being expanded not only to home appliances, but also to automobiles. However, as two
dissimilar materials such as aluminum and copper have been welded by an existing fusion
welding such as brazing or resistance welding, a defect such as pore or crack occurs due to
the difference in the material properties between the two materials during welding. Such a
defect deteriorates the quality of the weld as well as generates environmental pollutants due
to leakage of refrigerant gas caused by corrosion. Therefore, it is required to develop high
quality welding technology for dissimilar materials that can save manufacturing cost, improve
working environment and reduce the total emission of environmental pollutants.

Even if MPW is not a welding process recently developed, it has focusing as a welding
technology for light weight materials and dissimilar materials in industry. Furthermore, MPW
is an environment-friendly process that can be employed to manufacture high quality
products without using gas, filler metal and lubricant which are sources of environmental
pollution generated during welding. As no heat is applied to the material, no defect occurs
due to the difference in the material properties, and high quality weld can be obtained as
there is no part affected by heat. For such a reason, this process can be diversely applied
across the whole industry including electric/electronic, automobile and aerospace industries,
and is applied in actual production sites to obtain economic effect through high productivity
and high quality. Recently, a study on optimization of MPW process is being carried out
around IUL(Institute of forming technology and lightweight construction), IWS(Fraunhofer
Institute for Material and Beam Technology) and OSU(Ohio state university) through
establishment of systematic theory, joining experiment of dissimilar materials and numerical
analysis. [1-4]

The process variables which affect the MPW process include device variables such as
charged voltage, discharged time, and the shape of coil, as well as material variables such
as material type, dimension of the materials, the gap between materials, electric conductivity,
strength, elongation, and surface condition. Such process variables have been studied by
some researchers in the basic aspect. In particular, To obtain high quality weld using the
same apparatus and materials, it is very important to select optimal charged voltage as
electromagnetic force, the gap between specimens and dimension of the materials.[5-6]
Accordingly, prediction of leakage pressure related to the change in the main process
variables during a MPW process is very important in commercializing this process and
expanding its application field. For this, it is required to conduct experiments and
systematically analyze the result data in conjunction with design which based on an effective
experiment plan. The theory of main process variables in MPW process was studied by P.
Zhang[4], and D. Dudkoet. et. al[7] reported the dynamic behavior of materials when high
speed electromagnetic force is applied. Hokari et. al[5] reported on the optimal ranges of
process variables for successful joining of aluminum and copper or aluminum and steel. V.
Shribman[8] analyzed the effect of process variables on the joint in metallurgical aspect by
observing the cross sections after welding aluminum and steel in different process conditions.
Furthermore, Shim[9] studied the effect of process variables on the joint quality when welding
aluminum and steel using the experiment design method and developed a regression
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equation, there was a limit that it could only be utilized for dissimilar welding of a Al/Steel
weldment. Kim[10] studied the effect of the gap between materials on welding strength.
However, the study did not cover not only the effect of other process variables on the joint,
but also the interrelation of the process variables. Therefore this study focused to the
developed mathematical model for predicting the leakage pressure of Al/Cu tubular
weldment depending on the change in the process variables. To achieve this goal, the
charged voltage, gap between outer tube and inner rod and thickness of outer tube were
selected as the process variables of MPW process on the bases of related researches [1-8].
And experiment design for Al/Cu magnetic pulse welding was established in accordance with
CCD using MINITAB R14, a commercial software. Finally the sequent experiment in random
welding condition was carried out to verify the developed mathematical model.

2 Experimental Works

2.1 Design of experiments

CCD generally is a most useful method of mathematical and statistical techniques that can
be used for studying the effect of several factors at different level and their influence on each
other. Furthermore, it helps us to obtain the surface contour that provides a good way for
visualizing the parameter interaction.[11] The CCD included an imbedded factorial or
fractional factorial matrix with center points and “star points” around the center point. If the
distance from the center of the design space to a factorial point is £1 unit for each factor, the

distance from the center of the design space to a star point is +a, where |a] > 1. A CCD

always contains twice as many star points as factors in the design. The star points represent
new extreme values (low and high) for each factor in this design. The factors included
charged voltage, the gap between inner pipe and outer pipes and a thickness of an outer

pipe at five coded levels, -a, -1, 0, +1, +a were shown in Table 1. For three factors (n=3) and

two levels (low and high), the total number of experiments was 20 determined by the
expression:2n(23=8: factor points)+2n(2x3=6: axial points)+6(center points: six replications),
as shown in Table 2. The mathematical relationship of the response on the three significant
independent factors such as the charged voltage(X;), the gap between inner rod and outer
pipe(X,) and thickness of outer pipe(X3;) can be approximated by a quadratic polynomial
model including 3 squared terms, 3 interaction terms, 3 linear terms and 1 intercept term as
shown below;

Y = by + by Xy + b, Xy + b3X3 + by X? + byy X2 + by3X2 (1)

Where Y is leakage pressure, b, is the average of the results of the replicated center

point, b; , b, and b; are the main half-effects of the coded variables X;, X, and X;
respectively b;,, by; and b,sare two factor interaction half-effects.[11-12]
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Table 1: Process variables and their levels

Factors Code -a -1 0 +1 +a

Charged voltage (kV) C(X;)| 54 6.0 7.0 8.0 8.6

Gap between inner rod and outer pipe (mm) | G(X,) | 0.5 0.6 0.8 1.0 1.1
Thickness of outer pipe (mm) T(X3) | 0.5 0.6 0.8 1.0 1.1

Table 2: Experimental design and results based on the CCD

Trial No. C(Xy) G(X3) T(X3) Response variable Y
1 7.0 0.5 0.8 60
2 5.4 0.8 0.8 20
3 7.0 0.8 0.8 70
4 7.0 0.8 1.1 55
5 7.0 0.8 0.5 80
6 7.0 1.1 0.8 80
7 8.6 0.8 0.8 90
8 7.0 0.8 0.8 70
9 7.0 0.8 0.8 70
10 6.0 1.0 0.6 60
11 7.0 0.8 0.8 70
12 8.0 0.6 0.6 85
13 8.0 1.0 1.0 80
14 6.0 0.6 1.0 40
15 7.0 0.8 0.8 70
16 6.0 1.0 1.0 40
17 8.0 0.6 1.0 70
18 8.0 1.0 0.6 90
19 6.0 0.6 0.6 50
20 7.0 0.8 0.8 70

2.2 Experimental setup and procedure

To developed the mathematical model to predict the leakage pressure, as show in Figure. 1,
the experimental employed in this study is a W-MPW manufactured by WELMATE CO., LTD.

Figure 1: Experimental setup for this study
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W-MPW has the maximum charging energy 60kJ. The A1070 tube of 10mm in diameter and
C1221 rod were inserted within working coil as shown Figure 1. Also, the length of workpiece
and overlap distance set up 110mm and 10mm respectively. The Al/Cu magnetic pulse
welding was performed according to the designed experiment by CCD as shown in Table 2
and then leakage pressure was measured by leakage tester.

3 Results and Discussion

3.1 Development of the mathematical model

"Y" values from Tables 2 show the leakage pressure after Al/Cu weldment using MPW
process. To analysis the effect of the process variables on the Al/Cu weldment and to
develop the mathematical model were performed by Analysis of Variance (ANOVA) as
shown Table 3. Since an exploratory tool to explain observations, ANOVA model has been
widely used in the study of effects of multiple factors for designed experiments, ANOVA
models with fixed effects has received a lot of attention in the past decades. The p value
was employed to estimate whether F is large enough to indicate statistical significance. If p
value is lower than 0.05, it indicates that the model is statistically significant.[12] As shown in
Table 3, effect of linear terms and squared terms were statistically significant, but two factor
interactions term were insignificant. These results show that there is no interaction between
process variables.

Table 3: Analysis of variance for burst pressure

Degree of Sum of Adj sum of | Adj mean
Source F-value p
freedom square square of square
Regression 9 6002.08 6002.08 666.9 49.72 0.000
Linear 3 5599.67 5599.67 1866.56 139.17 0.000
Square 3 393.03 393.03 131.01 9.77 0.005
Interaction 3 9.37 9.37 3.12 0.23 0.871
Residual 8 107.30 107.30 13.41
error
Lack-of-fit 5 107.30 107.60 21.46
Pure error 3 0.00 0.00 0.00
Total 19 6130

Also a quadratic polynomial model which can predict the leakage pressure according to the
process variables was developed using the regression analysis, which is as follow:

—297.554 + 89.418X; + 3.594X, — 16.462X; — 5.408X? + 5.408X2
— 18.029X2 + 3.125X,X, + 3.125X,X; — 15.625X,X5

Yleakage pressure —

As the F-value of 49.72, developed model is significant with a highly satisfactory value of R?
of 98.2%, which indicates that only 1.8% of the total variation is not explained by the model.
Figure 2 shows the comparison between measured and calculated results from the
developed mathematical model. As you can be seen, the calculated values was known good
agreement with measured values.
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Figure 2: Comparisons between measured and calculated results

After developing the mathematical model in order to predict the leakage pressure according
to the variation of process variables and analysis the effect of process variables, the plot of
main effect was checked in Figure 3. As the charged voltage has been increased, leakage
pressure has been increased sharply. However, the effect of gap between inner rod and
outer pipe and thickness has been varied slightly.
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Figure 3: Main effects on leakage pressure

Actually, the charged voltage in MPW process means the kinetic energy without a small
electrical loss for flying the outer pipe. Therefore, as the charged voltage has been increased,
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sufficient energy for successful welding can be transferred to coil. As the thickness has
however been increased, MPW process need the more electrical energy for flying the outer
tube. Also, as the gap has been decreased, outer tube cannot obtain sufficient acceleration
for a collision between two workpieces. Figure 4 shows the surface plot of leakage pressure
with thickness of outer tube, the gap between workpeces. Although the effect of gap and
thickness was slight, the lower thickness and the higher gap read to increase the leakage
pressure. As a result, it is found that the charged voltage is the most effective process
variable on the quality of joint.

Leakage pressure (kgf/cm?)

Thickness of outer type (mm)

L

Figure 4: Surface plot of leakage pressure with thickness and gap

3.2 Verification Experiment

Verification for the developed mathematical model was performed as to test the accuracy of
the developed mathematical model according to various welding condition. The experiment
was carried out on 5 welding conditions as shown Table 4. After experiment, the measured
and calculated results were compared as shown Table5. For getting exact results, additional
experiment has been taken twice.

Table 4: Welding condition for addition experiments

Trial No. C(X,) G(X,) T(X3)
1 5.8 0.6 0.8
2 6.5 0.8 0.5
3 7.3 0.6 0.8
4 8.1 1.0 1.0
5 7.0 0.8 1.0

Figure 5 shows a graph that is the comparison between measured and the calculated results.
The errors between the value of calculation and the value of experiment are showed in Table
5.
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Figure 5: Comparisons between measured and calculated results

The errors between the calculated and measured results were less than 10% under the
experimental numbers, so the developed mathematical model expected leakage pressure
exactly.

Table 5: Results of verification of the developed model

. Leakage pressure (kgf/cm?) .
Trial No. - - Error (%)
Experiment Calculation

1 39 36.415 6.6

2 70 68.929 1.5

3 68 70.838 4.2

4 89 81.424 5.3

5 59 62.100 5.3

* Error(%)= (

m

xp.- Prediction)/Exp. < 100

4 Conclusions

This research has been concentrated analysis of the effect of process variables of MPW
process using DOE and reached with the following conclusion.

(1) Based on the related research, process variables were chosen such as charged voltage,
the gap between outer tube and inner rod and thickness of outer tube. After selecting the
process variables, the CCD was employed for design of experiment.

(2) The mathematical model was developed by experiment results using analysis of variance
which is analyse code in MINITAB. The optimal process variables to achieve the high quality
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joint through experiment result were 8.3kV charged voltage, 1.1mm gap between inner rod
and outer pipe and 0.5mm thickness of outer pipe.

(3) The experiment results indicated the charged voltage is strongly effected process variable
on the leakage pressure and the effect of the gap between outer tube, and inner rod and
thickness of outer tube was slight.

(4) The developed mathematical model can also be employed to expect leakage pressure
and tendency that is about effect of process variables of tube. It is expected that the
developed mathematical could be used to choose the optimal process parameters in the
Al/Cu tube welding of 10mm and less.
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Magnetic Pulse Welding of dissimilar metals:
Influence of process parameters
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Abstract

Magnetic pulse welding (MPW) is classified as a solid-state cold welding process, where
the metallurgical bonding between materials is achieved by a high-velocity impact, derived
from the dynamics of electromagnetic-mechanical phenomena. A current renewed interest
is taken on this technique, promoted by its potential to join flat or tubular overlapped parts
made of by different materials, with particular success in materials that present high
electrical conductivity.

The major goal of this work is to define the weldability window for an aluminum-steel
tubular application. A well-planned run of experiments was performed by using Taguchi’s
approach. Three process parameters were considered aiming to characterize welding
conditions: the charging voltage, the air gap between the two parts to be welded and the
tube distance inside the coil. The quality of the welded zone was assessed by means of
destructive tests, such as compression tests as well as metallographic evaluations. The
obtained experimental data was further analyzed in order to define the optimal values of
process parameters.

Keywords

Impact Welding, Magnetic Pulse Welding, Joining Dissimilar Materials

1 Introduction

The most diverse industries, from consumer goods, sports to high technology applications
in aerospace or automotive transportation are, at these days, more and more challenged
to face the increasing requirements for better functional properties, reduction of overall
energy consumption and minimization of carbon foot-print. These new concerns are often
associated to material replacement, namely steel by aluminium, magnesium, titanium or
other low density metals, and more recently by polymers or composites, resulting in
lightweight structures. In fact, the increased use of these materials for engineering
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applications is growing not only due to its high strength-to-weight ratio, but also due to its
special performance in corrosion and erosion resistance or high-temperature strength.
Accordingly, joining dissimilar materials is of paramount importance for the technical
performance and success of these new hybrid structures [1-3].

Magnetic pulse welding (MPW) is a solid state welding process which uses a high
velocity impact, driven by the dynamics of electromagnetic-mechanical phenomena, to
create a bond. It is considered a cold welding process, capable to perform multi-material
welding and crimping, with particular success in materials with high electrical conductivity
[3-5].

A typical MPW system includes a power supply, composed by a capacitor bank and
a high speed switching system, and a coil. Depending on the coil geometry, tubular or flat,
overlapped parts can be welded. The energy required to the process is stored in the
capacitor bank charged at an initial voltage. This energy is then discharged as current that
flows through the coil (flat spiral, helical, etc.) using high speed switches. As result of this
current discharge, which is a highly damped sinusoidal wave, a transient magnetic field is
produced in the coil that penetrates into the workpiece, placed in its vicinity. This transient
magnetic field induces Eddy currents in the workpiece, with opposite direction to the
current that creates it. As two opposite magnetic fields repel each other, the repulsive
forces, called Lorentz forces, lead to the workpiece movement and consequent impact
against the inner part.

The weld takes place when two metals are compressed in such intensity that the
atoms of the two materials start sharing electrons [6]. Since there is no heat or melting
involved, dissimilar metals, with different melting points can be welded by this technique.
In addition, several other advantages are associated to this process. In terms of quality of
the welded zone, the good aesthetic and clean interface together with the absence of
heat-affected zone, closely related with mechanical strength (typical joints are stronger
than the parent material), absence of distortion and corrosion, are the most relevant
advantages concerning the weld itself. Concerning the process, it is important to highlight
benefits as the high-speed, the high repeatability and the nonexistence of filler materials.

The present work is dedicated to joining by tube compression. It is intended to study
the phenomena behind the magnetic pulse welding process and its main parameters. For
such purpose, the design of experiments method was used to experimentally evaluate the
weldability of an AA 6063-T5- St37 application. Details of the experimental procedures
and the main results are described in the next paragraphs.

2 Overview of the welding experiments

2.1 Process parameters

In order to ensure the quality of the weld as well as the efficacy of the MPW process, it is
necessary to understand the effects of the process parameters. As shown in Figure 1, the
bond is directly dependent on the angle and speed of impact [6]. The impact velocity is
related to both pressure and kinetic energy necessary to accelerate the flyer and ensure
the bonding between the two parts. This is one of the main process parameter and is
dependent on the material’'s characteristics, geometry, properties of the setup, as well as
the characteristics of the electromagnetic pulse machine. The angle between the parts to
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be joined also plays a key role in the welding process and can be determined based on
the geometry of the workpieces, as shown in Figure 2, where LWZ represents the length
of the tube inside the coil and S the distance between the flyer tube and the rod. If
collision angle and impact velocity are in the range of the weldability window (Figure 1), a
jet will be created when the surfaces are collapsed against each other. The jet, often
called backflow material, is a thin layer of metal that is disintegrated and ejected, as a
result of the high-pressure impact at high-velocity (in the range of sound velocity) at the
collision point. The emission of the jet results in cleaned surfaces, free of oxides or other
contaminates, allowing that the impact at high velocity be able to overcome the forces
between the atoms of the materials and approximate the atoms in such intensity that the
electrons can be shared between the two materials, creating a bond. Depending on the
application, it is mentioned in the literature that the optimum value of the impact angle is in
the range of 6 ° to18 °.
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Figure 1: The weldability window in explosive welding [7].

It is important to refer that in terms of machine parameters, the charging voltage is
the only factor that can be intentionally changed. Therefore, it is essential to ensure that
the voltage imposed to the capacitor bank is sufficient to perform the weld. The amount of
energy required essentially depends on the material properties and dimensions of the
flyer. Also important to notice is that the success of the operation equally depends on
frequency of the discharge current. However, this parameter will be invariable since it is
inherent to the magnetic pulse welding setup. As a consequence, the electrical
conductivity and thickness of the flyer should guaranty low penetration of the magnetic
field in the workpiece, to avoid efficiency losses.

In short, numerous parameters will influence the impact velocity and impact angle
and as consequence the quality of the welded zone. These parameters are inherent to the
materials to be joined, to the geometry of the workpieces and to the electrical system. In
the experiments that are presented in this work, three parameters were tested: LWZ, S,
and the charging voltage in order to achieve the parameters that lead to the weldability
zone, keeping constant the remaining parameters.
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Figure 2: Impact angle.
2.2 Experimental aspects

Design of Experiments, or DoE, is an experimental or analytical method commonly used
to statistically quantify the relationship between parameters (inputs of the process) and
responses (measured outputs). DoE has several applications especially in the field of
science and engineering. It is successfully applied in process development and
optimization procedures, process management and validation tests [8]. The Taguchi’s
method, developed by Genichi Taguchi, is a fractional factorial design, commonly adopted
in automotive, electronics and other processing industries. The objective of the Taguchi’s
method is, using a fraction of the total number of combinations of the input parameters; to
determine the optimum input parameters, but neglecting the variation caused by
uncontrollable factors or noises [9]. A three-level fractional factorial design was built. An
analytical model was used to estimate the minimum values for the parameters, required to
accelerate the flyer, ensuring the necessary plastic deformation and impact velocity to
successfully obtain a weld. The properties of the materials to be joined, its geometrical
characteristics as well as the machine properties were taken into consideration in this
study. An overview of the experimental series of tests is presented in the following table.

RUN Stand-Off Distance Field Shaper Impact Angle Voltage
[mm] Overlap [mm] [] [kV]
1 2.5 8 17.4 17
2 1.5 9 9.5 17
3 2.5 9 15.5 15
4 1.5 8 10.6 15

Table 1: Overview of the DoE.

The experiments were performed in a MPW 25 kJ-25 kV. The maximum energy
storage is 25 kJ, being the maximum charging voltage and output current of 25 kV and
400 KA, respectively. The system is equipped with two capacitor modules, each one with a
capacitance of 40 uF, having the machine a total capacitance of 80 pF. The total
inductance is 0.1uH and an internal resistivity of 19 mQ. The tool consists in a steel single
turn coil which is suitable for welding cylindrical parts with an outer diameter of 20 mm.
The welding samples and principal dimensions are presented in the Figure 3.
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Figure 3: Samples geometry and dimensions.

3 Results and discussion

3.1 Weld characterization

The methods applied for the evaluation of the welded workpieces are presented in this
section. Destructive tests were used to establish a measure for the weld quality, namely
microscopic examination and compressive tests.
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Figure 4: Force-displacement curves resultant from compression tests.
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Two samples of each run were subjected to a compressive testing in order to
ensure some reliability in the obtained results. Figure 4 shows the force-displacement
graph acquired during the test and Figure 5 the final geometry of the samples. In the
graph correspondent to run 1, it is possible to observe a linear relationship between force
and displacement, indicating the development of elastic stresses. At a force of
approximately 8 kN, the aluminum tube buckled, as shown in Figure 5. The failure of the
aluminum tube before the weld indicates that the weld strength exceeds the compression
resistance of the tube, meaning that the connection is stronger than the base material.
This buckling phenomenon was only observed in this first run. In the remaining series of
experiments, despite the similar values of maximum force, a relative movement between
the rod and the tube during the compression test was verified, indicating that the
resistance of the weld is lower than the resistance of the base materials.

Additionally, it is important to note that, in the first run, the curves are similar for the
both specimens, and present a regular shape. In opposition, the remaining runs present
an irregular evolution, probably due to the sliding phenomenon and consequent material
dragging. In fact, the high value of force in the run 4 is probably associated to the
dragging of material (in this case aluminum) by the edge of the inner rod.

Run 1 Run 2

Run 3 Run 4

Figure 5: Samples after compression tests.

The samples were cut along the longitudinal direction, cleaned, embedded in epoxy
resin and polished, as seen in Figure 6. As the aluminium is softer than the steel, several
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polish steps were needed to obtain a surface without scratches or imperfections. The
central cross-section of the weld region was observed by using an optical microscope.

Examination suggested that the parts of the first run were welded. As is stated in the
literature, the welded zone can be divided in 3 regions, run-in zone, welded zone and run-
out zone. The effective joining of the materials, typically, is verified in the middle, namely
in the weld zone. These three zones are clearly identified in the run 1, as observed in the
Figure 7. The image referent to zone 2 shows, as referred, that this interface has been
welded since no voids are observed at a magnification of 300 times. In order to provide a
more detailed study of the interface, the samples were etched by using nital 2%, during 15
seconds and examined by optical microscopy for a second time. It is possible to perceive
that an amount of aluminium is incorporated inside the steel, and vice-versa. This fact can
be associated to melting phenomenon that occurs during the impact. Therefore, and as
preliminary remark, it is possible that the bonding mechanism is not only related to the
dynamics of electromagnetic-mechanical phenomena but also with thermal effects, which
results in a thin layer of melted material in the interface.

Figure 6: lllustration of a sample prepared to microscopic evaluation.

Zone 1(run-in zone )- 75x Zone 2 (welded zone) - 300x Zone 3(run-out zone) - 150x

Figure 7: lllustration of the welded interface of run 1.

The samples corresponding to run 2, 3 and 4 present a discontinuous interface with
voids. However, it is important to note that, in the sample correspondent to run 3,
adhesion of aluminum to steel can be punctually observed. As seen in Figure 8 a), the
aluminum is coupled to the steel in several points. However a significant are of void is
seen. Different phenomena can explain these results: the impact energy maybe was too
high, causing a rebounding effect of the tube and consequent rupture of the connection or
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was not enough to generate an effective bond. Moreover and most likely, the aluminum
was melted and quickly solidified resulting in a low quality connection. Besides, a porous
zone was found in the interface region of some samples, confirming the occurrence of
melting phenomenon.

108

a) Mixture of materials for the run 3, 750x. b) Sample of run 1 etched, 300x

Figure 8: lllustration of the welded interface
3.2 Micro-hardness measurements

The sample labeled as “welded” was subjected to micro-hardness measurements (HVO0,2)
in order to assess the hardness of the interface zone and to compare it with the hardness
of the base materials, as shown in Figure 8 b). In Figure 9 it is presented the evolution of
the micro-hardness as a function of their location, i.e. its distance from the interface. It is
important to note that the distance scale was multiplied by a factor (10 x) for the AA
allowing a more simply visualization.

A slight increase of hardness is visible in the vicinity of the interface. The values in
the interface are clearly close to the hardness of the inner workpiece. Given these values,
different possibilities are posed: the interface really presents hardness near to the steel,
or, the hardness was not correctly measured in the zone of the interface, due to intrinsic
difficulties in measuring micro-hardness in very small regions.

Concerning the flyer tube, a hardness increase is verified in comparison with the
undeformed condition, probably as a consequence of the high strain-rate plastic
deformation of the workpiece.
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Figure 9: Micro-hardness measurements
3.3 Weldability conditions

In accordance with the analysis of results, only run 1 is considered as “welded”. Although
the punctual linking between the aluminum and steel, verified in run 3, it has been
qualified as no-quality weld, and, as for the remaining runs, is described as “not weld” in
the weldability analysis.

In short terms, and as seen in Figure 10, the effective join was created when using
an impact angle of 17.4 °, i.e. a stand-off distance equal to 2.5 mm and a LWZ equal to 8
mm, and a charging voltage of 17 kV. The results achieved in run 3 can mean that this
parameter’'s combination is one of the limits for the weldability window and that several
intervals of parameter’'s combinations (stand-off distance, LWZ and charging voltage) can
result in successful welds.
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Figure 10: Weldability window of the AW 6063-T5- St37 application.

4 Conclusions

This paper focuses the study of the welding conditions for an aluminum-steel application
by using the MPW process. For this application, an aluminum flyer tube with an internal
diameter of 18 mm and a solid steel rod were considered. A series of experiments were
performed taken into account the variation of controllable process and geometrical
parameters in order to study the influence of such parameters in the achievement of a
successful cold weld between the two parts. Compression tests and microscopic
observations were accomplished in the joined samples and an effective joining of the two
dissimilar materials was attained by using a combination of the 3 studied parameters.
Further investigation will focus the study and definition of the weldability window for this
material combination. A new DoE will be performed, narrowing the limits of the considered
levels for the controllable factors. Additionally, other inspection methods for assessing the
weld quality will be considered, namely Scanning Electron Microscopy analysis.
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Abstract

Some 5XXX series alloys exhibit negative strain-rate sensitivity which is a softening of the
flow stress with increasing strain rates. This effect is known as the PLC effect and can be
manifested in a jagged stress-strain response. The solution technique in a constitutive
model relies on a locally linear response in the solution space. The strain-rate sensitivity
also varies with temperature. It is negative for temperatures, but positive for higher
temperatures. For problems where the strain rates and defor-mation levels are relatively
low, the variable sensitivity does not have much effect. This is because the stored energy
density and corresponding adiabatic temperature increase are relatively small. However,
in the example of a ballistic impact, strain rates as well as temperature increases are very
large. The variable strain-rate sensitivity has a significant impact on the results. When
measuring the strain-rate sensitivity of a material, the effect of temperature over the range
of interest should be included. This paper describes the implementation of negative and
variable strain-rate sensitivities into a constitutive model and gives a few examples
demonstrating the effect. Also, this work addresses the importance of the strain-rate
dependency on temperature when ballistic simulation has been conducted for 5XXX alloys.

Keywords

Failure, Aluminium, Impact
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Abstract

Electromagnetic forming (EMF) has been proved to be a useful method to form the
aluminium alloy sheet as it has so many advantages. As a high-speed forming process, it
can suppress crack, reduce springback, and improve the formability of material at room
temperature. But in the process of EMF, the rebound effect caused by high velocity impact
has an important effect on the flatness of the formed part. Then a spring damper system
has been added under the female stop block to eliminate this effect. The results of formed
shape, thickness distribution and stress and strain state are investigated by comparing with
free-forming process. On the other hand, the influence of spring stiffness and damping
coefficient is analysed by using of ANSYS loose-coupled method. The results shows that it
helps to improve the flatness of formed parts with a spring damper system used. Beside of
the changing of formed shape, the difference of stress strain state results in difference of
thickness distribution. And crack happened at the bottom is supressed, and this does
favour for further processing. Furthermore, the results also shows that low spring stiffness
and right damping coefficient are benefit for reducing the rebound effect.

Key words

Electromagnetic metal forming (EMF), Impact, Rebound effect, Spring damper
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1 Introduction

Electromagnetic metal forming (EMF) has been proved to be a useful method to form the
aluminium alloy sheet, it has many advantages such as unnecessity of lubricant, simple
designed mold and high production rates in contrast to the conventional sheet metal
forming, and it can also suppress crack, reduce springback, and improve the formability of
material at room temperature[1].

As a high-speed forming process, the workpiece is accelerated up to 300m/s. The
rebound effect caused by high velocity impact between the workpiece and dies has an
important effect on the forming precision and quality of the formed part. So far, most
attentions have been focused on changing the shape of bottom die to increase the fittability,
but there is little research of controlling rebound effect when the die is flat-bottomed.
J.Imbert Boyd[2,3] had done conical die experiments, its results showed that the workpiece
fitted good with die. Oliveira[4] implemented a simulation for electromagnetic forming with
a flat-bottomed die by 3D loose coupling method, the results shows that excessive
rebound happens. And an experiment was also carried out, it shows that maximum fraction
of cavity fill is less than 50%. D. Risch[5,6] proposed to locally increase the stiffness of the
workpiece to handle the rebound effect. In EMF process, the speed of workpiece is high.
When it contacts with dies, one part of the kinetic energy is transformed to plastic
deformation work, the other part could not dissipate in a short time, and then the rebound
effect happens.

The system with a spring damper is added under the female stop block in this paper,
the resuls of formed shape, thickness distribution and the stress-strain sate are compared
with free forming. The effect of spring stiffness and the damping coefficient on the rebound
is also studied by simulation. The results provides a foundation for electromagnetic forming
with a die.

2 Research Method

21 Experiment Method

The pulse generator for electromagnetic forming is shown in Figure 1 (a). The maximum
stored energy is 96kJ with 213 uF capacitance at 30kV. The set up used in experiments is

shown in Figure 1 (b).
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Figure 1: Forming equipment (a) electromagnetic pulse generator (b) set up used in the

experiments

The material used in this study is aluminium alloy 5A06 with the diameter 180mm
and the thickness 1mm. The coil was made of six layers of copper wire and each layer has
three turns, the section of each turn is 3mm wide and 6mm high. The bottom die chosen for
this study is 100mm for the diameter, 290mm for the depth, 20mm for the radius. The
spring parameters are as follows: shear modulus G is 200GPa; spring wire diameter d is
2.5 mm; spring pitch diameter D, is 32mm;number of active coils n is 20;

_Gd*
8D;n

(1)

So the spring stiffness K is 1656N/m which is computed by formula (1).

As shown in Figure 2(a), a spring damper system is added under the workpiece. The
spring damper system consists of a nylon block to insulate from the aluminium sheet, a
steel block with a guide bar to keep stability of the system and a spring. During the forming
process, the workpiece always moves with the system. The schematic diagram of a time in
the process is shown in Figure 2(b).
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Figure 2 :The schematic diagram of experiment (a) before the forming (b) in the forming
process. Where, 1-holder, 2-coil, 3-workpiece, 4- female die, 5-nylon block, 6-steel block,
7-spring.

2.2 Finite Element Simulation

In this paper, a axisymmetric model is set up using two-dimensional loose-coupling method.
The main thought is to calculate electromagnetic (EM) forces in ANSYS Emag and use it
as load to compute structure deformation.

The propagation of the electromagnetic field is defined by quasi-stationary Maxwell
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equations as follows:

VxH=j (2)
u = vE 3)
j=o(E+uyxH) (@)

where H is the magnetic field intensity, j is the current density, E is the electric field
intensity, o is the electric conductivity, v is the velocity, 5 is the magnetic permeability of
medium under consideration.

Based on these rules, a two-dimensional finite element model of electromagnetic
field is established as shown in Figure 3(a). Magnetic flux parallel conditions is set at x=0,
when x=300mm is made as far field by the use of infi110 to insure accuracy. The current
curve used as load in the simulation of EM field is depicted as Figure 3(b). Only the first
half of the curve is selected to do the computation because of two reasons: 1.the current
itself is weakened; 2.with the forming carrying on, the distance between the workpiece and
the coil increases, the effect of follow-up current is reduced.
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Figure 3 :Electromagnetic field analysis (a) electromagnetic fieldmodel (b) current curve
used in the simulation

Dynamic elastic-plastic deformation of solids can be defined by the following
equations:

p%jvdeja-ds—kjde (5)

In this paper, an extra pressure is given by the spring damper system, so the formula
changes as:

p%!vdeJ.O'-ds+Ide+pds (6)
14 S V

where o is the stress tensor, p is the density; f is electromagnetic force calculated from
maxwell equations, p is the pressure provided by the spring damper system.
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The finite element model of structural field is shown as Figure 4(a), the cail, blank
holder and the female die are set as rigid body. Property of spring is simulated by setting
spring stiffness and damping coefficient parameters of Combin14, and the friction factor is
set as 0.1. The true stress-strain curve of 5A06 aluminium alloy as shown in Figure 4(b) is
getted by quasi-static tensile tests. As to the high speed quality of EMF, Cowper-Symonds
multiplier is introduced to considered the effect of strain rate. The constitutive equation is
based on over stress strengthening model, as shown in formula (7):

a=ao<1+<§)m> 7)

where, to aluminium, C=6500 s-1,m=0.25, g, is the flow stress of the quasi-static tensile
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Figure 4 : Structual field analysis (a) structual field model (b) true stress-strain curve of
5A06

Stop block Femal die Workpiece

3 Results and Discussions

3.1 Comparison between free forming and forming with spring damper
system

In the following, experiment and simulation are done with the spring damper system used
as described in the before paragraph. Free-forming process is also fulfilled to make a
contrast.

3.1.1 The difference of shape

It is the free-forming process when the cavity is empty. An experiment is implemented with
the charging voltage set as 8kV. As is depicted in Figure 5, the simulation results on the
right column are in agreement with experimental results on the left column. The deformed
part is always conical without a die even when the discharged voltage is changed. As to this
reason, when a second forming is needed to be accomplished, a complicated coil
conformed with formed shape must to be made and the cost is increased.
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Figure 5 :Experimental results and the simulation results for the free-forming process

By using of spring damper system, with the same voltage as free forming process, an
study is carried out. The experimental and simulation results are shown as Figure 6. A
rather flat bottomed part is formed with the spring damper system applied, and this will do
favor to moving down the coil. Multi steps forming would be introduced in the future
paragraph based on getting flatted bottom at each step, and this is devoted to solving the
difficult problem of forming deep drawing parts by EMF. However, there is a small pit in the
center of deformed part which is not predicted by simulation. And there are two reasons
caused this problem: firstly, the air resistance is not consider in the simulation; secondly,
the EM forces provided by the coil is small in the middle places.

Figure 6 :Experimental results and the simulation results for the forming with spring
damper system

3.1.2 The difference of thickness distribution

By use of sonic thickness sensor, the thickness of deformed parts are measured by
choosing four symmetrical paths to get a mean value. The thickness distribution results of
free forming and forming with spring damper system with the discharged voltage 8KV is
shown in Figure 7(a),(b).

In the free forming, the distribution of thickness is inhomogeneous as shown in Figure
7(a). The thickness is lower close to the center of the part, and it is higher away from the
center. The thinnest place is located at the centerline of the workpiece, where the thickness
is 0.89mm. When discharged voltage, the crack damage will happen on the top as shown in
Figure 8(a). Even though the deformed parts in deep drawing must not to be flat-bottomed,
the sheet metal in free forming is main under stretching state locally. If a second voltage is
applied, then thickness in local places is thicken again, and this is an obstacle for further
processing.

When forming with the spring damper system, the thickness distribution as shown in
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Figure 7(b) is more uniform than that without it. The thickness reduction at different points of
the bottom is nearly the same, with flange area growing a little thicker. The thinnest area is
the connection of stop block and the die radius, the reason will be discussed in the following
segment.
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Figure 7 :Distribution of thickness of discharged voltage 8KV (a) free forming (b) with
spring damper system applied

3.1.3 The difference of stress and strain state

As shown in top column of Figure 8(a), when the discharged voltage is increased to 10.5KV
in free forming process, a bulging crack on the top of deformed part will be happen. The
stress and strain state of workpiece is presented at the bottom column of Figure 8(a), it is
bi-axial tensile strains state at the crack region. When a spring damper system is added
under the workpiece, there will be a fiction provided by the stop block, and the stress and

strain state has been changed as shown in Figure 8(b). Radial stress o, and hoop
stress o, are tensile stress, o, is stress through thickness is compressive stress. Based on
volume conservation law, the condition of ¢, + ¢, + &, =0is satisfied, and the strain through
thickness is &, =—(¢, + ;). When the faction force is small, the radial strain and hoop strain
are all tensile strain, so ¢, &,>0. In contrast with free forming, the tensile stress of
o,and o, is reduced by the faction force provided by stop block, then tensile strain ¢, and

&, are cut down. Because of this, the strain through thickness is reduced, that is to say the

thinning of the workpiece is reduced. When the faction force is big enough, hoop strain
&, may low than zero, there will be fewer thinning after the forming.
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Figure 8 : Formed part and its stress strain state (a) free forming (b) forming with spring
damper system

To make a better understanding of relation between strain and time, simulation of free
forming and forming with spring system are implemented to make an comparison. With the
discharged voltage set as 8KV in both conditions, the strain-time curve of middle point of
the workpiece are shown as Figure 9 (a), (b). By contrast of the simulation results of two
forming state, the stain history of free forming is a typical plane stress state. There are
tensile strains in two directions, and compressive strain in one direction. But when the
spring damper system is used, the strain state is changed. There are compressive strains in
two directions, and tensile strain in one direction. As to the friction force provided by the
stop block during the forming process, the hoop strain changes to compressive strains, this
would be helpful to cutting down the thinning of the workpiece and good for subsequent

process.
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Figure 9 : The strain-time curve of middle point (a) free forming (b) forming with spring
damper system

3.2 Effect of spring stiffness and damping coefficient on the rebound with
spring damper system

The degree of deformation and forming efficiency is low when the discharged voltage is
comparable low. When it is contacted with the die, one part of the kinetic energy is

138



6th International Conference on High Speed Forming — 2014

transformed to plastic deformation work, the other part could not dissipate in a short time,
then the rebound effect happens. The effect of spring stiffness and damping coefficient on
the rebound with spring damper system adopted is studied by simulation. The parameters
of the spring stiffness K have been varied starting from 1e3 N/m to 1e5 N/m, and
damping coefficient ¢ have been varied starting from 10 Ns/M to 10000 Ns/M. And the
results is shown in figure10, figure12, figure13.

Figure 10(a)-(d), Figure 11(a)-(d), Figure 12(a)-(d) shows that the higher the damping
coefficient the better the workpiece fittability when the spring stiffness are the same. But
the forming depth is smaller at the same time. On the contrary, when the damping
coefficient is lower, though the forming depth is deeper, but the fittability becomes worse.
So there is an optimal damping coefficient that not only good for getting higher forming
depth but also benefit for obtaining flat bottomed workpiece.

As shown in Figure 10(a)-12(a), Figure 10(b)-12(b), Figure 10(c)-12(c), Figure
10(d)-12(d), the rebound effect is worse and the fittability decreases as the spring stiffness
increases. On the other hand, the forming depth is smaller when the spring stiffness is
bigger. But, the workpiece could move down with the die easier with lower spring stiffness.
With lower spring stiffness, the bottom flatness of formed parts is improved, and the
forming depth is also .

(a) /_ (b) /_

001733 .003508 003338 00701 0 001316 003032 004548

Figure 10 :Displacement at different damping coefficient with the same spring stiffness
1e3 (a) T0Ns/M (b) 100Ns/M (c) 1000Ns/M (d) 10000Ns/M

(a) (b)
— _—
|
(c) (d)

Figure 11 :Displacement at different damping coefficient with the same spring stiffness
1e4 (a) 1T0Ns/M (b) 100Ns/M (c) 1000Ns/M (d) 10000Ns/M
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Figure 12 :Displacement at different damping coefficient with the same spring stiffness
1e5 (a) T0Ns/M (b) 100Ns/M (c) 1000Ns/M (d) 10000Ns/M

4 Conclusions

1. With a spring damper system added under the female stop block, the flatness of formed
parts is improved.

2. Compared with free forming, difference of the stress strain-sate leads to the difference of
thickness distribution, and the crack at the bottom is supressed.

3. The simulation results show that low spring stiffness and appropriate damping
coefficient is beneficial to control the rebound effect when spring damper system is
adopted.

References

[11 Psyk, V.; Risch, D.; Kinsey, B. L.; et al.: Electromagnetic forming—A review[J].
Journal of Materials Processing Technology, 2011, 211(5): 787-829.

[21 Golovashchenko, S.; Imbert, J. M.; Worswick, M. J.: Contributing Factors to the
Increased Formability Observed in Electromagnetically Formed Aluminum Alloy
Sheet[J]. 2006.

[3] Boyd, J. M. S. I.: Increased formability and the effects of the tool/sheet interaction in
electromagnetic forming of aluminum alloy sheet[D]. University of Waterloo, 2005.

[4] Oiliveira, D. A.; Worswick, M. J.; Finn, M.; et al.: Electromagnetic forming of aluminum
alloy sheet: free-form and cavity fill experiments and model[J]. Journal of Materials
Processing Technology, 2005, 170(1): 350-362.

[51 Risch, D.; Brosius, A.; Kleiner, M.: Influence of the workpiece stiffness on the
electromagnetic sheet metal forming process into dies[J]. Journal of materials
engineering and performance, 2007, 16(3): 327-330.

140



Numerical and Experimental Approach to Deform
the Sheet with Middle Block Die by EMF

Hak Gon Noh', Hong Kyo Kim', Beom Soo Kang', Jeong Kim"

' Department of Aerospace Engineering, Pusan National University, Pusan, South Korea

Abstract

Electromagnetic forming process (EMF) is one high strain-rate forming process using
Lorentz force. In this study, numerical simulations were conducted to reduce the bouncing
effect in EMF process with middle rectangular block and were using the cushion plate. A
3D electromagnetic numerical model was considered using the spiral type forming coil.
Current circuit, coupled with spiral coil, was made in the numerical simulation to determine
the design parameters, such as the system input current and the electromagnetic force.
The velocity of plastic deformation was considered to predict the bouncing effect on the
surface. A cushion plate was used between the forming coil and deformed sheet to reduce
the bouncing effect. In the numerical simulation, the sheet is well fitted with objective die
using the cushion plate. The simulation result shows that the bouncing effect was
drastically reduced because of the velocity direction of the cushion plate. The experiment
was performed in 24kJ to deform the Al 3104 with thickness of 0.5mm. The deformed
sheet was well formed to fit with objective die. In addition, Z-displacement of the final
shape was measured by 3D scan to compare with the simulation result. The measured
experimental result and the numerical final shape are in good agreement when it comes to
deformation.
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1 Introduction

Electromagnetic forming (EMF) is a kind of high strain-rate forming technology
based on the repulsive forces generated by opposite magnetic fields in adjacent
conductors. Recently, interest in electromagnetic forming for sheet metal for automotive,
appliance, aerospace and other fields has been growing due to its feasibility as a method
of forming aluminium and other low formability materials [1]. Electromagnetic forming
process could be applied to various fields. In this paper, electromagnetic forming with a
rectangular block shape on the middle of the forming die was presented to see the
possibility and the potential of application of EMF. In the electromagnetic forming process,
bouncing effects occur during the forming process due to its extremely high speed. The
sheet easily bounced off the die because there is no medium between the sheet and the
die. Therefore, the sheet poses a problem since it does have a proper shape. In this study,
a cushion sheet was positioned between the forming sheets and the coil to in order to
minimize the bouncing effect. To predict the deformation behaviour, numerical simulation
model was presented with spiral coil, forming die and blank. In the electromagnetic
forming simulation, the current density and the magnetic flux density of coil were
presented; and Lorentz force, calculated by electric field, was also presented. In addition,
an electromagnetic forming experiment with cushion plate was conducted to verify the
forming simulation results. When the experiment was conducted without cushion plate, a
large bouncing effect occurred and onset large wrinkling on the surface. However, when
we deform the sheet using a cushion plate could significantly reduce the bouncing effect
and the sheet was well deformed along the forming die. Consequently, cushion plate
should be used for electromagnetic forming process in order to get a high quality product.

100 . , . , . , . ,

Input current (kA)

-75 ' T ' T ' T ' '
0 100 200 300 400 500

Time (us)

Figure 1: Input current measured by rogowski coil
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2 Numerical simulation for EMF process

2.1 Numerical simulation model

As with any electromagnetic forming process, determining the value of the input current
and the capacity is a primary parameter for determining the capacity of EMF machine.
Furthermore, coil is a crucial component, as it is the means of delivering the force to
deform the sheet. Therefore, prediction of the force and distribution of the coil become
crucial since it is quite expensive and time consuming to fabricate all forming coils. For
these reasons, numerical simulation is required to settle the EMF process since it enables
the determining of the plastic deformation behavior with enough efficiency. To predict the
deformation behavior and the proper forming coil shape in EMF process, an
electromagnetic-structural coupling simulation was performed using the FEM and BEM. In
the LS/DYNA EM module[2-3], 3-D finite element model was made by a spiral type coil. A
finite element model of electromagnetic forming process was established as shown in Fig.
2. There are four parts: 6turns spiral type coil, forming plate and cushion plate with 0.5mm
and rigid body die with a middle block. The size of the blank was 260mm by 260mm and
the diameter of the forming coil was 140mm. The dead zone was 50mm in the center area
with the forming depth of 15mm while the height of the middle block die was 5mm in the
forming die. As shown in Fig. 1, a sign wave current flow was applied through the forming
coil with 9V, 11V, 13kV, and the total simulation time was 500pus in the forming process.

(a) Coil (b) Die

Deform plate
Cushion plate

.......

(c) Entire model

Figure 2: Numerical model for EMF process
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2.1 Numerical simulation result

Figure. 3 shows the top view of the current density and magnetic flux density vectors of
forming coil during the forming process. As offered in Fig. 3(a), the current density flow
around the center area of coil is stronger than it is in other areas, and the current density
vector moves in parallel along the coil. The maximum value of current was 7.15x10° 4/ m’
at 64yus, The vector direction of the current density was changed during the process. The
vectors of the magnetic field in the coil are shown in Fig. 3(b). The maximum value of the
magnetic field was 3.815 T(Wb/m’) at 64us and its direction was outside of coil form the
center. Current density on the sheet generated from eddy current at 64uS was shown in
Fig. 4(a) and the maximum value of the current density was 12.52x10° A/ m” .
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Figure 3: Numerical simulation result on the coil
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Magnetic flux density on the sheet was also shown in Fig. 4(b) at 64ps. The maximum
value of magnetic field was 5.73T at 64us on the sheet. In addition, the direction of the
current density on the sheet is in the opposite compared with the direction on the coil.
Furthermore, given that the magnetic field vectors are perpendicular to the current density
vectors, we can conclude that Lorentz's forces are occurred to deform the sheet by
Faraday’s law as shown in Fig. 4(c).
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Figure 4: Numerical simulation result on the sheet
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Figure 5: Plastic deformation during the forming process

The plastic deformation of the sheet with cushion plate and without cushion plate at 12kV
is shown in Fig. 5. Figure. 5(a) shows 2-D schematic of the deformed sheet without
cushion plate. The severe wrinkling was occurred after contact with die due to its high
speed effect. However, the plastic deformation behaviour with cushion plate show in
Fig. 5(b), the wrinkling was clearly reduced and the sheet was well contacted with
the middle block die.
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Figure 6: Z-direction velocity in numerical simulation

Fig. 6(a) shows the Z-direction velocity at specified points A, B and C of the sheet. ; the
maximum value was 330 m/s at point B. The sheet near the point B starts to bounce off at
82uS and the value of velocity was decreased until -100 m/s. The minus velocity was
continued to 220uS, so the direction of the plastic deformation of the sheet was minus z
direction between 82uS and 220uS. Consequently, the sheet dose not contact with the
middle block dies because of the large bouncing effect around the point B. The cushion
plate was inserted between the coil and the sheet. The cushion plate was also Al 3104
with 0.5T. The plastic deformation of the entire parts is shown in Fig. 5(b) at 70us, 140us
and the final step. The sheet was close to each other at 70us and the deformation
behavior of the sheet was changed at 140us. When the forming sheet was contacted with
the die, its velocity was higher than the cushion plate and well deformed along the die at
the final step. In the Fig 6(b), most of the velocity was in the upper zero points due to the
cushion plate. So, a slight bouncing effect was occurred compared with previous result. In
particular, at point B in the cushion plate, the peak velocity value was somewhat smaller
than the deformed plate. The velocity at B point in both the deformed plate and the
cushion plate shows that when the velocity at point B goes down to the minus direction,
the large velocity of the cushion plate at point B still goes plus direction So, the bouncing
effect on the deformed plate is drastically reduced due to the cushion plate because each
sheet collided in the opposite direction. Based on this numerical simulation, we can see
that the cushion plate should be used in EMF process to reduce the bouncing effect on
the sheet.
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3 Set up the EMF process

The capacitor, as one of the energy storage devices, accumulates the electrical charge in
order to apply high value of current to the forming coil. They were connected using a flat
busbar having a high electrical conductivity, as shown in Fig. 7. The storage energy can
be controlled by a remote control with respect to the forming process. The energy could
be obtained by Eq. (1). Here, the energy U is defined by the capacitance of capacitor C
and the input voltage V.

1
NU==CV?
(1) 5

In the numerical simulation, electromagnetic forming equipment with 12 kV and 333uF
must form the sheet with the cushion plate. The total energy was 24kJ to deform the sheet.
Forming coil was designed as a spiral type having 50mm dead zone (Di=50) based on the
simulation results. Schematic of coil and design parameters are shown in Fig. 7. A copper
wire of 5mm(S=5) 10mm was used to form the patter shape die. The insulation films are
attached between the forming coil, and its space was 2mm (W=2) each. The diameter and
the number of turns were 140mm (Do=140) and 6(N=6), respectively.
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Figure 7: EMF machine and spiral coil

A
\ 4

Figure 8: Spiral coil paramaters
3.1 EMF experiment using cushion plate
A forming test using the PNU-32 machine was conducted under the same condition.
The EMF experiment was carried out using Al 3104, which is the initial thickness of

0.5mm. The forming coil clamped with the upper die with four ling bolts after placing the
sheet on the coil as shown in Fig. 9. When the forming was conducted without the cushion
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plate, a severe wrinkling was occurred due to the large bouncing effect. So, the shapes of
sheet are not proper to use. As a result, the cushion plate was used to reduce the
bouncing effect. The cushion plate was also Al 3104 with 0.5T, same as the deformed
plate. Fig. 10 shows the experimental result of the deformed plate using the cushion plate
at 12kV input voltage. The shape of the sheet, which is well deformed and wrinkling was
significantly minimized on the surface compared with previous result. The numerical
displacement date was compared with the experimental displacement data in X-direction
view. The displacement of the experimental and the simulation results are compared in
Fig. 11; the measured experimental profiles and the numerical final shape were in good
agreement, although the height of the simulation part in some locations was slightly longer
than the experimental data and the edge was sharper than in the experimental result. To
sum up, it is obvious that using the cushion plate was better for EMF process with middle
block die.

| 140mm ’
Blank
. 1 (Smm) '\
(15mm)
Ry(15mm)
I Rectangular
+—— shape

260mm

Figure 10: Experimental result with cushion plate

149



6" International Conference on High Speed Forming — 2014

4. Conclusion

In this paper, an electromagnetic forming process with middle blocks was presented. 3D
electromagnetic model combined with a current circuit was used in LS-Dyna EM module.
First, a numerical simulation without cushion plate was conducted by LS-Dyna. The
simulation result shows that the final deformation sheet does not fit well with die due to the
bouncing effect between the sheet and the high strain rate. Therefore, a cushion plate
was used to reduce the bouncing effect on the surface. The use of a cushion plate in EMF
process drastically reduced the bouncing effect because of the velocity direction of the
deformed plate and the cushion plate. The EMF machine was prepared based on the
numerical simulation results to perform the forming test. The experimental results show
that the sheet with cushion plate well formed with die in 12kV case. From this, we
conclude that it is possible to set up EMF process by 3D numerical simulation and to
reduce the bouncing effect on the surface to make a good product. In addition, we add
that the bouncing effect should be reduced during the forming process in order to make
well-formed sheet.

—=&— Simulation result
—e— Experimental result]

Z-direction displacement (mm)
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Figure 21: Z-displacement profile simulation and experiment result
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Abstract

Bimetal tubes are widely applicable in refrigerating industry, liquid conduit systems and
other similar installations. Magnetic pulse cladding (MPC), based on a sequential
joining/welding of lapping portions of long tubes, is a novel approach to fabricate bimetal
tubes. This work presents an efficient numerical simulation of the MPC process to analyze
the dynamic deformation and its effect on cladding result from a numerical view. A 2D
axisymmetric model was established and a multi-steps cladding by forming was simulated
based on the models similar to an actual MPC process. Between two subsequent steps,
the stresses and strains were transferred from previous step to next one. The model
predictions and experimental results were compared by the contour of the clad tube and
showed an acceptable agreement. The advantages of a new field shaper with tile angle
a1 of 3° and angle a2 of 13° were presented, and the magnitude of the magnetic pressure,
the stress-strain field and velocity of collision were investigated. The numerical simulation
benefits the process knowledge and assists the design of the field shaper.
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1 Introduction

Bimetal tubes are widely applicable in refrigerating industry, liquid conduit systems and
other similar installations. They have material properties that cannot be obtained from a
single material. Enhanced mechanical properties, corrosion resistance, electrical
conductivity, and wear resistance are the main industrial demands that can be met in this
way [1-2].

Magnetic pulse cladding (MPC), based on a sequential joining/welding of lapping
portions of long tubes, is a novel approach to fabricate bimetal tubes. Fig. 1 shows the
general outline of MPC derived from the paper of Yu et al. [3].To investigate the dynamic
deformation and determine its potential for a certain application, numerical simulation
technique is an important part of the research process [4-5].

The general object of this study is to understand the complex phenomenon of
deformation and investigate the effect of processing parameters on the quality of a bimetal
tube during MPC. The MPC process was simulated by means of ANSYS/LS-DYNA code.
The predicted results were validated with the profiles of a deformed tube in experiments.
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Figure 1: Schematic diagram of the MPC process from the published paper of Yu et al.
[3]: (a) the setup assembly; (b) the magnetic force exerted on the outer tube; (c) co-axially
aligned tubes for the 1st step of the MPC process; (d) the 2nd step of the MPC process
with a defined feeding size; (e) the 3rd step of the MPC process with a defined feeding
size.
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2 Methodology

2.1 Description of computational model

According to its deformation characteristics, the MPC process can be divided into a series
of separate forming sub-steps, namely a “multi-steps” cladding process. Fig. 2 shows the
numerical scheme for the proposed “multi-steps” cladding by forming on the basis of
ANSYS EMAG/LS-DYNA software platform. In one step of MPC, EM model based on
ANSYS/EMAG module was used to calculate the transient magnetic field. Then the
resulted equivalent magnetic pressures were acted as the loading condition in mechanical
model based on LS-DYNA module to predict the dynamic plastic deformation of the two
tubes. When it comes to EM field simulation in the next step of MPC, the coil (including
the field shaper) was moved to a new axial position controlled by the feeding size, and the
deformed geometry of work piece was input by user-defined subroutines in APDL
language. The modified EM model was used to predict the new body forces affected by
the new configure of the work piece. For the second and subsequent steps in the
mechanical model, the full restart method of the explicit code LS-DYNA was applied to link
deformation (such as the stresses and strains) to exhibit a successive deformation
sequence.

St?rt
Se‘lc N
'
Electromagnetic Calculate
| ! analysis magnetic pressure

! n>1 “D3dump nn” file for
i the full restart analysis

Structure changed by LS-DYNA
mechanical analysis Post-processing

n>N

Read in the deformed
geometry (via APDL)

No

l Yes
Finish
Figure 2: Flow chart of simulation procedure for the MPC process using ANSYS/LS-
DYNA (N represents the feeding times, n is the ordinal number of N)

2.2 The FE model and its features
A 2D axisymmetric model as shown in Fig. 3 (a) was established, which makes the most

of the experimental geometric symmetry. The EM model of the 1st step of MPC was
shown in Fig. 3 (b) and it corresponding mechanical model was shown in Fig. 3 (c).
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In the EM simulation phase, the electromagnetic model was excited by a pulse of
current through the coil, which is measured experimentally by a Rogowski coil. The typical
discharge current is a damped sinusoidal function given as:

I = I, exp(—pt)sin(or) (1)

where lpis the nominal peak value of the discharge current; 8 is the damping exponent
and w is the angular frequency. The parameters in equation (1) were fitted from the
experimentally measured data. The resulted equivalent magnetic pressures were used in
this work [6]. The magnetic pressures applied as a loading condition were also via a user
subroutine in APDL language.

In the mechanical simulation phase, the strain-rate hardening effect was considered
by means of the Cowper-Symonds constitutive model:

NP
=0, 1+(%j (2)

where o, is the quasi-static flow stress; £ is the plastic strain rate (s); C=6500 s™ and
p=0.25 are specific parameters for aluminium and C=40 s ,p=0.2 for steel. The coil and
the field shaper were attributed to rigid body. The detailed material parameters were given
in Table 1.

8
: 53
| ! {‘, Coil
=" gﬁ
=]
- =]
E — £ i @
— Detail . %
2 =
= oo E
H
Far-field region Outer tube
4'
_1 O— Inner tube

A
(a) (b) (c)

Figure 3: Geometry model and finite element region for magnetic pulse cladding
system:(a) Geometry model; (b) Electromagnetic field for 1st stage of MPC and detail
including tubes and field shaper; (c) Mechanical field of MPC
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_ Resistivity Yield strength o, Young’s modulus
Material
(Qem) (MPa) (GPa)
AA3003
3.4e-8 162 68.6
(outer tube)
Mild Steel 1020
_ 1.0e-7 310 207
(inner tube)
Copper
PP 2.17e-8 - -

(coil and field shaper)

Table 1: Material parameters of the tubes
2.3 Magnetic pulse cladding experiments

In order to verify simulation results, relevant experiments were carried out. The MPC
process was studied experimentally and all basic data could be found in Refs. 3. The
verification experiments were performed using 20 kJ EMF systems. The setup has a
capacitor with 100 yF capacitance which may be charged to a maximum of 20 kV. The
coil has 10-turns with a 5x7 mm cross-section. It was noted that two kinds of field shaper
were modelled in this work for the reason that it could be of much value in designing its
geometry. Geometry parameters of two kinds of field shapers were derived from Ref. 3, as
shown in Fig. 4.
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Figure 4: The cross-section of two kinds of field shaper geometry: (a) the constant cross-
section field shaper (C-field shaper) and (b) the profiled field shaper (P-field shaper)
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3 Results and discussion

3.1 Verification experiments

Fig. 5 (a) shows the final formed part with the predicted radial displacement. To extend
the 2D model into a 3D format is to compare it with the experimental sample formed by
MPC using the C-field shaper. The ripple defect could be observed in the outer surface of
the clad tube in Fig. 5 (b). The height of the ripple was measured via the distribution of the
final radial displacement, as illustrated in Fig. 6. Fig. 7 presented an optical micrograph
image of the transition region including one ripple. The height of a hump (about 0.06 mm)
is slightly smaller than the predicted height (0.09 mm).

B000A00EN

WIS

LHEBE-OS
LETOE-OF
LESEE-03
LEELE-03
LATEE-0S
LEQOE-O3
LLEZE-OZ
WESEE-O4
WLE2EE-04
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Figure 5: Predicted and experimental profiles deformed by MPC: (a) Predictions of final
radial displacement contours and (b) the ripple in the surface of the formed part
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Figure 6:The distribution of the final radial displacement of the outer tube for three steps

of MPC

Composite

Height of the Thickness of

Al ripple | R the tube

EE s i i . A oo et o o)
e oo o 0.5 mm

R

Figure 7: Cross-section for one ripple in the optical micrograph image
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3.2 Deformation behaviours in local transition region
3.2.1 The case of C-field shaper

As stated earlier, the magnetic pulse cladding process consists of a repeated unit. Fig. 8
showed the characteristics of the magnetic field in the second step by using C-field shaper.
The magnetic lines diffuse through the transition zone. And the induced current in the
transition zone is smaller than that flowing in its adjacent region. The resulting magnetic
pressure was illustrated in Fig. 9. So the ripple defect generates in the transition zone.
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Figure 8: Characteristics of the magnetic field in the early time of the 2nd step of MPC: (a)
Distributions of magnetic flux line; (b) Contours of induced current on the workpiece and

the C-field shaper
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Figure 9: The distribution of magnetic pressure over time along the axial direction during
the 2nd step of MPC in the case of C-field shaper
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3.2.2 Modelling of the P-field shaper

The transition geometry between two cladding steps depends on magnetic pressures
distribution and the latter lies on the relative position between outer tube and working
zone of field shaper. The smaller gap between them causes larger pressure acting on the
outer tube. Therefore, to fit the profile of the transition geometry, the profile of working
zone of field shaper was changed and a P-field shaper was proposed. The P-field shaper
with a tile angle a1 of 3° and angle a2 of 13° was modelled. Fig. 10(a) shows the
magnetic flux lines in the second step of MPC. In the early time, all the magnetic flux lines
are restrained in the gap between the outer tube and the P-field shaper. Due to the tile
angle of 13°, the density of the magnetic flux line in transition zone increases compared to
that of the C-field shaper used. Fig. 10(b) and (c) presented the distribution of the induced
current and Lorentz’s force. Fig. 11 showed the resulting distribution of magnetic pressure.
The peak locating in the transition zone is about 200 MPa, 2.5 times of that of the C-filed
shaper in same region shown in Fig. 9. Away from the transition zone, the magnetic
pressure decreases slightly due to the setting of title angle a1 of 3°. This kind of
distribution characteristic of magnetic forces helps to deform the transition zone and
obtain the oblique collision during the multi-step stage of MPC.

SUB =1 SUB =1
TIME=.100E-05 TIME=.100E-05
JT
0 ELEM=10102
-12%E-07 MIN=-_.727E410
MEX=_ S01E+10

B2
RSYS:

SHN

- 50LE+10

(b) (c)

Figure 10: characteristics of the magnetic field in the early time of the 2nd step of MPC:
(a) Distributions of magnetic flux line; (b) Contours of induced current on the work piece
and the P-field shaper; (c) The distribution of the vector resultant of the Lorentz’s forces
developed in the work piece and the P-field shaper.
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Figure 11: The distribution of magnetic pressure over time along the axial direction during
the 2nd step of MPC.

3.2.3 Comparison of two collision mode

Fig. 12 showed the comparison of clad tubes’ geometry with the original and the improved
field shaper. Fig. 13 presented the results of the bonding area, conducted by the peeling
test. As can be seen, the bonding area concentrated in the first collision region and the
bonding area was about 22% of the whole cladding area in the C-field case. By using the
P-field shaper, the bonding area increased to 47%, as shown in Fig. 13. With improved
field shaper, the clad tube deforms in a desired manner that it can dynamically impact the
base one obliquely in a cladding step. The numerical simulation could assist the design of
the field shaper.
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Figure 12: LS-DYNA prediction of the change of geometry of the clad tube during the
second step of MPC: (i) in the case of C-field shaper and (ii) in the case of P-field shaper
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Figure 13: Comparison of the rate of the bonding area: (a) in the case of C-field shaper
and (b) in the case of P-field shaper

4 Conclusions

In the present paper, the basic aspects of the magnetic pulse cladding process were
numerically simulated. The proposed numerical method was validated by the results of
contour of the deformed tube in experiments. The following conclusions are drawn:

1) Based on the models similar to an actual MPC process, a numerical scheme for
multi-steps cladding by forming was proposed. The scheme was successfully applied to
simulate the MPC process that provides the basis for further investigating the deformation
mechanism of MPC.

2) In the subsequent cladding phase, the inharmonious deformation results in the
ripple defect in the surface of the clad tube. The profile of working zone of field shaper can
be changed to fit the profile of the transition geometry to shape the distribution of the
magnetic field.

3) The P-field shaper improves the distribution of the magnetic pressure during the
multi-step stage of MPC. With improved field shaper, the outer tube deforms in a desired
manner that it can dynamically impact the base one obliquely in a cladding step.
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Abstract

In sheet metal parts formed by Electrohydraulic (free forming) process, a spherically
shaped reflector is predicted to result in a highly non-uniform thickness strain distribution. As
expected, the thickness strain (and hence thinning) is maximum at the top of the formed
dome. The probability of failure is therefore highest at this location. A finite element model is
formulated in ABAQUS explicit to generate the strain distribution in sheet metal. The model
considers a water filled chamber to transmit the pressure pulse. The effect of the electrical
discharge between the electrodes is modeled as a pressure wave of a certain magnitude
originating from the location of the electrodes. The constitutive relation for the sheet is
described by the Johnson-Cook model and non-deformable/ stiff tools are used.

The extent of non-uniformity in thickness strain distribution has been expressed in
terms of Strain Non-uniformity Index (SNI). It is the difference between the peak thickness
strain (PTS) and the average thickness strain (ATS). For successful forming, the value of SNI
should be as low as possible. This is enabled by an alternate design of the reflector which is
compared with the spherical shape. The pros and cons of using either shape of reflector are
examined in the paper.

Keywords

Electrohydraulic forming, Thickness strain, SNI analysis

1 INTRODUCTION

The conventional approach to sheet metal forming uses two-sided tooling (e.g., solid die and
a solid punch) and involves metal-to-metal contact between the punch, die and the work
piece to achieve forming. This introduces certain difficulties, given increasing strength
(requiring greater forming force and better lubrication to overcome the higher force of friction)
and hardness of the metals that are being formed. Also, conventional sheet metal forming
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processes use significant amounts of energy to form the sheet metal. Despite all efforts, the
strain distribution remains highly non-uniform on account of frictional effects inhibiting sheet
deformation at regions in contact with the tools, thereby shifting deformation to the
‘unsupported region’. This makes it difficult to form thin, high strength sheet material used to
produce very thin automotive panels required to significantly decrease the weight of the
automobiles. [2, 5]

Electrohydraulic forming (EHF) is a high-rate forming process based on the high-
voltage discharge of capacitors between two electrodes positioned in a fluid-filled chamber.
Since pressure is transmitted through a liquid medium, the distribution of pressure is
expected to be more uniform than when conventional tools are used. One therefore expects
a better uniformity of strain distribution over the deformed sheet compared to the
conventional forming route. EHF process is extremely fast; uses lower-cost, single-sided
tooling; and allows significantly increased formability for many sheet metal materials because
it involves high strain rates [1]. Setup time, which presently is relatively high, can be reduced
by automation. Advancements in the EHF process have the potential to reduce the thickness
variation of sheet metal used in the construction of automobile panels and frames. The
application of EHF by automotive manufacturers and their suppliers will significantly enhance
the product quality, compared to the conventional stamping process.

rapid switching device
/ -
/ . :
ram of hydraulic press

1 water
C= outlet
48 k), 40 kV

i
/

chamber

~u electrodes ~o

L water
inlet

I ] air removal

sheet metal

table of hydraulic press

Figure 1: Basic Principle of Electrohydraulic forming [1]

Mathematical modeling of high-speed forming processes is widely used for various ends.
In the present work, the effect of reflector geometry in electrohydraulic forming, on the
resulting pressure and true thickness strain distribution is studied. A spherical reflector
(representing a relatively simple geometry) is compared with that of the less simple geometry
of a convex reflector with reference to pressure and thickness strain distributions.
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2 FINITE ELEMENT SIMULATION

Electrohydraulic forming simulation is a considerable challenge because of the Multiphysics
nature of the process. At first electrical energy must be converted into plasma. There is a
boundary between the high pressure plasma and high pressure water vapor, and a boundary
between the water vapor and the liquid. The liquid interfaces with the steel blank, and the
steel blank accelerates and interacts with the die surface. Models must therefore be
developed for: 1) the electrical nature of the discharge channel or plasma; 2) physical water
vapor channel; 3) the liquid as a pressure transmitting medium; 4) blank deformation; 5)
chamber (tool) deformation and 6) the blank in contact with the die [3].
Since, Electrohydraulic forming process is high strain rate process and completes within
few microseconds, following simplifying assumptions are made here in simulations:
1. Heat transfer via heat conduction is neglected;
2. Phase conversion from water to vapor is neglected entirely;
3. All energy that is discharged into plasma is considered to contribute to the generation
of blast waves only;
4. Plasma is treated as a gas with a constant mass that is surrounded by an acoustic
medium (water), in which blast waves are generated,;
5. Time lag between the direct and reflected incident waves is negligible owing to small
size of the work piece investigated, and relatively high velocity of shock waves.

A dynamic explicit Finite Element analysis was carried out to simulate the
Electrohydraulic Forming process. The program used for the simulation is ABAQUS Explicit.
The water is the media which transmits the shock waves which in turn deform the blank.
Water is shaped as the inside surface of the chamber that contains it. In the EHF experiment
the pressure is build up by an electric discharge in the rear end of the water containing
chamber, which in the simulation is represented by pressure wave generated at the point
shown in Figure 2.

FPoint at which pressure
wave is initiated

FReflectar

Die

Figure 2: Assembled model used in simulation
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2.1 Material Properties
Blank:

The JC model is a widely used and well recognized model for high strain rate material
deformation analysis, [4]

G=[a+b(8)”]{l+€ln[§ﬂ (1)

Table 1: Material property for the simulated sheet material [2]

Steel grade IF 210
Johnson Cook A, [MPa] 300
Johnson Cook B, [MPa] 344

Johnson Cook, C 0.03
Johnson Cook, n 0.53
Strain rate, (1/s) 0.01
Density , (kg/m®) 7800
Poisson’s ratio, p 0.3
Young’s Modulus, E [GPa] 210

Water:

The property for the water was set to an acoustic medium with a density of 1000 [kg/m?] and
a bulk modulus of 2.3*10°[Pa].

e The bulk modulus
K =_V[5_Pj @)
e The speed of sound,

e= K 3)
P

2.2 Interactions

The contact interaction between die and blank is set to a surface to surface condition,
with contact property, tangential behavior and a friction coefficient of 0.1 in penalty contact.
The incident wave interaction is used to specify magnitude of pressure at source point.
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2.3Load

The driving force in the EHF process is the electric discharge above the sheet. In the model it
is represented by the pressure wave originating on the common axis of the chamber and the
circular blank at distance of 50 mm from the top of the blank. The normalized pressure pulse
variation with time is shown in Figure 3. It is seen that the pressure at the point of discharge
(origin of the pressure pulse) dies down in about 100 microseconds.

Mormalised Pulse
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0.
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Arnplitude
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-2.00E+02 0.00E+00 2.00E+02 4 O0E+02 & O0E+02 G.00E+02 1.00E+03

Tirme [us]

Figure 3: Normalized Pulse used for the simulation in ABAQUS

2.4 Reflector geometries

The geometries of the two reflectors used in the study are spherical and convex as shown in
Figure 4. A spherically shaped reflector is predicted to result in a comparatively non-uniform
thickness strain distribution than convex reflector.

Figure 4: Two shapes of reflectors used in simulations-1) Spherical, 2) Convex
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3 SIMULATION RESULTS

As expected, the thickness strain is maximum at the top of the formed dome. The probability
of failure is therefore highest at this location. The extent of non-uniformity in thickness strain
distribution has been expressed in terms of Strain Non-uniformity Index (SNI). It is the
difference between the peak thickness strain (PTS) and the average thickness strain (ATS)
[6].

SNI = PTS — ATS (4)

From figure 5 it is clear that spherical reflector results in high thickness strain at the top of
dome.

3.1 Strain distribution

The true thickness strain variation along the radius is shown in figures 5, 6 and 7 for the two
reflectors. It may be noted that the minimum true thickness strain occurs radially outward (at
a greater radius) in a convex reflector at low depths as compared to the spherical reflector.
The reverse is true at higher depths. With increasing depth of forming, this point of minimum
thickness strain is seen to move away from the center for both the reflector geometries.
Table 2 shows the relative non-uniformity of thickness strain distribution in the form of the
SNI. At low deformation, the SNI values do not differ very much. However, as the depth
increases the difference in SNI also increases (figure 8). In all cases, the SNI for the
spherical reflector is always higher than that of the convex reflector, indicating superior
quality with a convex reflector.
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Figure 5: Thickness strain variation for two reflectors (depth = 26mm)
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Figure 6: Thickness strain variation for two reflectors (depth = 40mm)
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Figure 7: Thickness strain variation for two reflectors (depth = 50mm)
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Table 2: SNI values for different depth of cup and reflector shapes

6" International Conference on High Speed Forming - 2014

Depth | Magnitude of pressure Reflector Peak true Average true SNI
of cup | at source point (MPa) type thickness strain | thickness strain
Spherical 0.0494 0.0258 0.0236
25mm 120MPa
Convex 0.0394 0.0199 0.0195
Spherical 0.1156 0.0664 0.0492
40mm 240MPa
Convex 0.1015 0.0565 0.045
Spherical 0.2166 0.120 0.0966
50mm 300MPa
Convex 0.1766 0.102 0.0746
2 S0E-02
2 Z0E-02
2 00E-02
Q 1 50E-02
=
E 1.00E-02
z
e 4 10E-03 4.00E-A3
0.00E+00
OO0E+00  100E+01  2.00E+01  SO0E+01 400E+01  S.O0E+01  6.00E+01
Depth ()

Figure 8: Difference in SNI values for spherical and convex reflectors for various depth of
drawing

3.2 Pressure distribution

Pressure distribution at depths of 25mm and 50mm for the two reflectors is shown in Table 3.
It may be inferred that the pressure distribution for both the reflectors for 25mm depth is very
similar in trend and magnitude. The same is reflected in a minor difference between the SNI
values for the two geometries. In contrast, the pressure distribution for the two reflectors
between R = 0 and R = 100 is understandably different, though the shapes at a given time
interval (100, 200 or 300 microseconds) are still somewhat similar. In particular, the pressure
distribution is more similar at 100 microseconds and the similarity decreases with time. This
also explains the increasing thickness strain variation (and hence the SNI) with increasing
depth and time.
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Table 3: Pressure distribution on the blank surface for two reflectors

Dept Spherical reflector Convex reflector
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4 Conclusions:

From the foregoing, the following conclusions emerge:

1. The pressure distribution and hence the thickness strain distribution in a deforming
sheet metal blank is sensitive to the shape of the reflector.
2. The convex reflector gives more uniform strain distribution (based on a lower value of

SNI).
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3. The trends observed in SNI variation with increasing depth (increasing forming
energy) are well explained.

4. The similarity in pressure distribution at low depths and similar SNI are well
understood. An increase in forming depth leads to an increase in difference between
the SNI values and also dissimilarity between the two pressure distributions.

5. Further investigations are required into optimizing the shape of the reflector to obtain
a uniform strain distribution even at large depths of deformation, i.e., a near zero
value of SNI.
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Abstract

Traditional electromagnetic sheet forming method shows its weakness in forming large
depth cylindrical component due to its character of transient. Therefore, an
electromagnetic incremental forming method is introduced in the present work. During the
forming process, one coil is used and two-steps discharges are applied. The coil moves
towards the workpiece in drawing direction after the first discharge. This process was
modelled by finite element method. Magnetic force distribution of the second discharge is
analysed, which results in maximal deformation distributing around the side of coil.
Conical degree of the deformed workpiece after the first discharge increases after the
second discharge, and profile of the workpiece is closer to the desired cylindrical shape.
The maximal stress and strain in the second discharge are smaller than the ones in the
first discharge under the conditions of the same forming depth. It can be concluded that
multi-steps discharges play a key role in increasing conical degree of post-deformed
component and attaining cylindrical shape. In addition, forming characteristics and
deformation rules are demonstrated, and major forming parameters are discussed. A
winkle phenomenon is also analysed in this paper.
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Flexible manufacturing, Electromagnetic Incremental forming, Finite element method
(FEM)
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1 Introduction

Large sheet metal components manufactured via deep drawing process are in urgent
need in aeronautic and astronautic applications [1, 2]. However, problems arise such as
over-complicated process procedures, large equipment tonnage, high cost and
undesirable material properties for forming. In view of the advantages of agreeable
flexibility, contact-free and formability improvement, electromagnetic forming (EMF)
becomes a potential technique to solve the restrict problem of manufacturing large-scale
deep-drawn components [3, 4].

Conventional electromagnetic sheet forming method shows its weakness in forming
large depth cylindrical component due to its character of transient [5]. The forming force
can’t last long enough to achieve such depth. Shang and Daehn [6] obtained a large
drawn depth by electromagnetically assisted sheet metal stamping (EMAS) technology.
Cui and Mo [7] formed a large sheet by discharging a small coil in several positions, which
proposes an electromagnetic incremental forming (EMIF) method. Therefore, EMIF is
introduced in the present work to form a cylindrical component of aluminium alloy.

2 Principle of Electromagnetic Incremental Forming

Figure 1 shows the process of a two-steps discharges EMIF. The first discharge has no
difference with conventional EMF. After the first discharge, the sheet deforms to the
conical profile. In the second step, the coil moves towards the workpiece in drawing
direction to reduce energy loss, and then the second discharge is performed. The second
step increases forming depth and forms the profile closer to the desired cylindrical shape.
Voltages of two discharges can be adjusted so as to obtain a suitable set of forming
parameters aiming at the desired profile of the component.

Coil position of first discharge Coil position of second discharge
\ Blank Holder \
7, sz 177 %77 RN

/ - \ - S N
. N ) NN

N\ NN NN
NN NN AN e NN
NN NN NN NN
A\ NN N NN

Die
— —— Initial profile

Deformed profile

Figure 1: Process of a two-steps discharges EMIF

Research contents of this study is based on contact-free forming process, in which
the die does not contact the blank except for the flange, and the sheet is fully fixed in the
flange area by the blank holder. Coil used in the discharge process is a flat spiral coil.
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3 Research Method and Forming Parameters

3.1 Research Method

This study is based on the above-mentioned two-steps discharges EMIF using finite
element method, and a numerical model containing two-steps discharges process is
developed. The finite element model is a sequentially-coupled method containing
discharge circuit, electromagnetic field and structure field.

In the first discharge process, the circuit model simulates a time-dependent current
from discharge parameters and transfers the current data to the electromagnetic field
simulation program. Magnetic force on the workpiece is then calculated and transferred to
the structural field, which gives the deformation result after the first discharge.

In the second discharge process, the previous deformation data is transferred into
the second discharge electromagnetic field model, according to which coil position and
discharge current are updated and air is remeshed. Next, the second magnetic force is
calculated and transferred to the geometry-updated structural field model, and final result
of the two-steps discharges electromagnetic incremental forming is simulated.

This numerical model is checked by simulating the same forming process described
by Zhang [8]. The maximum error on forming depth is 8.7%, which proves the accuracy of
the finite element model.

3.2 Forming Parameters

Major forming parameters in the simulations are listed in Table 1. Material used in the
study is 5A06 aluminium alloy, and the following Johnson-Cook material model is adopted.

o =(176.7+832.6")1+10*£" Ing") (1)

Forming parameters

Total capacitance 2.13x10* F
Total inductance 2x10% H
Total Resistance 2.55x102 Q
Voltage of the first discharge 4000-6000 V
Voltage of the second discharge 6000-8000 V
Sheet's thickness 1 mm

Die's internal diameter 120 mm
Coil's diameter 80 mm

Table 1: Major forming parameters

4 Results

4.1 Distribution of Magnetic Force
Distribution of magnetic force in the first discharge has been fully analysed by Al-Hassani

[9], hence this study focuses on force of the second discharge. Figure 2 (a) shows the
distribution of magnetic force in the second discharge with voltage of 6000V, and voltage
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of the first discharge is 4000V (marked as 4000 + 6000V). It can be found different
discharge voltages lead to the same pattern of the force distribution. The direction of
magnetic force is vertical to the deformed sheet's profile, since the magnetic line is vertical
to sheet's upper surface. Maximal magnitude of force distributes in 3/5 of the internal
radius of die from the center. This part of the workpiece has the closest distance to the
coil, and is also in the maximal magnetic density area of flat spiral coil.

As voltage of the first discharge increases, conical degree of the formed component
decreases. The deformed structure increases the distance between coil and the top of the
workpiece for the second discharge. This lowers the magnetic force on the conical top,
while increases the force near the middle of conical surface (Figure 2 (b), (c)). Thus a
large voltage of the first discharge will reduce the forming depth of the second discharge.

Figure 2: Vectorial distribution of the magnetic force in the second discharge with different
voltages of the first discharge (a): 4000 + 6000V, (b): 4000 + 5000V, (c): 6000 +
6000V

4.2 Deformation Rules

Deformation results of both discharges in a 4000 + 6000V EMIF process are shown in
Figure 3. It shows that the second discharge not only raises forming depth, but also
changes the deformed profile so as to be closer to the desired cylindrical shape. This can
be explained by the distribution of the second magnetic force described above, which
results in the maximal deformation distributing near the middle of conical surface.

It can be concluded that EMIF is more suitable in forming large cylindrical
components than traditional electromagnetic forming. 1) The final profile of EMIF is closer
to the desired cylindrical shape, and orthopedic could be the next process in some
applications. 2) The approximate cylindrical profile is with a larger inner diameter
compared to the conical shape under the condition of the same forming depth, so that the
coil could be placed in a deeper position. Thus energy loss is reduced and forming depth
increasing are achieved. 3) Maximal stress and strain in the two-steps discharges are
both smaller than the ones containing only one discharge with identical forming depth, as
listed in Table 2. Reductions of maximal equivalent stress and maximal equivalent strain
are 15% and 10%, respectively.

174



6" International Conference on High Speed Forming — 2014

20

First discharge (4000V)
ol = EEE Second discharge (6000V)

Forming depth (mm)

-100 -50 0 50 100
Distance (mm)

Figure 3: Deformed profile of two-steps discharges (4000 + 6000V)

Discharge Voltage of the  Voltage of the Forming Maximal Maximal

steps first discharge  second discharge depth equivalent stress equivalent strain
One-step 5000 V - 22.3 mm 445.7 MPa 0.0713
Two-steps 4000 V 7000 V 23.0 mm 378.9 MPa 0.0642

Table 2: Comparison of one-step and two-steps discharges with identical forming depth
4.3 Influences of Discharge Parameters

Influences of voltage of the first discharge on EMIF process are demonstrated in Figure 4,
which are studied with the same voltage of the second discharge (set as 6000V). Forming
depth obtained in the second discharge decreases as voltage of the first discharge rising,
seeing Figure 4 (a). Thus the distance between coil and center of the workpiece increases,
and so magnetic force of the second discharge decreases, which results in reduction of
forming depth in the second discharge. Figure 4 (b) shows the final profile of a large
voltage of the first discharge (which is 6000V) process. There is an annular bulge on the
side surface, which is exactly in the maximal magnetic force area. This is formed by the
force near the middle of conical surface in Figure 2 (c). Thus, it is can be concluded that
larger voltage of the first discharge will reduce energy efficiency of the second discharge,
and even lead to an undesirable final profile.

Energy efficiency of the second discharge is less than the one of the first discharge,
so it makes less contribution to the total forming depth. Voltage of the second discharge
and final depth are linear correlated, as shown in Figure 5 (voltage of the first discharge is
4000V. Final profile still holds cylindrical shape as voltage of the second discharge
increases.

4.4 Wrinkling in EMIF Process

It is discovered that blank holder should fully cover the flange area, otherwise sheet could
wrinkle in forming and flange area, as shown in Figure 6. During the forming process,
sheet on the flange area will impact the rigid mould with a high speed, and tend to
rebound at the case when nothing resists it above. Meanwhile, sheet in the forming area
still moves downward in high speed. These generate tensile stress in radial direction and
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compressive stress along the circumferential direction near the filleted corner, resulting in
wrinkling.

3
£
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Figure 4: Influences of voltage of the first discharge on EMIF process (a): forming depth
of the second discharge decreases as voltage of the first discharge increases
(b): final profile after the 6000 + 6000V process
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Figure 5: Relation of voltage of the Figure 6: An example of wrinkling at
second discharge and final forming depth flange and near filleted corner in EMIF
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5 Conclusions

(1) EMIF increases conical degree of traditional EMF, and the final profile of the
workpiece is closer to the desired cylindrical shape. It also decreases maximal
stress and strain level. Therefore, EMIF is a potential method in forming large-depth
cylindrical component.

(2) Voltage of the first discharge in EMIF should be appropriate to increase second
discharge’s efficiency, while avoids shape distortion. Voltage of the second
discharge and final depth are linear correlated.

(3) Blank holder should fully cover the flange area to avoid winkling.
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Collision Welding of Tungsten Alloy 17D and Copper
Using Vaporizing Foil Actuator Welding
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Abstract

The objective of this study was to implement collision welding of tungsten alloy 17D (6.5% Ni,
3.3% Fe) and copper at a laboratory scale and subsequently investigate the relationship
between interfacial structure and mechanical properties. Vaporizing Foil Actuator (VFA) has
recently been demonstrated as a versatile tool for metalworking applications, such as impact
welding of dissimilar materials. Its implementation for welding is termed as VFA welding or
VFAW. With 8 kJ input energy into an aluminum foil actuator, a 0.5 mm thick Cu110 alloy
sheet was launched toward a tungsten alloy target resulting in a collision at a velocity of 580
m/s. The two sheets were found to be welded in the region where the collision velocity and
angle were optimal. This range, termed as the welding window was found to be narrow for
this combination of target and flyer materials. Scanning electron microscopy of sectioned
samples showed regions of wavy interface with significant plastic deformation on both sides.
Microhardness tests revealed significant increase in hardness near the interface.
Instrumented peel tests showed that the welds were quite strong with peel strength of 60
N/mm.

Keywords

Collision welding; VFAW; copper; tungsten alloy; photonic Doppler Velocimeter (PDV); wavy
interface

1 Introduction

Tungsten has one of the highest melting points and strengths among metals. Due to this, it is
a suitable material for applications which require high wear resistance and heat resistance.
However, in many of these applications, the tungsten tool has to be joined to a different
material which can provide mechanical toughness or can conduct away the heat. Copper,
because of it high thermal conductivity is an ideal material to be used as a heat sink.
Tungsten, due to its high melting point, is very difficult to weld to another material using
traditional welding techniques. Therefore, there is a need for exploring other methods.
Mitteau et al [1] used electron beam welding for successfully joining tungsten and copper.
Manikandan et al. [2] demonstrated underwater explosive welding of tungsten foil and

181



6" International Conference on High Speed Forming - 2014

copper, but there are inherent issues with use of explosives. In this work, collision welding of
a copper flyer sheet to a tungsten alloy 17D target plate has been attempted using
vaporizing foil actuator welding (VFAW). To induce some ductility, some elements such as
nickel, iron, and copper are often mechanically alloyed in small quantities with tungsten and
the resulted composite is termed as a tungsten alloy.

VFAW is a novel technique for collision welding at a laboratory scale and was
developed by Vivek et al [3]. Vaporizing Foil Actuators (VFA) are based on the phenomenon
of rapid vaporization of thin metallic foils and wires caused by passage of a capacitor bank-
driven current, on the order of 100 kAmps [4]. The burst of the conductor is accompanied
with a high-pressure pulse which, as in the case of VFA, can be used for working metal at
high strain rates. VFA has been applied toward a variety of impulse-based metal working
operations such as impact welding, embossing, shearing, dynamic powder consolidation,
shape calibration, and closed-die forming [5]. This paper focuses on impact welding
application of VFA. Copper-titanium, aluminum-copper, aluminum-magnesium, titanium-steel,
copper-steel welds were created by Vivek et al. under the same set of input electrical
parameters. Flyer sheet impact velocities up to 670 m/s were measured. The weld interfaces
were found to have significantly different structures and strengths. Some of the welds, such
as copper-titanium, had high peel strength of 30 N/mm and had typical wavy interface, free
of intermetallics and voids. However, a few others like steel-titanium were found to be weak
and riddled with interfacial defects. It was noted that the welding parameters were not
optimized for each combination. It was also shown that some of the welds which were weak
in peel, failed in a parent material when subjected to lap shear test commonly applied for lap
welds created by MPW. Therefore, peel test was proven to be more discriminatory in terms
of quality of a weld, and will be used in this study as well.

Impact welding has been traditionally practiced using explosive driven pulses or less
commonly by electromagnetic launch of flyers. Critical diameter [6], increasingly stringent
regulations, and inability to scale down the process are some issues due to which explosive
welding (EXW) finds limited application in traditional industrial environments. The most
significant drawback of magnetic pulse welding (MPW) is the limited magnetic pressure that
the actuators can operate at without catastrophic failure [7]. Additionally, magnetic pulse
technology works efficiently only for combinations where the flyer sheet is electrically
conductive or is driven by an electrically conductive material such as copper [8]. VFAW can
be used to create welds of the length scales similar to that of MPW, and can make flyers
reach velocities similar to those during EXW. The issue of actuator longevity does not exist
as the foil actuator, which is disposable, can be easily replaced after every experiment at a
low cost.

A set up very similar to the one used by Vivek et al [3] was used here to weld a 6.25 mm
thick tungsten alloy 17D plate with 0.5mm thick copper sheet. The welded samples were
subjected to peel tests, optical microscopy, and microhardness tests.

2 Experimental Procedure

The energy source used in these experiments was a Maxwell Magneform capacitor bank
with a total capacitance of 426uF, inductance of 100 nH, and short circuit current rise time of
12 ps. When charged to the maximum voltage of 8.6 kV, this capacitor bank can supply 16
kJ of electrical energy.

Tungsten alloy 17D (ASTM B 777 Class 1 Type 2) was used as the target material.
As supplied, this alloy contained 6.75% nickel and 3.3% iron. The tensile strength was rated
at 860 MPa and the strain to failure was 6.5%. This material will be referred to as W-alloy in
this paper. The average hardness was measured to be 378 HV. Rectangular strips, 25 mm x
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55 mm, were cut out from 3 mm thick W-alloy plates. Commercially pure copper (99.99%
pure) was used as the flyer material. Square strips, 75 mm x 75 mm, were cut out of 0.5 mm
thick copper sheet. The initial average hardness of the copper used in this study was
measured to be 95 HV.

177.8 Foil Actuator
(a) (b)
W-alloytarget
PDV probe — ytarg Load
Standoff l
Il [
P T =T

Vaporizedfoil Cuflyer

(c) (d)

Figure 1: Vaporizing foil actuator welding (VFAW) set up for welding Cu110 with W-alloy. (a)
top view of the foil actuator, flyer sheet, standoff, and target stack, (b) side view of the stack
along with the positioning of the photonic Doppler velocimeter (PDV) probe, (c) formation of
weld after foil actuator’s vaporization, (d) peel testing set up.

A schematic of the VFAW set up is shown in Figure 1. Aluminum foil actuators of
thickness 0.0762 mm and shape as shown in Figure 1a were placed underneath the flyer
sheets which were stood off from the W-alloy target plates at a standoff distance of 1.6 mm.
The horizontal gap between the standoffs was 30mm. The standoffs were inserted to provide
sufficient distance for acceleration of the flyer plates. The capacitor bank was charged to an
energy level of 8 kJ and discharged through the foil actuator. Passage of the capacitor bank-
driven current, on the order of 100 kAmps, through the foil actuator caused its rapid
vaporization, thereby leading to a high pressure pulse which was used for launching the flyer
sheet at high speed toward the target. The thick steel backing block ensured that the
expanding plasma, formed from foil actuator’s burst, did most of the mechanical work on the
flyer sheet. A hole drilled through the backing blocks and the gap between W-alloy target
plates provided a line of sight for a focuser probe of the Photonic Doppler Velocimeter (PDV)
[9].

Use of PDV as a diagnostic tool for impulse metal working applications has been
discussed by Johnson et al. [10]. PDV utilizes the interference of original and reflected,
Doppler-shifted laser to measure the velocity of the object from which the laser is reflected.
Most of the transmission of light happens inside fiber-optics, with the laser going out into or
collected back from free air via focusers, collimators or, in some cases, bare fibers. The PDV
used here can measure velocities up to 1550 m/s with a temporal resolution of 1 ns for a
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time duration of 2 ms. Discharge current was measured by a 100kA:1V Rogowski coil, and a
1000:1 voltage divider was used to measure voltage.

The welded sample was sectioned using a circular abrasive saw and either mounted
for microscopy and hardness testing, or subjected to peel testing. Microhardness testing was
done along two lines across the wavy interface. One line went across the crest of the wave
and the other line traversed across the trough. A diamond indenter with 200 gm load was
used for the W-alloy side while a 50 gram load was used for the copper side. For peel testing
of the welded samples, the flyer sheets were bent to 90° with respect to the target plate and
the samples was pulled apart using a MTS 831.10 load frame moving at a speed of
0.1mm/sec. The peel strength of the weld was normalized by dividing the sustained load by
the width of the sample being peeled in line with the work of Kendall et al [11].

3. Results and Discussion

The temporal evolution of the flyer sheet’s velocity is shown in Figure 2a. This figure also
illustrates the variation of current and voltage with time, indicating that a maximum current of
127 kA was reached within 10us of discharge and the foil burst occurred shortly after.
Plotted in Figure 2b, the displacement was calculated by integrating the velocity data with
respect to time and it was found that the flyer collided with the target at 550 m/s after
travelling 1.6 mm.
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Figure 2: Results of the diagnostics run during the VFAW experiment. (a) Temporal evolution
of current, voltage and velocity with 8 kJ input energy into a 0.0762 mm thick aluminum foil,
(b) Velocity of the flyer plate plotted against distance travelled indicating impact with target
plate at 550 m/s

The welded sample and micrograph of a wavy region of the welded interface is
shown in Figure 3. Since the W-alloy was mechanically alloyed, distinct regions with higher
iron and nickel content were distributed in the tungsten matrix. Elongation of these regions
along the weld interface, as seen in the micrograph with highest magnification indicated
severe plastic deformation. Similar effect would be seen on the copper side if it was etched.
The weld was created outside the region of zero angle impact directly above the former area
of the foil actuator. The cross section across the weld shows two distinct regions where
welding occurred. The width of the wavy region or the “good weld region” was nearly 0.5 mm
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which shows that the range of collision velocities and angles for which good welds are
created for this pair of materials is rather limited.

“Good”weld

. Direction of weld Lk

= progression
e e 3 Lo P & e L AR e B A |
Figure 3: Images showing the welded Cu-W alloy samp various
magnifications. The wavy region of the interface indicated as "good" weld.

Figure 4 represents the weld in progress in the configuration implemented here. The
flyer material directly above the foil actuator is assumed to be launched flat and that whole
section impacts at the measurement flyer plate velocity, Vp. In that region the impact angle,
B, is zero due to which no welding is observed. However, rest of the flyer sheet trails behind
and folds onto the target as the weld progresses to either side of initial impact region. The
velocity of the flyer at a point located at a distance, x, from the foil actuator has a velocity of
Vpyx, Which decreases with increasing x. It can be expected that there is a monotonically
varying velocity gradient from region directly above foil actuator (Vpx=0)= Vp) to the region
below the standoffs (Vpx=4)=0).

For low angles, V,, is related to flyer plate velocity and collision angle, B3, as,

—_vVr _

Vwx Vpx, @and Vi, would be related similarly. Therefore, it can be seen that Vg, decreases as
the weld progresses away from the initial impact region and as the impact angle increases.

Target plate
€— Increasing § ——>
"_ B = 0 _| - VW):

Standoff

Flyer plate

Foil actuator | X 5
d

Figure 4: VFAW with the relevant configuration in progress
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According to Eq. 2, due to Cowan et al. [12], for a constant Reynolds number, R;, for
a given pair, the welding velocity, V,, at which smooth-wavy transition happens is lower for a
lower sum of hardness of the two materials. The lower bound or the smooth to wavy
transition criteria is given by

(Pflyer‘l'Ptarget)VFZ‘—transition
Riransition = = Kg_p (2)

2 (Hflyer+Htarget)

Here p (kg/m®) stands for density, V¢ (m/s) for velocity of flow of the flyer material into the
collision point, which approximately equals welding velocity, V,, for low collision angles. H
represents Vicker's hardness (N/m?). The smooth to wavy transition criteria depends on the
hardness of two colliding members of the joint. If the sum of hardnesses is high, then the
transition flow velocity, hence the transition welding velocity would also be high. Therefore
smooth to wavy transition would happen at low values of  or x. Since the hardness of the
target plate is quite high, it is not unexpected that the good weld region was very narrow.
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Figure 5: Peel test data showing two peaks corresponding to the two welded regions. The
welded and subsequently peeled sample is shown inset in the figure.

The data from the peel test conducted on the welded sample is shown in Figure 5.
The W-alloy side inset in the figure depicts, very clearly, the two bands along which optimal
welding occurred. Accordingly there were two maxima in the force/weld length vs
displacement plot. The peel strength was found to be nearly 60 N/mm.

The data obtained from the microhardness tests along the two lines across the
interface is shown in Figure 6. The hardness of both Cu-110 and W-alloy were significantly
higher than those of the original materials. Highest hardness for Cu side was found to be
129 HV while that on the W-alloy side was 483 HV. While the hardness generally increased
monotonically as the interface was approached, it was found that along line A, the indent
closest to the interface on the W-alloy side was larger and the hardness was measured as
382 HV. Further microstructural analysis is required to understand this anomaly.
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Figure 6: Microhardness tests. (a) post-test image of the Cu-110/W-alloy welded region
showing the two lines along which tests were run, (b) A plot showing the variation of
microhardness across the interface.

4. Conclusions

Based on this work, following conclusions can be drawn:

e It is possible to weld W-alloy 17D with copper using VFAW. The welded sample had
significant peel strength of 58 N/mm.

¢ Since the aluminum foil is a consumable of each run, its longevity is not a concern
while trying to increase the driving pressure. Impact velocity of nearly 550 m/s was
attained within 1.6 mm of travel thereby indicating a very high driving pressure.

¢ It was found that the range of collision angle and velocity for which a good weld can
be created between the copper and W-alloy is very narrow. This was verified against
an analytical model, which indicated that the transition from a smooth to wavy
interface occurs at higher welding velocities for combinations where either or both the
materials in the welding couple are hard.

o Large amounts of plastic deformation on either side of the weld interface resulted in
increased hardness as compared to parent materials. There was an anomaly on the
W-alloy side where the hardness decreased near the trough of a wave.
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Abstract

Magnetic Pulse Welding (MPW) offers a method to economically join similar and dissimilar
metals without the need for external physical or chemical binders, while avoiding the
adverse heating effects seen in many welding techniques. MPW allows for the fabrication
of joints via the harnessing of Lorentz forces, which result from discharging a current
pulse through a coil. In the process an outer piece (flyer) is accelerated onto an inner
piece (parent), and welding is achieved using propagating impact fronts. There are
several geometrical factors to be considered including the flyer-coil distance, the parent-
flyer distance, as well as the axial relationship between flyer and coil (working length).
Various shapes of the front are possible and each configuration has its own advantages
and drawbacks. The goal of this work is to show not only how the aforementioned
parameters are related, but also ways to optimize front propagations, which are vital to the
welding result. This is done primarily by determining the influence of the working length of
tubular MPW specimens. It is shown that for steel-aluminum joints in the given
arrangements, three different front regimes exist, which are related to geometrical factors.
These results are especially useful to avoid seemingly favorable but nevertheless
suboptimal conditions for flyer movement that would reduce weld quality and energy
efficiency of the process.
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1 Introduction

Magnetic Pulse Welding (MPW) is an impact welding process that enables the joining of
tubular or flat partners. Through the fast discharge of capacitor banks, a magnetic field is
generated in a coil, which leads to eddy currents in the electrically conductive outer (flyer)
piece. Both the coil and the work piece generate Lorentz forces, which act in opposing
directions, causing the flyer to accelerate towards the inner (parent) work piece. Under
adequate conditions, the flyer and parent pieces will form a weld. This process enables
the creation of joints of dissimilar materials, such as steel/aluminum and
copper/aluminum, which are not easily welded by standard techniques [1].

The properties of the welding front, influenced greatly by the evolution of the flyer
deformation and collision, is ultimately the determining factor in welding success. Under
the correct conditions a mass flux containing oxides and debris (‘jet’) is formed, which
cleans the surfaces and allows for metallurgical bonding [2]. The two main factors typically
considered in joint formation are the collision angle g and the collision velocity v.. Figure 1
shows a schematic of the welding front, as well as a micrograph of a welding interface.

’im C)

a) b) @y v l ¢Magnetic pressure

Flyer Mandrel B
tube (fixed)

LA X -
Jet Collisi(\m_flm 2 -

Tool coil
Figure 1: Magnetic Pulse Welding of tubular work pieces. a) Setup, b) process principle,
and c) image of the weld seam (according to [3]).

The welding front contour is determined by many factors, including the radial relationships
between coil/flyer and flyer/parent distance, as well as the axial arrangement of the coll
and the flyer (the “working length”, [,). For example, by positioning the flyer edge to
extend beyond the coil edge, a two-sided front process can be realized (see Figure 2).

(a) One-sided Front: (b) Two-sided Front:
Parent

Figure 2: a) One- and b) two- sided welding, adapted from [6].

There are advantages to one- or two-front welding processes. As one can imagine, the
heavy deformation of the flyer causes shearing forces in the part, which may lead to
shearing and tearing of the flyer material above the formed weld. For this reason, a two
front process may be advantageous as it creates symmetric forces with opposite
directions, counteracting each other globally. However, the energy needed to deform a
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part along two fronts is higher than a single front, potentially reducing process efficiency
and the resulting weld lengths are generally smaller than in a single-front process.
Experiments based on two-front processes have been performed by Kojima et al. [4]. The
purpose of this work was an evaluation of the tapering angle of the parent part on the
length of resulting welds. Faes et al. [5] reported that the overlap of the field shaper edge
and the outer work piece had a significant effect on (tube) welding conditions for
copper/brass joints. Working distance of up to 5.5 mm were evaluated on a field shaper
with a maximum working zone of 15 mm. No experiments were performed with two-sided
fronts and phenomena beyond the occurrence of a weld were not evaluated.

It has been reported by sources such as Zhang [6] that the determination of a one- or two-
sided welding process can be done by the axial positioning of the work piece in a coil of
maximum working length [.,;. If [, < l.,;, the process will occur along a single front in
which the front edge of the flyer makes impact with the parent, and from there proceeds to
collapse via a single front onto the parent. If [, > [.,;;, a two-front process occurs, in which
the flyer impacts the parent in the center of the field shaper/working zone, and collapses
outwardly along two fronts. A transition zone between one- and two-fronted processes
may exist, for instance with working lengths close to but not exceeding the coil length;
however, evaluation of this has not been found in literature. There is also a lack of
publications discussing an experimental comparison of one- vs. two-front welding, and no
works with in-depth analysis and comparison of the front regimes.

The purpose of this work is to evaluate the effect of the working distance on the features
of MPW experiments. This is done by the axial positioning of the flyer piece over the edge
of the coil, at the coil edge, and at several positions within the coil. At various positions,
the discharge energy was also varied in order to observe if there is a noticeable effect.
Simulations were used for comparison and to gain a more in-depth understanding of the
process.

2 Experimental Design

2.1 Joining Materials and Tools

Flyer materials consisted of EN AW-6060 (AIMgSi0.5) tubes with an outer diameter of 40
mm and a thickness of 1 mm. The static yield stress of the material was 222 MPa,
determined by tensile tests. The parent material was a cylinder of C45-grade steel with a
diameter of 33 mm.

A single-turn coil made of a CuCrZr-alloy with a maximum working zone of 15 mm was
used for forming. The coil was designed to be able to conduct PDV measurements of flyer
deformation, an idea presented by Jager and Tekkaya [7]. Experiments were conducted
on a 32 kJ Bmax pulsed-power generator and workstation. This system has a maximum
charging voltage of 20 kV, capacitance of 160 uF, and a discharge frequency of 25 kHz.
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2.2 Experiment

Experiments were conducted under fixed flyer-coil and flyer-parent radial distances while
varying the axial position of the flyer and the charging voltage. Working distances of 17
(flyer edge placed 2 mm beyond the coil edge), 15, 12, 11, 10, 9, 8, 7, and 4 mm were
evaluated. For each working length, the initial charging energy was set at 11.5 kJ and was
increased or decreased for select working lengths, depending on initial results. Figure 3a
and b show a picture of the experimental set-up and a schematic of the welding set-
up/working length distances, respectively. Current measurements were conducted for
each trial using a Rogowski coil. After joining, flyers were cut and peeled from the parent
in order to expose the interface.

Working Length,l,,
leml-n =4 mm
lymax = 17 mm

Figure 3: a) Picture of the experimental setup and b) schematic showing working lengths.
2.3 Simulation

Due to the high speed and restrictive conditions of MPW, the angles of the welding front
are extremely difficult if not impossible to measure directly. For this, coupled mechanical-
electromagnetic simulations mirroring the conditions of the experimental part have been
conducted. LS-DYNA (Version R 7.0) was used; the electromagnetic fields are computed
using a Finite Element Method (FEM), coupled with a Boundary Element Method (BEM)
for the surrounding air and insulators (L’Eplattenier et. al [8]). Recorded current curves
from the experiments served as input data. The simulations were calibrated based on
Photon Doppler Velocimeter (PDV) data obtained by the authors during welding
experiments at Bmax in Toulouse, France. The basics of this heterodyne method were
described by Strand et al. [9]. This reference contains an in-depth description of the PDV
measurement principle and the system properties. In order to adapt the impact velocities
in the simulations to the measured data, the Cowper-Symonds constitutive equation (Eq.
1) was used. Here, ¢, stands for the dynamic flow stress at a uniaxial plastic strain rate &,
g, is the associated static flow stress and D and g are constants for a particular material
[10]. D and g were chosen in a manner, so that the impact velocities of simulations and
experiments were comparable.
£\1/a
04/05 =1+ (%) (1)

The collision angles 8 were calculated for selected nodes with the vectors of the velocities
in axial and radial direction. For the simplified, time harmonic calculation of the magnetic
field intensity between coil edge and flyer, the program FEMM 4.2 [11] was used.
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3 Results and Discussion

3.1 Experimental Results - Varied Working Length

By pulse-forming flyer tubes onto parent parts at energies slightly lower than those
required for welding or to points for which the weld is weaker than the base material,
important details about the rolling process of the flyer can be extracted. By cutting and
removing the flyer after pulsing, the surface was able to be observed. This has
advantages over other analysis techniques. For example, a push or tension test of welded
samples reveals the joint area, but can smear the part interface during removal, and
metallographic images of the interfaces show only a very isolated area of the interface.
The results of experiments are shown in Figure 4a and b. It can be seen here that for the
initial charging voltage of 11.5 kJ, any existing welds broke before the flyer material.
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Figure 4: Overview of welding results: a) images of samples pulsed at constant energy for
various working lengths, b) plotted results showing the front-type for each sample.
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As can be seen, in essence three different regimes exist:

A) A one sided front, starting at flyer edge and propagating away from it

B) A transition regime, where (as will by clarified by simulation) the flyer impacts the
parent under the correct conditions to create damage or potentially weld at the
front of the flyer and near the coil edge, but the area in between contains a grey
residue.

C) A two-front process, in which a bowed impact at the center of the coil occurs and
two fronts run in opposite directions from this region

Each of the presented regimes leads to distinct surface interface characteristics. Regime
A (one front) leads to a short region at the flyer edge, which is clearly seen in Figure 4a for
samples with working lengths of 4 and 7 mm.

The other easily recognizable regime is for the working length of 17 mm and corresponds
to regime C (two fronts). Here, the parent area near the middle of the coil appears in a
similar condition to the state before welding. This is because the initial impact occurred
perpendicular to the surface, and the initial pressure of the running fronts was not
sufficient to deformation the material interface. The sample surface indicates that the flyer
only propagates with high enough pressures for parent deformation as it reached the ends
of the coil.

Regime B is present for samples pulsed at working lengths from about 8 mm to about 12
mm. Samples with working lengths of 15 mm are also thought to be included here, as will
be seen later. In this regime, grey matter appears between the beginning of the flyer
deformation zone and near the opposite coil edge. This matter is due either to low angles,
for which the surface is perturbed but no welding occurs, or to non-uniform flyer
deformation. If the latter is the case, it is thought that concentration of the magnetic field at
the coil edge may cause forces on the flyer exceeding the material strength, leading to
early deformation at this point and hindering an existing jet from completely escaping the
collision front area. Simulations were performed in order to gain better understanding of
this regime.

3.2 Experimental Results — Varied Energy

In order to assure that results presented above could be applied to other charging
energies, several working distances were selected for further analysis at higher and lower
pulsing energies.

As the energy was changed for a given working length, the width of the distinct areas
tended to increase or decrease in accordance with the charging voltage; however, the
general interface characteristics remained
constant (Figure 5). At higher energies of
15.7 kdJ and 16.8 kJ, welding occurred for
working lengths of 4 mm and 7 mm,
respectively; Figure 6 shows metallurgical 3
analyses of these samples. The increase in i

welding length in accordance with the Figure 5: Samples with 10 mm working
working distance is apparent. length at various energies.
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e T —— e i o e -
Figure 6: Overview images and detailed images of samples with working lengths of a) 4
mm and b) 7mm.

3.3 Simulation

Figure 7a-c shows simulated images of the aluminum tubes at the time of initial impact
with the parent part for 1, < l i1, lw = leoir @Nd L, < i1, respectively. The area of first
contact between the parent and flyer part are visible in the simulation. The area appears
in the color of the flyer due to a slight immersion of the flyer part into the rigid parent part.
The angles at the contact point for each image have also been calculated in order to aid
analysis. An exemplary recorded current curve for a charging voltage of 9.7 kJ was used
as input for the coupled electromagnetic-mechanic simulation.

a) Coil /,=7mm
iRl

Lp=9°

i f=12°
1ii: ﬁ =26° __Plarcn‘t Flye
c :

) Coil [, =17 mm

i il i

i f=18°

i ff=1° .
i oo | Parent %

Figure 7: LS-DYNA simulations of setup with a) [, < l.5i, b) L, = leoits ©) Ly > Leoir, d)
Determination of the collision angle g

Figure 7a and c present clear indications of a one- or two-sided front, correlating with
regimes A and C, respectively and match well with the experimental results presented
above. At working distances under about 7 mm (half of the coil length), the front is one-
sided. This is an indication that the relationship between magnetic pressure at the flyer
interface and the material stability is such that the flyer deforms first at the edge, and then
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continues along a single, continuous collision front. The simulation in Figure 7¢c show that
deformation for samples placed over the coil working length (l,, = 17 mm) occurs in a
bowed manner. If the bow-shape of the flyer was too flat (in this case, a low value of about
1°), it may be that the correct conditions to cause visible damage to the parent were only
reached at the edges, in agreement with Figure 4a.

The simulation results shown in Figure 7b are more complicated and may require
additional in-depth analysis. As the angular measurements show, the tube near the rear
coil edge is slightly bowed towards the parent; this may be an indication of non-uniform
flyer deformation leading to jet entrapment, as mentioned earlier. This deformation regime
is thought to be very unfavorable not only for potential jet entrapment, but also because of
the generally flat characteristics of the front. Both of these would lead to insufficient impact
pressures and unfavorable welding conditions.

Through simulations, as well as viewing the interfaces of samples joined under non-
welding conditions, it can be seen that positioning the edge of the flyer piece inside the
coil/field shaper width does not guarantee a continuous one-sided front process. In order
to see if the increase in magnetic field density at the corners of the coil has an influence in
the flyer deformation for these trials, an assessment of the magnetic field for various
working lengths was performed. Figure 8 presents the simulated effect of the working
distance on the magnetic field Hegngentia: fOr an exemplary harmonic current amplitude of
500 kA at 20 kHz. This shows that the magnetic intensity on the workpiece is inversely
related to the working distance and for a working distances [, <I.,;;, the field intensity has
a peak at the end of the flyer. However, the process efficiency is not directly inversely
proportional to the working distance. Also, it is shown that for this setup the radial position
of the flyer piece is far enough away from the coil edge that the increase in magnetic field
density at the coil edges does not affect the forces on the flyer.
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Figure 8: Axis-symmetric FEMM simulation of the tangential magnetic field intensity
H angentict @t the outer flyer surface for the given setup for different working lengths.
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The results seen above indicate that the magnetic field intensity is relatively even over the
part surface, showing a slight increase at the flyer edge. This indicates that flyer
acceleration should occur in a uniform manner, beginning with the flyer edge. For
transition regime (B), the case is probably such, that the flyer end impacts the sample first,
while the rest of the flyer follows in a chiefly flat manner, in slight contradiction with the
simulation seen in Figure 7b. Entrapment of the jet is still possible in this case, as
projectile particles may impact the flyer or parent surfaces before escaping the joining
pair, becoming trapped between flyer and parent and hindering further jetting and welding
processes. This, in addition to a flat impact (insufficient angles), is a likely reason for
welding failure in regime B. The contradiction between expected flyer deformation based
on the magnetic field intensity and the simulation of the flyer deformation requires more in-
depth analysis.

Simulation results oppose notions that a longer working length is better in order to
increase welding probability/efficiency by harnessing more of the magnetic field. More
energy may be used in deformation; however, deformation may occur in a manner
unfavorable to welding. Results presented here may be used as a basis for understanding
the impact of the working length as well as determining conditions under which partners
will weld in MPW. Here, parts with welding distance equal to less than half of the coil
length exhibited welding with single-front flyer impact under the given conditions.

4 Conclusions

The presented research has shown three basic regimes for flyer deformation based on its
axial position within a MPW coil. If the flyer is placed all the way through the coil, a two-
front process ensues in which the flyer contacts the parent first at the coil center, then
propagates outwardly. At working distances (in this case) smaller than half of the total coil
length, impact between the flyer and parent occurs first at the flyer edge, and propagates
along a single front. At working distances between 8 and 15 mm, a transition regime was
seen in which the front propagated in either a flat or non-uniform manner. The transition
regime is thought to provide sub-optimal conditions for MPW processes. The presented
results as well as additional simulation can be used as a basis to establish a more
generalized theory of the relations between relative working length and weld result.

In order for a more thorough assessment of the coil-flyer position and deformation
relationship, future trials on a coil with a smaller maximum coil working length are
planned. This will allow for the investigation of the relationship between the coil length and
the working length on the deformation and welding front (for instance, if the features seen
in samples joined with [, > l.,;; and [, = l.,; are consistent with those investigated here).
Additionally, experimental trials on coils with diameters smaller than &40 mm are planned
in order to see the effect of the part size on the deformation and welding abilities.

197



6™ International Conference on High Speed Forming — 2014

References

[1]
[2]

[3]

[4]

[5]

[6]
[7]

[8]

[9]

Mori, K.; Bay, N.; Fratini, L.; Micari, F.; Tekkaya, A.E.. Joining by plastic
deformation, CIRP Annals — Manufacturing Technology, 2013, 62, pp. 673-694.
Deribas, A.A., Simonov, V.A. Zakcharenko, |.D.: Surface effects with oblique
collisions between metallic plates. Translated from Fisika Goreniya | Vzryva, Vol. 10,
No. 3. 409-421 (1975).

Gobel, G.; Beyer, E.; Kaspar, J.; Brenner, B.: Dissimilar metal joining: Macro- and
microscopic effects of MPW, Proceedings of the 5™ International Conference on
High Speed Forming, 2012, pp. 179-188.

Kojima, M., Tamaki, K. Furuta, T.: Effect of collision angle on the result of
electromagnetic welding of aluminum. Transactions of the Japan Welding Society,
Vol 20, No. 2, 1989, pp. 36-42.

Faes, K., Baaten, T., De Waele, W., Debroux, N.: Joining of copper to brass using
Magnetic Pulse Welding, Proceedings of the 4" International Conference on High
Speed Forming, 2010, pp.84-95

Zhang, P. Joining Enabled by High Velocity Deformation. Doctorate Dissertation,
The Ohio State University, 2003.

Jager, A.; Tekkaya, A.E.: Online measurement of the radial workpiece displacement
in electromagnetic forming subsequent to hot aluminum extrusion, Proceedings of
the 5" International Conference on High-Speed Forming, 2012, pp. 13-22.
L’Eplattenier, P.; Cook, G.; Ashcraft, C.: Introduction of an electromagnetism module
in LS-DYNA for coupled mechanical thermal electromagnetics simulations,
Proceedings of the 3™ International Conference on High Speed Forming, 2008,
pp.85-96.

Strand, O.T.; Goosman, D.R.; Martinez, C.; Whitworth, T.L.; Kuhlow, W.W.:
Compact system for high-speed velocimetry using heterodyne techniques, Review
of Scientific Instruments, 2006, 77 (083108).

[10] Jones, N.: Structural Impact, Cambridge University Press, 1989.
[11] Meeker, D.C.: Finite Element Method Magnetics, Version 4.2, http://www.femm.info.

198



Magnetic Pulse Welding: welding windows and
high velocity impact simulations

J.-P. Cug-Lelandais"’, S.Ferreira’, G. Avrillaud", G. Mazars", B.
Rauffet”

" Bmax, 30 bd de Thibaud, ZI de Thibaud, 31100 Toulouse Cedex 9 — France
Website : www.bmax.com
* Corresponding author: E-mail address: jean-paul.C@bmax.com ; Tel.: +335 34 61 16 68

Abstract

Magnetic Pulse Welding (MPW) is a solid state welding process that can be used for
couples of material difficult to weld using conventional methods or when high mechanical
characteristic of the joint is required. The MPW process is a cousin of the EXplosive
Welding (EXW). It consists in accelerating a part locally, few millimetres thick at maximum,
using the magnetic pressure induced by a high pulsed current in a coil. High velocity
impact with the parent part can generate welding if adequate ballistic conditions are
reached.

In this work, simulation is used to better understand the mechanisms involved in this

dynamic and multi-physical problem. Models were developed by using the explicit
dynamic code LS-Dyna, which provides 2D/3D calculations with a strong coupling
between mechanical, electromagnetic and thermal solvers. In this paper, a welding
window for MPW and derived from EXW is proposed. Then, electromagnetic Lagrangian
simulations of the process are performed to predict the ballistic path along the flyer during
collision. The validity of these simulations has been checked thanks to comparison with
results of experiments using a time resolved Photon Doppler Velocimeter (PDV) to
measure the flyer velocity . Also, both numerical and tests results are superposed on the
angle vs. impact velocity graph providing an experimental welding window for a given
material couple.

Keywords

Magnetic Pulse Welding (MPW), Dynamic simulations, Welding Windows

1 Introduction

Welding 2 dissimilar materials or particular alloys can be hardly achievable using
traditional melt based techniques. This generally comes from the difference in the melting
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temperature between the present compounds. Such processes can generate thick layers
of brittle and sometime cracked intermetallics that reduce the mechanical strength of the
joint. Moreover, the resolidification process leads to internal stresses along the interface,
possibly large grains size and creating a weak heat affected zone. When such a joint is
not suitable, solid state bonding processes are a valid and superior alternative solution.
EXplosive Welding (EXW) and Magnetic Pulse Welding (MPW) are two solid state
processes based on high velocity oblique impacts. When the impact parameters are
properly chosen for a given couple of material, a high performance joint can be achieved,
and often stronger than the weakest base material strength. Because no melting appears
during the process, no significant Heat Affected Zone is generated around the interface,
leading often to a failure out of the welded zone during mechanical tests [1]. For obvious
production rate reasons, only MPW is used in mass production. Moreover, this solution
provides a more secured use (no explosive implied) and at a reduced cost due to minimal
energy consumption.

The process is based on the High Pulsed Power technology consisting a flash
discharge of electrical energy. This technology is also used in Bmax for Magnetic Pulse
Forming applications as well as Magnetic Pulse Crimping or Electro-HydroForming
applications.

The aim of this paper is to present the numerical investigations developed at Bmax to
design MPW cases leading to the welding of a large variety of given material couples by
using both analytical and numerical tools. Firstly, a brief description of the MPW principles
and theory is given and compared to the EXW method. The MPW theory allows to predict
the weldability window which gives the required ballistic conditions to obtain welding
(collision angle and velocity). 2D multi-physical simulations with the dynamic explicit LS-
DYNA code are shown as they provide the means to predict the ballistic path of the
collision point and to plot it in the graph of the welding window. Such results can be
compared to experimental MPW configurations, using the final welded length. In addition,
a comparison of experimental and simulated velocities is made to prove the validity of
such simulations.

2 MPW Principles and Analytical Aspects

To perform a Magnetic Pulse Welding between two pieces, a high current is discharged
through a coil creating an induced eddy current in the conductive workpiece (tube or
sheet). The magnetic field induced in the flyer creates Lorentz forces that accelerate it
away from the coil at high speed, i.e. several hundreds of meters per second (See Figure
1). During this phase, the high magnetic pressure yields the metal into a viscoplastic state.
Then, the flyer reaches the anvil with a collision angle and a velocity, similarly to the EXW
process. If these two parameters are adapted to the couple to weld, jetting occurs at the
collision point. This jet cleans all the oxides and contaminants on the surface of the two
materials [2]. A high pressure field is generated near the collision point, able to provide an
atomic bonding. Moreover, in some cases, instabilities can be generated resulting in a
wavy interface. This pattern can add an additional hook to the weld. This also shows that
the two metals have a hydrodynamic behaviour, i.e. they act as liquids during the impact,
although they remain at the solid state.
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Workpiece 1
(flyer)

Workpiece 2
{parent)

Figure 1: MPW general principle for two tubes

The MPW process takes place in a few microseconds. Other advantages are that no heat,
no filler materials, protecting gases or special degreasing are required, and moreover,
very few smoke, sparks or radiations are generated during the process.

An important requisite in impact welding (EXW and MPW) is to determine the
correct ballistic parameters to obtain jetting, a necessary condition to weld, and eventually
to obtain a wavy pattern, this latter being optional depending on the material couple. To
predict them, EXW experimental studies showed it is convenient to locate a weldability
window as a function of the two main ballistic parameters [3], the collision point velocity V.
and the collision angle a.(See Figure 2)

The Welding Window can be analytically estimated by using the formulas developed
initially for EXW. Impact welding process implies multi-physical and dynamic phenomena,
including mechanical, thermal and thermodynamics fields. In the case of MPW,
electromagnetics aspects also have to be taken into account. To obtain a strong welding,
several necessary conditions have to be reached:

- Jetting conditions: the collision point has to be subsonic compared to the local
materials speed of sound to generate a jet. A supersonic case leads to an oblique
shock wave behind the collision point. In this case no jet is induced and in addition,
the shocks reflections on the parts boundaries create tension states which may
debond already welded zones nearby.

- High Pressure regime: the impact velocity has to be sufficient to obtain a
hydrodynamic regime. If the velocity is too low, the parts are only crimped or formed
(elastic-plastic regime)

- No fusion during the collision: The process has to remain “cold”. If the pressure is
too high, the materials can locally melt and then re-solidify. This induces no weld or
weaker ones generally with cracks due to the Heat Affected Zone or too thick
intermetallics.

- The smooth/wavy regime: The unstable regime can be obtained if a given critical
collision point velocity is exceeded. A wavy structure can appear but is not needed
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to get a strong bond. Such a wavy interface is illustrated in the fig. 2 with a LS-Dyna
simulation of an Al / Steel case.

Figure 2: Example of wavy interface with jetting on LS-Dyna, density contours - Al / Steel

The main difference between MPW and EXW is that the angle and the velocity are
almost constant during the EXW process (controlled by the geometry and the constant
deflagration velocity) whereas they continuously vary for MPW. Thus, the main issue in
MPW is to ensure that the collision parameters remain in the welding window over the
zone to be bonded. To better control the parameters evolution during the MPW process,
the welding window is plotted in the plane angle / radial impact velocity instead of collision
point velocity traditionally used in EXW. In fact, the impact velocity is preferred because it
can be linked more easily to the High Pulsed Power machine parameters as the
acceleration from the Lorentz forces is mostly radial.
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Figure 3: EXW/MPW principles and Welding Windows comparison
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3 MPW Electro-Mechanical 2D/3D Simulations

At Bmax, the main objective of simulations is to have the ability to answer customer needs
faster and more accurately. Simulations help in evaluating project feasibility with limited
physical testing and accelerate the development of successful new applications. Moreover,
designing with simulations allows to reduce the number of experiments and the global
cost of a project.

As a MPW process occurs in a timescale of microseconds, specific simulations are
needed to analyse the main physical phenomena. For this, we are running 70 LS-DYNA
licenses with a simulation team of 6 physicists and engineers. LS-DYNA is a parallel 3D
Magneto-Hydro-Dynamic (MHD) multi physics code. It is the only actual code available on
the market that strongly couples high speed mechanics (including impact), thermal effects
(including Joule effects and the evolution of the electrical conductivity with temperature),
electromagnetics and fluid/structure coupling [4] at the same time. The electromagnetic
solver uses the eddy current approximation. Maxwell's equations are solved using a Finite
Element Method (FEM) for the solid conductors. These latter are coupled with a Boundary
Element Method (BEM) to consider the surrounding air or insulators without meshing them
and thus save calculation time [5].

When the Analytical Welding Window of a given couple is defined, it is possible to
tune in the simulation geometrical and electrical parameters so that the path of the
collision point remains mostly in the welding window traced in the graph impact angle vs
radial velocity.

An example of 2D and 3D MPW LS-DYNA analysis is shown in Figure 4 and 5.
This case study is the MPW of an aluminium alloy outer tube on a stainless steel anvil.
The coil surrounds the system and delivers the magnetic pulse necessary to accelerate
the outer tube, as it can be seen on the 2D axisymmetric approach (Figure 5). This model
provides a complete analysis of the collision. In this case, the deformed shape of the tube
is not optimized and presents large variations in collision angle. This leads to a tube
rebound in the middle of the zone where welding is desired.

Radial m Tube - - -
Vell)Cily [ EE —— i _ F i
I I

i > Time
Figure 4: 2D MPW axisymmetric simulation of AI6061-T4/SS304 tubes

Figure 5: 3D MPW simulation including slot influence on the tube impact velocity (left) and
plastic strain (right)
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Complementary to the 2D models, it is possible to run a 3D analysis for example to predict
the influence on the collision parameters due to the coil slot or the setup geometry.

4 Experimental/Numerical Comparisons

In order to validate the numerical method predicting weldability, comparisons between
numerical models and experiments have been performed on the Aluminium/Stainless
Steel case study. Comparisons can be done by analysing the welded areas on the
samples after shot.

4.1 Comparison of the welded length
Welded zones are checked using micrographs. Figure 6 shows them for the Aluminium

Stainless Steel case study. It can be seen that two zones have been bonded, leaving a
central region unwelded due to the bounce back described above.

\ S —

Exp. Setup Anvil & tube before shot Assembly after shot

Collision starting point

+ | 300um

Il Not welded
[ Welded

Micrographs

Figure 6: Aluminium on Stainless Steel MPW test and micrographs

Thus, it is possible to locate the welded zones along the ballistic path and
observed its location compared to the analytical welding window (see Figure 7). The curve
associated to the previous micrograph is on the left. There is a high correlation between
the calculated welding window and the experimental welded zones. Moreover, the ballistic
path evolution allows to explain the causes of non-weldability. In the present case, the first
non-welded length is at the collision starting point. It is due to the time lag needed to get
the jet establishment. Then, welding occurs until the ballistic path crosses the jetting limit
curves. Welding is stopped also after a time lag due to a pressure field change into a
shockwave regime. This regime implies no more jet and a potential rebound as observed
in the 2D axisymmetric model. The welding regime starts again, also delayed after the re-
entry in the welding window. Welding is obtained until high angles and low velocities make
the process stop.
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Figure 7: Experimental/Numerical comparison on the MPW ballistic Welding Window
(Aluminium on Stainless Steel) — Intervals between two dots represent an advance of the
collision point of 0. 1Tmm.

From this test, it is possible to adjust the experimental parameters to obtain a
single welded area. In this case, as the gap and the peak current are increased, a second
ballistic path is obtained (right curve) and remains within the welding window during the
complete collision. This experimental test shows high correlation between the
experimental results and the analytical welding window.

4.2 Time-Resolved Photon Doppler Velocimeter (PDV)

In order to validate the accuracy of the simulations, complementary time-resolved

measurements have been performed in a MPW like configuration. For this, a 4 channels

Photon Doppler Velocimeter has been developed at Bmax in collaboration with the Ohio

State and Dortmund Universities.

This device allows to measure the velocity vs time at different axial positions, and different
angular positions to identify the decrease of velocity at the coil slot location. Figure 8

shows a scheme of this setup, with three PDV probes located at different axial positions.
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Figure 8: Experimental/Numerical comparison of radial velocity at different axial positions
(1.5 mm thick and 80mm diameter aluminium tube)
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The experimental PDV signals present an acceleration until the first quarter period
of the current is reached. Then, a deceleration is observed followed by a new acceleration
coming from the second peak current. A fast velocity drop is then observed corresponding
to the impact of the tube on the anvil. The velocities magnitudes depend on both the axial
and angular positions. The axial influence has been reproduced numerically with a very
good resemblance, showing that 2D MPW simulations reproduce the process with good
accuracy. Moreover, the simulated global shape fits the experimental one.

5 Conclusion

An intensive work has been performed at Bmax to develop MPW design tools. The
method is based on the impact conditions exploitation, including the construction of
welding windows dedicated to the process. The process can be modelled thanks to the
multi-physical LS-DYNA code providing a solution to represent with accuracy induced
magnetic pressures leading to high velocity impacts. The resulting collision parameters,
angle and velocity, can be plotted in the graph of the welding window in order to define
precisely the welding parameters. This method has been validated by using several
experimental results associated to micrographs. In addition, simulated velocities in a
cylindrical MPW geometry have shown a good match with experimental results coming
from a Photon Doppler Velocimeter, which gives additional confidence in the methodology.
These tools provide Bmax the ability to define efficiently the welding parameters of new
couples of materials. Moreover, it brought us a better and deeper understanding of the
physical phenomena happening during a MPW process. Thanks to these developed tools
and methods, Bmax has the ability today to answer customer’s requirements and
questions in matter of hours or days even when new material combinations are presented.
This ability brings the technology closer to commercial use.
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Abstract

The research was focused on the magnetic pulse welding (MPW) of 12.5% Cr steel
STS410. The experiments were performed in the tube-plug geometry (both details were
made of the same steel). Magnetic pulse unit consisted of pulsed current generator (PCG)
loaded to a single-turn coil. Magnetic field amplitude of 40 T was generated in the coil
during experiments. The amplitude of pulsed current reached 750 KA.

The effects of energy storage capacity, charging voltage, and end plug shape were
studied. The welded samples were investigated by optical microscopy. The optimal
velocities of impact and contact front motion were evaluated as 300 m/s and 3-3.5 km/s,
respectively.

The paper includes the leakage test results as well. To date, the joints with a helium
leak rate of 10° mbar-I-s* have been produced.
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1 Introduction

The widely used steel STS410 (identical in chemical composition to AlSI 410) is employed

for a variety of applications due to its high heat- and corrosion-resistance. However, the

welding process is still an issue. The development of approaches, which facilitate the
production of high quality joints, is very important.

A candidate method of making joints is magnetic pulse welding [1,2] (MPW) due to
the following reasons:

« MPW has proven repeatability and high processing rate.

« The obtained joint has high mechanical strength and large area [3].

* The produced joint does not adversely affect the heat treatment and microstructure of
the steels, so the procedure does not require preliminary and post-weld heat
treatment.

The purpose of this study was to find a range of optimal parameters for MPW in
geometry of tube - end plug in terms of the largest welding area and the best weld seam
microstructure.

2 Experiment

The tubes and end plugs were machined from an extruded bar. The sample’s surface was
not treated after the manufacturing process. Table 1 presents the chemical composition of
STS410.

C,% Si, % Mn, % P, % S, % Cr, % Fe, %

0.15 1.00 1.00 0.040 0.030 12.50 Bal.

Table 1: Chemical composition of STS410

The magnetic pulsed unit consisted of pulsed current generator (PCG) loaded to a
single-turn coil (inductor). The generator was based on the capacitors battery that
consisted of 36 capacitors connected in parallel. The battery was discharged to inductor
by 12 triggered vacuum switches (1 switch per 3 capacitors module). The total PCG
capacity, C, was 425 uF, the charging voltage, Uy, was up to 25 kV. A half of the battery
was used in several experiments (in that case the capacity was 210 pF). The current
oscillation period was 27 and 20 us at capacities of 425 and 210 uF, respectively (Figure
la). The single-turn inductor, made of hardened steel, had the working diameter of
8.8 mm and the length of 12 mm.

For the experiments reported here typical PCG parameters were the following:
charging voltage was 8.5 kV; magnetic field amplitude in empty coil was 37 T and peak
current was 700 KA.

The typical geometry of the welding parts was the same as in [3,4]. The thin-wall
steel tube was welded to inner steel end plug. Figure 1b shows a schematic diagram of
the experimental setup. Under magnetic pressure copper driver together with steel tube
were accelerated radially inward and collapsed to the end plug. Copper was used as a
driver material due to its high electric conductivity and low mechanical strength. Collapse
velocity is one of the critical parameters in the welding process. The tapered shape of the
end plug (Figure 2a) helps to achieve the impact front motion along the plug surface. The
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contact front velocity is the second critical parameter of the welding process. Certain
values of the impact and contact front velocities are required to make a good weld seam
[2], and different materials or material’'s combinations have their own values.

The parameters of magnetic pulse, tube strength and initial acceleration gap
between tube wall and end plug surface determined the impact velocity. In turn, the
contact front velocity was determined by impact velocity and the end plug taper angle.

800 ' ' ] \
coil
600 | 1
] tube
e

400+

g 200} 1\ \? />(‘
= 0 )
200} M i \ | driver
-400[ ] )
600 ' ' ‘ plug
0 10 20 30
tus (a) (b)

Figure 1: a — typical current wave-forms at different circuit parameters (C[uF]/Uq[kV]):
1 - 210/13, 2 — 425/8.5; b — schematic diagram of MPW experiment

The steel tubes of 7 mm in outer diameter and of 0.6 mm in thick were used. The
copper driver of 8 mm in outer diameter and 0.5 mm in thick slipped over the end of the
tube prior to welding without any inserted insulator between the driver and the tube.

The intensive plastic deformation of near-contact volumes during high velocity
impact leads to the solid-state bonding of the tube to the plug [2,5].
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Figure 2: a — end plug design; b — welding parts view
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The longitudinal sections of the welded samples were made in order to investigate
weld seam properties. The samples were cut in the plane that coincides with the inductor
slit. So, the photomicrography shows two weld segments: one of those close to the colil slit
and the other one on the opposite side.

The obtained sections were investigated with optical metallographic microscope
Olympus BX-41RF.

The leakage tests were carried out with helium leak tester.

For microstructure investigations the sample surfaces were chemical etched with
hydrochloric acid and ethanol in proportion of 1:1 at room temperature [6].
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3 Results and Discussion
3.1 Weldability Window

The PCG charging voltage, battery capacity and plug taper angle a (Figure 2a) were
varied during the experiments.

The different sample’s photomicrographs of longitudinal sections were superposed
into bigger pictures (see Figure 3). The weld seam on these pictures looked like a
confluence between tube and plug materials. The discernible boundary (black line)
between the tube and end plug is an absence of joint. The lengths of the weld seams and
diameters on the plug cone at weld starting point were measured on these pictures.

Typical experiment results are described in Table 2. The charging voltage, battery
capacity, and end plug taper angle were varied. First, the charging voltage at which
welding starts was defined. For the full PCG capacity of 425 uF it was 8 kV. For a half of
the capacity (210 pF) it was about 12 kV. The comparison of the weld seam lengths
(Table 2) demonstrated that for the full capacity the optimal parameters were: 8.5 kV
charging voltage and 5°taper angle. For 9.5 kV charging voltage the narrow end of the
plug was destructed (Figure 3c).

For a half of the generator capacity (Samples C25, C26) the current half-period T/2
decreased from 13.6 uys to 10.0 us. In case of 13 kV charging voltage, the current
amplitude was 720 kA. That current amplitude could be reached if the generator with the
full capacity had charged to 8.7 kV.

” a Uo, C, Im, T/2, L]_, L2, dl, dz,
[1 | kvl | [UF] | [KA] | [us] [mm] [mm] | [mm] | [mm]
C18 5 7,0 | 425 | 592 13,5 no weld
c21 5 8,0 | 425 | 670 | 13,4 6,69 2,92 4,74 | 4,47
Cc23 5 85 | 425 | 704 | 13,4 6,57 6,96 4,71 | 4,83
C24 5 85 | 425 | 704 | 13,4 7,12 5,20 458 | 4,61
Cc28 5 85 | 425 | 708 | 13,5 6,22 4,81 458 | 4,67
c27 3 85 | 425 | 704 | 13,6 2,56 6,11 4,32 | 4,69
C19 5 9,0 | 425 | 748 | 13,8 6,94 7,15 4,67 | 4,80
Cc22 5 95 | 425 | 808 | 13,4 3,92 5,15 4,67 | 4,80
C25 5 | 11,0 | 210 | 604 | 10,0 no weld
C26 5 | 13,0 | 210 | 720 | 10,0 7,21 7,41 \ 4,79 | 4,85

Table 2: MPW experiments data
Table notes: C — battery capacity; Uy — charging voltage, |, — current amplitude, T/2 — current half-

period, L, L, —weld seam lengths, d,, d, — diameters on the plug cone at weld starting point.
Subscripts 1 and 2 correspond to the weld seams at the opposite side and close to the inductor slit.
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Figure 3: Optical microscopy of the polished surfaces (longitudinal section) of the
samples obtained at different MPW conditions (C[uF]/Uq[kV]): a — 425/8.5 (Sam. #C23), b
—425/9.0 (#C19), c — 425/9.5 (#C22), d — 210/13.0 (#C26)

3.2 Welding conditions estimation: collapse velocity and contact front
speed

For the inductor in the absence of the welding sample, the ratio of the generated
magnetic field to the discharge current, B /I, was measured to be 0.053 T/kA. At MPW
experiments the amplitude of magnetic field was estimated using this ratio. It should be
noted that this estimation gives slightly lower value of B,,. Typical values of the estimated
magnetic field amplitude were about 40 T.

Table 3 summarizes the calculated parameters of magnetic pulse welding process.

They are the velocities of impact V; and the contact front motion V,; at the time
moments, t, when the welding started. The subscripts 1 and 2 refer to the parameters
which were calculated for the certain joint segments position with respect to the inductor
slit, namely, 1 — opposite position, 2 — close to the inductor slit. Generally, these
parameters differed due to the magnetic field nonuniformity close to the inductor slit.

The time moment t;, when the inner tube diameter became equal to d; (see Table 2),
and the velocity V; at this moment were estimated by the solution of the equation
describing radial motion in a compressing copper—steel tube. The velocity (Vy;) of contact
point motion was determined as

Vi = Vi /sina (1)

The comparison of t; values shows that, for C = 425 pyF, welding starts prior to
attaining a maximum value of magnetic field and approximately in maximum at C =
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210 pF, Ug=13kV. It should be emphasized that the last parameters gave the best
quality of weld. Under optimal conditions, V; values are about 300 m/s while V,; values are
about 3-3.5 km/s.

As shown in [2], a joint is usually failed if the joint speed V\ exceeds a sound speed
in material. Therefore, the results, obtained for the samples with the angle of 3¢ are well
consistent with literature data. In this case, the joint speed of 6.9 km/s was higher than the
sound speed in the steel (6.25 km/s for STS410).

” q, lm, Bm, ty, Vi, Vi, ta, V2, Vi,
[0 | [KA] | [T] | [ps] | [m/s] [km/s] [us] | [mi/s] [km/s]

C19 5 748 40 5.9 300 3.4 57 270 3.1
c21 5 670 36 6.3 260 3.0 6.6 300 35
C22 5 808 43 5.7 310 3.7 55 290 3.4
C23 5 704 37 6.0 270 3.2 5.8 250 3.0
C24 5 704 37 6.2 295 3.6 6.1 290 3.5
C28 5 708 38 6.2 300 3.5 6.1 280 3.3
Cc27 3 704 37 6.6 340 6.9 6.1 280 57
C26 5 720 38 5.0 290 3.4 4.9 280 3.3

Table 3: The calculated parameters of MPW process

Table notes: B,, — magnetic field amplitude; t;, t; — time when welding starts; V4, V, — tube wall
impact velocities at welding start.

3.3 Leakage testing

The samples, successfully welded at the C[uF]/Uq[kV]: (1) 425/8.5 and (2) 210/13, were
tested on the helium leakage. For the first sample group the leak rate was less than 2.0 x
10 mbar-I-s*. For the next sample group the leak rate as low as 1.0 x 10° mbar-I-s* was
achieved. Obtained results confirm high quality of welding, according to the results
reported in [3,4].

3.4 Weld seam and bulk microstructure

Figure 4 shows the etched surface micrographs of the specimens joined at different
conditions of magnetic pulse welding. In all cases, we observed smaller size material
grains in the vicinity of the weld seam: the effect became more pronounced with
increasing Ug. The best results were obtained at Uy = 8.5 kV. The seam exhibited a
characteristic wavy structure and the area of complete interpenetration. The joint
thickness did not exceed 2 um.

Thus, the comparison of the samples weld zone microstructure showed that the best
weld was achieved at 8.5 kV among the samples welded at 425 uF. In this mode, the
amplitude of the discharge current was 700 kA, and the corresponding amplitude of the
magnetic field was at a level of 37-40 T.
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Figure 4: Optical microscopy of the polished and etched surfaces (longitudinal section):
bulk region — a; weld seam at Uy=8.5 kV — b, Uy=8.0 kV — ¢, Uy=9.5 kV — d (capacity —
425 uF)

4 Conclusions

The magnetic pulse welding of the steel STS410 has been investigated. The experiments
were performed in the geometry of “tube — plug”. The optimum welding conditions were
found. The most appropriate impact velocity was about 300 m/s at the contact point
velocity of 3-3.5 km/s. For achieving the required magnetic field amplitude (40 T at the
period length of 20-27 us), the current amplitude of 700-750 kA was employed at the
inductor with the working length of 12 mm.

The leakage test showed a good helium tightness at the level of 1x10° mbar-|-s™.

The weld microstructure in comparison of different samples confirmed that the
optimum value of current amplitude was 700 kA. The weld was wavy and with several
areas where both metals were completely fused. The grain refinement was observed near
the weld as well.
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Abstract

A sufficiently high process reliability and reproducibility is mandatory if a high-speed
forming process is to be used in industrial production. A great deal of basic research work
info pneumo-mechanical and electrohydraulic forming has been successfully performed in
different institutions in the past. There, the focus has been more on process related
correlations, such as the influence and interaction of different parameters on the course
and result of those processes. The aspects of reliability and reproducibility have not been
examined to a sufficient extent. Hence, in the case of pneumo-mechanical forming,
insufficient investigations have been conducted into the effect that key parameters like the
kinetic energy level, the filling height of the working media or the conditions inside the
acceleration tube have on the reproducibility and course of the process. For
electrohydraulic forming, the repeatability has worsened on occasions up to now. To
improve the forming results and, in particular, the reputability of the process, it is
necessary to examine the tool parameters associated with the electrodes and the working
media. That is why research of this type is currently ongoing at the LUF. One important
issue here is examining the options that exist for visualising the way the spark takes hold
in the discharge chamber.

Keywords

High Speed Forming, Pneumo-mechanical Forming, Electrohydraulic Forming

1 Introduction

The global trend towards the sustainable use of rare resources and the increasing
demands of consumers for security items for products, for example, are leading to more
complex components that are subject to high quality requirements. Due to the current
processing limits, classical stamping processes like deep drawing or conventional
hydroforming frequently fail to provide usable production results. Hence, there is a need to
develop innovative production processes for industrial use which can meet up to these
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requirements. In this context, pneumo-mechanical (PMF) and electrohydraulic (EHF) high
speed forming processes have a high potential [2][5][6], since they can increase the
formability of large numbers of materials and, through that, produce more complex
geometrical shapes. At the same time, high-speed forming (HSF) processes are
particularly energy efficient compared to conventional forming processes. The technology
of high-speed forming processes has been known since the 20th century already, when
intensive research work was performed in the United States, Germany and the Soviet
Union in particular [1], focusing on the correlation between the different process
parameters and their influence on the forming result. Several working principles, including
the use of explosives and electrohydraulic or pneumo-mechanical pressurization, are
used in both research work and industrial practice.

MAZUKIN J.G. first introduced the principal of pneumo-mechanical high speed
forming in 1961, using compressed air inside a pipe to accelerate a plunger diving into the
working media filled pressure chamber. An initial investigation showed that pressures up
to 1200 MPa and energies of 60 kJ in the working media were possible [2][3]. Typical
process times were only a few milliseconds. The first known prototype machine based on
the pneumo-mechanical principle was developed by TOMIGANA and TAKAMATSU and was
presented in 1964 [3]. KOSING and SKEWS presented a further development of this
principle by dividing the tube into different sections using membranes to transfer the
energy from one section to the next [4]. FROLOV used this method not only for forming
operations like stretch drawing but also for cutting operations, where the plunger was
used as a stamp, with no working media in the chamber. The cutting result depends on
the attainable energies as well as on the properties of the blank, including the blank
thickness [5]. So far, the pneumo-mechanical method has only been used for the
production of small tube and sheet metal parts. In the Soviet Union and the United States,
more than 35 machines for stamping, cutting and metal forming were developed up until
the 1990s. At present, a number of research projects using similar pneumo-mechanical
high speed forming setups are focused on the further investigation of the process and
material parameters in order to achieve an in-depth understanding of process phenomena
and improve on the simulation models for high speed forming processes [2][6].
Furthermore, certain research institutes in the Ukraine and Russia are attempting to
create new and more efficient tool systems and develop new pneumo-mechanical forming
machines with innovative, efficient energy sources, such as the use of environmental fuels,
electricity or explosives for the acceleration of the plunger and its impact on the forming
result [7].

The electrohydraulic effect was first introduced by SVEDBERG in 1905, who used it for
rock fragmentation [9]. The further development of this effect in the 1960s led to its
implementation in different industrial sectors like the forming (EHF) of tubes and blanks,
rock fragmentation and medical applications such as lithotripsy [8]. In the 1960s, in
particular, a large number of scientists from many different countries attempted to
understand the processes phenomena and developed working tools for forming tubes and
blanks [11], but only a minority of them tried to set different process parameters to achieve
specific forming results, such as HAMMANN et al. [9] and HAUSLER et al. [10]. Both
investigated the effect of different process parameters, such as the wire diameter and
material and the conductivity of the working medium on the forming result with tubes.
KNYAZYEV was the first to investigate the pressure distribution on the blank in conjunction
with different numbers of electrodes, employing a phenomenological approach for
calculating the pressure level [12][18]. So far, the EHF technology has been successfully
used for deep drawing, calibration, expansion and joining processes, for example [1][13].
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Current research work in the above-mentioned countries and also at the LUF is
focused on the development of pneumo-mechanical and electrohydraulic processes for
industrial use.[13][14][17][18] It is thus essential to investigate the reproducibility and
reliability of these processes and the influence of different process parameters.

This paper presents recent research results for PMF and EHF with regard to the
influence of different process parameters on the forming result, and especially on the
reliability and reproducibility of each of the processes. Using these results, it will be
possible to boost the reputation of these high speed forming processes and put them to
industrial use in future.

2 Experimental setups and measurement techniques

To investigate the reproducibility and reliability of PMF and EHF, different tests were
performed with the aim of analysing the influence of different process parameters such as
the venting level of the acceleration tube and the working media on the course and result
of these processes. Important information about the reproducibility and the reliability of
these processes is provided by an analysis of the formed parts on a coordinate measuring
machine (CMM). Here, a phenomenological approach [5,6] was adopted, where sheet
metal blanks were formed into a die with multiple cylindrical recesses, producing dents in
the blank, which are located on specified radii on the blank. This method is also known as
the multi-point-membrane method and is successfully used in other research institutions
for determining the cavity pressure and pressure distribution during HSF [9][18]. The CMM
is able to measure the overall geometry of the formed blank, recording the highest point of
each dent for further analysis (Figure 1). This analysis shows the forming height as a
function of these radii. With this information, it is possible to draw conclusions on the
reproducibility and the pressure distribution acting on the blank [4].

T § Original data . Simplification
h <t
\ I
4 | __<’_<>_7qvik_1 :_
o0 ) <
i, AREE VEDC |00
o B3 oty eRy
SRRk IBEE f{: T ST T 3O |
. ;,J;::,A RN ERdBV RS 41
4 MNIPIDGEES X
10 20 30 40 50 60 70
Radial position [mm]

Figure 1: Measurement and illustration of the results using the CMM

An optical 3D forming (GOM, Argus) analysis system was used to investigate the forming
limits attained and to visualize these.

2.1 Setup for pneumo-mechanical forming (PMF)
The pneumo-mechanical setup consists of a pressure generation unit, a vertically

arranged acceleration tube and a working tool used to form sheet metal blanks into a die
(Figure 2). Inside the tube, a plunger is accelerated by stored, compressed air and dives
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into the water-filled chamber, thereby generating very short pressure pulses of up to
100 MPa for forming sheet metal blanks in a die. The maximum acceleration pressure p,
is 1.5 MPa, the length of the acceleration tube is 5.1 m, and the tube diameter employed
is 38 mm. At the lower end of the acceleration tube, there are several vent holes for
releasing the air in front of the plunger. Depending on the size, number and position of the
venting holes, the set acceleration pressure and the filling level in the pressure chamber, it
is possible to vary the number of plunger impacts and hence the number of pressure
pulses during a forming process. Above the vent holes, at a distance of 300 mm from the
forming tool, there is a device for measuring the plunger speed (two light barriers) in order
to determine the plunger energy. A high-frequency ICP pressure sensor (109C11) from
PCB performs pressure measurements inside the chamber.
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Figure 2: Cut-away of the current PMF-tool for forming sheet metal blanks and process
characteristic of PMF (dynamics of wave pressure at the top of the workpiece and impact
velocity of the plunger in correlation to the accelerating pressure)

2.2 Electrohydraulic setup

The electrohydraulic setup consists of a pulse power generator containing two capacitors
from Poynting GmbH, Germany, which is connected via a coax-cable to the EHF-tool
used for sheet metal forming (Figure 3). With a capacity of 15 yF (per capacitor) and a
maximum charging voltage of 20 kV it is possible to obtain a maximum charging energy of
6 kJ. When using two capacitors a maximum current of 160 kA can be achieved. Overload
tests with 9kJ and 25 kV are also possible. The present working tool contains two
electrodes, which are installed opposite each other and connected by a constantan wire
(CuNi44). The blank to be formed is located on a perforated blank as the die, which
provides the desired geometry. The discharge chamber has to be filled with a working
medium, which is often water. When running the process, a Rogowski-coil measures the
discharge current and an oscilloscope records it.
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Figure 3: Cut-away of the current EHF-tool for forming blank materials

3 Results and Discussion

The focus of this work is on analysing the influence of different process parameters on the
forming result, and especially on the reproducibility and reliability of each process, with the
aim of making pneumo-mechanical and electrohydraulic forming suitable for industrial use.

3.1 Influence of the venting level on the forming result using pneumo-
mechanical forming (PMF)

Previous work on pneumo-mechanical forming has shown that the resulting pressure
pulse has a major influence on the reliability and reproducibility of the forming result,
which is determined primarily by the working media and the kinetic energy, see [5-9] for
detailed information. The kinetic energy depends on the acceleration distance, the mass
of the plunger, the level of the acceleration pressure and the venting of the acceleration
tube. One important aim of the current research work is to analyse the influence and
interactions of the kinetic energy and the venting of the acceleration tube on the forming
result with PMF. These results will make it possible to draw conclusions regarding the
reproducibility and reliability of the process.

Due to the fact that the plunger displaces the air in front of it inside the tube as it moves, it
is obvious that this resistance has a major influence on the attainable kinetic energy of the
plunger and hence on the course and result of PMF. Previous work has shown that, at
high acceleration pressures in particular, a lot of the kinetic energy is wasted due to the air
resistance by comparison to simple theoretical calculations. Hence, a higher energy is
necessary to achieve the same forming levels as those worked out theoretically.

To analyse how the venting of the tube influences the forming result as a function of
different pressure conditions, several tests were performed varying the size of the venting
holes from 0 mm? to 2,500 mm? (Figure 4).

Experiments without venting holes showed hardly any forming of the blank, due to the
above-mentioned air resistance in the tube at all acceleration pressures. An increase in
the venting area normally leads to more pronounced forming of the blank, attaining a
maximum at 1,300 mm? when applying a 3-bar acceleration pressure. A further increase
in the size of the venting area reveals a reduction in the forming level for the blank plus an
increase in the deviation of the measured forming heights of up to 0.4 mm, thus leading to
poorer reproducibility and reliability of the process. If the venting area is increased still
further, the plunger speed or kinetic energy is so high that the plunger collides with the
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blank, leaving dents or holes in the blank (Figure 4). These phenomena occurred with all
the other accelerating pressures tested too, but at a much earlier point in time depending
on the level of the accelerating pressure selected (see the collision line of the plunger in
Figure 4), which meant that the maximum forming height, as shown at 3 bar, could not be
attained. It can be assumed that, in this case, a lot of working media splashes through the
venting holes during the plunger's first diving phase, so that the filling level is not sufficient
to prevent the plunger from colliding with the blank during the first or subsequent

immersion phases.
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Figure 4: Reproducibility of the forming results with different venting area sizes

These findings led on to the question as to how the number of plunger impacts in the
working media is influenced by the size of the venting area. Corresponding tests were
performed with an accelerating pressure of 3 bar using an audio measurement system to
record the punches of the plunger in the water. Figure 5 shows that without venting holes
in the acceleration tube almost no forming of the blank occurs, with only one impact of the
plunger on the water. The resulting pressures were identical to the pressure at
acceleration pressure of 0 MPa, see Fig 2. By increasing the size of the venting area, the
number of impacts increases to as many as 10. Here, a maximum number of impacts as
well as the maximum forming height can be observed at approximately 800 mm?2. In the
same way as for the curves in Figure 4, the forming height curves, the number of impacts
decrease with higher venting areas but the scatter of the forming heights and also the
plunger speed/ impact velocity(v) increases again, resulting in a worse reproducibility of

the forming results.
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Figure 5: Influence of venting level on sheet forming, plunger impacts and plunger speed

Optical 3D forming analyses showed non-uniform forming heights of the dents in both
tests, leading to the assumption that the pressure distribution that acted was not uniform
either. This occurred especially with venting area sizes which exceeded the optimal area
size, leading to reduced forming heights and plunger speeds. Here, the deviations of the
forming heights were up to 0.61 mm in the radial direction of the part, leading to poorer
reproducibility of the forming results. The maximum forming heights or pressures were
obviously achieved in the center and also in the outer region of the workpiece.
Summarizing, it can be said that an increase in the size of the venting area leads to
greater forming of the part and to a higher plunger speed, as well as to an increase in the
number of plunger impacts with the water. Once these parameters have attained a given
maximum, a reduction occurs in all of them in conjunction with an increase in the deviation
of the forming heights. Increasing the size of the venting area further leads to the plunger
colliding with the blanks. A boundary line was identified showing which parameter results
in a plunger collision with the blank for the conditions examined.

The phases of the process during which the plunger collides with the blank, configuring
the filling level of the working media to prevent a collision and establishing a means of
influencing this finding in a positive way are all tasks to be solved in the future, aiming for
better reproducibility and reliability of PMF.

3.2 Results of electrohydraulic forming (EHF)

To study the reproducibility of the forming height and the pressure distribution on the
blank use was made of a die with a large number of recesses. By varying parameters like
the load energy, the working medium and also the electrode material, it proved possible to
analyse the influence of these parameters on the reproducibility of the process as well as
to draw conclusions on the pressure distribution acting on the blank.
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3.2.1 Influence of the working media type

Using water as a working medium is not always convenient due to handling difficulties
and the corrosion problems with some blanks, such as the mild steel 1.0338 that was
used. It is thus very interesting to try out different working media and see their influence
on the results of the electrohydraulic forming process. By changing the working medium, it
is possible to vary different parameters of the working medium employed, with the aim of
achieving better forming results, i.e. pressure distribution and reproducibility. The first
tests were carried out using the three different working media of borax slime', starch-
water? and ethylene glycol. These media differ in their density, viscosity and conductivity
as well as in their fluid-mechanical behaviour, since slime and starch-water are non-
Newtonian and ethylene glycol is a Newtonian fluid. Slime and starch-water were chosen
because of the good results achieved by HOMBERG for pneumo-mechanical forming [15]
and ethylene glycol was chosen because of the good results obtained by HARTMANN, but
using a different setup [19]. Representative results of each working medium for a load
energy of 2 kdJ by comparison to results using water at 1.75 kJ are shown in Figure 6.
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Figure 6: Representative forming results with different working media using EHF

With the exception of ethylene glycol, all the other working media generated a non-
uniform pressure distribution on the blank. The forming height range extends up to 0.43
mm when using starch-water, for example, which is very high by comparison to ethylene
glycol. Here, the forming height range is much lower in the middle of the part, but quite
high in the outer radii. This is due to the reflections of the working media waves on the tool
surface. While the forming heights of the dents with ethylene glycol, starch-water and
water are comparable to each other, slime shows a much lower forming height level in
some cases.

! Slime: mixture of borax (NayB,07) with polyvinyl alcohol (-C,H40), and distilled water
2 Starch-water: mixing ratio of 1.5 starch/1 water
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While all the other working media showed quite good reproducibility of the forming results,
of about A < 0.1 mm in most cases when keeping all the process parameters constant,
slime had the worst reproducibility and displayed different discharge currents and forming
heights (Figure 7). Very different forming heights and a very high scatter of the forming
heights is evident on each radius. This high scatter in the forming height, and especially in
the outer radii, results in the assumption that the spark did not follow the path to the mass-
electrode but took a shorter and more convenient route to discharge on the inside of the
working tool. Hence the pressure wave was not formed in parallel to the blank, but at an
angle to it, and proceeded up to the corner of the discharge chamber. This can constitute
an explanation for the one-sided pressure distribution, which is confirmed by the pictures
taken by an optical measuring system (Figure 8).
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Figure 8: Discharge current and optical measurements of the forming load

The discharge-current measurements reveal two different types of curve. The first is the
expected discharge current (Figure 8) showing a so-called dark phase and, after that, an
oscillated discharge of the capacitor bank. On the other curve, the dark phase is missing
completely, which confirms the assumption of a different discharge route being taken.
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These results show that the working medium has a major impact on the reproducibility of
the forming results. Using different working media has the advantage of making it possible
to visualize the way the discharge took place in the working media by removing it in layers.
Hence, the factors that influence the discharge route can be analyzed and, with this
information, it will be possible to stabilize the discharge process, which will lead to better
reproducibility of the forming results and to more uniform pressure distribution. Figure 3-5
shows examples of burning marks in slime and starch-water.

Starch-water

U 1f

Figure 9: Burning marks in slime and starch-water produced after one discharge
3.2.2 Influence of the electrode material

Further experiments were conducted using different electrode materials with the aim of
analyzing the influence of the electrode material on the reproducibility of the forming
results (Figure 10).
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Figure 10: Forming results using different electrode materials

These results show that reproducibility of the forming results is achieved when the same
parameters are used. If different electrode materials are compared, however, it can be
seen that the range of forming heights within a single radius extends from A=0.22 mm
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with CuCr1Zr-electrodes to 0.43 mm with E-Cu (Figure 9). It also can be seen that, when
using CuCr1Zr-electrodes, the pressure distribution is more uniform than for all the other
materials tested. The comparison of the discharge currents shows mostly the same
behaviour of all materials. Here, E-Cu and CuZn show a rise in the current of 5 kA
compared to the other materials. Hence, it is obvious that the choice of electrode material
can influence both the reproducibility and the pressure distribution on the blank but
doesn’t influence the discharge current significantly. In our tests, CuCr1Zr-electrodes
showed both the best reproducibility and pressure distributions.

4 Conclusion

The subject of this paper was to identify the influence of significant process parameters on
the reliability and reproducibility of the pneumo-mechanical and electrohydraulic forming
processes. In the case of pneumo-mechanical forming, it was shown that a minimum
venting level is absolutely essential for the homogeneous and efficient forming of sheet
metal parts. A certain increase in the optimal venting level leads to a reduction in the
forming heights and yet also to an increase in the geometrical deviation within an
individual blank. The reproducibility and reliability are thus given within a particular frame
but ought to be improved by analysing the effects leading to the results presented.

In the case of electrohydraulic forming it was shown that process parameters like the
working media type and the electrode material can influence the forming result and the
course of the process. For future work, it will be essential to better visualize the way the
discharge takes place in the discharge chamber so as to be able to stabilize the discharge
process. This will result in better reproducibility and reliability of electrohydraulic forming.
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Investigation of Tailored Pressure Distributions by
Vaporizing Tailored Foils
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Abstract

The rapid vaporization of thin metallic conductors can be used for innovative high speed
forming processes. Metal wires or foils are vaporized when a high current is applied. The
generated metal gas or plasma expands very rapidly with high pressure and impacts on
an intermediate polyurethane plate near the wires or foils. A shock wave is induced into
the polyurethane plate and provides the pressure pulse to the sheet metal, leading to a
deformation of the sheet. This process requires no expensive tool coils and no electrical
conductivity of the workpiece, which makes it attractive to multiple fields of application
such as forming and impact welding. In this study, the basic process parameters that
influence the shock pressure were experimentally identified including the charging energy
of capacitor bank, foil geometry (thickness and width) and thickness of polyurethane plate.
Based on the experiments of the parameter investigations, different new foil designs were
investigated in order to acquire a tailored pressure distribution. The results show that the
shock pressures can be located at different positions in a discontinuous way. Besides, the
pressure amplitudes and areas at different positions can also be varied, which depends
on the vaporized foil geometries at those positions.

Keywords

Impact forming, Vaporizing foil actuator forming, Sheet metal forming

1 Introduction

Electromagnetic forming is currently the most common high speed forming method that
can improve the forming limit and reduce the spring back as V.Psyk et al. detailly
reviewed [1]. The basic principle of electromagnetic forming is to utilize the induced
Lorenz force on the workpiece in a changed magnetic field produced by a tool coil when
the discharged current by a capacitor bank passes through it. Therefore, it is required that
the formed workpiece in electromagnetic forming should have high electrical conductivity.
The Joule heating effect of current on the tool coil and strong mechanical loads can
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greatly reduce the lifetime of the coil. In addition, it is also difficult for electromagnetic
forming to produce the forming part with graded heights because of the rebound effect.
However, vaporizing thin conductors like metal wires or foils could be an alternative to
solve the challenging problems in electromagnetic forming process. This process requires
no electrical conductivity of forming workpiece and expensive tool coil.

2 State of the Art

Vaporizing thin conductors has been originally used to research the physical process of
plasma such as the electrical resistivity and conductivity of plasma and other physical
problems [2]. An intensive research about this topic is concentrated between 1959 and
1962 which is concluded as the conference proceedings [3]. The basic principle of this
process is to utilize the Joule heating effect of current to heat the thin conductor in the
circuit until it is vaporized. The electrical circuit basically consists of the electric pulse
generator and the thin conductor which is connected with the electric pulse generator to
form a whole electrical circuit. The pulse generator can be described as an oscillating
circuit characterized by its capacity C, the inductance L and the resistance R. The
vaporizing process is initiated by triggering the high current switch of the pulse generator
leading to a sudden discharge of the energy stored in the capacitor C. The discharge
results in a damped sinusoidal current I(t) (see Figure 1b) running through the thin
conductor which is then heated by the deposited electrical energy into it. The thin
conductor is firstly melted and finally vaporized. The burst time of current which denotes
the termination of the energy deposition into the thin conductor has been demonstrated to
be the moment when the voltage begins to collapse (see Figure 1b).

(A) (®)
Circuit resistance Switch < 70 I T Charging energy: 4.8 kJ
— O/ 8 60 Peak current | £yl thickness: 0.06 mm
| I | = Eoi i
o 50+
o \ Current
8 4oHu n Voltage
) S [ \ |
Cireuit inductance Metal foil ~. 3014 Peak voltage (Foil burst)
2,
11 E oA ™
| N ] = | |
Capacitor ) P —!
= o 0.0001 0.0002

Time (s)
Fig. 1 (A) Schematic drawing of vaporizing foil circuit. This circuit is not necessarily the
same as the one used in this study. (B) Current and voltage curves during vaporizing foils

The rapid vaporization of thin metallic conductors can be used for innovative high
speed forming processes. Metal wires or foils are vaporized when a high current is
applied. The generated metal gas or plasma expands very rapidly with high pressure and
impacts on an intermediate polyurethane plate near the wires or foils. A shock wave is
induced into the polyurethane plate and provides the pressure pulse to the workpiece,
leading to a deformation of it. In consideration of the specific form of shock wave,
vaporizing wires is normally used for tube forming and vaporizing foils is applied to sheet
metal forming. Vivek et al. investigated several metal forming processes by vaporizing thin
conductors such as tube expanding [4] and perforated sheet forming [5]. For tube
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expanding, aluminum and copper wires with diameter 1.524mm were chosen as the
vaporizing material which was surrounded by a urethane rod with hardness 80 A. It was
found that aluminum wires are better than copper wires for this process. The perforated
sheet forming process was conducted with changed charging energies as well as foils
with different thicknesses. By qualitatively analyzing the trends regarding the pressure
magnitudes and distributions, the effect of foil thickness on efficiency of energy conversion
was acquired, which showed that thicker foils kept generating higher pressures with
increasing energy than thinner foils. It can also be seen that the pressure magnitudes and
distributions were different with changing the thickness of foils, which implies that the foll
thickness has an influence on the induced shock pressure. However, the process
parameters that can influence the shock pressure including the foil geometry and the
thickness of polyurethane plate have not been investigated yet. Besides, in consideration
of reducing rebound effect which is a common problem in electromagnetic forming, the
possibility to realize tailored pressure distribution by vaporizing tailored foils should be
also explored.

3 Experimental Procedure

3.1 Parameter Investigations

3.1.1 Effect of the Thickness of the polyurethane Plate

With the aim of identifying the effects of the process parameters on the forming results the
free bulging height was chosen as the scale variable to indicate the amplitude of the
shock pressure. Three different polyurethane plates with a thickness of 3 mm, 5 mm and
10 mm respectively were used as the intermediate plate to transmit shock waves. For
each polyurethane plate, three charging energies were investigated: 3.2 kJ, 4 kJ and 4.8
kJ. The minimum charging energy was required to vaporize the whole active part of the
foil. For example, the foil area with a thickness of 0.06 mm, a width of 20 mm and a length
of 40 mm can be vaporized by applying a charging energy of 3.2 kJ. Based on this
minimum value the charging energy was increased by 25% and 50%. Each parameter set
was repeated three times. The free bulging height of the final part was measured by GOM
Atos optical system, which can be seen in Fig. 3. For each thickness of polyurethane
plate, the points show a linear distribution with respect to changing charging energies. As
shown in Fig. 4, the final bulging height increases with increasing the charging energy. It
is also clearly shown that, for each individual charging energy, the final parts formed with
3 mm polyurethane plate always exhibit highest bulging height while the parts formed with
10 mm polyurethane plate have the smallest bulging height.

The electrical energy deposition into the foil before the voltage collapses determines
the final shock wave pressure on the sheet metal. With an increase in charging energy,
the current through the foil gets bigger as well as the voltage drop across the foil. As a
result, the deposited electrical energy into the foil which can be expressed as the
integration of the current and voltage is also increased. As the thickness of the
polyurethane plate gets bigger, the dissipation of the shock amplitude is increased
because the shock wave must travel a longer distance until it reaches the interface of the
polyurethane plate and the sheet metal. The increased number of internal interfaces
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enhances the scattering effect on the shock wave, which results in an attenuation of
pressure amplitude.
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Fig. 4 Bulging heights with respect to charging energy and different thicknesses of
polyurethane plates

3.1.2 Effect of the Geometry of the Foil

The influence of the geometry of the foil on the shock wave pressure was investigated by
varying the thickness and width of the foil respectively under the constant charging energy
4.8 kJ and the same polyurethane plate thickness 3 mm. This resulted in two sets of
specimens: 0.03 mm, 0.06 mm, 0.08 mm and 0.1 mm in thickness; 6 mm, 12 mm, 16 mm
and 20 mm in width. For each set of specimens, the point distributions again show a linear
relationship between the thickness or width and the bulging height. As shown in Fig. 5, the
final bulging height decreases with increasing the thickness or width of the foil. In the case
of the foil with thickness 0.03 mm, the formed part was cracked, which means the shock
wave pressure was much bigger than in the cases with the other thicknesses.

The influence of the foil thickness or width on the shock wave pressure could be
attributed to the fact that the current density across the foil section is increased when the
thickness or width of the foil decreases. This results in a more intensive deposition of
electrical energy into the foil. As the induced plasma reaches a higher temperature and
has greater ion and electron densities, the internal energy of these particles is improved to
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a higher degree and thereby triggers a more intensive shock wave into the polyurethane
plate.
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Fig. 5 Bulging heights with respect to thickness and width of foils
3.2 Perforating Sheet Forming under Tailored Pressure Distribution

Based on the results of the parameter investigations, the shock pressure induced by
vaporizing foils is affected by the charging energy and geometry of the foils. In this
section, the foils were cut in tailored shapes in order to acquire pressures at different
positions in a discontinuous way. Therefore, there are mainly two aspects to be noted.
One is if the two thin areas at different positions of the foil can be completely vaporized.
The other is how the pressure amplitudes and pressure areas at these two positions
change with different charging energies and geometries of the vaporized areas. Hence,
three sets of foil specimens were prepared as shown in Table 1.

Length at position 1 (mm) Length at position 2 (mm) Charging energy (kJ)

Set 1 30 30 4,56

p 20 5 Position 1
Set 2 60 60 5

90 90 5

30 90 5 Position 2
Set 3 50 90 5

70 30 5 L

Table 1 Sets of specimens for vaporizing tailored foils
3.2.1 Tailored Pressure Distribution under Different Charging Energies

In this section, the geometry of the foils (see Set 1) was kept the same for all specimens
with length 30 mm at two vaporized positions. The charging energies were chosen as 4
kJ, 5 kJ and 6 kJ respectively to examine its effect on the pressure distribution. The
pressure area was indicated by the bulged points on the sheet after the perforating
forming process.
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The results in Fig. 6 show that the length of the pressure areas is close to the length
of the vaporized parts of the foil. With increasing the charging energies of capacitor bank,
the width of the pressure areas is enlarged. Meanwhile, the pressure amplitude is also
improved under more charging energies, which can be seen from the bigger bulging
heights of points or sheared holes. However, the pressure is not uniform over the whole
pressure distributed area. It can be seen that the pressure within the original vaporized
dimension of the foil is bigger than the surrounding areas.

Charging energy: 4, 5, 6kJ Foil width: 20mm 30 30 (mm)

Foil thickness: 0.06mm Polyurethane thickness: 10mm |

27mm

32rr_1m

2]

Fig. 6 Perforating formed sheets with respect to different charging energies

3.2.2 Tailored Pressure Distribution under Different Foil Geometries

Charging energy: 5kJ Foil width: 20mm 30 (60, 90) 30 (60, 90) (mm)

Foil thickness: 0.06mm Polyurethane thickness: 10mm |

Fig. 7 Perforating formed sheets with respect to different vaporized lengths at tailored
positions

Firstly the lengths of the vaporized areas at two positions (see Set 2) were varied
which were 30 mm, 60 mm and 90 mm respectively. At the same time, the lengths of two
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vaporized parts of a specimen are kept the same with each other all the time. The
charging energy of capacitor bank was chosen 5kJ for all the specimens. The vaporized
results are shown in Fig. 7. It can be seen that all the tailored foils were successfully
vaporized even when the length of the vaporized part was increased to 90 mm (180 mm
vaporized in total). The pressure area on the perforating formed sheet in the case of
tailored length 90 mm is almost the same with the dimension of the vaporized part of the
foil. With regard to the tailored length 30 mm, the pressure area on the perforating formed
sheet is extended in the transverse direction. Meanwhile, the pressure amplitude induced
by short foil is also enlarged compared to that induced by long foil.

Secondly the lengths of the vaporized areas (see Set 3) were only changed at one
vaporized position while the lengths of the vaporized areas at the other position were kept
constant. The changed lengths at one position were chosen as 30 mm, 50 mm and 70
mm respectively and the constant length at the other position was chosen as 90 mm. The
initial charging energy of capacitor bank was used as 5 kJ.

Charging energy: SkJ Foil width: 20mm 30 (50, 70) 90 (mm)
Foil thickness: 0.06mm Polyurethane thickness: 10mm
23mm
48mm 33mm
- e - .",:3 e 58mm 78mm
o i =
28mm -
4 | _28mm
: i 1
| 98mm - [98mm | 98mm
& & %
30-90 50-90 : 70-90

Fig. 8 Perforating formed sheets with respect to different lengths at two vaporized
positions in a specimen

As Fig. 8 shows all the tailored parts of the foils were totally vaporized. The lengths
of the pressure area are determined by the separated vaporized parts of the foils. The
pressure amplitudes are decreased when the lengths of the vaporized parts are
increased. Because the dimensions of the two tailored parts in a specimen are different,
the pressure areas and amplitudes at two vaporized positions are different.

Based on the results above, the charging energies of capacitor bank and the
dimensions of the tailored parts of the foils determine the final pressure areas and
pressure amplitudes at two vaporized positions. Under the same charging energy short
tailored parts tend to produce a pressure area in a stubby form which means the pressure
area is extended to the transverse side while long tailored parts tend to generate a
pressure area in a strip form due to the limited electrical energies for the large vaporized
dimensions of foils. Therefore, it is important to choose a proper charging energy for a
specific tailored geometry of foil in order to acquire an ideal pressure areas and pressure
amplitudes.
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4. Conclusion

The process parameters that can influence the shock pressure were
experimentally identified through the free bulging tests by vaporizing foils. The charging
energy, thickness of polyurethane plate and geometry of foils can greatly affect the final
shock pressure on the sheet metal. Based on the parameter investigation results, the foils
were cut in tailored shape which causes the foils vaporized at different positions. By
varying the charging energies of capacitor bank, the pressure amplitudes at two vaporized
positions were changed. In addition, the pressure areas and amplitudes were also
dependent on the tailored part dimensions at two vaporized positions in a specimen.
Therefore, by means of an appropriate combination of charging energy and tailored foil
geometry, a tailored pressure distribution including the pressure amplitudes and areas can
be realized at different positions in a discontinuous way.
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Abstract

Recently, the potential of the electromagnetic forming process has been introduced to
form the shallow longitudinal reinforcement ribs in the lateral walls of roll formed parts,
made of high strength steel sheets of 340MPa tensile stress grade [1]. However, it seems
that the application may not be easy for high strength steel sheet because of its high
tensile strength and low electric conductivity. In order to overcome this difficulty, aluminum
driver plate could be considered to enhance the formability of high strength steel sheets in
the electromagnetic forming process. In this paper, in order to investigate the effect of
aluminum driver plate on forming height of high strength steel sheet in electromagnetic
forming process, DP780 workpiece sheets were formed into a hemi elliptical protrusion
shape with Al1050 driver plate of various thicknesses and sizes. Experiments were
performed with a flat spiral coil actuator connected to an electromagnetic forming system.
The results, the aluminum driver plate helps to increase the forming height of high
strength steel sheets. In addition, the forming height of high strength steel sheet increases
as the thickness and size of a driver plate increases.
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1 Introduction

There is a global trend nowadays of increasing the usage of high strength steel sheets in
the automotive industry, aimed at producing lighter and safer cars. More specifically, high
tensile steel sheets have been applied in the production of the impact energy absorbing
member. Furthermore, to enhance their strength and rigidity more, the reinforcement ribs
were often formed at the wall side of the members. Recently, Eguia et al. [1] showed the
potential of the electromagnetic forming process to form the shallow longitudinal
reinforcement ribs in the lateral walls of roll formed parts, made of high strength steels in a
continuous manner.

Electromagnetic forming is a type of high speed forming where the electric current is
induced on a specifically shaped coil to generate Eddy current, making a corresponding
electric current on a conductive material and making an electromagnetic field on the coil,
which generates the Lorentz force used to form the material [2]. It is widely renowned for
its potential of formability improvement and springback reduction [3-5]. This technique can
be easily used to form materials with a high electric conductivity, but has the disadvantage
of requiring a driver plate to form materials with a low electric conductivity [6].

Although Eguia et al. successfully formed the reinforcement ribs with high strength
steels sheets of 340 MPa tensile stress grade, it is not easy for high strength steel sheet
of higher grade because of increasing tensile strength and decreasing electric conductivity.
Therefore, aluminum driver plate might be used to enhance to formability of high strength
steel sheets.

In this paper, It is experimentally demonstrated how the thickness and size of the
aluminum used for driver plate affects the forming height of the high strength steel sheets.
The high strength dual phase steel sheets, DP780 were utilized as a workpiece while
aluminum alloy 1050-H16 sheet was used as a driver plate. Experiments were performed
with a flat spiral coil connected to an electromagnetic forming system (EmFS) with the
energy capacity of 119kJ. In order to consider forming the reinforcement rib, the hemi
elliptical protrusions were formed by the open cavity die.

2 Experiments
2.1 Materials

Dual phase steel DP780 sheets with thickness of 1.4mm were utilized as workpiece sheet.
The sizes of DP780 workpiece sheets were 200 x 200 mm?. Aluminum Al1050-H16 sheets
were chosen as driver plate because it has low tensile strength and high conductivity. The
chemical compositions of DP780 workpiece sheet and Al1050 driver plate are listed in
Table 1. The mechanical and electromagnetic material properties are summarized in Table
2.

Material
Steel C Mn P S Si - Fe.
DP780 0.070 2.26 0.012 0.0030 1.06 - Bal.
Aluminum Si Fe Cu Mn Mg Zn Al.
A1050 0.25 0.40 0.05 0.05 0.05 0.05 Bal.

Table 1: Chemical composition of DP780 workpiece sheet and Al1050 driver plate.
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Young’s Yield Tensile Total Electric Magnetic
Material | modulus | stress stress strain conductivity | permeability
(GPa) (MPa) (MPa) (%) (S/m) (H/m)
DP780 210 546.9 832.4 23.89 7.04 x 10° 8.75 x 10~*
AlI1050 71 90.78 108.1 8.07 3.55 x 107 1.26 X 107

Table 2: The mechanical and electromagnetic properties of DP780 workpiece sheet and
Al1050 driver plate

In order to investigate the effect of thickness of aluminum driver plate on forming
height of high strength steel sheet, the DP780 workpiece sheets were formed into hemi
elliptical protrusion shape in electromagnetic forming process without and with aluminum
driver plate having thickness of 0.4, 0.6, 0.8 and 1.0mm. In this case, the size of Al1050
driver plate was fixed as 200 x 200 mm?. On the other hand, the aluminum driver plate
having sizes of 100x200, 150x200 and 200x200 mm? are adapted to investigate the effect
of size of aluminum driver plate. In this case, the thickness of AI1050 driver plate was
fixed as 1.0mm.

Screw press

Flat spiral coil

Insulator mold
Figure 1: Configuration of the flat spiral coil actuator
B 200
P ~— — ‘ | 29 : 43 | |
.‘ 7

Side view at AA’ cross section

k\\ : I 196£ |

'
B Bottom view

(@) (b)

Figure 2: (a) Bottom view and (b) side view of the flat spiral coil and the open cavity die
(unit: mm).

Side view at BB’ cross section

2.2 Electromagnetic forming

In order to form a hemi elliptical protrusion shape on the workpiece sheet with open cavity
die, the flat spiral coil actuator was used as shown in Figure 1. The copper strip with cross
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sectional area 30 x 3 mm? was wound into spiral coil with fifteen turns. The gap between
coil turns was 2.5mm. The flat spiral coil was insulated and fixed by epoxy resin inside of
the insulator mold. The hole of open cavity die was machined at mean radius of the flat
spiral coil to avoid the dead zone that occurs at the center of the winding [7-8] as shown in
Figure 2 (a). Detailed dimension of the open cavity die is shown Figure 2 (b). The flat
spiral coil actuator was connected to the electromagnetic forming system having a
maximum stored energy of 119kJ for maximum working voltage of 17kV.

In this paper, all experiments were performed with charge voltage of 7.3kV. The
representative current profile measured by an oscilloscope and a Rogowski flexible coil is
shown in Figure 3.
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Figure 3: Primary current profile measured for charge voltage of 7.3kV
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Figure 4: (a) Forming shape in AA’ cross section, (b) peak height of DP780 workpiece
sheet with different thicknesses of AI1050 driver plate at charge voltage of 7.3kV.
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3 Results

3.1 Effect of thickness

Forming shape in AA’ cross section and peak height of DP780 workpiece sheet after
electromagnetic forming with different thicknesses of Al1050 driver plate are shown in
Figure 4 (a) and (b), respectively. In these experiments, the size of driver plate was fixed
as 200 x 200 mm?. The peak height of DP780 workpiece sheet was remarkably increased
when AI1050 driver plate was used as expected. In addition, the peak heights of DP780
workpiece sheet increase as the thickness of AI1050 driver plate increase and are
gradually saturated while the thickness of Al1050 driver plate is approaching to 1.0mm.

3.2 Effect of size

Figure 5 shows the deformed shapes of the DP780 workpiece sheet and Al1050 driver
plate after electromagnetic forming with the different sizes of AI1050 driver plate.

200 x 100 (mm?) 200 x 150 (mm?) 200 x 200 (mm?)

Y length

Figure 5: Deformed shape of DP780 workpiece sheets after electromagnetic forming with
the different sizes of Al1050 driver plate.
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Figure 6: (a) Forming shape in AA’ cross section and (b) peak height of DP780 workpiece
sheet with different sizes of AI1050 driver plate at charge voltage of 7.3kV.
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Forming shape in AA’ cross section and peak height of DP780 workpiece sheet after
electromagnetic forming with different sizes of Al1050 driver plate are shown in Figure 6
(a) and (b), respectively. In these experiments, the thickness of driver plate was fixed as
1.0mm. The peak heights of DP780 workpiece sheet decrease as the size of Al1050 driver
plate decrease.

4 Summary

The effect of an aluminum driver plate has been investigated on electromagnetic forming
of high strength steel sheet DP780 workpiece sheets were formed into hemi elliptical
protrusion shape with AI1050 driver plate of various thicknesses and sizes in
electromagnetic forming process. As results, the aluminum driver plate helps to increase
the forming height of high strength steel sheet. In addition, the forming height of high
strength steel sheet increases as the thickness and size of driver plate increases. The
aluminum driver plate might be indispensable for electromagnetic forming of high strength
steel sheets because of their low conductivity. It is expected that these results can be
utilized to select proper dimensions of an aluminum driver plate.
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ABSTRACT

In order to meet requirements of lightweight technology in the field of aerospace, the new
forming technology for aluminium alloy skin parts and integral panel are brought to more
attention. Based on the principle of electromagnetic forming (EMF) and energy distribution,
a new electromagnetic forming process using ball as pad mold for aluminium alloy sheet
forming was suggested and test apparatus was designed. The new method was verified
by the finite element simulation and experimental technology, and all studies were carried
out on 2024-T3 aluminium alloy sheet. The results show that the new process of ball pad
mold electromagnetic forming is feasible to aluminium alloy sheet parts forming. Rubber
cushion thickness and electromagnetic pulse voltage are significant contributors to the
curvature radius of the test sample. Based on these observations, application advantages
and prospects of this new process were pointed out, and the subsequent research was
put forward.
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1 Introduction

In order to meet requirements of lightweight technology in the field of aerospace, large-
scale aluminium alloy skin panel is used to lightweight structure parts [1]. The strength,
the stealth effect, and other performances of large-scale aluminium alloy skin panel are
better than that of the mosaic structure with small skin panels. But forming large-scale
skin panel is limited by the size and capacity of manufacturing machine. In the field of
aerospace manufacturing, there is perennial interest in seeking adaptive methods for
forming large aluminium alloy skin panels.

Electromagnetic forming (EMF) is an impulse or high energy rate forming technology,
which uses high-voltage pulse current through an electromagnetic coil or actuator to
generate a strong transient magnetic field that induces eddy currents in the nearby
conductive workpiece. These eddy currents in turn produce an associated secondary
magnetic field around workpiece. This causes the coil and workpiece to repel each other
by the electromagnetic force (Lorentz effect) and this force accelerates the workpiece
away from the coil. In an EMF process, the material can achieve velocities in the order of
100m/s in less than 0.1 ms [2]. Meanwhile, single side tooling or no tooling can be used
because of non-contact loading. In comparison to conventional quasi-static forming
processes, the electromagnetic forming process has prominent advantages such as
significantly improved formability, slight springback and reduction in residual stresses [3-6].
In addition, the electromagnetic force can be adjusted steplessly according to the
technical requirements, that to satisfy the flow characteristics of metal parts. At present,
the EMF technology is mainly used in aviation, aerospace, weapon and automobile
manufacturing. The researches and applications focus on lightweight structure sheet and
tube forming, difficult machining parts forming and hybrid forming [2-9].

However, it has rarely reported about the electromagnetic forming of aircraft skin
panel. Only in 1999, Newman et al [10] did some researches about electromagnetic
forming of aircraft skin panel, which was supported by Navy SBIR Program IAP Research.
They presented a new process named MagneStretch process, in which the EMF process
was introduced into stretch forming. The formability trials were performed directly on 7075
aluminum alloy sheet from T6 heat treatment condition. The results show that the
MagneStretch process can (1) allow stretch forming of 7075 from T6 condition with little or
no springback, (2) eliminate costly pre and post forming heat treating steps in
conventional stretch forming process, (3) not alter the microstructure. Compared with the
traditional process, the new process method is flexible, short production cycle and greatly
reduce costs.

In this paper a new electromagnetic forming process with ball pad mold for
aluminum alloy sheet forming is suggested that bases on the principle of electromagnetic
forming and energy distribution. In order to determine the feasibility of this ball pad mold
electromagnetic forming process, forming process is analyzed firstly by the finite element
method, and then experiment apparatus is designed and aluminium sheet forming tests is
carried out.
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2 The principle of ball pad mold EMF

In the process of electromagnetic forming, the plastic indentation can be produced on the
surface of workpiece as shot peening if the electromagnetic pressure is great enough. In
the literatures [11,12], James S. Shaw and James. R. Dydo et al applied for two patents
about Balanced Electromagnetic Peening and Electromagnetic Pulse Surface Treatment
base on the characteristic of electromagnetic. However, it is difficult to treat the workpiece
surface only by the electromagnetic pulse force. EMF is a kind of high speed and high
strain rate forming process. According to impact dynamics, the certain plastic indentation
and compressive residual stress layer with certain thickness can be produced on the
workpiece surface, only when the impulse pressure acts on the workpiece surface
achieve and exceed the dynamic yield strength of the material. Because the dynamic yield
strength is greater than the static vyield strength, Electromagnetic Peening or
electromagnetic Pulse Surface Treatment requirement for EMF equipment is extremely
high and it is difficult for present equipment to meet it, the energy efficiency is only 10-20
percent, the highest energy efficiency is not over 40 percent [3,13]. Therefore, in order to
implement the effect as above patents show, the electromagnetic pulse force per unit area
need to be increased. There are two approaches to achieve this goal: firstly, the energy
and energy efficiency of electromagnetic forming equipment should be improved, at the
same time, the contact area between coil and workpiece also should be reduced;
secondly, according to the principle of energy distribution, force area on the sheet metal
should be decreased by altering the tooling structure.

Based on the existing 20kJ electromagnetic forming equipment, considering tooling
structure, a new method of ball pad mold electromagnetic forming process is put forward.
The basic idea is described as follows: First, a certain amount of balls are mounted and
arranged as a die cushion, so a series of micro mold cavity can be formed in the gap of
adjacent spheres. Then a sheet metal specimen is placed on the ball pad mold. When the
transient pulse magnetic force applies the specimen, the force per unit area of the
specimen is greatly increased because of application of ball pad mold. So, both upper and
lower sheet surface will produce plastic deformation indentations in the interaction of the
magnetic pressure and the ball support force, and hardening and forming of the specimen
will be realized

On the basis of the above proposed idea, the forming experimental system was set
up. Fig.1 shows a schematic diagram of test apparatus for aluminium sheet specimen.
The apparatus is composed of four parts that includes a control system, an
electromagnetic pulse power source, a ball pad mold and a working coil. During the
experiment, the specimen is fixed on the ball pad mold. The discharge voltage of
capacitor bank is adjusted through the control system of electromagnetic pulse power.
The high-speed switch is triggered to deliver a high-frequency current pulse to the working
coil. The conductive sheet metal is exposed to an intense transient magnetic field. The
resulting Lorentz force pushes the sheet metal away from the coil. At the same time, the
sheet metal withstands the supporting force of the ball pad mold. Different degree of
surface plastic indentation occurs under the two force fields in the top and bottom sheet.
After unloading , specimen will show certain plastic deformation.

245



6" International Conference on High Speed Forming — 2014

cheet metal high-speed switch  electromagnetic pulse power source

__________

Flexible cushion R — ,
ball I I e it T I O e high
pad | T T T vol tage
mold | | I capacitor bank poRer

| control system

Figure 1 schematic diagram of test apparatus

3 Finite element analysis

Numerical modeling of the ball pad mold electromagnetic forming process requires the
analysis of the discharge circuit, electromagnetic field and structural field (mechanical
problem). The laws of current density distribution of the working coil can be got in the
discharge current analysis. In the process of electromagnetic field analysis, the current
density is loaded as the magnetic field excitation conditions that can be obtained by the
above analysis, then the laws of induced eddy currents and magnetic pulse force
distribution of the specimen can be obtained. Finally, the specimen deformation behavior
can be gained in the structural field analysis. In the whole process of numerical analysis,
the analysis of discharge circuit and electromagnetic field are carried out by finite element
software ANSYS/EMAG. The mechanical problem is developed with the commercial finite
element code ABAQUS/Explicit.

According to reference [14], the discharge loop and electromagnetic field of the ball
pad mold electromagnetic forming was analyzed. Based on above analysis results, the
finite element model of the structural field were established by ABAQUS/Explicit code as
Fig.2 shows. In the model, the aluminium sheet and rubber pad are modeled as
deformable parts, while the ball pad die and coil clamp are considered to be planar rigid.
The ball diameter is 30 mm. The material tested is 2024-T3 aluminium alloy sheet. The
sheet size is 480 x 120 x 1.8 mm. Ball pad mold and coil clamp are fixed during the
forming process. Electromagnetic pulse force area under the coil clamp is 225 x 120 mm?.
Fig. 3 shows electromagnetic pulse amplitude curve, the peak pressure is 50MPa.

Coil elamp

Aluvminun alloy sheet
"

\

Rubber pad
™ Ball nad mald

Figure 2 Finite element model of structural analysis of ball pad mold EMF
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Figure 3 Electromagnetic pulse force amplitude curve

When the rubber cushion is not used between sheet metal and ball pad mold in the
process of electromagnetic forming, the simulation results of sheet deformation is shown
in Fig. 4. This is because the sheet metal comes into contact with the ball pad mold
directly and the diameter of the ball is large, then the sheet pressed into the gap of the
adjacent balls under the action of electromagnetic pulse force, finally the wave-shaped
specimen is easily observed from the graph.

Figure 4 the morphology without rubber cushion

In order to improve the surface condition of the forming specimen, a rubber cushion
is placed between the sheet metal and ball pad mold. When the strong transient
electromagnetic pulse force acts on the blank, the indentations and wave-shape will be
avoided due to the rubber cushion buffer action. Fig. 5 shows the finite element analysis
result of sheet deformation. It is seen that the sheet has been formed to a certain
curvature part, and there are no obvious indentations on the sheet surface.

Figure 5 the morphology with rubber cushion
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4 Ball pad mold EMF experiment

From the above finite element analysis, it can be seen that the new process of the ball
pad mold EMF is feasible for forming a certain curvature part of the 2024-T3 aluminum
alloy sheet. Consequently, test fixture of the ball pad mold EMF is designed and
manufactured. The structure of the ball pad mold is depicted as Fig. 6(a). The cross-
section area of a ball is 30 x 30 mm?, and the balls array is 6 x 8 mm. A flat circular spiral
coil (Fig. 6(b)) is adopted as electromagnetic coil. The specification for the coil is
presented in Table 1. The maximum energy storage of the EMF equipment in the
experiment is 20kJ. The specimens are the 2024-T3 aluminium alloy with the thickness of
1.8 mm and the plane size of 482 x 120 mm. The discharge voltage levels used range
from 1800 V to 2800 V. The capacitance is set to 2400 pF.

Internal
insulation

Balls array bandage

Balls bandage Flat spiral
copper coil

External
insulation
bandage

(b)
Figure 6 Ball pad mold (a) and Electromagnetic coil (b)

Table.1 Electromagnetic coil specifications(mm)

Number of | Internal | External , The effective The effective Copper wire
o . . Thickness | . . . :
windings radius radius internal radius | external radius section
23 20 140 40 30 125 1.7x6.3

5 Results and Analysis

Firstly, the discharge voltage is set to 1800 V and 2000 V, and a sample is placed on the
ball pad mold directly in the EMF test. The results show that there are obvious dents in the
sample and a significant wave-shaped morphology specimen without certain curvature
shape is obtained as shown in Fig. 7, which is agree with the result of the finite element
analysis in Fig. 4.

Secondly, the thickness of 1.5 mm or 3 mm flexible rubble cushion is placed
between the specimen and ball pan mold. Considering the existing electromagnetic
forming equipment capacity, ensure adequate electromagnetic pulse force to act on the
whole blank, the specimen is struck sequentially 8 times at the same discharge voltage.
Each action position is transformed by adjusting relative positions between the
electromagnetic coil and the sample. Fig. 8 shows the relative positions between the edge
of electromagnetic coil and the sheet. An interval of 25 mm is allowed between the
adjacent position. The effect of deformed samples is shown in Fig. 9.
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Figure 7 Specimen after forming

(a) 1.5 mm thickness of the rubber pad (b) 3 mm thickness of the rubber pad
Figure 9 Specimens after the ball pad mold EMF

The specimen deformation deflection of A and B sides (Fig. 8) is measured, and
both sides of deflection is almost the same, the maximum difference is no more than 0.5
mm. The result shows that the sample has good deformation uniformity in the ball pad
mold electromagnetic pulse forming process. The measured deflection curve is presented
for 1.5 mm and 3 mm thickness of the rubber pad in Fig. 10. It can be seen from the chart
that forming deflection increased with the discharge voltage increasing, whereas reduced
with the thickness of rubber pad increasing.

20

42000V
2400V
+ 2800V

Deflection (mm)

. . " . . MY L . . L ,

-300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300
Chord length (mm)

20 ¢

15 42000V
2400V
+2800V

Deflection {(mm)

-300 -250 -200 -150 -100 -30 0 50 100 150 200 250 300
Chord length (mm)

(a) 1.5 mm thickness of the rubber pad (b) 3.0 mm thickness of the rubber pad

Figure 10 Deflection curve under the different thickness of rubber pad
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Curvature is the ratio of the change in the angle of a tangent that moves over a
given arc to the length of the arc. While radius of the curvature is the absolute value of the
reciprocal of the curvature of a curve at a given point and it can be used to describe the
bending degree somewhere in the curve. The formula of the radius of the curvature is

VA+y")

p= N (1)
Y

In the formula, v’ is the first order derivative of x of the curve on y, y* is the second

order derivative of x on y. In this paper, y is the specimen bending deflection and x is the
specimen chord length.

The functional relation between the specimen deflection (y) and the specimen chord
length (x) is created by curve fitting. Then the radius of specimen curvature is calculated
by the above formula. The radius versus chord length is depicted in Fig. 11.
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(a) 1.5 mm thickness of the rubber pad (b) 3.0 mm thickness of the rubber pad

Figure 11 Curvature radius under the different thickness of rubber pad

As we can see from the Fig. 11, the radius of curvature of the specimen surface is
relatively uniform. Also, the relation curve between the curvature radius and the discharge
voltage is obtained by averaging the radius of curvature at each point under different
discharge voltages as Fig.12 shows. Obviously, radius curvature decreases with the
increase of discharge voltage and increases with the increase of the rubber pad thickness.
The rubber cushion thickness and discharge voltage are both important factors that
influence the curvature radius of specimen. Meanwhile, the curvature is small in the range
of 10° mm™ to 10* mm™. So, the ball pad mold EMF process has potential to form the

large integral aluminium alloy skin panels with small curvature and large length-to-width
ratio.

8
’E 7t ¢ 1.5mm thickness of rubber pad
6 } 2 3mm thickness of rubber pad
E
=35 r *
e
L 4 F
@
ie
s *
c1lr
0 1 1 ]
1800 2000 2200 2400 2600 2800 3000

Discharge voltage(V)

Figure 12 Relationship between curvature radius and discharge voltage
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It can be observed from the experiment deformation results that the specimen
deformation is maximum at the 2800 V discharge voltage, and the maximum thickness
variation is only 0.004 mm for 1.5 mm rubber cushion and 0.002 mm for 3mm rubber
cushion separately. Hence, the thickness variation of the specimen is negligible when a
certain curvature sheet metal was formed using the ball pad mold EMF.

In follow-up studies, the forming mechanism of the ball pad mold EMF will be deeply
analyzed. The sheet metal dynamic deformation behavior and inertial stress variation
rules under the action of strong transient electromagnetic force will be revealed by the
comprehensive application of plastic dynamics, electromagnetics theory, experiments and
multi-physics coupling finite element analysis. Multi-step forming path of the single
curvature and complicated curvature integral skin panels will be designed by optimization
method and will be carried out by the ball pad mold EMF experiments. These researches
will lay a solid foundation for the future application of the ball pad mold EMF process in
the integral aluminum skin panels forming.

6 Conclusions

The method of the ball pad mold EMF process is presented. For certain diameter balls,
the rubber cushion thickness and discharge voltage are the important factors that
influence the workpiece curvature.

Because large repulsive electromagnetic forces can accelerate the workpiece to
high velocities and make the workpiece have high inertia forces, the new ball pad mold
EMF process allows forming directly from the T condition aluminium alloy eliminating the
need of conventional process for the pre and post heat treating steps .

Because of using the simple structure, strong versatility ball pad mold device, ball
pad mold EMF process requires smaller energy EMF equipment than the general EMF
process. Therefore, ball pad mold EMF process can reduce costs, save energy, as well as
improve the life of electromagnetic coil.
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Abstract

The work is dedicated to EMF attraction processes which can deform both ferromagnetic
and non-ferromagnetic sheet metal materials (low carbon steels, stainless steels and
aluminum alloys) using low frequency discharges. The analytical models of both tooling
configurations are based upon the solution of Maxwell equations in axially symmetrical
formulation. For ferromagnetic materials, the attraction effect is based upon magnetic
forces prevailing over the Lorentz forces for low frequency discharges. For non-
ferromagnetic materials, the attraction forces are created by employing the auxiliary
screen which attracts the sheet metal blank. The concept of attraction in this inductor
system is based upon inducing currents flowing in the same directions in the screen and
in the sheet metal blank. In addition to the analytical models, the described concepts are
illustrated by the experimental results on afttraction of sheet metal blanks employing a
single turn inductor.

Keywords

Electroforming, metal forming, tool

1 Introduction

Electromagnetic forming, crimping, welding and cutting are well known in industry since
1960s. A comprehensive review of these technologies was published by Psyk et al. (2011).
All these processes are based upon repelling Lorentz forces between the EMF coil and
the conductive blank. In such a configuration, the coil and the tool (the forming die or the
mandrel to which the blank is welded or crimped, or the shearing die with sharp cutting
edges) are positioned from the opposite sides of the blank. In addition to such repelling
processes, another configuration of EMF processes is possible where the blank is
attracted to the coil. The objective of this paper is to introduce a new manufacturing
process of the thin-walled metal sheets attraction using low frequency discharges.
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2 EMF attraction process for ferromagnetic materials

The objective of this part is to describe the concept, provide a simplified mathematical
model predicting attracting electromagnetic forces for ferromagnetic materials and
illustrate this concept with experimental results supporting the major conclusions of the
analytical study.

2.1 Analytical model of the process and numerical examples

The initial experiments described in details in Batygin (2013) illustrated that the effect of
attraction is possible only for the low frequencies, when

1
poy-d’

<<

(1)

where w=2x-f, f—is the working frequency, u—is the permeability of metal, y — is the

electric conductivity of sheet metal, and d —is the sheet metal thickness.
The interaction between a single turn inductor and a ferromagnetic sheet metal
blank is being analyzed. The schematic of the process is shown in Figure 1.

Figure 1: The schematic of the single turn inductor (1) interacting with ferromagnetic
sheet metal blank (2) where é,,¢,, é. —are the unit vectors in the cylindrical coordinate

system

The following assumptions were made in order to simplify the mathematical model
of the process:

1) the single turn inductor is sufficiently thin (its thickness — 0) and “transparent” for
the acting fields, so its metal has no effect on considered electromagnetic processes;
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2) the process is considered quasi stationary according to the criterion w/c-/¢<<1,

where w—is the cyclic frequency of the process, c¢—is the light velocity for vacuum, ¢ —is
the greatest typical dimension of the system under consideration;
3) the system has an axial symmetry, so 6/0p=0 (¢ —is the polar angle);

4) the sheet metal blank is sufficiently thin, and its radial dimension is sufficiently
large, so a’/RL2 <«<land w-t<<1 (r=p-y-d*, y,d— are conductivity and thickness of
the sheet metal blank, R, —are the internal and external radii of the inductor);

5) the permeability of the sheet billet metal is constant and is equal to u,
W= i, 1, and u —are the vacuum permeability and the relative permeability of metal
accordingly;

6) reproduction of the mutual inductance of tool coil and work piece is neglected;

7) the sheet metal's motion is not taken into account;

8) nonlinear behavior of ferromagnetic saturation is neglected considering an
average value of magnetic permeability;

9) variability of conductivity as a consequence of temperature rise due to Joule
heating as well as due to magnetization is neglected;

10) reversion of magnetization is not taken into account.

The Maxwell equations were solved with usage of the Laplace and Fourier-Bessel
integral transforms with zero initial conditions for the non-trivial components of the
electromagnetic field vector (£, =0, H, _ = 0)in limits of the formulated assumptions.

The detailed discussion of the mathematical procedures was provided by Batygin et
al (2013). The resulting parameter is an integrated average force applied to the circular
area of the sheet metal blank. It was calculated through integration of pressure through
the radial coordinate and time and then averaging its value through the time period of the
acting field. This averaged force is analyzed as a function of the discharge frequency to
provide the recommendations for the pulse generator.

The numerical calculations were performed for the single turn coil — R =0.025m,
R,=0.03m; insulating gap — £ =0.0005m. The sheet metal blank: y =0.4-10" 1/(Ohm-m),
u =25, d=0.00075m. The amplitude of the discharge current was 7, =50kA, and the
frequency was f =2-+8kHz. The results of calculations are presented in Figure 2.
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Figure 2: An average integral force acting on the thin-walled ferromagnetic sheet as a
function of the frequency of acting field
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According to Figure 2, reducing the discharge frequency below the some critical
value of ~ 6 kHz leads to change of the direction of the integrated force: below the marked
critical frequency ~ 6 kHz thin-walled sheet ferromagnetic metal is being attracted to the
inductor: above the frequency of ~ 6 kHz, the sheet metal blank is being repelled.

For the frequency range f €[2,8]kHz the applied electromagnetic force acting on

the sheet ferromagnetic metal was changing its direction: for f > 6kHz repelling took
place, but for f <6 kHz attraction was displayed.

2.2 Experimental validation

Experimental validation of the proposed concept was done with the intent of practical
application of the proposed process to dent removal from automotive exterior panels
manufactured from steel. The experimental setup is shown in Figure 3.

a) b)

Figure 3: The experimental setup:

a) the laboratory equipment for EMF attraction processes with maximum charging voltage
of 2kV and accumulated energy of 2kJ: 1 — pulse generator; 2 — pulsed current
transformer;

3 — single turn inductor;

b) the single turn massive inductor.

The single turn massive inductor with the working zone diameter of 40 mm was
connected to the pulse generator via current pulse transformer with the coefficient of
transformation of five. The discharge frequency was measured as 1.9 kHz. The amplitude
of electric current flowing through the coil was 38 kA. The DDQ (Deep Drawing Quality)
flat sheet steel samples 0.8 mm thick (the steel DDQ vyield strength is equaled to 180 MPa,
stainless steel — 350...300 MPa) were positioned next to the single turn coil. The sample
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was insulated from the coil with ~1 mm layer of insulation. Initially flat samples were
bulged by attraction inside the working zone of the single turn coil. The bulge was
axisymmetric and had the maximum height of 1.5 mm at the axis of symmetry of the caoil.

After the initial bulge was produced on a flat blank using the described process of
electromagnetic attraction, it was flipped over, and dent removal process was physically
simulated by pulling the bulge back with the electromagnetic attraction process. The
experimental sample is shown on Figure 4. The dent was successfully removed which
confirmed the suggested concept.

Figure 4: The experimental DDQ steel sample:
a — after producing the dent; b — after removing the dent.

3 EMF attraction process for non-magnetic materials

The objective of this part is to describe the concept and provide a simplified mathematical
model of pulsed electromagnetic attraction of non-magnetic materials in the «Inductor
System with an Attracting Screen» as well as to illustrate the experimental results
supporting the suggested concept and the major conclusions of the analytical study.

3.1 Theoretical analysis, numerical calculations

The schematic of the proposed process of sheet metal attraction is employing an Inductor
System with Attracting Screen (ISAS) shown in Figure 5.

C S
1!
]|

Figure 5: Schematic of ISAS: 1 — is the single-turn inductor, 2 — is the auxilary attracting
screen, 3 — is the sheet metal blank, C — is the bank of capacitors, S — is the switch of the
discharge circuit.
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When the switch (S) gets into a closed position by a special ignition circuit not
shown in Figure 5, the preliminary charged capacity storage (C) starts discharging through
the single-turn inductor (1) with the internal radius R,, the external radius R, and rather

small thickness. The discharge current is inducing the unidirectional eddy currents in the
attractive screen (2) and sheet metal blank (3) both made of similar non-ferromagnetic
sheet material. If the screen (2) is rigidly mounted on an insulated plate of the tool, it
remains stationary during the discharge process while the sheet metal blank (3) will be
attracted to the working surface of the inductor (1) in accordance to Ampere law. The
suggested system is working in the low frequency range specified by inequality (1).

The analytical solution of this problem is described by Batygin et al. (2014).

The numerical calculations were performed for an experimental inductor system
where single-turn inductors with different internal and external diameters. The screen and
the sheet metal blank are identical thin-walled sheets with the thickness d =0.001 m from

the non-magnetic metal with the specific conductivity y =0.4-10" (1/Ohm-m). They are
located symmetrically relatively to the plane of the single-turn inductor at a distance
h=1.5 mm from each other. In the conducted experiments, the electric current amplitude in
the inductor was 7, =40kA, and the frequency of the pulse was f =2kHz. The relative
damping coefficient was calculated as the damping coefficient divided by the cyclic
frequency and was equal to 5, =0.3. The predicted distribution of the attracting specific

forces is illustrated in Figure 6. The integrated attracting force is illustrated in Figure 7 as a
function of the radius of the circular window of the caoil.
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Figure 6: The distribution of the density of attraction forces at the time moment when they
have their maximum values for the following combinations of the dimensions of the
inductor:

a) R =0.035m, R, =1/0.8-R,; b) R =0.035m, R, =1/0.9-R,.
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Figure 7: The effect of the inner radius of the inductor on the attracting force between the
screen and the blank

The main results of this analysis can be formulated the following way: in the
suggested ISAS, substantial amplitudes of the attraction forces are achievable: their
densities can reach ~7.0.....8.0 MPa (Figure 6) and their integral values can reach ~ 4000
N (Figure 7) for the coil with 35 mm radius of the inner window.

3.2 Experimental validation

The laboratory version of the ISAS is shown in Figure 8a.

Figure 8: The laboratory version of the ISAS (a, 1 — is the inductor, 2 — is the screen) and
result of the EMF attraction of the part of the stainless steel sheet (b)
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Structurally, the thin flat screen is fulfilled from 1mm sheet of stainless steel.

The material had the following properties: yield stress was 310 MPa; specific
conductivity was 0.4-10” 1/0hm-m. The sheet metal screen was rigidly mounted on a
surface of a massive dielectric plate preventing deformation of the screen. A single-turn
inductor with the inner diameter of 60mm was mounted on top of the screen and was
covered by an insulating plate 1 mm thick. The blank was made from the same 1mm
stainless steel sheet. The working zone of the investigated inductor system is the round
opening with diameter 45 mm in the insulating plate on the inductor. The part of the sheet
metal blank positioned against the opening in the insulating plate was expected to be
deformed by the EMF attraction forces. The amplitude of the electric current running
through the coil was J,, = 39.2 kA, and the frequency of the discharge was f =2 kHz . The

relative damping coefficient was ¢, =0.3. After eight discharges, the sheet metal blank

was attracted into the inner opening of the working zone: the dent had a diameter of
40 mm and a the depth of 1mm formed on the surface of sheet metal blank (Figure 8b).

4 Conclusions

The conducted theoretical analysis and experiments confirmed the proposed concepts of
the inductor systems for ferromagnetic and non-ferromagnetic blank materials. The tools
for both versions of the EMF attraction require the low frequency discharge when
repulsion caused by the Lorentz forces is negligible compared to the attraction forces.
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Abstract

Electrical discharges in water have been produced with a modular electrohydraulic
generator. The characterisation of the resulting pressure wave is of prime importance as it
is to be applied on a blank during an electrohydraulic forming process. To improve the
forming, the maximum generated pressure needs to be higher than the yield strength of
the blank material to plastically shape it on a die. The momentum which will be used to put
the blank in motion depends on these two quantities and also on the temporal shape of
the pressure wave. The latter relates to its fall time only, in the case of shock wave, but
also on its rise time in some cases where the pressure wave is not a shock. Those
relevant quantities were simultaneously measured with multiple pressure sensors based
on various physical principles and designs. We obtained the maximum pressure with the
study of shockwave propagation via Schlieren imaging.

A comparison with an Electro-hydroforming case was performed to assess the
validity of our measurements. This method involves the velocity measurement during the
forming of a sheet. A LS-DYNA® simulation was performed with the incident pressure
wave being the one measured by each pressure sensor.

We used the pressure signal of the chosen sensor as an input to simulate a 3D
forming which was also compared with experiment. This characterisation provides a
reliable determination of the pressure generated by an electrohydraulic forming system.

Keywords

Process, Hydro forming, Methodology
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1 Introduction

Electro-hydroforming is based on the ultra-high-speed deformation of metal, up to
10° s on impact with the die, using shockwaves in water. Optimisation of this process is
rather difficult as it requires accurate dynamic pressure measurements among other
things. In this study, we investigated the characteristics of shockwave generated in an
Electro-hydroforming system. We used some techniques including the visualization of
pressure wave propagation and the pressure measurement sensors to improve the design
of discharge chambers using numerical simulations. These simulations are multiphysics
as they couple electromagnetism with plasma physics, hydrodynamics, fluid structure
interaction and thermal analysis.

2 Principles

This process has many industrial applications [1]. As water exhibits a very small
compressibility, the rapidly expanding gaseous volume created, generates strong
pressure waves. In liquid water, these pressure waves quickly evolve into shockwaves
while propagating due to the inherent property of sound speed increase with pressure.
The aforementioned gaseous volume is created by a dielectric breakdown of liquid water.
This breakdown occurs when the water is submitted to a high electric field for a time which
can typically be on the order of the hundred of nanoseconds [2] for supersonic breakdown
with very strong electric field, on the order of several MV/cm, to hundred of microseconds
in the case of subsonic breakdown [3] where a lower electric field is applied. As a result, a
conductive plasma channel is formed and a quick release of electrical energy stored in a
capacitive high pulsed power generator occurs. This induces the fast expansion of the
plasma column which also vaporises the liquid water and form a gaseous bubble in the
later stages of the expansion when all the electrical energy has been released. The
different stages of the process are depicted in the following figure where one can see
some images extracted from several movies recorded at Bmax during a previous
investigation, in partnership with Institut P’ - ENSMA.

Figure 1: Electrohydraulic forming of a tube

264



6" International Conference on High Speed Forming — 2014
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Figure 2: Visualisation of different stages of an electrohydraulic discharge

3 Characterisation of the Pressure in a Electrohydraulic
Forming System

3.1 On the importance of a Suitable Pressure Measurement Sensor

One of the main concerns for a thorough understanding of the electrohydraulic forming
process is the ability to measure the pressure wave generated by a system. The actual
waveform is to be used during two critical steps in the design of a full electrohydraulic
system comprising a high pulsed power generator and a discharge chamber. On the one
hand, for engineering purposes, the relation between a given high pulsed power generator
configuration and the generated shockwave is to be known. On the other hand, for
simulation purposes, the incident pressure wave is used as an input for the design of
discharge chambers adapted to customer needs, such as the material of the blank or the
level of details, e.g. dimensions and depth, on the final part. It is easily understood that
requirement in electrical energy and pressure will differ when it comes to forming of a
40cm large oil-deflector for a helicopter [4] or a small casing for a USB memory stick, a
case study which will be presented in section 3 of this paper.

3.2 Visualisation of Pressure Wave Propagation

The pressure wave generated by the electrical discharge in water modifies the density of
water during its propagation, therefore changing its optical index as stated by the
Gladstone-Dale law. Those changes in optical index were observed thanks to the
Schlieren [5] technique. Depending on the measured propagation speed D, the maximum
pressure can be obtained using an approximation of the Rankine-Hugoniot relationships,
giving equation 1, where ¢, is the sound speed of water at rest and s is the shock
Hugoniot slope and D=cy+su, where u is the material speed.

2 D(D CO) (1)

N

P=
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An example of pictures obtained in Schlieren configuration, see figure 3, is shown in
figure 4.

Experimentation tank

Spherical mirror

Vo - ’! Very High speed
[\ % q camera
:5 Kriife Filter
Spherical Spherical

lens lens

Hg lamp

Figure 3: Optical arrangement of a Schlieren visualisation.

=10 s t=14 ps t=18 s t=22 s 1=26 us 1=30us t=34 us t=38 us

Figure 4: Pressure wave propagation with Schlieren configuration from figure 1.

This method allowed us to estimate pressure comprised between 228 bars and
1898 bars depending on the energy stored in the generator, at a distance of 8 to 15 cm.
The main drawback of this method was the uncertainty, mostly due to the limited “spatial
resolution/acquisition frequency” trade-off. Nevertheless, these pictures helped us to
understand how the pressure wave interacted with surrounding objects, such as the
structure of the pressure sensors we used, which was useful during the pressure sensors
signals post processing.

3.3 Comparison of Available Pressure Sensors

The optical measurements are only able to provide us with a rough estimate of the
maximum pressure but no quantitative information regarding the actual pressure
waveform. Therefore, we used several pressure sensors placed at the same distance of
the discharge to determine how they actually respond to a dynamic pressure wave. We
compared a high frequency piezoelectric crystal sensor, coupled to a charge amplifier and
an in-house pressure sensor (UDPS for Underwater Discharge Pressure Sensor).

As can be seen in figure 5, our UDPS exhibits a very short response time, showing
a bandwidth of at least 5 megahertz and possess only a small overshoot at the maximum
pressure. This maximum is approximately 150 bars. The piezoelectric sensor exhibits a
completely different waveform. The rise time is longer, several microseconds and the
overestimation in maximum pressure make this sensor unpractical for such
measurements. This was expected as the manufacturer gives a resonant frequency of
400 kilohertz only for its sensor, which is well below what is needed to properly measure a
shockwave. For this reason, it is of prime importance to ensure that each sensor possess
a sufficient bandwidth if one is willing to use it to characterise a shockwave propagating in
water. In some cases, the maximum pressure, the measured rise and fall time significantly
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differs from reality and can lead to critical error, up to 100% in the peak pressure and
300% in energy [6]. Those errors in the prediction of shockwave characteristics could lead
to design flaws for the electrical generator needed in the forming industry, which would be
unacceptable. According to our experiments, a typical minimum acceptable bandwidth
would be at least 5 MHz.
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Figure 5: Comparison between the available pressure sensors

The two signals displayed in figure 5 were successively measured during a thin
sheet forming test case. In addition, the velocity of the formed sheet was measured with a
Photon Doppler Velocimetry (PDV) system to ensure reproducibility between shots. Using
the measured velocity as a comparison, we performed a numerical simulation of this
forming case with LS-DYNA using the two measured pressure as input. When using the
piezoelectric pressure measurement, the predicted speed differed too much from the
measured velocity in terms of rise time and maximum speed. In contrary, the velocity
gotten using the UDPS pressure input was perfectly matching the experimental one.
However, this was expected, since the pressure recording should have the form of a
shockwave and display a sharp, sub-microsecond rise time and not a multi-microsecond
one, as it is the case for the recorded piezoelectric signal. With this comparison between
simulation and experiment, we demonstrated our capability to render the actual incident
shockwave, in terms of rise time, maximum pressure and fall time, the three parameters of
a shockwave that one needs to characterise the pressure generated in an Electro-
Hydroforming system.
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Figure 6: Fully instrumented electrohydraulic discharge recording

Figure 6 displays the current derivative, voltage and pressure measurement with our
UDPS during an electrohydraulic discharge. This sensor shows no sensitivity to the
electromagnetic field generated by the discharge, even at close distance from the
discharge or when the discharge is not over, which would not be possible with a classic
piezoelectric sensor.

With the capability to precisely measure the incident shockwave generated by an
electrohydraulic system, we were able to assess the capability of a numerical model we
developed to adequately describe the relation between the deposited electrical energy
and the pressure generated in the water. We have implemented this model for internal
use in 2D/3D electrohydraulic simulations. The model takes into account electrical and
geometrical parameters, such as inductance, capacitance, charging voltage inter-
electrode gap and ambient pressure.

4 Case Study: Electro-hydroforming of a USB Memory Stick

The objective of this case study, is to give an example showing how fluid / structure
coupled simulations can predict the electro-hydroforming of a part and then can be helpful
as well for the design of such parts as for the design of the tooling.

A pressure pulse is entering a cylindrical blank, generated by the discharge in water
of the energy initially stored in a high voltage capacitor bank.

It is important to quantify how much the front wave and the reflected waves
contribute in the forming of the part. We computed in figure 7 the momentum of the
pressure entering the forming zone, obtained from the simulation of the setup.
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Figure 7: Momentum of the simulated pressure entering the forming zone. 1: time of
arrival of incident pressure, 2: time of arrival of reflected waves

The simulated power deposition follows the measured one within 15%. It was
observed that the simulated momentum of the incident pressure accounts for only 10% of
the total momentum, the remaining being due to reflected waves. This clearly shows how
important a proper design of the discharge chamber is in electro-hydroforming.

In those simulations, we modelled the forming of a previously deep-drawn blank
made of 5657 and 1050 Aluminium (lighter gray shade separated by two lines in figure 8A
and B). The first series of simulation used a blank with a round bottom. Given the desired
shape of the formed part, our simulations predicted a tearing at the bottom due to a 48%
thinning of the aluminium (see figure 8A.4, in the upper-left part of the corner). We then
decided to use a blank with a flatter bottom and simulation showed improvement in the
forming results as the part was formed with a reduced thinning of 38%, as can be seen in
figure 8B.4 and 9, due to additional material coming radially while the caps end deforms.

Al

Figure 8: 2D-axisymmetric simulations of electrohydraulic forming for an initially round
bottom (serie A) and an initially flat bottom (serie B)

38% thickness

Figure 9: 3D simulation with the initially flat workpiece - contours of thickness reduction.

Independent tube expansions made in Bmax on AlI5657 and AlI1050 have shown
that the formability at forming speed of interest on Al1050 (40%) was higher than AlI5657
(35%). For information, the formability in static conditions for the Al1050 and AI5657 were
respectively 25% and 20%. The constitutive parameters of both materials have been
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determined and used in the simulations. The arising results show that AI5657 was
predicted to tear apart in the necking region, in contrary to Al1050.

Experimental electrohydraulic forming tests have been carried out with both alloys.
Al5657 has failed (figure 10-A), and this failure corresponds to the most critical region in
the simulations. The forming of AI1050 was successful (figure 10-B), as this alloy could
achieve higher strain levels. These results contribute to validate the multiphysical
simulations, as well as the material characterization in terms of constitutive behavior and
formability.

Figure 10-A: Experimental failure with the Figure 10-B: Experimental forming with
initially flat bottom — AI5657 the initially flat bottom — AI1050

5 Conclusion

We proposed an innovative method of ensuring the capability of various pressure sensors
to adequately measure the characteristics of a shockwave generated by an
electrohydraulic forming system using numerically simulated experimental results. The
knowledge gained with those both actual and simulated experiments were then
successfully applied to numerical simulations which accurately predicted the feasibility of
a USB memory stick casing. These results showed that careful design and
characterisation of pressure waves and material via simulation of an electrohydraulic
system can lead to numerous interesting applications in the forming industry.
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Abstract

The formability of Mg alloy at room temperature is hindered by its microstructure and basal texture;
because of it Mg alloy has to form at elevated temperature and at higher strain rate. As
electromagnetic forming (EMF) is a high strain rate forming process in which a transient high
frequency current is applied on a high electric conductive workpiece to obtain the required force to
form the workpiece into a desired shape. In this paper FEM study is done to analyze the formability
of AZ31B magnesium alloy at high strain rate and at elevated temperature. However as Mg alloy
has poor electrical conductivity compared to aluminium alloy which is the desired metal for EMF
process moreover electrical conductivity of a metal decreases with increasing temperature, hence
aluminium driver will be used for better process efficiency. FEM simulation results is validated with
the published experimental results and further warm forming simulation is done to study the effect
of temperature at high strain rate forming process of AZ31B magnesium alloy by free dome height
test.

Keywords

High speed forming, Electromagnetic forming, Warm forming

1 Introduction

Magnesium alloy is an excellent candidate for automotive white body construction because of its
light weight characteristics and high strength to weight ratio [1], but due to its hexagonal close-
packed structure and necessity of additional slip systems for normal homogenous deformation,
magnesium alloys exhibit very low ductility room temperature [2, 3]. Which demerits its applicability,
However, it shows excellent ductility and formability at elevated temperatures [1]. In fact AZ31B
alloy sheet shows increased total elongation at temperature range between 200 to 400°C on uni-
axial tensile test [4].

The formability of AZ31B magnesium alloy at different strain rate from .001 to 1 S™ at elevated
temperatures has been test by (C. Bruni et. al.)[5] And found that the strain rate sensitivity
coefficient increases with temperature rise meanwhile the strain hardening exponent increases
with rising strain rate and reverse with increasing temperature. In addition to the increase in both
ductility and flow stress at high strain rates [6, 7].

In this paper study will be done on the combined effect of high strain rate and high temperature on
the forming process of AZ31B magnesium alloy simultaneously. The high strain rate condition will

273



6" International Conference on High Speed Forming — 2014

be meet by the Electromagnetic forming technique which is a high velocity forming process and
utilizes magnetic pulse forces to deform the workpiece. This pulse magnetic force is generated by
an intense transient magnetic field between a current carrying copper coil tool and a conductive
workpiece.

2 FEM Simulation

Commercial FEM software LS-DYNA EM module beta version has been used simulate the
processes. The module develop an interface between a magnetic solver with mechanical solver
and, helps in connecting a source electrical current into solid conductors and computes the
corresponding magnetic field, electric field and induced current by solving the Maxwell equations in
the eddy-current approximation [8]. For solid conductors the Maxwell equations are solved by
using a Finite Element Method (FEM) and for the surrounding air Boundary Element Method (BEM)
is used. At each node of the model the Lorentz force F is evaluated and added to the mechanical
solver, once after computing electromagnetic fields by electromagnetic solver.

The temperature distribution in the workpiece during the electromagnetic forming process
depends upon the heat exchange between the forming coil and the workpiece, the plastic
deformation work, and Joule heating due to eddy currents induced in the workpiece. So, the major
contribution to the temperature rise in the sheets is expected to come from impact pressure and
heat dissipation due to eddy currents [9]. In our model, thermal properties considered are the
thermal conductivity (k), the specific heat capacity (c,), and the coefficient of thermal expansion (a)
of the material. Now, in order to model the constitutive response of the material for a wide range of
strain rates, the flow stress of the materials can be determined as a function of effective plastic
strain, strain rate and temperature using the constitutive equation of Johnson-Cook. The John-
Cook equation is:

o= (A+BEM(1+C ng,) (1 - (T‘T—m)m) (1)

Tmeit—Troom

Where, & =equivalent plastic strain,
&,= plastic strain-rate for £,= 1.0/s and,

The expression in the first set of brackets gives the stress as a function of strain for &, =
1.0 and T*=0. The expressions in the second and third set of brackets represent the effects of
strain rate and temperature, respectively. The equivalent flow stress ¢ is the product of three
factors representing strain hardening, strain rate and temperature. Thus to describe the material
behaviour the values of the constants A, B, C, n and m were required.

The formability of AZ31B magnesium alloy with and without an Aluminium driver sheet in a
Electromagnetic pulse forming process was investigated experimentally by Jun Rui Xu et al. [10],
so first simulated results will be validated with the experimental results of the mentioned paper.
Meshed assembly of the coil, worksheets, driver sheet and die for simulation corresponding to the
data given by Jun Rui Xu et al. [10] has been show in fig 1. As magnesium alloy has poor electrical
conductivity, so, to maintain the energy efficiency of the EMF process, Aluminium driver disk is
used for better limit dome height [10].
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Figure 1: Exploded view of the meshed assembly.

The total numbers of elements after meshing is 9458 including the no. of shell elements taken for
the die to save computational time. The material properties of Aluminium driver and Magnesium
alloy worksheet used for experiment are summarised in table no.1and no. 2 respectively.

Material Diameter | Thickness | Yield Ultimate tensile | Resistivity | Density
(mm) (mm) strength strength(MPa) | (Q m) (Kg/m?®)

(MPa)
Al 5052 |94 2 90 199 217 x10° | 2.7x10°

Table 1: Material properties of Al Driver [10].

Materials Yield strength (MPa) Ultimate tensile Elasticity modulus
strength (MPa) (GPa)
AZ31B 172 244 34

Table 2: Material properties of Magnesium work piece [10].
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Materials A B n C Tm m
Al 5052 167 MPa 596 MPa .551 .001 620°C 1.34
AZ31B 224 MPa 380 MPa .761 .012 466°C 1.554

Table 3: Values of Johnson-Cook material parameters.

3 The results

By varying the discharge energy with the help of changing input voltage while keeping the
capacitance constant at 1152 pF, [10], different dome height is obtained for the workpiece. The
result of the free-bulged forming with an aluminium driver sheet at C = 1152 pyF is shown in fig 2,
which shows significant increase in the dome heights with the increase in the energy. Due to the
inertia effect of the aluminium sheet which experience much higher magnetic pressure against the
coil then with the magnesium alloy, the magnesium alloy sheet receive a high velocity impact
causing it deform at high strain rate. So, greater the energy, greater will be the magnetic force, in
turn more impact force on the magnesium sheet.
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Figure 2: Dome heights at different energies with C=1152 uF.

The value obtained from the simulation results (figure 3) shows slightly above the experimental
results given by Rui Xu et al. [10]. But at higher energy range the deviation of the simulation result
from the experiment got minimized as at these range of energies the effect of voltage is more
significant than other factors like resistance and inductance.
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Figure 4: Dome heights at different temperature and at driver usage conditions at energy equal to
4.3 kJ.

Experimentally at room temperature the bulging height of magnesium alloy is 14 mm without the
use of aluminium alloy driver sheet Rui Xu et al. [10], while the simulation results obtained for
magnesium alloy with the use of aluminium alloy driver sheet at room and at high temperature of
250°C are 23 mm and 30 mm respectively. The combined effect of high strain rate and high
temperature shown by (figure 4) i.e. with the use of Aluminium driver at high temperature shows
little effect in the final deformation. It has been experimentally found by Rui Xu et al. [10] from limit
dome heights (LDH) test that formability of magnesium alloy increases with the use of aluminium
alloy driver sheet. Because the intensity of magnetic flux density between aluminium driver sheet
and the coil is larger than that between magnesium alloy sheet and the coil. The dome height at
room temperature and at elevated temperature both with the application of Al drivers shows similar
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results which agree well with the findings obtained by Hasenpouth [11], which state that the
temperature influence on the high strain rate deformation of AZ31B magnesium alloy sheets is
insignificant.

(a)

(b)

(c)

Figure 5: Experimental [10] and simulation parts with and without driver sheet at
C=1152uF/V=1.5kV: (a) Without driver sheet (b) With Al driver (c) Formed driver sheet.
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Without the application of Al driver sheet, a valley is created at the centre of the formed part
(Figure 5(a)) which is then bulge out into a dome shape with the help of the Al driver sheet (Figure

5 (b)). The final formed driver sheet is shown in Figure 5 (c).
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Figure 6: Dome height at different elevated temperature (V=2.8kJ).

At elevated temperature with the application of Al driver sheet the magnesium alloy shows similar
dome height behaviour (Figure 6) as conductivity of the magnesium alloy material is overcame by
the inertia effect of the driver.

4 conclusions

Simulations has been done for high strain rate electromagnetic forming process using magnesium
alloys as work sheets and round aluminium sheet as driver. The simulation results agree with
results of the published literature [10]. And further simulation has been done at high temperature
using aluminium driver to study the effect of inertia at high temperature on the deformation of the
workpiece. Results indicate that there is minimal influence of temperature on the high strain rate
deformation of AZ31B magnesium alloy sheets as stated by Hasenpouth [11] and shown by warm
forming of AZ31B Mg alloy at 150°C, 250°C and 300°C by using Al driver.
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Abstract

DP980 steel sheet is one of advanced high strength steel sheets (AHSS) introduced in
order to achieve both enhanced crashworthiness and lightweight design of auto-body.
Due to its comparatively poor formability, the application of DP980 steel sheet to auto-
body is limited with conventional deep drawing processes. One of remedies is a combined
deep drawing and electromagnetic sheet metal forming process, which is one of the
innovative forming methods to improve the formability. The process chosen in this paper
consists of square cup drawing of DP980 1.2t steel sheet with punch radius of 30 mm
firstly and electromagnetic corner fill process to reduce the radius to 10 mm.

This paper proposes an approach for numerical optimization of combined deep drawing
and electromagnetic corner fill process of DP980 steel sheet. The numerical optimization
was conducted by following procedures of optimization of electromagnetic forming force
and coil design. Conventional square cup drawing analysis was conducted first and the
target function and constraint function were established to minimize the deviation from an
ideal shape without violating forming limits for optimization of the EMF force. Then, coil
design was carried out for small loss of electrical power transmission. Numerical results
and conclusions are demonstrated for the applicability of this combined forming process.

Keywords

Deep drawing, Electromagnetic, Numerical optimization
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1 Introduction

Auto industries recently make efforts to develop lightweight vehicles with improvement of
crashworthiness of auto-body. Advanced high strength steels (AHSS) have been
introduced in order to achieve both enhanced crashworthiness and lightweight design of
auto-body. DP980 steel, one of AHSS materials, is a high strength steel with a micro-
structure of a soft ferrite matrix containing islands of martensite as the secondary phase.
Due to its comparatively poor formability, the application of DP980 steel sheet to auto-
body is limited with conventional deep drawing processes.

Electromagnetic forming (EMF) is one of the innovative forming methods to improve the
formability. EMF is a high-speed forming process that uses pulsed magnetic fields to
apply induced forces by a transient high frequency current. EMF can be combined with
conventional deep drawing to make a sharp corner radius of a workpiece that cannot be
obtained by conventional deep drawing. Regarding the combined deep drawing and
electromagnetic corner fill process, many researchers carried out experimental and
numerical study over the last years. Psyk et al. [1] studied integration of electromagnetic
calibration into the deep drawing process to sharpen edge corner and Imbert and
Worswick [2] showed that hybrid conventional/EM forming process using a specially
designed coil could be successful in forming features in aluminium alloy sheet parts. Taebi
et al. [3] developed a method for the computer aided design of process chains consisting
of quasi-static and EMF in order to increase the classical quasi-static forming limits.
However, most of research works about the process are only limited to the application of
aluminium alloys. Generally, electromagnetic forming is suitable for materials with a high
electrical conductivity and low flow stress in order to achieve small loss of electrical power
transmission. The application of DP980 steel sheet to electromagnetic forming is more
difficult than other high conductive materials since DP980 steel has low electrical
conductivity and very high flow stress. Therefore, it is necessary to optimize the combined
deep drawing and electromagnetic corner fill process for the application of DP980 steel
sheet.

The objective of this paper is to propose the optimization of EM forming force and coill
design in the process without violating forming limits and with small loss of electrical
power transmission. This approach requires adequate process parameters so that a
desired shape is formed as close as possible. Numerical simulations were conducted to
optimize the process with a commercial code LS-dyna and related experiments were
carried out for the mechanical properties and FLD of the material. Conventional square
cup drawing analysis was carried out first, and then the optimization procedures were
conducted to set up the target function and constraint function to minimize the deviation
from an ideal shape without violating forming limits for optimization of the EMF force.
Based on the required EMF force obtained from the previous optimization, coil design was
conducted for small loss of electrical power transmission as a noble proposal. Numerical
results with optimization demonstrate the possibility of application this combined forming
process to practical forming of DP980 for auto-body members.
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2 Procedures for numerical optimization of the process

Numerical simulation of the process is regarded as multistep analysis which consists of
pre-forming analysis and EMF coupled analysis using the deformed sheet in the pre-
forming analysis. Since there are many process parameters of EMF system, optimization
of process parameters of the EMF system directly is rather time-consuming. Hence,
numerical optimization carried out in this paper follows the systematic procedures
explained in Figure 1 (a). According to the flow chart, a conventional pre-forming analysis
is followed by optimization for EM corner fill forming force, and then the EM tool coil is
designed.

2.1 Optimization for EM corner fill forming force

Process parameters of the EMF force were optimized since the amount of sharpening of
corner radius can be different with applied forming force. To solve the optimization
problem, an objective function is setup to minimize the deviation from an ideal shape
without violating forming limits. The process parameters should be carefully chosen and a
design of experiment (DOE) method is used to reduce the number of simulations.
Optimization of the resultant forming force to sharpen the corner radius is conducted using
response surface method (RSM) with selected process parameters. The objective function
was approximated by a regression equation to seek for optimum process parameters.
Figure 1 (b) shows schematic diagram of the optimization procedures of the forming force.

2.2 Design of the EM tooling

To realize the optimized forming force with small loss of energy transition, EM tool coil
was designed. Coil design is one of the most important problems in EM forming since tool
coil delivers the energy to the corner filling area to be formed. Tool coil is integrated in the
punch of the square cup drawing. This design process is carried out with dimensional
analysis.

Conventional pre-forming analysis I

U

Optimization of EM corner fill forming force

Setup of the objective function I

I Determination of design variables ]1-

Calculation of the target function and |

@ the constraint function
Modification of
Analysis of electromagnetic field of forming zone I Constitution of response surface I design values
@ I Find optimum values I

Design of electromagnetic tooling S N
atisfy the o
@ target?
Ye

es

Complete optimization of the process

| Complete optimization for EMF force |

(a) (b)

Figure 1: (a) Optimization procedures of the process; (b) schematic diagram of the
optimization procedures of the forming force
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3 Conventional square cup drawing analysis

FE analysis of conventional square cup drawing using a commercial code LS-Dyna is
conducted as pre-forming analysis. Attempts are made to form the sheet with punch
radius of 10 mm and 30 mm to check whether pre-forming is successful. The mechanical
properties of DP980 1.2t steel sheet are obtained experimentally and strain paths of the
material during pre-forming process are compared to predict the onset of fracture.

3.1 Mechanical properties of DP980 1.2t steel sheet

During combined deep drawing and electromagnetic corner fill process, a workpiece
material exhibits high strain rates in the range of 10000 s™ [4]. Therefore, strain rate effect
on tensile properties of DP980 steel sheet is required to characterize the material
behaviour. Uniaxial tensile tests were conducted at strain rates ranging from 0.001 s™ to
100 s™. All conducted tensile tests were followed test procedures proposed by Huh et al.
[5] to measure stress and strain with low uncertainties. For input data of numerical
simulation of electromagnetic corner fill process, stress-strain relations with high strain
rates in the range of 10000 s™ could be obtained by extrapolating a strain rate dependent
constitutive equation proposed by Huh et al. [6]. Lim—Huh model is a novel dynamic
hardening model which is newly proposed to accurately express the change in the strain
hardening with the change in the strain rate. The equation for Lim—Huh model is
expressed as below:

1+q(2)-2" where o,(e)=K(e+¢,)", q(e)= 4

G(E’é)zar(g).l'Fq(g)'érm m

where €, =0.001s™ is the reference strain rate. The material parameters K, €, n are

determined by the flow stress at the reference strain rate and the parameter q and m
show strain rate sensitivity as functions of strain. Figure 2 (a) shows uniaxial tensile test
results and Figure 2 (b) shows deviations of flow stress of Lim—Huh model from the
measured data. Extrapolated data from Lim—Huh model could be used as input data of
numerical simulations.
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Figure 2: Tensile test results of DP980 steel sheet (a) true stress-true strain measured
data and Lim—Huh model fitted curve (b) deviation of flow stress of Lim—Huh model

284



6" International Conference on High Speed Forming — 2014

Consideration of fracture forming limits of the sheet is necessary to predict whether onset
of fracture is observed during the process in the numerical optimization. Recently, Park et
al. [7] have constructed a fracture forming limit diagram of DP980 steel sheet with fracture
strains experimentally obtained at various loading paths. However, the fracture forming
limit diagram is not able to account for the change of loading path during the process and
the fracture forming limit diagram is not suitable to predict the onset of fracture during the
process. Stoughton et al. [8] proposed a new strain-based forming limit criterion based on
a polar diagram of the effective plastic strain with the direction defined by the arctangent
of the ratio of the current plastic strain rates. This diagram is referred as the PEPS
diagram in reference to its polar nature and its radial variable defined by the effective
plastic strain, and has advantages that there is no dependence on the change of loading
path and the stress-strain relation. Strain paths in major and minor strain space can be
transformed to fracture based PEPS diagram by calculating the strain path as a function
of @ and its corresponding equivalent plastic strain using the equation given below.

_ 1+ < 2

Ep = \/ﬁ; (Agh.)2 +(A82i )2 +ﬁ(A£]i)(A82i)

0, =tan™' (%J = (x,,»,)= (Epn sin(6, ),€,, cos (6, ))
gln

In this paper, a fracture based PEPS diagram is used as a fracture criterion to predict the
onset of fracture during the process in the numerical simulation.

3.2 Finite element model and analysis condition

The stamping tool used for the pre-forming consists of a punch, die and blank holder.
Figure 3 (a) shows an assembly of finite element models and figure 3 (b) shows
dimensions of each part. The punch, die and holder are modelled with shell elements and
treated as rigid surface.

Holder | |

Punch

Punch radius:
30,10

R50
400 mm
Die

200 mm

Axis of symmetry

= x R10

(a) (b)

Figure 3. Finite element model for pre-forming analysis: (a) assembly of finite element
models; (b) dimension of each part
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The blank is modelled with 73325 8-node reduced integration solid elements with five
elements along the through thickness direction since a solid element is required for EM
coupled analysis. The stroke is set to 60 mm due to low formability of the material and the
blank holding force given to the blank is 400 kN. The punch moves with 100 mm/s and
friction coefficient of each contact surface is set to 0.1.

3.3 Analysis results

Strain paths of the material after the square cup drawing analysis with a punch radius of
30 and 10 mm are compared to predict the onset of fracture. Figures 4 (a), (b) show strain
paths of 3 points at the punch corner, sidewall and die corner during the pre-forming in a
fracture based polar EPS diagram. In this paper, it is determined that the onset of fracture
is observed when any strain paths of a material exceed the fracture based polar EPS
diagram of the material.

Fracture based polar EPS diagrams of DP980 1.2t | Fracture based polar EPS diagrams of DP980 1.2t |

Pure shear Uniaxial | tension Pure shear Uniaxial tension

0.8+ 0.8

— PEPS diagram — PEPS diagram

O Punch corner
o Sidewall

O Punch corner
o Sidewall

40 08 06 -04 202 00 02 04 40 08 06 -04 202 00 02 04

(@) (b)

Figure 4. Strain paths during the square cup drawing analysis in fracture based PEPS
diagram of: (a) punch radius 30 mm; (b) punch radius 10 mm

The simulation results show that all strain paths are under the PEPS diagram of the
material in the case of a punch radius of 30 mm, which leads a conclusion that square cup
drawing with punch radius of 30 mm is safe. On the other hand, the simulation results
show that strain paths of the die corner and sidewall exceed the PEPS diagram of the
material, which leads a conclusion that the onset of fracture is observed in the case of a
punch radius of 10 mm. According to this analysis results, it is noted that the radius of 10
mm cannot be obtained with the conventional forming and an electromagnetic corner fill
process is necessary to obtain the sharp radius of 10 mm in square cup forming by
enhancing formability of the material.
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4 Numerical optimization of the EM corner fill forming force

4.1 Determination of design variables

Numerical optimization of the EM corner fill forming force is carried out using numerical
simulation of corner fill process by imposing forming force to a workpiece directly.
Calibration zone where EM corner fill forming force is applied is indicated in figure 5 (a)
and a forming force is imposed on the force imposed plane directly. To represent an
imposed forming force as the Lorentz force electromagnetically induced as closely as
possible, the damping factor and frequency are considered to assume that it is similar to
the system current. Distribution of the imposed forming force on the force imposed plane
is assumed to be non-uniform, but the force profile is a convex shape as well.

Process parameters to be optimized are selected as the total forming force, the angle of
distributed area (8,) and the position of the force imposed plane (6,) which are defined in
Figure 5 (b). The total forming force determines how much corner filling is achieved. Due
to different stress state of the pre-formed workpiece at the calibration zone, the angle of
distributed area (6,) and the position of the force imposed plane (8,) have influence on the
final deformed shape and the formability of the material. Initial ranges of design values for
each process parameter are shown below and 3 levels of process parameters are
considered. Design values are updated during iterations of the optimization process.

Initial ranges of design values

= total forming force F: 1.8 MN < F < 2.2 MN

= angle of distributed area 6,: 20 ° <9, <40 °

= position of force imposed plane 6;: 30 °< 8, <60 °

orming force

% T S Calibration zone
== X

(a) (b)

Figure 5: (a) Calibration zone EM corner fill forming force applied; (b) definition of the
process parameters to be optimized

4.2 Objective function
Iteration of optimization procedure in Figure 1 (b) as mentioned in the previous chapter

leads to the solution of the minimization problem which was introduced by Taebi et al. [3]
as shown below:
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minimize  f(4,,---,4,),
subjectto  c(4,,--+,4,,£)=0

where f'is the target function depending on n process parameters 4, and it means the

mean deviation of the shape of the deformed workpiece after a corner fill process from
optimal geometry.

1

[lse 2,204, =5, 06 0] dxdy]z

zone S

f(/%"',/’in){s

& A
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where S . is the area of the calibration zone, s(x,y,4,,---,4,)is the shape of the deformed
blank, s _ (x,y)is the shape of optimal geometry which has a corner radius reduced to 10
mm and N is the number of nodes in the calibration zone. Integration is carried out over
the whole surface of the calibration zone for the target function, but it can be considered
as the mean deviation from nodes in the calibration zone.

The constraint function ¢ is the minimum distance to the forming limits in the PEPS strain
space at time t. The equation of the constraint function is shown below

opt

(Ao Ayat) =min[ (=1)" - dist((Z, c0s 04+, 4,.0),F, sin O(4y,++, 4,.0)),F) |

0, when forming limits are not violated
where m = N .
1, when forming limits are violated

where (g,cos8, £,sin6) is a point of strain path in the PEPS strain space and Fis a

fracture based PEPS diagram of the material. The constraint function ¢ has negative
value when forming limits are violated and thus the constraint function has to be positive
for all time t.

4.3 Optimization result

The target function and the constraint function were calculated and approximated by
response surface method to seek for optimum values of process parameters. Numerical
simulations are carried out according to the Taguchi’s L° orthogonal table since the
analysis takes account of only the main effect of three process parameters. After the
simulations, the response surfaces of the target function and the constraint function are
approximated by the regression equation for optimum searching as follows:

S(x,x,,) =B, + Bix, + fx, + Bix; + ﬁ4x12 + ,6’5x22 + ﬁéxsz

c(x,X,,%) = B, + Bix, + Box, + fix; + :6’49512 + ﬂ5x22 + :Baxzz + ﬁ7x13 + ﬂ8x23 + :6’9)%3

where x, and S are design values of each process parameter and the coefficients of the
regression equation, respectively. Each regression equation is chosen to enhance the
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approximation ability by adding the higher order terms in each regression equation. After
response surfaces are constructed, optimum searching is conducted by solving the
minimization problem in section 4.2. During the optimization process, the next iteration
starts based on the design values of process parameters obtained from previous iteration
until the converged values are acquired.

This optimization process converged after 4 iterations. A convergence criterion is the
variation percentage of 1% for each process parameter. Figure 6 shows the optimum
values of each process parameter and variation of the target function during the
optimization process.

—a— Total forming force

2.25 —e— Positon of force r60 — 224
= —e— Angle of distributed area E ]
g 3
= o' o 2.14
822 ., —— "  |s¢2 E;
S fe)) © 4
S ® >
o A kA g 2.0
[= () —
E 215 \'\____. 40D ] \-\,’.
= < S 194
L 1 < =
I @ ]
E 210= +30 g 1.8
0.00 T T T T T T T 0 ~ 0.0 T T T T T T T
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Iteration step Iteration step

(@) (b)

Figure 6: (a) Optimum values of each process parameter and (b) variation of the target
function during the optimization process

5 Design of electromagnetic tool coil
After numerical optimization of the forming force, tool coil is designed, which is an

important part delivering electromagnetic energy to the workpiece. The objective of this
coil design is to realize the optimized forming force with small loss of energy transition.

Coil Punch

Workpiece

Current
in

o fx
(a) (b)

Figure 7: (a) Shape and location of the coil and (b) definition of the dimension of the tool
coil

The type of an electro-magnetic tool coil for a successful corner fill process was studied
by Imbert and Worswick [2] and the authors proposed U shape coil with the narrowed
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section closest to a workpiece. In this paper, tool coil is designed with reference to the U
shape with dimensional analysis. The shape and location of the coil are shown in Figure 7
(a). Coil dimensions for the angle of the force distributed area and the position of the tool
coil located in the punch are determined from optimization results of EMF force. The gap
between the punch and the coil is set to 1 mm.

Dimensional analysis is conducted numerically with various dimensions of the coil shown
in Figure 7 (b) to compare the loss of energy transition. The effects of the coil thickness
(ro-r)) and the distance between the upper and lower part of the coil (d) are also
investigated. Numerical simulations are conducted using the LS-dyna EM module recently
developed. The analysis time is 200 us and input parameters representing EMF machine
are the same for all analyses. The reference values of the dimension are selected as ro-r;
=5 mm and d = 50 mm. The normalized forming force exerted by the coil is compared
with various dimensions in Figure 8.

o 1.2+ Dimensions of the coil
o 1 r-r:5,d:50
o 1.0+ q r-r:5,d:40
£ 0.8- r-r 10, d: 40
S !
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g -

N 0.4-

= ]

€ 0.2-

o ]

Z 0.0-

0 40 80 120 160 200
Time [us]

Figure 8: Normalized forming force with various dimensions of the tool coil

The forming force increases as the coil thickness decreases and the distance between the
upper and lower part of the coil increases. Therefore, the coil designed with reference
dimension has the smallest loss of energy transition among proposed designed coils.
Using this coil, the required specifications of EMF machine regarded as an equivalent
RLC circuit for the total forming force optimized can be calculated. The system resistance,
the inductance and the capacity are supposed to be 6 mQ, 230 nH and 380 uF
respectively, the calculated charging voltage is 25 kV.

290



6" International Conference on High Speed Forming — 2014

6 Conclusion

This paper proposes a systematic approach for numerical optimization of the combined
square cup drawing and electromagnetic corner fill process, which is conducted to obtain
process parameters for forming desired shape without violating forming limits. The strain
rate dependent tensile properties and the strain path independent fracture forming limits
are introduced for numerical simulation of the process. The optimization of the process is
followed by an optimum design of the tool coil and required specifications of EMF system.
It is noted that the combined deep drawing and electromagnetic corner fill process with
DP980 steel sheet is possible for sharp corner edges with existing EMF machine to
enhance the formability of the material. However, the required initial voltage for this
process is larger than generally used values of EM forming for low strength materials and
the feasibility of this process has to be proved by experiment. Moreover, the efficiency of
the electromagnetic energy delivery would have to be enhanced to accommodate
industrial settings.
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Abstract:

The electromagnetic incremental forming (EMIF) method is used for tube forming process.
Suitable 2D FE models are designed to predict the forming process with a moving coil. In
comparison with experimental values, simulation method can obtain accurate results. Then,
effect factors named overlapping ration of adjacent discharge positions, discharge voltage,
forming sequence and die dimension on tube homogeneous deformation are discussed. The
result demonstrates that it is feasible to produce long-straight wall tubes using a small coil by
electromagnetic incremental tube bulging.

Keywords
Electromagnetic incremental forming, Tube bulging, Process parameters, Numerical
simulation

1. Introduction

Electromagnetic forming (EMF) is a kind of high-velocity forming technology based on the
repulsive forces generated by opposing magnetic fields in adjacent conductors. In comparison
with conventional forming processes, EMF has many advantages, including no lubricants,
contact-free, high repeatability, improved strain distribution and reduction in wrinkling [1]. At
present, the EMF method is mainly used in tube bulging, tube compression and tube
connection, which could meet industry requirements to some extent [2, 3].

However, only some simple and small parts can be produced by EMF. This is because
larger parts require more energy if using EMF to form the whole metal parts alone. But the
electromagnetic forces cannot be arbitrarily enlarged to form large parts due to the limitation
of strength of the working tool and the capacity of the capacitor bank. Yu et al. [4] analyze the
effect of coil length on energy efficiency of tube forming. It is found that the longer of coil

" The work was supported by the National Natural Science Foundation of China (No.50875093) and
the Major State Basic Research Development Program of China (973 Program) (No.2011CB012802)
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length corresponds to lower energy efficiency under the condition of the same discharge
energy, which causes a higher equipment energy required under the same tube deformation.

Recently, Cui et al. [5] proposed a new method named electromagnetic incremental
forming (EMIF). It is demonstrated that the EMIF technology is feasible to produce a large
metal sheet part with small working coil and small discharge energy. In this paper,the EMIF
method is used to produce a long tube with a small coil and small discharge energy.

2. Principle of electromagnetic incremental tube forming

Figure 1 describes the principle of electromagnetic incremental tube bulging. The small coll
causes workpiece local deformation at a high speed. Finally, all local deformations
accumulate into large parts. There are two kinds of forming process: (1) the coil sequential
discharge from a tube end to another end (Figure 1(a)); (2) the coil discharging make the tube
ends deformation firstly, then the tube center deforms (Figure 1(b)). In order to produce
long-straight wall tubes, it introduces two important concepts, as showed in Eq(1) and Eq(2):
is overlapping ratio of adjacent two discharge regions; n is used to evaluate the tube
deformation uniformity.

a=-t (1)
Lcoil

h= D, =D, (2)
D,

Where, L is the overlapping region of the coil discharge in two adjacent positions. L is
the length of coil. In this paper, L. is equivalent to 56mm. D, is the smallest radial
displacement at the valley region of the tube. D, is the maximum radial displacement.

(b) the tube ends deform firstly and then the tube center deforms
Figure 1 The principle of electromagnetic incremental tube bulging
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3. Numerical simulation of electromagnetic incremental tube
forming

3.1 Finite element models

EMF equipment was made by Huazhong Univeristy of Science and Technology (Figure 2).
The main parameters in the current experiments were: capacitance-900uF, rated
voltage-10KV. A thirteen solenoid coil in conjunction with capacitor banks was used to make
the tube deforms by magnetic force. The section area of the coil is 1x4mm?. The inner radius
of the coil is 38mm. The coil length is 56mm. The distance between coil and tube is 3mm. The
discharge current, I(t), flowing in the coil is approximately described by the following equation:

1(t) =U\Ee‘b’ sin W (3)

Where, U is the initial voltage, C =900uF is the capacitance, L=14.6puH is the inductance,
B =616.44s"is the current damping factor and w=8723.7 rad/s is the current angular
frequency.
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Figure 2 Equipment condition for electromagnetic tube bulging (unit: mm): (a) Capacitor bank and
vacuum switch; (b) Tube and solenoid coil

——————-—

To predict the electromagnetic incremental tube forming by FEM, a method like “birth-death
element” was proposed. Many coil models was required to be established and the coil does
not move in the simulation process. The magnetic forces are calculated on the basis of
stationary coil condition in the ANSYS/EMAG model.

Because of axial symmetrical placement of coil and tube in Figure 1 (b), only the half of
forming system is taken into account in 2D FE model. Figure 3 shows meshes and boundary
conditions for the EM model. The ANSYS/EMAG is used to calculate the magnetic force on
the sheet. The EM model consists of far field air, air, coil and sheet. Regions of sheet, coil and
far field air are all meshed into four-node quadrangular elements. The region of air is meshed
into three-node triangular elements. The element types of sheet, coil and air are axisymmetric
with plane 13. The element types of far field air is axisymmetric with infin110. As showed in
Figure 3, the simulation process can be simply described as follows:

(1) The models of coil 1 and coil 2 are both built-in FEM. Both of the element types for coil 1
and coil 2 are plane 13.
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(2) The current density in only loaded into the model of coil 1 to make the tube deform. The
material property of air is assigned to the model of coil 2. This means the coil stays in the
same position with coil 1 at present. And the model of coil 2 is the air region.

(3) Then, the current density is only loaded into the model of coil 2 to make the tube deform.
The material property of air is assigned to the model of coil 1. This means the coil moves
from the position of coil 1 to the position of coil 2. And the coil1 is the air region.

Coil 1.\| Tube
Coil 1’/|

Al

(a) Geometric model (b) Finite element model
Figure 3 Electroomagnetic field model

3.2 Material properties

The material used in this experiment is the aluminum alloy 3003 tube with 2.5mm in thickness.
The annealing technology is: annealing temperature is 450°C, holding time is 3h. The yield
strength of the material is 74Mpa. Properties of materials is measured by tensile tests at room
temperature, in which 2.5mm thickness standard specimens were used. The true stress-strain
curve of the aluminum alloy 3003 tube under quasi-static condition is shows Eq. (4):

s, =472(e+0.0017)"** (4)

Where, oy is the quasi-static constitutive behavior of the sheet, eis the plastic strain.

In order to consider the effect of high strain rate on the forming process, some scholars
used the viscoplastic material behavior with rate-dependence law (Cowper-Symonds
constitutive model) in the ANSYS software to analyze the EMF process. Liu et al. [6]
established an experimental scheme according to the conventional stamping of cylindrical
parts to analyze the formability of 5052 aluminum alloy sheet. The experimental results show
that the EMAS technology can successfully produce an aluminum cup with smaller bottom
corner radius than the one by conventional deep drawing process. Moreover, a “multi-step,
loose coupling” numerical scheme was proposed to simulate the deformation behaviors of
EMAS. The predicted and experimental profiles of cylindrical parts are in good agreement. Yu
et al. [4] investigated the tendency of homogeneous radial deformation during
electromagnetic compression. It is defined the R is length ratio of the tube to coil. There exists
a critical value, 0.932R=0.92, corresponding to the uniform radial deformation. A good
agreement between the predicted and the experimental data is obtained. Thus, the
Cowper-Symonds constitutive model (Eq.5) is also used to predict high speed forming
process in this paper:
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s=s,(1 +<;‘f)f") (5)

Where, o is the dynamic flow stress, oy is the quasi-static constitutive behavior of the
sheet, éis the strain rate. P=6500 s-1 and m=0.25 are the special parameters for aluminum
alloy.

3.3 Numerical simulation and experimental results

Figure 4 shows the magnetic force acting on the tube at the different time if there was no
overlap region for the coil discharge in different position. The total time for forming process is
Nx400pus. N stands for the number of discharge regions. The simulation time for the coil
discharge in a fixed position is 400ps.

(a) t=200ps (b) t=600ps
Figure 4 Magnetic force on the tube at different time

Figure 5 shows the experimental results with different discharge parameters: (1) the
coil discharge in one position and the discharge voltage is 5000V; (2) the discharge voltages
are 5000V in two positions and there is no overlap region for the two discharge regions; (3)
the coil sequential discharge from a tube end to another end. The discharge voltages are
5000V in three positions and the overlap ratio is 50% of the adjacent two discharge regions.
Figure 6 shows the comparison between the experimental and simulation results. These
show the simulation method has a high accuracy to analyze the electromagnetic incremental
tube forming process.

e

(a) One-step forming (b) two-step forming (6=0) (c) three-step forming (6=50%)
Figure 5 Experimental results
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Experiment condition:C=900uF,U=5000V
Number of coil discharging positions: 1
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(a) One-step forming
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(b) two-step forming (6=0)

Experiment condition:C=900uF.U=5000V
Number of coil discharging positions: 3
—a—Experiment

— Simulation

Displacement (mm)
N
T

- 1 1 | | 1
—400 -80 -60 -40 -20 0 20 40 60 80 100
Distance from sheet center (mm)

(c) three-step forming (6=50%)
Figure 6 Experimental and simulation data of electromagnetic incremental tube bulging

4. Effect factors on tube homogeneous deformation

According to the results of the coil discharge in two or three different positions in Figure 6, it
shows there exist the peak and valley on the deformed tube. Therefore, the sequency
coupling method is used to analyze the effect named overlapping ratio of adjacent two
discharge regions, discharge voltage, forming sequence and die structure on tube
deformation uniformity.

4.1 Forming sequence and overlapping ratio

Figure 7 shows the effect of overlapping ratio on tube homogeneous deformation if the coil
discharging in two different positions with the discharge voltage is 5000V. With the increase of
the overlap ratio, the displacement at the position of 28mm away from the tube center slight
increase due to the second discharge make the deformed region deform again. Higher of
overlap ratio 9, the tube homogeneous deformation n is improved. However, there exists only
one peak if the overlap ratio is higher than 70%.
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Figure 7 Deformed tube profiles vs 6 if the coil discharging in two positions

Figure 8 shows the effect of overlapping ratio and forming process on tube
homogeneous deformation if the coil discharging in three different positions with the
discharge voltage is 5000V. It can be found there exist obvious peak and valley values on
tube no matter what kinds of forming process or overlapping ratio of adjacent two discharge
regions, which caused the tube has a low deformation uniformity.
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(a) the coil sequential discharge from tube end to another
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Distance from tube center (mm)
(b) the tube ends deform firstly and then the tube center deforms
Figure 8 Deformed tube profiles vs & with different forming process (three-step forming)

4.2 Discharge voltage

As showed in Figure 7, there exist obvious peak and valley values on tube if 6 < 50% and the
coil discharge in two different positions. Figure 9 shows the effect of the discharge voltage in
the second position on deformed tube profiles. With the discharge voltage increased, the
value of the tube deformation uniformity is increased firstly and then decreased. The great
value of tube deformation uniformity n=3.3% if the discharge voltages are 5000V and 5125V
in two different positions with thed is equal to 60%.
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Figure 9 Deformed tube profiles vs discharge voltage (two-step forming)

In Figure 8, the displacement at the tube center is lower than its adjacent regions with &
=50% if the tube ends deform firstly then the tube center deforms. In order to improve the tube
deformation uniformity, the higher discharge voltage is needed to increase the displacement
at the tube center. As showed in Figure 10, with the discharge voltage increased, the
displacement at the tube center is increased, while value of the tube deformation uniformity is
increased firstly and then decreased. The value of tube deformation uniformity n=8.7% if the
discharge voltages are 5000V, 5000V and 5250V in three different position and 6 =50%.

" ‘ ) T | \

- e T .
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Figure 10 Deformed tube profiles vs discharge voltage (three-step forming)

4.3 Die dimension

In order to control the deformed tube shape, a die structure with reasonable inner radius is
needed. Figure 11 shows the effect of die dimensions on deformed tube profiles. Under the
condition of same discharge voltage, the value of the tube deformation uniformity under the
condition of the die radius is 49.5 is lower than the one if the die radius is 49.2. In addition, the
optimum value of the tube deformation uniformity n =1.3%if the discharge voltages are 5000V,
5000V and 5500V in three different position, die radius is equal to 49.2mm and & =50%.

5 T T T — T T T
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T
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(a) the distance between the tube and die is 5mm in the initial state
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(a) the distance between the tube and die is 4.7mm in the initial state
Figure 11 Effect of die dimension on deformed tube profiles (three-step forming)

5. Conclusion

In this paper, the EMIF method is used in this paper to produce a long tube with a small coil
and small discharge energy. A method like “birth-death element” is used in 2D FE model to
predict the forming process with a moving coil. In comparison with experimental values,
simulation methods can obtain accurate results. Then, it is found that the overlapping ratio of
coil discharge positions, discharge voltage, forming sequence and die dimension has great
influence on tube deformation uniformity. Finally, the value of the long tube deformation
uniformity n is equal to1.3%if the discharge voltages are 5000V, 5000V and 5500V in three
different positions, die radius is equal to 49.2mm and & =50%.
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Abstract

This paper is concerned with thermo-elasto-plastic dynamic response of a conductive
plate in a magnetic pulse field. The influence of the strain rate effect and the temperature
effect are taken into account for the electromagnetic elasto-plastic dynamic transient
response and deformation of the conductive plate which made of strain-rate sensitive
materials. The Johnson-Cook model is employed to study the strain rate effect and the
temperature effect on the deformation of the plate. Basic governing equations are derived
for electro-magnetic field considering the eddy current. The analysis includes the elasto-
plastic transient dynamic response and the heat transfer of a conductive rectangular plate,
and then an appropriate numerical code based on the finite element method to
quantitatively simulate the electro-magneto-elasto-plastic mechanical behaviors of the
conductive rectangular plate. The numerical results indicate that the strain rate effect has
fo be considered for the conductive plates, especially for those with high strain rate
sensitivity. Comparison of the influence of the temperature effect on the deformation of the
plate with that of the strain rate effect shows that the influence of the temperature effect
on the deformation of a plate is not significant.
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1 Introduction

An electromagnetic forming (EMF) process is a dynamic, high-energy rate forming
process, which utilizes the electromagnetic force to fabricate the work-pieces. Since it has
many advantages of rapid forming, slight springback, high forming limit, high forming
precision compared to the conventional forming process, the EMF process has potentially
wide applications to industrial practice as a complementary approach of the conventional
forming process [1].

As one of the basic problems of EMF processes, the research on the electro-magneto-
elastic-plastic dynamic behaviours of conductive structures under the magnetic pulse is
very important and useful for the design of the EMF process. However, because of the
complicated multi-field coupling and nonlinear characteristics of these problems, the
researches have been conducted are mainly restricted to two dimensions or axisymmetric
geometries[2,3], and most of researches conducted on the dynamic behaviours of
conductive structures are always focused on the elastic deformation. There are a few
research works conducted on the electromagnetic elasto-plastic behaviours on the
conductive structures. On the other hand, although some calculational frame for EMF
processes have already been presented [1,4,5], most of them regard the electromagnetic
force as a magnetic pressure [4], and never reveal the distribution characteristics of the
eddy current and the electromagnetic force in detail and without consideration of the
coupling between the deformation of a workpiece and the applied magnetic field. In
addition, although the conductive sheets in the EMF process has very high strain rate,

which is always higher than 10°/s, even up to 10*/s [5,6], there are a few research works
which have been conducted to study the influence of the strain rate effect on the
deformation of a conductive sheet. There are also a few reports for the influence of the
temperature effect on the dynamic response or the deformation of the conductive sheet,
which is due to the plastic work and the loss of the eddy current. Thus, it is necessary to
investigate the influence of the strain rate effect and the temperature effect on the
deformation of the conductive plate.

In this paper, we investigate the elasto-plastic dynamic response of a rectangular plate
with consideration of the coupling effect between the deformation of plate, the thermal
field and the magnetic field to reveal the distribution characteristics of the applied
magnetic field, eddy current and the electromagnetic force in a conductive plate. This
study investigates the influence of the strain rate effect and temperature effect, which is
due to the plastic work and the loss of the eddy current, on the deformation of the
conductive plate under a magnetic pulse.

2 Governing Equation
2.1 Electromagnetic force

Consider a thin conductive rectangular plate with the length of a, the width of b, and the
thickness of h, which located in an applied magnetic pulse field B, =B, i+ B, j+ B, .k as

shown in Figure 1. Here i, j, k are the unit vectors in the Cartersian coordinates (x,y,z).

kis normal to the mid-plane of a plate, and the x- and y-axes are coincident with the
length and width directions of a plate, respectively.
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(a) (b)
Figure 1. Schematic of the conductive plate in an applied magnetic field: (a) the

conducting plate; (b) the rectangular coils

Based on the Maxwell equations and T-method for calculation of eddy current [7,8], a
governing equation for the eddy current vector potential T is expressed as

oT oT. o 1., OB, (t o’w o’w
Ho o ——W"f—”—(—)d = e (By. +B
t 47

VT - s = o
s 0t 0z R ot OxOt " 0yot

)] (1)

The boundary conditions and the initial conditions are respectively described as

6_T=0 at x=0,a,and y=o0,b (2)
os
T(x,y,0)=0 at t=0 (3)

Without consideration of the magnetism and polarization, as well as assuming that the
eddy current is uniform along the thickness of a plate, the electromagnetic force F of the
conductive plate, given by the Lorentz force formula, becomes

h
F=Fi+F,j+Fk=[%(,xB)dz=h(J,xB) (4)
)

where J, =VxTandT=T(x,y,0)k.

2.2 Dynamic governing equations of a rectangular conductive plate

According to the theory of vibration of a thin plate, the dynamic governing equations of the
conductive plate can be expressed as

ON. ON, o’u
2424 F(x,y,t)= ph— 5
= o (y)=p P )]
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Ny v Do p eoyty= phly (6)
oy  Ox e or*

2 2 2 2 2 2
aag” + aajg;v + aai/zly +(NV272V+2NW§C—(;;+N}, Zy—v;)+ -
(6NX+any)a_W+ %+_y)a_w+F(xyt)=phazw

ox oy ox o ax oy oy T or’

where p is the mass density, M and M are the bending moments, Mxy is the twisting

moment.
We assume that the boundary is clamped; the boundary and initial conditions can be
described as

w(x,y,t)=0, M:o, on x=0,a (8)
ox

wryy=0, DEXD o0 9)
y

SO0, w(x,,0)=0 (10)

2.3 Johnson-Cook model and the Von-Mises Yield criterion

In order to investigate the influence of strain rate on the deformation of metal sheet, the
Johnson-Cook material model is employed as below: [9]

o=(A+Bs")(1+Clné)(1-T™), T*:% (11)

melt room

where T is the homologous temperature 7' is the temperature of work pieces, and T

melt
is the melting temperature of a workpiece. The Johnson-Cook model contains five
material constants, 4,B,n,C,m which need to be determined. The first bracket in the
equation is the strain hardening term, the second is the strain rate hardening term, and
the third is the thermal softening term.

The Von Mises yield function is employed to for the plastic strain produced in the plate.
In the case of a thin plate [9], it is expressed as

! [(c,-0,)+0,+0 +61.1" —0,(c",6",T) (12)

'R
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2.4 Heat transfer equations

Due to the loss of the eddy current and the plastic work, the temperature of a plate
increases quickly in the strong applied magnetic field, hence the temperature effect on the
deformation is considered in this paper.

The governing equation of heat conduction with heat generation can be described as
follows:

pcaﬁit =AVIT W, W(xp,0)=J,(y.0f in+ f57é, )

where T' is ftransient temperature, p, A2, C denote the mass density, thermal

conductivity and specific heat respectively , W is the heat flux due to the eddy current loss
and plastic work, J,(x,y,t) is the magnitude of the vector of the eddy current, o7 is the

effective stress of a point in the plate, &’ is the plastic strain rate. § is a coefficient
usually in the range of 0.85~0.95

The initial value of temperature and the insulating thermal boundary can be expressed
as

oT' (M ,t)

T'(x,y,2)=T"(x,y,2),
on

lyer=0 (14)
where M is a point in the boundary I, n is the normal direction of the thermal boundary.

3 Numerical Approach

3.1 The eddy current and magnetic field

With the aid of the Garlerkin finite element method, the Egs.(1 - 2) of the eddy current of
the plate, can be stated in a discrete form as [8,10]

K“T+P68—T= F (B, (1), W) (15)

in which, K* is the total magnetic stiffness matrix; P is the stiffness matrix related to
magnetic flux induced by the eddy current, F*(B,,w) is the column matrix of the force

related to the applied magnetic field.
In order to deal with Eq. (15), the Crank-Nicolson’s method [8] is employed here for the
time integration to reform the finite element formulation of Eq. (15) as

(% +(1-0OK“)T, = (% —0K“)T, + OF“ (B, ,w), +(1-0)F“(B_,w) (16)
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in which @ is a relax factor satisfied with0 <8 <1.
After calculation of the eddy current vector potential component T for all discrete
points, the magnetic force £, F), F, can be calculated by Eq. (4) in sequence.

3.2 Transient dynamic response of elastic-plastic plate

From the principle of virtue work, one can easily get the finite element formulation of the
dynamic equation of the plates as

Mii + Cu +P™ =F(T)
(17)

where u = {u,v,w} is the displacement vector, C is the damping matrix. P™, F are the
matrices of internal force and external force, respectively.

A central difference method, which is the most popular of the explicit methods in
computational mechanics and physics, is employed here to obtain the solution of the
dynamic equation of Eq. (17).

3.3 Backward-Euler algorithm for returning mapping to the yield surface
In order to effectively achieve integrating of the flow equation of plastic deformation, a

backward-Euler scheme [9] is adopted to update the stresses, the stress changes are
related to the strain changes with

6=Y(é-¢,) (18)

where Y is the elastic constant matrix. The increment of the strain and stresses at the
respective iteration are described as [9]

T -1
dg_l’l zﬂ do. =—O'r —de” O7'Ya 19
i+l aTQ—lYa+H/ i+l Q i z+1Q ( )
of ) . , . i<, 0a
where a:a— ,H' is the hardening parameter,r, is residual vector, Q = (I+Ag” Ya—).
(o) (o)

3.4 Finite element formulation of the heat transfer

Similar to the approach for the eddy current, we can easily derive the finite element
formulation for a thermal conductive problem as

temp
Cet agt + KetTtemp — Rel (20)

308



6" International Conference on High Speed Forming — 2014

in which C” is the thermal specific matrix, K“is the stiffness matrices related with the

thermal conduction and R is the heat flux matrix related to the heat flux

As mentioned previously in the analysis on the eddy current, the Crank-Nilcoson’s
method can be used to deal with the heat transfer problem

4 Results and discussions

In the follow simulations, the length, the width and thickness of plate are assigned
asa=b=0.15m, h=0.003m. The mass density, the specific heat density, the electric
conductivity, the thermal conductivity are set as

p =7800kg / m’ , 7 =4.532x10°S/m, pC =12x10° (J / m’K), A=404.0(W / mK) .

Current | (KA)

o 02 04 06 o08_ 1 12 14 16 18 2
Time t/s x10°

(a)

U
Y
l

Lo U1l

NN
"Illbf\\\\\\\

(c) (d)

Figure 2. The magnetic field of coils with electric current: (a) the applied current in coils;
(b) the x-directional component of the magnetic field; (c) the y-directional component of
the magnetic field; (d) the z-directional component of the magnetic field

Now we assume that the applied magnetic field is generated by the rectangular coils

with carrying electric current, and approximate theoretical formulae of the magnetic fields
of coils with electric current as given in [11]. Figure 2 shows the characteristics of the
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applied current and the magnetic field produced by the rectangular coils with electric
current, respectively. The distance between the plane of the coils and the plane that we
investigated isz=0.01m. The applied current in the coils varies with time as shown in
Figure 2(a) expressed as a decaying periodic function / =/,exp(—t/7)sin(wt) . In the

simulation, we set [, =10kAd, t=6x10", @=3.0x10*, tuns of coil N=10, The
distribution characteristics of the x-, y-, z-direction of the magnetic field B, , B,, and B,
are plotted in Figures 2(b), (c), (d) respectively. It can be found thatB,,,, Boy are skew-

symmetric to the x =0and y =0, respectively, while B, is symmetricto x=yandx=-y.

Figure 3 displays the influence of the strain rate on the deformation at the location (a/2,
b/2) of the conductive plate which is made up of SGACD, SPCC and TRIP60. The
material parameters of SGACD, SPCC and TRIP60 are given in [12, 13]. It can be found
for those conductive plates, whose materials are sensitive to strain rate such as SGACD,
SPCC that the influence of the strain rate on the deformation of plates is significant and
thus the strain rate effect should be considered in the quantitatively simulation or
experiments in the EMF process. However, for those plates whose material is less
sensitive to the strain rate such as TRIP60, the influence is small and can be neglected in
the forming process. On the other hand, the deformation of plates under consideration of
the strain rate effect is smaller than that without considering the strain rate effect.

Figure 4 displays the influence of the different magnetic pulse parameter on the
deformation of a plate, 7 which is a parameter that governs the attenuation of the applied
current in coils and the magnetic field. It is found that with the parameter 7 increasing, the
deformation of the plate increases remarkably.
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Figure 3. The influence of the strain Figure 4. The deformation of a conductive
rate on the deformation of plates plate of with different pulse parameters

Figure 5 displays the plastic strain at the point (a/2, b/2, h/3) of plate varying with the
time for the three different materials SGACD, SPCC and TRIP60 with consideration of the
strain rate. It can be found that at the beginning the plastic strain is zero, which means the
plate only generate the elastic deformation. Then, with the increase of time, the plastic
strain increases sharply and quickly reaches a constant value for the conductive plates. In
addition, it can be found that under the same applied magnetic field, the plastic strain
produced in the plate of SGACD is larger than those of the other two materials.

Figure 6 explains the transverse electromagnetic force varying with time. Due to the
transverse magnetic force at the middle of plate (a/2, b/2) is almost zero, thus the
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transverse magnetic force at the location (3a/32, b/2) is shown in this figure. It is
interesting to note that the frequency of electromagnetic force is twice of that for the
applied current and the value of electromagnetic force is almost positive.
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Figure 5. The strain at (a/2, b/2,-h/3) of Figure 6. the electromagnetic force with
plate varying with time respect to time
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Figure 7. Configuration of conductive plate  Figure8. The effect of the strain rate and
temperature on the deformation

Figure 7 displays the configuration of the conductive plate under the magnetic pulse

(t= 1.25%1072 s), which shows rather smooth deformation.

Figure 8 displays the effect of the temperature and the strain rate on the deformation
at (a/2, b/2) of the plate, respectively. It can be found that the effect of the strain rate on
the deformation is larger than that of the temperature effect. The deformation of the
conductive plate with consideration temperature effect is almost the same as that of the
plate without consideration of the temperature effect in our case study.

5. Conclusions

The electro-magnetic thermo-elasto-plastic dynamic response of a rectangular conductive
plate has been studied with consideration of the coupling between the mechanical
behaviours, thermal field and electro-magnetic field. The study investigated the effect of
the plastic strain rate and the temperature on the transient dynamic response or the
deformation of conductive plates under a magnetic field produced by the coils with electric
current. Numerical simulations of the conductive plates in this paper provide the
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characteristics of applied magnetic field produced by the coils, the dynamic response
curves, the configuration, the distribution of eddy current and the temperature varying with
the time. The numerical results demonstrate that the strain rate effect should be
considered in the electro-magnetic forming process and the temperature effect on the
deformation is smaller than that of the strain rate and could be neglected in EMF
processes.
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Abstract

Electromagnetic forming is a high speed forming process especially suitable for materials
with high electrical conductivity such as copper or aluminum. In case of materials with
comparatively low electrical conductivity (e.g. stainless steel or titanium) the use of
so-called driver sheets is a common approach. Various publications proved that this way
materials with low electrical conductivity and even non-conductive materials can be
formed. Although the use of driver sheets is common practice, there are no or only
contradicting recommendations regarding the optimum driver sheet configuration.

Based on experimental investigations of the electromagnetic sheet metal forming process,
this paper investigates the optimum material and thickness of the driver sheet. The results
prove that aluminum should be favored over copper as driver material. The optimum
driver thickness was found to be dependent on thickness and electrical conductivity of the
workpiece. Even in case of a workpiece made of aluminum the use of a driver sheet could
enhance the efficiency of the process.
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1 Introduction

Electromagnetic forming is a high speed forming process using pulsed alternating
magnetic fields for a contact-free application of forces to the workpiece. Referring to
WINKLER [1], the repelling force between workpiece and coil decreases with decreasing
electrical conductivity of the workpiece. This hinders or completely prevents
electromagnetic forming of materials with low electrical conductivity such as stainless
steels or titanium.

The dependency of the magnetic forces on the electrical conductivity can be attributed to
the smaller amount of eddy currents induced into the workpiece. This, in turn, weakens
the shielding of the primary magnetic field so that the field penetrating through the
workpiece increases. An indicator for the shielding is the ratio of workpiece thickness t,
to skin depth g5. Taking into account the discharge frequency f as well as electrical
conductivity x and permeability u, the skin depth is defined as follows:

B 1
%= T Frg (1)

To ensure that the amount of the penetrating field is sufficiently small, the ratio t, /os
should be at least 1.5 [2]. Assuming a given workpiece geometry and material and taking
into account the definition of the skin depth g5 according to Eq. (1), this ratio can only be
affected by increasing the discharge frequency f. BELYY ET AL. [3] recommend
frequencies between 60 and 100 kHz to form low conductive materials. But, as the
discharge frequency is an inherent characteristic of pulse generator and tool coil, this
value is not adjustable by the user.

An alternative concept to form materials with low electrical conductivity and even non-
conductive materials was introduced by WEIMAR [4]. By placing an additional sheet with
high electrical conductivity between workpiece and tool coil (see Figure 1a), hereinafter
referred to as driver sheet, a good shielding of the primary magnetic field is attained.
Consequently, a large amount of magnetic force is acting on the driver sheet. Due to the
contact between driver sheet and workpiece this force is mechanically transferred to the
workpiece. If the equivalent stresses in driver sheet and workpiece arising from the
magnetic force exceed their yield stress, both parts are formed simultaneously.

2 Driver Sheets in Electromagnetic Forming

When it comes to process design for driver-assisted electromagnetic forming operations
three questions arise:

1. Is a driver sheet necessary?
2. Which is the best driver material?
3. Which is the optimum driver thickness tp ,,:?

Regarding the first point, WEIMAR [4] recommends the use of driver sheets if the electrical
conductivity of the workpiece ky, is below 20 % to 10 % than the one of copper. This
equates to a value between 11.2 and 5.6 MS/m. Assuming a discharge frequency f in the
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range of 10 — 20 kHz, BELYY ET AL. [3] define a threshold value of about 14 MS/m. Neither
of them gives an explanation for their recommendation. However, these values
correspond to the publications on driver-assisted electromagnetic sheet metal forming
summarized in Table 1. Here, the electrical conductivity of the workpiece material is in the
range of 10 MS/m (DCO04) to 1 MS/m (Titanium).

Workpiece Driver
# Material Thickness t,, | Material Thickness tp tp/0s | Ref.
1 | DCO4 0.80 mm Copper 0.65 mm 1.0 [5]
2 | Titanium 0.50 mm Copper 0.65 mm 1.0 [5]
3 | DP600 0.70 mm Copper 0.60 mm 0.90 [6]
4 | Ti-6AL-4V 0.50 mm CU-DHP 0.50 mm 0.82 [7]
5 | X5-CrNi18-10 0.15 mm EN AW-1050 | 0.30 mm 0.73 [8]
6 | X5Cr-Ni-Mo17-12-2 | 0.25 mm Copper 0.10 mm 0.22 [6]
7 | X12CrMn-NiN17-7-5 | 0.08 mm Copper 0.15 mm n/a [9]
8 | Titanium 0.08 mm Copper 0.15 mm n/a [9]
9 | Carbon steels 0.15-0.3 mm | EN AW-6111 | 1.0 mm n/a [10]
10 | AZ31B-O (Mg) 0.55 mm Aluminum n/a n/a [11]
11 | Titanium CP-1 0.50 mm Aluminum n/a n/a [11]

Table 1: Publications focussing on driver-assisted electromagnetic sheet metal forming

The material most suitable for the driver sheet has to meet two requirements at once: A
high electrical conductivity and a low vyield stress. The high electrical conductivity is
necessary to ensure a good shielding of the magnetic field. The low yield stress should
minimize the forming energy consumed by the driver so that the energy ratio available for
the workpiece is increased. Based on this theoretical consideration, aluminum and copper
seem to be proper materials. Since copper has a higher electrical conductivity but also a
higher yield stress compared to a low alloyed aluminum, an ordinal comparison of copper
and aluminum is not possible without further theoretical or experimental investigations.
While BELYY ET AL. [3] recommend annealed copper as driver material, DENGLER AND
GLOMSKI [12] claim that aluminum should be favored. None of these two contradicting
recommendations is based on investigations and the authors do not explain their
suggestion. Only DESAI ET AL. [13] gave a comparison of aluminum and copper drivers
based on a numerical simulation. The results prove that in case of a workpiece made of
stainless steel (k,, = 1.1 MS/m) the copper driver causes the highest Lorentz forces
whereas the aluminum driver leads to the highest collision velocity. As the investigations
of DESAI ET AL. focus on the magnetic pulse welding process they conclude that aluminum
drivers should be favored. However, this does not necessarily mean that aluminum is also
the best choice for electromagnetic forming processes which are rather energy-based
than based on the collision velocity. Also the publications listed in Table 1 do not show a
clear dominance regarding the driver material used.

A proper thickness of the driver sheet tj, is likewise important for the efficiency of driver-
assisted forming processes as the driver material. According to SANO ET AL. [14], there is
an optimum value for the driver thickness t;. In case of a too thin driver sheet the induced
eddy currents and, consequently, the resulting Lorentz force acting in the driver are
comparatively small. If the driver thickness exceeds the optimum value, only a slight
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increase of the Lorentz forces can be observed. As this slight increase cannot
compensate the increase of energy required for the deformation of the driver, the
remaining forming energy for the workpiece decreases.

Recommendations regarding the optimum driver thickness are contradictory. TILLMAN ET
AL. [5] as well as SANO ET AL. [14] recommend a driver thickness t, equal to the skin
depth g5. BELYY ET AL. [3] claim that the optimum driver thickness equates to half of the
skin depth a5. None of these recommendations is proved by experimental investigations.
As the authors do not even give an explanation justifying their suggestions, their
recommendations must be treated as hypothesis. Only the recommendations given by
DEsSAI ET AL. [13] are based on numerical results. According to their simulation the
optimum thickness of an aluminum driver is 0.83 - ¢ whereas a driver made of copper
should have a thickness equal to the skin depth g5. For several reasons the validity of
these results is doubtful and needs further verification. On one hand the recommendations
are based on the observation, that the absolute optimum thickness for copper and for
aluminum drivers is identical and equates to t, = 0.5 mm. This result is questionable as
the higher electrical conductivity as well as the higher yield strength of copper must cause
a smaller optimum thickness compared to the one of aluminum. The failure might be
caused as only three driver thicknesses (0.25, 0.5, and 1 mm) have been simulated. This
very coarse step size makes it nearly impossible to identify differences in the optimum
thickness of copper and aluminum, leading to the wrong assumption that the optimum
values are identical. On the other hand, experimental verification of the numerical results
was realized by comparison of the joint quality in magnetic pulse welding experiments.
Even if an ordinal comparison of the collision velocity based on the joint quality is
possible, it does not give an exact value of the deviation between numerical and
experimental collision velocity. Also the publications listed in Table 1 prove that there is
insufficient knowledge about the proper driver thickness. The wide range of values
between 0.22 - g5, and o, cannot just be attributed to different workpiece properties and
thicknesses. The workpiece material in line #5 and #6, for example, is quite similar, but
the chosen drive thickness varies by a factor of more than 3.

The investigations discussed so far prove that there is no clear recommendation regarding
material and thickness of driver sheets verified by experimental results. Both parameters
are crucial for the efficiency of driver-assisted forming operations.

In this paper copper and aluminum drivers are compared by experimental investigations
on the electromagnetic sheet metal forming process. The optimum thickness is
determined for both driver materials. The effect of variations in charging energy,
workpiece material, and workpiece thickness on the optimum driver thickness is
investigated.

3 Experimental Setup and Procedure

The setup used for the experimental investigations is depicted in Figure 1a. Instead of a
closed die only a drawing ring was used to facilitate free forming of the workpiece and the
driver (Figure 1b). A flat forming coil with n = 7 turns and an outer diameter of d, = 65 mm
was used. The coil was connected to a Maxwell Magneform pulse generator. Two
capacitor banks with a total capacitance of C = 629 yF and a maximum charging voltage
of U =8KkV were selected. Inner inductance and inner resistance of the chosen pulse
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generator configuration equate to L; =60 nH and R;=4.2 mQ respectively, leading to a
short circuit frequency of f = 25 kHz.

a) Before forming | After forming b)
100 mm > Workpiece
80 mm (1.4301, t,, = 0.8 mm)

Y

Drawing ring |
Workpiece

S owind Driver
- . ! CO!' winding (CU-ETP, t, = 0.5 mm)
f Coil body

41?mm

Charging energy E. = 2.4 kJ

n 65 mm Max. coil current [ ,, = 44 kA

YyY

Figure 1. a) Experimental setup for free forming experiments b) Workpiece and driver sheet after
electromagnetic forming process

Two stainless steels and one cold-rolled low carbon steel were used as low conductive
workpiece materials. Additionally, the wrought aluminum alloy EN AW-5083 was used to
analyze the effect of the electrical workpiece conductivity k,, on the optimum driver
thickness. With the exception of EN AW-5083 the workpiece thickness was varied from
0.5 to 1.0 mm. The wrought aluminum alloy EN AW-1050A and the copper alloy CU-ETP
(CWO0O04A) were used as driver materials. For the experiments with low conductive
workpiece materials the driver thickness was varied in the range of 0.3 mm to 2.0 mm
(see Table 2). To identify the comparatively small optimum thickness when using the
aluminum alloy EN AW-5083, additional drivers with a thickness of 0.05, 0.1, 0.15, 0.2,
and 0.25 mm were used. Within all experiments workpiece and driver sheet had a
constant outer diameter of d =100 mm. Mechanical and electrical properties of the
workpiece and driver materials are summarized in Table 2.

Material Elec. conductivity Yielq stress | Density p | Thickness
K in MS/m ks in MPa | in kg/dm3 | tin mm

1.4301 (X5CrNi18-10) 14 290 7.90
1.4509 (X2CrTiNb-18) 1.5 315 7.70 0.5,0.8,1.0
1.0338 (DC04) 8.2 199 7.85
EN AW-5083 (AlMg4.5Mn) | 16 162 2.66 1.0
EN AW-1050A (AL99.5) | 34 107 2.70 0.3,0.5,0.7
CWOO4A (CU-ETP) 56 229 8.93 0.8,1.0,2.0

Table 2: Electrical, mechanical, and geometrical properties of workpiece and driver materials

After the electromagnetic forming operation the bulge height hy,, of the workpiece is
measured (see Figure 1a). This parameter is used to evaluate the quality of a driver
configuration. To eliminate the effect of a varying discharge frequency f, the driver
thickness t, is divided by the corresponding skin depth ;. The dimensionless value
obtained this way is used in the following presentation and discussion of the results.
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4 Results and Discussion

4.1 Effect of driver material and charging energy

In Figure 2a the bulge height hy, for the stainless steel 1.4301 is plotted against the
specific driver thickness t,/os. Due to nearly identical curves the relevant parameters
tp,opt/0s and hy (tp o, ) for the ferritic stainless steel 1.4509 are summarized in Figure 2b.

a) - b)
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£ 20 e’ ,Aﬁe‘ r;-:: - Tﬂ\_ \h' M hw(tu.up1)
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E Workpiece: 14301, 7, = 08 mm | | & ©|24KJ|124]083]22.0020.78

0 Driver: AL----- cuU—
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Specific driver thickness f,/cg

Figure 2: Bulge height hy, for the stainless steels a) 1.4301 (austenitic) and b) 1.4509 (ferritic)
(workpiece thickness t,;, = 0.8 mm, charging energy E. = varied)

The curves shown in Figure 2a prove the existence of an optimum value for the driver
thickness as stated by SANO ET AL. [14]. This general course of the curves was observed
for all investigated combinations of charging energy, driver material, workpiece material,
and workpiece thickness.

Summarizing the results of the two stainless steels (see Figure 2), the optimum specific
thickness for aluminum drivers ranges between 1.01 and 1.13 with an average value of
1.06. In case of the copper driver the values are in the range of 0.78 to 0.85 with an
average value of 0.81. The effect of differences in the electrical conductivity of the driver
materials is eliminated in the definition of the specific driver thickness by consideration of
the skin depth a5. The fact that there is still a difference in the optimum specific thickness
for aluminum and copper can consequently be attributed to the differences in the
mechanical properties of the two driver materials (see Table 2). A rough definition of the
maximization problem which can be used to explain this correlation is given in Eq. (2).
This approach takes the magnetic pressure acting on driver p,,, and the pressure
required for plastic deformation of the driver sheet p,, into account. Additionally the

magnetic pressure acting on the workpiece p,, ;y is considered.
max pm,D + pm,W
tp Po.p (2)

In case of the results given in Table 2 the parameter p,,;, can be neglected as the
electrical conductivity of the workpiece material is sufficiently small. Thus the optimum
driver thickness is defined by the following condition:

320



6" International Conference on High Speed Forming — 2014

0 Pm,p
dtp

_ app,D
Bl atD| 3)

According to the eddy current distribution obtained by WERDELMANN [15] given in Eq. (4),
the current density J(z) is decreasing monotonically along the driver thickness. This
means that the current is concentrating in the surface-near region of the driver sheet.

J@)/](z = 0) = cosh |1+ = tD] [eosh|+ Z—i] (4)

Os

Consequently, an asymptotic course as shown in Figure 3a can be assumed for the
magnetic pressure p,, p(tp). This, in turn, means that the function f(tp) = dp,,,p/0tp is
decreasing monotonically (see Figure 3b).

Referring to JONES [16], the yield pressure for the circular driver plate p, ,, is proportional

to its yield stress kfp and to the square of its thickness t,. Regardless of the detailed
definition of p,, the derivate of this function with respect to the driver thickness is
consequently a straight line, as shown in Figure 3b. Assuming a modification of the driver
yield stress kfp, a shift of the intersection point as shown in Figure 3b occurs.
Consequently, a higher yield stress causes a decreasing optimum driver thickness and
vice versa.
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Figure 3: Effect of driver material yield stress k; , on the optimum driver thickness tp, ,,;

These results prove that recommendations for the optimum thickness always need to refer
to a specific driver material. General recommendations as given by TILLMAN ET AL. [Til08],
SANO ET AL. [San86], and BELYY ET AL. [Bel77] can only be a rough rule of thumb.

The results in Figure 2 show that the optimum driver thickness is not affected by the
charging energy E., but that it is a crucial parameter when it comes to the choice of the
driver material. In case of the smallest charging energy E. = 1 kJ copper and aluminum
drivers reach nearly identical maximum workpiece heights. In case of increased charging
energies (E; = 1.8 kd and 2.4 kJ) the driver made of aluminum gives higher maximum
values. This effect can be attributed to the increasing effective strain ¢ in workpiece and
driver caused by the higher charging energy. This higher strain, in turn, entails an
increase of the forming energy consumed by the driver sheet. Owing to the higher yield
stress (see Table 2) the additional energy consumed by the driver sheet is higher in case
of copper compared to aluminum. Accordingly, aluminum should be favored as driver
material for forming operations with high effective strains. In case of calibration or coining
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processes copper should be preferred instead as the negative effect of the higher yield
stress is not that pronounced because of the small effective strains. In case both driver
materials give identical forming heights (here: E. = 1 kJ) the decision about the driver
material should be based on economic considerations. In this case aluminum should be
preferred as the costs for a copper driver are on average by factor 7 higher.

4.2 Effect of workpiece thickness and workpiece material

A variation of the workpiece thickness t,, was conducted for the three low conductive
workpiece materials 1.4301, 1.4509, and DCO04. To reach similar bulge heights hy,, the
charging energy E. was increased when increasing the workpiece thickness and vice
versa. The results are summarized in Figure 4a.

b)
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“-;d %12 é-~. (Exact value not determined)
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Figure 4: Effect of a) workpiece thickness t,, and b) electrical workpiece conductivity xy on
optimum specific driver thickness tp ¢/ 0’5

The results in Figure 4a reveal that the optimum driver thickness ¢y, ,,,; tends to increase
with increasing workpiece thickness t;,. An exception to that is the optimum thickness for
DC04 using aluminum drivers. Consequently, no general recommendation for the
adoption of the driver thickness in case of a varying workpiece thickness can be derived.

The results of the workpiece material variation are summarized in Figure 4b and show a
clear correlation between workpiece material and optimum driver thickness. The optimum
driver thickness tp ,,,; decreases with increasing electrical conductivity of the workpiece,
regardless of the driver material. Consequently, the optimum driver thickness for the
highly conductive aluminum alloy EN AW-5083 is significantly smaller than the optimum
value for the low conductive stainless steels. The optimum thickness for EN AW-5083
using a copper driver is even smaller than the upper bound shown in Figure 4b. The exact
value could not be determined due to a minimum copper sheet thickness of 0.3 mm which
was not thin enough to reach the optimum. The correlation between optimum driver
thickness and electrical workpiece conductivity can be explained considering the
maximization problem defined in Eq. (2) by the following line of arguments: If the electrical
conductivity of the workpiece is increased the shielding of the magnetic field penetrating
through the driver is enhanced. This means that the pressure p,, ;, increases if all other
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parameters remain equal (see Figure 5a). Consequently, the curve describing the sum of
the magnetic pressure acting on driver p,, , and workpiece p,,, is shifted, as shown in
Figure 5a. Due to this shift the derivate of this function with respect to the driver thickness
decreases (see: Figure 5b). As the function g(tp) = dp, p/0tp is not affected by a change
of the workpiece conductivity the intersection point and, thus, the optimum driver
thickness is shifted to a smaller value.
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Figure 5: Effect of electrical workpiece conductivity ky, on the optimum driver thickness tp, o,

Beside this negative correlation of workpiece conductivity and optimum driver thickness
the driver-assisted forming using a workpiece made of EN AW-5083 revealed that a
proper driver sheet configuration can even enhance the forming of a workpiece material
with high electrical conductivity. Without a driver sheet the bulge height of the aluminum
workpiece was measured to be hy, =27.15 mm in contrast to a maximum value of
hy, = 28.18 mm in case of a driver-assisted process.

5 Conlusions

e The optimum specific driver thickness t,/os depends on the workpiece conductivity ky,
and on the yield stress k¢, of the driver material. Both parameters show a negative
correlation.

¢ In case of forming operations with high effective strains aluminum should be preferred
as driver material. In case of low effective strains (e.g. calibration or coining processes)
copper drivers should be favored.

e Charging energy E; and the amount of effective strain ¢ do not affect the optimum
specific driver thickness.

e Even in case of workpiece materials with sufficiently high electrical conductivity for
electromagnetic forming the use of a driver can enhance the forming process.

References
[11 Winkler, R.: Hochgeschwindigkeitsbearbeitung — Grundlagen und technische

Anwendung elektrisch erzeugter Schockwellen und Impulsmagnetfelder. VEB-
Verlag Technik, Berlin, 1973.

323



[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

324

6" International Conference on High Speed Forming — 2014

T Dietz, H.; Lippman, H. J.; Schenk, H.: Theorie des Magneform-Verfahrens:
Erreichbarer Druck. Elektronische Zeitschrift, Ausgabe A, Volume 88 (1967),
Issue 9, pp. 217-222.

Belyy, I. V.; Fertik, S. M.; Khimenko, L. T.: Spravochnik Po Magnitno-impul’ Snoy
Obrabotke Metallov (engl.: Electromagnetic Metal Forming Handbook), 1977.
English translation by M. M. Altynova. Available at: http://www.matsceng.ohio-
state.edu/~daehn/metalforminghb (shown on 04.02.2014).

Weimar, G.: Hochgeschwindigkeitsbearbeitung Ill — Umformung von Blechen und
Rohren durch magnetische Krafte. Werkstatt und Betrieb, 96 (1963), pp. 893-899.
Tillmann, W.; Vogli, E.; Nebel, J.; Giemsa, T.: Funktionsangepasste Schichten fur
die elektromagnetische Blechumformung. Werkstatttechnik online, Volumen 98
(2008), Issue1/2, pp. 102-108.

Andersson, R.; Syk, M.: Electromagnetic Pulse Forming of Carbon Steel Sheet
Metal. In: Proceedings of the 3™ International Conference on High Speed Forming —
ICHSF 2008, Dortmund, pp. 233-244. Available at: http://hdl.handle.net/2003/27086
Li, F.; Mo, J.; Zhou, H.; Fang, Y.. 3D Numerical Simulation Method of
Electromagnetic Forming for low conductive metals with a driver. International
Journal of Advanced Manufacturing Technology, Volume 64 (2013), Issue 9-12, pp.
1575-1585. doi:10.1007/s00170-012-4124-1

Ishibashi, M.; Okagawa, K.; Aizawa, T.: Electromagnetic Bulging of Stainless Steel
Sheet by using Flat One-Turn Coil. Materials Science Forum, Volume 673 (2011),
pp. 101-106. doi:10.4028/www.scientific.net/MSF.673.101

Srinivasan, S.; Wang, H.; Taber, G. A.; Daehn, G. S.: Dimensional Control and
Formability in Impact Forming. Proceedings of the 4™ International Conference on
High Speed Forming — ICHSF 2010 — Columbus, Ohio, USA, pp. 239-249. Available
at: http://hdl.handle.net/2003/27180

Seth, M.; Vohnout, V. J.; Daehn, G. S.: Formability of steel sheet in high velocity
impact. Journal of Materials Processing Technology, Volume 168 (2005), pp. 390-
400. doi: 10.1016/j.jmatprotec.2004.08.032.

Revuelta, A.; Larkiola, J.; Korhonen, A. S.; Kanervo, K.: High velocity Forming of
Magnesium and Titanium Sheets. In: Proceedings of the 10" ESAFORM
Conference on Material Forming, pp.157-162.

Dengler, K.; Glomski, G.: Die Hochleistungsimpuls-Technik — eine zukunftstrachtige
Hochgeschwindigkeits-Umformtechnologie. Bleche Rohre Profile, Volume 38
(1991), Issue 4, pp. 285-286.

Desai, S. V.; Kumar, S.; Satyamurthy, P.; Chakravartty, J. K.; Chakravarthy, D. P.:
Improvement of performance of Electromagnetic welding process by use of driver
materials. International Journal of Applied Electromagnetics and Mechanics, Volume
35 (2011), Issue 2, pp.113-121. doi: 10.3233/JAE-2011-1325.

Sano, T.; Takahashi, M.; Murakoshi, Y.; Matsuno, K.: Electromagnetic Forming
Method by Use of a Driver. United States Patent, Patent Number: 4,619,127, 1986.
Werdelmann, P.: Zielgerichteter Entwurf von Werkzeugsystem und Energiespeicher
fur die elektromagnetische Blechumformung. Dr.-Ing Thesis, Technische Universitat
Dortmund, 2009.

Jones, N.: Structural Impact. Cambridge University Press, digital version, 2003.
ISBN 0 521 62890 3




Control of Velocity, Driving Pressure, and Planarity
During Flyer Launch with Vaporizing Foil Actuator
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Abstract

Electrically-driven rapid vaporization of thin conductors produces a high-pressure pulse
which can be used to accelerate thin metal sheets to high velocities. Recently, vaporizing
foil actuators (VFA) have been applied toward a variety of impulse-based metalworking
operations such as collision welding, closed-die forming, embossing, and shearing. To
better apply VFA to different purposes, it is necessary to develop an understanding of how
variations on the characteristics of the foil actuator affect its mechanical impulse
generation. In this work, actuators made out of 0.0508, 0.0762, and 0.127 mm thick full
hard temper AA1145 foil were used to launch 0.508 mm thick AA2024-T3 sheets toward a
photonic Doppler velocimeter (PDV) probe. Launch velocities ranging between 300 and
1000 m/s were observed over a distance of less than 3 mm, and repeated trials
demonstrated repeatable results. Velocity, current and voltage traces were used to
examine the effect of deposited energy on average pressure and resulting velocity for foil
actuators of various thicknesses. The planarity of the flyer sheets’ launch and flight was
demonstrated with 0.0762 mm foil actuators by experiments that employed multiple PDV
probes simultaneously recording the velocity evolution at different locations across the
surface of the flyer.

Keywords

Impulse metalworking, Collision welding, Vaporizing foil actuator (VFA)
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1 Introduction

Rapid discharge of a high voltage through a thin metal conductor results in the rapid
vaporization of the conductor, creating a high-pressure pulse around it as the gases
expand. Typically, the source of the electrical discharge is a capacitor bank, and the
conductor is a thin foil or wire, referred to in this work as a vaporizing foil actuator (VFA).
The impulse produced can be used to accelerate metal workpieces to velocities on the
order of 1 km/s, within a distance of only a few millimeters.

Vivek et al [1], [2], [3] have applied this phenomenon as a tool for collision welding of
dissimilar materials, as well as other impulse metalworking applications such as closed-
die forming, embossing, coining, tube expansion, high-speed shearing, and springback
calibration. Some of the results of this work are shown in Figure 1. Since the quality of
these processes depends largely on control of the velocity of the workpiece, it is
necessary to gain a better understanding of the development of the pressure pulse and
how it can be optimized for different applications by changing the input parameters of the
VFA technique.

(d)

Figure 1: (a) Embossing/coining, (b) burr-free shearing of high-strength steel, (c) VFA
weld interface, (d) closed-die forming.

Though the use of vaporizing conductors for impulse metalworking is a recent
development, the phenomenon (often referred to as exploding conductors) has been
known for some time. In 1962, Keller and Penning [4] used vaporizing foils to drive thin
dielectric flyers into targets at more than 4 km/s, reaching impact pressures of up to 10
GPa. In 1980, Chau et al. [5] reached flyer velocities of 20 km/s and pressures of over 500
GPa, by adding a metal layer to the dielectric flyer; the increased shock impedance of the
metal resulted in much higher impact pressures. That system has been used to study
high-pressure impacts, including the shock initiation of explosives. Vaporizing wires have
also found limited use in industry with electrohydraulic forming; however, as noted by
Daehn [6], their use has proven difficult to commercialize.
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This work was specifically performed under the parameters of VFA-driven collision
welding (referred to as VFAW), in which the pressure pulse accelerates one metal sheet
(the flyer) across a short standoff distance, as illustrated in Figure 2(a). The ideal impact
velocity and impact angle (which is a function of standoff distance in the current welding
setup) vary among different metal pairings to be joined; therefore, it is desirable to be able
to predict the evolution of flyer velocity. This work investigates how, across a range of
input energies, variations in foil thickness affect the evolution of velocity of the flyer sheet.
It goes on to relate the current density at the time of vaporization to the velocity of the
flyer.

PDV probe
Standoff N
sheet

Vaporized foil Flyer
Foil actuator

(b)
38.1

(d)

Figure 2: (a) Side view during flyer launch, (b) side view of experimental setup, (c) actual
experimental fixture, (d) top view of foil actuator setup, dimensions in mm.

The work of Grigoriev and Pavlenko [7] demonstrated that the magnitude of the
pressure pulse produced by a vaporizing foil is proportional to the energy deposited in the
foil at the time of vaporization. This energy E, can be calculated as the integral with
respect to time of the product of current / and voltage U, to the vaporization time ¢,:

Eq = [,"1(OU(t) dt (1)

The average pressure pulse P,, can be calculated by the following equation, where
pris flyer density, hyis flyer thickness, V, and V; are impact and initial flyer velocities, and t
is the time from vaporization to flyer impact against the target:

Vo—V1

t (2)

Poy = pfhf

Chau et al. [5], who used the electrical Gurney model proposed by Tucker and
Stanton [8], showed that the final velocity V;of a flyer plate launched by a vaporizing foil
can be related to the square root of the vaporization current density Js, where K and b are
empirically derived, and M/C is the ratio of foil mass to flyer sheet mass:
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0.5

v =(k18)"° (2 +1/3) (3)

Cho et al. [9] concluded that more energy is deposited into a vaporizing wire when
the current rise time — the time by which the current reaches its peak value — is shorter,
resulting in a greater amount of the conductor being vaporized.

Previous experiments with copper and aluminum vaporizing wires by Vivek et al. [2]
indicated that the conversion from electrical to kinetic energy upon vaporization is much
more efficient in aluminum. Contributing to the greater pressure produced by vaporizing
aluminum is the exothermic reaction forming alumina, which is on the same time scale as
the flyer launch. Aluminum is therefore considered to be the preferable material with which
to construct vaporizing foils.

2 Experimental Parameters

The experimental setup is pictured in Figure 2(b) and (c). The foil actuator was electrically
insulated on each side with polyimide tape, except for the ends, which were fixed to
copper terminals leading to a capacitor bank. The faces of the flyer sheet and the steel
base that touched the foil were also insulated with polyimide tape to prevent current flow
through the fixture or the flyer plate. The flyer was centered over the narrow section of the
foil. Standoff sheets were placed on the edges of the flyer, parallel to the length of the foil,
to separate the flyer at a distance from the steel backing blocks.

All flyer sheets were 76.2 mm square, cut from 0.508 mm thick T3 temper AA2024.
The standoff distance between the flyer and the backing block was 2.5 mm in all cases.

The design of the foil actuators is pictured in Figure 2(d). Since the vaporization is
initiated where the current density is highest, the foils are designed with a narrow section
under the workpiece, to ensure that the pressure pulse occurs there. These were cut from
0.0508, 0.0762, and 0.127 mm thick full hard temper AA1145. The foils of each thickness
were cut from their parent rolls along the same direction. Each foil thickness was tested at
2, 4, 6, and 8 kdJ input energies from the 8-capacitor bank, the parameters of which are
listed in Table 1. Each of these trials was performed twice.

c L R Max. charging | Max. charging | Short-circuit current
voltage energy rise time
426 pF | 100 nH | 10 mQ 8.66 kV 16 kJ 12 ys

Table 1: Electronic parameters of the capacitor bank.

The evolution of flyer velocity over time was recorded through a hole in the center of
the top of the fixture, using a photonic Doppler velocimetry (PDV) system capable of
measuring velocities up to 2 km/s. PDV is a technique for measuring high velocities,
developed by Strand et al [10]. In 2009, Johnson et al [11] demonstrated the use of PDV
as a diagnostic for impulse metalworking operations. In this technique, light from a laser
probe is directed perpendicularly onto the surface of the workpiece in motion; the probe
collects the light reflected back from the surface, which is Doppler-shifted. This is mixed
with non-Doppler-shifted light, creating a measurable beat frequency that is directly
proportional to velocity. An oscilloscope simultaneously recorded the velocity, current and
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voltage at a sampling rate of 5 GHz. Current was measured using a 100 kA:1 V Rogowski
coil, and voltage was measured using a 1000:1 voltage divider.

To investigate the planarity of the flyer sheet launch, three trials were performed
using 0.0762 mm thick foils at input energies of 4, 6, and 8 kJ. In each of these tests,
three PDV traces were recorded simultaneously, using the voltage spike as the trigger for
the oscilloscope. The three PDV probes were positioned 15 mm apart from each other, for
a total spread of 30 mm along the length of the narrow section of the foil (referred to as
the active area), as illustrated in Figure 2(d).

3 Results and Discussion

Figure 3(a) combines velocity, current, and voltage traces for a trial using a 0.0762 mm
thick foil at 6 kJ input energy. A notable feature is the region of acceleration to low velocity,
marked A in the figure. This was the result of the countercurrent induced in the workpiece
by the current in the foil: the opposing electromagnetic fields repelled the flyer from the
(immobile) foil. At its end is the voltage spike, which signifies the point at which the foil
vaporized. Webb et al. [12] explain this: as the foil vaporize, its resistance increases
abruptly, causing the voltage spike. As the vapor expands and cools, it begins to conduct
again, discharging the remaining energy in the system, which produces the wide peak in
the current trace starting at the time marked B.
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. | Vaporization time o 00762 mm oeees .
@ 1000 T 1 T N
E «— Flyer velocity 800 - 0.0508 mm A e
> 800 - e s
T3 c 700 - A
L 600 - urrent 7 -
% = 600 1 ! 0.127 mm
>- = 4 S ll ’_‘-'-’I
'E‘ g’n 200 1 :5 400 A ‘\,'l :;
E$ < 300 1 !
g3 0] > b
] 200 (|t }
£ 200 : ,
£ ~——Voltage 100 ) [}
S -400 o | ' . . | |
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(a) (b)

Figure 3: (a) Current, velocity, and voltage vs. time for 0.0762 mm foil at 6 kJ input
energy, (b) velocity vs. distance traveled from foils at 6 kJ input energy.

-600 Time (us)

To obtain the velocity at many different possible welding standoff distances, the
velocity vs. time data from the PDV was integrated in order to plot velocity vs. distance
traveled. Figure 3(b) compares the traces for the three foil thicknesses at 6 kd input
energy. Traces produced by repeated trials overlapped with one another fairly well,
indicating the repeatability of the launch process — though additional sets of trials will be
necessary to demonstrate this with confidence.

It can be noted in Figure 3(b) that the measured distance traveled was greater than
the standoff distance of 2.5 mm. This was because a circular plug of the flyer was sheared
off through the hole in the backing block through which the PDV probe measured flyer
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velocity. The velocity of this plug continued to be recorded until it rotated enough to no
longer reflect laser light back to the probe.

In Figure 3(b), it can be also seen that the region of electromagnetically driven low
acceleration was much larger for the 0.127 mm foils than for the other two foil
thicknesses. The flyers driven by the 0.127 mm foil traveled nearly 1 mm away from the
foil before the vaporization occurs, while the others moved less than 0.25 mm. This
occurred largely because the thicker foil — having approximately twice the mass of the
other two — required a longer time before the current density increased enough to
vaporize the metal. In fact, at lower input energies, the thicker foils melted rather than
vaporized, since there was not enough energy to exceed their enthalpy of vaporization.
This occurrence is important to consider in application to impulse metalworking because
the large movement of the flyer sheet away from the foil lessened the confinement of the
pressure pulse, reducing the potential driving force behind the flyer launch. Additionally,
for metalworking requiring acceleration distances on the order of 1 mm, this behavior
would not be suitable, since the flyer would reach its target before significant acceleration
occurred.

Figure 4(a) shows the average distances traveled by the flyer before vaporization for
all foil thicknesses and input energies. (Note: there is no data point for 0.127 mm foil at
2 kJ because the deposited energy was not enough to vaporize it.) It can be seen that the
pre-vaporization distance decreases somewhat with increasing input energy. This is
because the rise time of the capacitor bank remained approximately 12 ys even as its
charging energy was increased. Therefore, the rate of energy deposition increased and
the energy density necessary to vaporize the foil was reached more quickly, leaving less
time for the electromagnetic repulsion to affect the workpiece.
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- c
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Figure 4: (a) Distance traveled before vaporization vs. input energy, (b) energy deposited
before vaporization vs. input energy.

Figure 4(b) shows how the average energy E, deposited in the foil actuator before
the vaporization — integrated from the current and voltage vs. time traces, as according to
Eq. (1) — varied with input energy for each foil thickness. The energy deposited in the
conductors increased with increasing input energy from the capacitor bank; however, the
increase was not linearly proportional. This indicates that, while faster energy deposition
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improves the energy density in the foil at vaporization, there is a limit to how much energy
can be deposited in a foil of a given mass. Foils of greater mass display the potential for
greater energy deposition, as may be expected.

Figure 5(a) shows the average flyer velocity at a distance of 1.6 mm, which was a
standoff distance used in preliminary vaporizing foil collision welding experiments.
Average flyer velocity showed a similar trend toward non-linear increase with increasing
input energy. In spite of the greater deposited energy in the 0.127 mm thick foils, these
produced the lowest flyer velocities.

The lower velocity can be partially attributed to the reduction in confinement
pressure due to the observed significant electromagnetic push. Also contributing to the
lower velocity was the much greater mass of aluminum — more than double that of the
other foils — being vaporized. Although the deposited energy was greater for the thicker
foils, the vaporization current density was lower than for the thinner foils. It appears,
however, that, if the input energy were increased further, or the energy deposition rate
were increased through faster capacitors, the thicker foils have the potential to produce
greater flyer velocities.
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Figure 5: (a) Flyer velocity at 1.6 mm vs. input energy, (b) average driving pressure vs.
the ratio of deposited energy to energy of vaporization for a given foil.

In order to completely vaporize the aluminum foil, heat has to be supplied to raise
the temperature to melting point, to melt the given mass, to raise the temperature of
melted mass to boiling point, to vaporize the liquid, and to raise the temperature of the gas
to 2793 K (boiling point of aluminum). According to Osher et al [13], the total heat needed
for this is 356 kd/mol. Taking the active area of the foil to be the relevant portion of the
mass being vaporized, the energy E,,, necessary to vaporize this section is calculated to
be 1.478, 2.191, and 3.643 kJ, respectively, for the 0.0508, 0.0762, and 0.127 mm thick
foils. Figure 5(b) plots the average pressure P,,, as calculated by Eq. (2), against the ratio
EJE,s. The velocities V; and V, were found from the velocity vs. distance curves, such as
Figs. 4 and 5. V; was the velocity when the vaporization occurred, and V., was the velocity
at 2.5 mm. A linear trend is observed, enabling the following empirical relationship to be
obtained for this specific system (P,, in MPa):
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Eq

P,, = 345.79 ( ) — 223.75, correlation = 0.9385 (4)

vap

An attempt was made to relate terminal flyer velocity to vaporization current density,
as in Eq. (3). However, due to the non-uniform shape of the foil actuators, which are
designed specifically to induce current crowding in the narrow region, it proved difficult to
accurately calculate the vaporization current density. An estimate was attempted,
assuming the current density to be constant throughout, but a plot of terminal velocity
against the estimated current density displayed no apparent trends.

Figure 6 depicts the flyer displacement over time, integrated from velocity vs. time,
for the three launch planarity experiments. The three probes are identified by their location
above the foil's active area, relative to the RLC circuit: one on the end closest to the
negatively charged terminal of the capacitor bank, one in the center of the active area,
and one closest to the ground side of the bank.

3.0 1
— Negative side

2.5 - — Center

= = Ground side
2.0 -

1.5 1

Distance (mm)

1.0 T

0.0 T T T

Time (ps)
Figure 6: Flyer displacement vs. time for 0.0762 mm thick foils.

The time delay before launch decreased with increasing input energy due to the
effect described above; that is, the rate of energy deposition into the circuit increases with
increasing charging energy on the capacitors. It can be seen that the flyer launch was
very nearly simultaneous across the active area at higher input energies, where E4/E,4p is
larger. The distance traces for the ends of the active area are nearly indistinguishable
from one another, while the center lags behind by about 0.2 ys, or about 0.5 ys for the
4 kJ trial. This is due to a phenomenon termed “end effect.” The vaporization is most likely
to initiate where the change in current density is the highest, which for these foil actuators
is the ends of the straight section. This effect can be reduced or eliminated by refining the
shape of the foil actuators.

Additional trials using flyer sheets of materials of different densities, alloys, and
tempers would be required to decidedly verify that, irrespective of flyer material, the
relationship between average driving pressure and the energy ratio is linear.
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4 Results and Discussion

Vaporizing foil actuators can be used to consistently launch AA2024 sheet metal flyers
on the order of 0.5 mm thick to velocities between 300 and 1000 m/s within distances
from 0.25 to 3 mm. The velocity reached at a certain distance can be reliably controlled
by jointly or separately varying the VFA thickness and the input energy.

The fundamentals of the VFA method are not expected to change when parameters are
varied. Though a faster current source and resultant greater pre-vaporization energy
deposition, Ey4, may be preferable, the proportionality of the relationship between the
ratio E4/Esp and the vaporization pressure remains linear. This relationship holds true
regardless of foil thickness.

The ideal foil thickness and shape is dependent on the intended application. Thicker
foils require more input energy to vaporize, better pressure confinement in the setup,
and a greater acceleration distance, but appear to have the potential for greater final
flyer velocities given greater current density. The temporal development of pressure
from thinner foils was more suitable for the VFA welding setup used in these
experiments, in which a shorter acceleration distance is preferable and greater
workpiece velocity is not necessary.

The flyer sheet launch and flight are fairly planar across the active area of the foil, with
a < 0.5 us delay in the center as compared to the edges. The delay is reduced when
E4/Evap is increased. The lag in the center can be compensated for by redesigning the
foil actuator to eliminate the end effect.
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Abstract

Electromagnetic Forming (EMF) is one of the high speed forming technologies. The
spatial distribution and temporal evolution of electromagnetic body force and the
constraint imposed by the die on the sheet metal, are key factors which influence the
dynamic deformation behaviour of sheet metal. The great force induced by the collision at
high speed of the sheet and the die causes the rebound of the sheet off the die. The
rebound has a significant influence on the final shape of the part. On the basis of the
comparison of time relationship between the displacement of the sheet metal and the
amplitude of electromagnetic force, the study about the rebound phenomenon in an
electromagnetic V-bending experiment and its numerical simulation model is carried out in
this paper. Collision promotes deformation process, resulting in a drastic change of sheet
geometry in which a new distribution of electromagnetic force helps the part to fit the die.
The attenuation of force caused by distance increase is comparatively weak when forming
into a shallow die, so that the electromagnetic force maintains enough intensity which can
effectively suppress the rebound and help to calibrate the V-Shape of the part. Increasing
the duration of coil current pulse helps to suppress rebound effect of sheet metal when
forming into a shallow die.
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1 Introduction

The application of aluminium alloys is under the restriction of low formability at room
temperature, though the advantages of high strength-to-weight ratio, corrosion resistance
and weldability [1]. Electromagnetic forming (EMF) is one of the high speed forming
technologies, and can improve the formability without the costly expense and time period
of thermal treatment. Electromagnetic forming (EMF) has been applied in the aerospace
and automotive industries [2].

The finite element method is an important approach to study the instantaneous
process of dynamic deformation behaviour of the sheet metal. The sequential coupling
strategy and loose coupling strategy are two major strategies used in numerical model of
EMF. Comparing the sequential coupling strategy with the loose coupling strategy, the
latter does not consider the influence of structure deformation on the electromagnetic
calculation. G. Bartels indicates that the deviations between the two strategies increase
with time and also draws the conclusion that the loose coupling strategy can only be used
as a good approximation for relatively fast deformation processes and small displacement
through the numerical simulation of tube forming [3]. With the advantages of lower
calculation cost and faster speed, the loose coupling strategy is wildly adopted in the
research despite losing some accuracy.

In the loose coupling strategy, the nodal electromagnetic force which has been
calculated without the deformation of a work-piece in the electromagnetic field is directly
transferred into the work-piece in structure field as input load [2].

The spatial distribution and temporal evolution of electromagnetic body force and
the constraint imposed by the die on the sheet metal, are major factors which influence
the dynamic deformation behaviour of sheet metal.

The electromagnetic force decays with increasing distance between the coil and
sheet during deformation, so the electromagnetic force in loose coupling is usually
overestimated, resulting in a more violent collision. The undesirable violent impact often
causes the rebound phenomenon preventing us from gaining the target shape of the parts.
For this reason, J.Imbert takes a quarter circle of the sinusoid coil current to calculate the
electromagnetic force [4]. D.A.Oliveira takes the time period between a quarter and a half
of the sinusoid coil current pulse [5]. X.-h.Cui takes half of the sinusoid coil current pulse
for his calculation. By neglecting a portion of the time for electromagnetic ( EM )
calculation, the overestimated force is compensated in structure field [6]. X.Cui
investigates the influence of the number of pulse on deformation in a flat sheet free-
bulging by comparing the loose coupling with the sequential coupling strategy [7].

J.Imbert reports that the predicted rebound is higher than the experimental result,
and attributes the reasons to the energy excessively transmitted, the lower flow stress
than actual material, and the extra pulses [4]. D.Risch adopts a spring-dashpot system
representing the die’s physical behaviour to draw the conclusion that the optimum
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combination of stiffness and damping coefficient exists [8] and also introduces the
geometrical stiffness of the desired work-piece geometry to investigate the rebound effect
[9].

In this paper, we conducted a V-bending experiment and established the
corresponding numerical model with the loose coupling strategy. The rebound
phenomenon observed in V-bending numerical model is obviously higher than that in
experimental result. Through studying the time relationship of the displacement of sheet
and the amplitude of electromagnetic force in sheet, the effect of the pulse duration on
rebound suppression can still be revealed. In addition, the effect of the update of
distribution of force on the part’s final shape was also analyzed. A better understanding of
these factors will help to gain a desirable shape of the part.

The experimental procedure and the numerical simulation are introduced in section
2 and section 3 respectively, then the rebound suppression effect is analyzed in section 4,
and the conclusion is given in section 5.

2 Experiment

Bend is one of the typical deformation modes in sheet metal forming. In order to gain
insights into the local bend deformation behaviour of aluminium sheet metal in
electromagnetic forming process, an electromagnetic V-bend experiment is conducted.
2.1 Sample

Sample of 2024-T3 aluminium alloy of 1.8 mm thick is considered in this experiment with

the plane dimension of 100 mm x 40 mm. Basic mechanical properties and physical
properties of 2024-T3 are shown in table 1.

Table 1: The mechanical and physical properties of 2024-T3

Parameter Value Parameter Value Parameter Value
([f(zr_]rsrj?) 2.68x10° (T“‘;gj;e Strength | g3 E)e_sr;s)ti"ity 5.82x10°
fn'iiﬂfu't! 73.1 z(l\i/leF',i)Strength 345 T\f\ztrg_o;)‘;“c“v”y 121
(GPa)

Poisson's Ratio | 0.33 (Eof)”ga”o“ 18% S(ﬂizifi;);‘eat 0.875

2.2 Tool and Die

It is well known that flat spiral coil is commonly used in study. Here an enhanced four-
layer flat spiral coil, which provides greater forming force than the single-layer coll, is used
in experiment. The geometric and electrical parameters are shown in table 2.

The die used in experiment is shown in Figure 1, and the experimental set-up of the
experiment is shown in Figure 2.
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Table 2: Geometric and electrical parameters of the coil

Parameter Value Parameter Value
Resistance (Q) 0.001 Number of Turns 16
Inductance (H) 2x10° Gap between Turns (mm) 0.8
Cross-sectional Area (mm?) 2X4 Gap between Layers(mm) 0.4
Number of Layers 4

Figure 1: The die
2.3 Experiment Set-up and Method

The coil is placed at the bottom, and the sheet is pressed by the die with its cavity facing
the upper surface of the coil. The set-up of experiment is shown in top view in figure 2 (a)
and side view in figure 2 (b). The charging voltage of capacitor is set at 18 kV. And the
formed part is shown in figure 3.

-
e
.

N
—
_

m

sheet

windings of coil without pitch
(b)

Figure 2: The experiment set-up. (a) The top view, (b) The side view.
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SEs =

Figure 3: Forming result of part after EMF

3 Numerical Analysis
3.1 Simulation Method

In this paper, the loose coupling strategy is chosen as a numerical simulation approach to
perform the analysis. An electromagnetic field simulation is firstly conducted with the
actually measured pulse current as excitation source to solve the nodal electromagnetic
force in the sheet in electromagnetic field, and then the electromagnetic force is directly
input into the structure field as driving load that form the sheet. The measured coil current
used for simulation is presented in figure 4, and the coupling approach is illustrated in
figure 5. Only the first pulse of coil current is applied in the simulation.

12500 -

10000 -
—  TEMD
X |
= 5000
b
2 280
=
k]
= 0
= ]
E -2500

=000

TE0 . . . . . . .

o 2 4 g B w1z
time (10™5)
Figure 4: Measured coil current
L5-DYMNA
ANSYS/EMAG
Measured current . | nodal | structure
——» electromagnetic > )
current excitation ) , force field
field simulation . .
simulation

Figure 5: Flowchart of the loose coupling strategy
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3.2 Material Model

Equation (1) expresses the rate-dependent constructive model, Cowper-Symonds model,
which is applied with the rate-dependent parameters C=6500 s and P=4 [10]. g, is the

dynamic flow stress at plastic strain rate 2, o, is the quasi-static flow stress. For the
value of &, refer to [11].

4 Rebound Effect Suppression

Without considering the decay of electromagnetic force with increasing distance between
the coil and the sheet in deformation stage, the electromagnetic force in the sheet is
always overestimated. In order to compensate the over-input energy, the electromagnetic
force is removed at 1.3X 10 second when the sheet has not reached its deepest position
in the die cavity, then the sheet continue to move into the inner die cavity in initial state
with velocity field at this moment. Then, the sheet decelerate, rebound and stop at the
position in figure 6. The kinematic energy stored in the sheet at this moment is high
enough to push the sheet off the die, though part of the energy has been dissipated in
collision.

L ] —
-.00512 -.007078 -.00503¢6 -.002983 -.951E-03
—-.00805% —. 008057 —-.004014 —-.001972 .101E-04

Figure 6: The final shape of the part at the condition of relasiing electromagnetic force at
1.3 X10* second

However, the fact that the sheet in experiment keeps contact with the die reveals
that the intensity of the electromagnetic force is strong enough to efficiently suppress the
rebound. In reality, after the time of 1.3 X 10 second, the sheet still undergoes the
electromagnetic force. Figure 7 shows the final shape of the part under a whole current
pulse excitation. The gaps between the part and die at both left side wall and right side
wall of the part are obviously more significant than those in figure 3 and in figure 6. The
gap at left side is caused by rebound. The compartive bigger gap at the right die radius is
mainly caused by asymmetric electromagnetic force towards left at the right side of the
sheet. The duration of force in figrure 7 is apparently longer than that in figure 6.
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S I
—.009972 —-.007735 —.005498 —-.0032861 —-.001024
—.008854 —.00e6l17 —-.00438 —.002143 .945E-04

Figure 7: Final shape of the part under a whole current pulse excitation

Figure 8 shows the time relationship between several different normalized physics
quantities. J is the current in the coil, Uz is the displacement of the sheet towards —Z
direction, Fz1 and Fz2 is the nodal electromagnetic force corresponding to the elements in
position “1” and “2” as shown in figure 9. We are primarily concerned with the temporal
evolution of absolute value. For ease of comparison, the maximum value of J is
normalized to 3, the maximum value of Uz is normalized to 2, the maximum value of Fz1
and Fz2 is normalized to 2. The sheet reaches its deepest position in its deformation
history at the time of 1.5X 10 second when the displacement tracking process is stopped.
It can be observed from the graph that the width of force pulse is narrower than that of
current pulse.

E —e— J

normalized value (1)
—

00 05 10 15 20 25 30 35 4.0
time (10™*s)

Figure 8: The graph of displacement, current and the electromagnetic force versus time

In flat sheet free-bulging process, due to unlimited motion of the sheet and longer
period of time for deformation, the increased distance between sheet and die causes a
significant attenuation rate of force. However, in this article, the distance of the sheet from
the coil is limited by the shallow die, wherein the attenuation of force is relatively weaker.
Meanwhile, as shown in figure 8, the electromagnetic forces, Fz1 and Fz2, reach their
peaks ahead of coil current. When the sheet reaches the deepest position, the forces
maintain enough intensity nearby their own peaks.
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The distance dependent decaying curve of electromagnetic force versus time has
already been analysed by [7]. Figure 10 shows the schematic curve of sequential coupling
electromagnetic force. Its amplitude is relatively lower compared to the electromagnetic
force in a loose coupling simulation. The abscissa is time and the ordinate axis is the
amplitude of normalized force. The sheet reaches its maximum depth at the time t7, then
rebounds away from the die until time {2 when the sheet fit the die for a second time.

Figure 9. Positions of Fz1 and Fz2

- . —a— Uz
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o
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Figure 10: The electromagnetic force in loose coupling strategy and the schematic one in
sequential coupling strategy

Assuming that the rest of kinematic energy has been dissipated in the second
collision, the force from t1 to t2 plays the role of preventing the sheet from bouncing back
away from the inner surface of the die. The area of the shaded portion in figure 10 is the
impulse applied to the sheet by force within the time period between t7 and t2.

The distribution of electromagnetic force also influences the forming result. X. Cui
investigated the effect of the second current pulse on deformation in free bulging
experiment and concluded that the width of current pulse plays a role on the accuracy of
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the predication by comparing a loose coupling strategy with a sequential coupling strategy
[7]. And, the fact that the electromagnetic force is mainly perpendicular to the curved
surface of the sheet geometry is presented in [12, 13]. The following equation defines the
electromagnetic force.

F=JxB 2)

Where, F is electromagnetic force, J is current, B is flux intensity.

The geometric meaning of the equation (2) expresses that F is normal to the plane
of J and B. Since that the induced eddy current can only flow in the sheet geometrical
surface, there is always a component of the force normal to the surface of the sheet.
Figure 11 shows the contour graph of components of electromagnetic force in the
deformation region in another numerical model where the sheet has gotten the V-shape.
These two components all push the sheet to the die. The circles show the region with
maximum amplitude of force along X and Z direction in figure 11 (a) and figure 11 (b)
respectively. And the force in the circles help to reduce the gaps at right die radius as
shown in figure 7 and figure 3 by preventing the right part of sheet from moving toward the
cavity of die. That is, the new direction of electromagnetic force after deformation helps to
press the sheet toward the sidewall of the V-shape die. So, this is a calibration-like
process. However, the accuracy of prediction of the loose coupling strategy is limited in
the prediction of forming process with die for its insufficient in updating the distribution of
force.

I ! — L !
-6.55361 -4.73367 -2.91373 -1.09379 .726155 -14.356 -10.6754 -6.99484 -3.31425 .36633
-5.64364 -3.8237 -2.00376 -.183816 1.6361: -12.5157 -8.83513 -5.15455 -1.4739%6 2.20662

Figure 11: (a) X component of electromagnetic force and (b) Z component of
electromagnetic force

5 Conclusion

Our analysis shows that, the bigger electromagnetic force pulse width extends the time
period of acting force. So, a more accurate part can be manufactured through supressing
the rebound effect by means of widening the width of electromagnetic pulse when forming
into a shallow die wherein a weaker attenuation of electromagnetic force exists as a result
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of the small distance between the sheet and the coil. The new distribution of force helps to
push the sheet to the die, therefore helps to maintain the V-shape of the part. In addition,
the sequential coupling strategy that can update the amplitude and distribution of force is
needed to conduct a more accurate prediction.
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High Speed Forming Press Using Electromagnetic
Pulse Force

C. G. Park, Y. Choi, J. Y. Shim, B. Y. Kang

Convergence Components & Agricultural Machinery Application Center, Kitech, Jeonju,
Jeonbuk, Korea

Abstract

In this paper, the finite element analysis for the design of a high speed forming press
using electromagnetic pulse force has been performed. The punch of the press has been
fixed on a aluminium plate, which is driven by the electromagnetic pulse force. The force
is the repulsive force between aluminium plate and the coil. The coil has been supplied
with a high voltage AC current impulse from the capacitors and then the magnetized
aluminium plate has been forced to move upward with high speed. For the analysis of the
pressing, the coupled analysis of electromagnetic field and rigid-body dynamic of the
aluminium plate has been performed with a commercial FE-software, ANSYS and the
rigid-body dynamics theory.

Keywords

High Speed Forming, Electromagnetic Force, Press, FE-analysis

1 Introduction

To overcome the lower formability of high strength material, high speed forming is widely
investigated [1]. The papers related to electromagnetic forming(EMF) and magnetic pulse
welding(MPW) are 79% in the field of high speed forming, ICHSF2012. In general, the
punch is not required in EMF process because the electromagnetic forming force is
applied to the workpiece directly. However, some high speed forming technology have
been developed for the forming processes with need of the punch, such as high speed
blanking and stamping with a small radius [2~4].

In this paper, the finite element analysis for the design of a high speed forming press
using electromagnetic pulse force has been performed. The punch of the press has been
fixed on a aluminium plate, which is driven by the electromagnetic pulse force. The force
is the repulsive force between aluminium plate and the coil. The coil has been supplied
with a high voltage AC current impulse from the capacitors and then the magnetized
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aluminium plate has been forced to move upward with high speed. The forming press is
an energy limit machine. The forming is limit to the kinematic energy of the aluminium
plate. The kinematic energy is determined with the mass and velocity of the plate.

To evaluate the velocity of the plate, the analysis of the pressing, the coupled analysis of
electromagnetic field and rigid-body dynamic of the aluminium plate has been performed
with a commercial FE-software, ANSYS [5] and the rigid-body dynamics theory [6].

2 High Speed Press using Electromagnetic Pulse Force

2.1 Press system

As shown in Figure 1, the high speed press system which consists of an aluminium plate
with the punch, a steel fixture, a spacer, an upper die and a coil. When charged electrical
energy was discharged from magnetic pulse power source to the coil, electromagnetic
force is generated between the aluminum plate and the coil. The aluminum plate has been
moved high speed by this electromagnetic pulse force.

The coil shape is one of important factor for achieving successful forming because
electromagnetic force value and distributions on the aluminium plate is changed according
to the shape of the coil. The bar-type coil was employed for getting high electromagnetic
force during forming process as shown Figure 2 in this study. The bar-type coil has high
speed current flow than others shape, and generates the high electromagnetic field the
between the coil and the aluminium plate instantaneously.

Figure 1: Schematic diagram Figure 2: Bar-type coil

2.2 Electromagnetic pulse power source

As shown in Figure 3, electromagnetic pulse forming system which manufactured by
Welmate Co.,Ltd. for this study includes a magnetic pulse power source which consists of
a capacitor bank with a maximum charging energy of 42kJ as shown Table 1. Additionally,
in order to observe a discharge waveform and peak current, Rogowski coil was installed
around the magnetic pulse power source and the coil.

Parameters Specification
System capacitance 840uF
Charge voltages 1kV — 10kV
Inductance 0.4uH
Energy levels 0.4kJ — 42kJ

Table 1: Specification of magnetic pulse forming system
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Figure 3: Electromagnetic forming system  Figure 4. FE-model for the electromagnetic
analysis

3 Coupled Analysis

3.1 Electromagnetic field analysis

Using ANSYS [5], the electromagnetic force has been performed. For simplification of
modeling, the coil and the aluminium plate have been assumed to be axisymmetric.
Figure 4 shows the FE-model for the analysis. Firstly, the electric circuit has been
evaluated. FE-model was constructed using the element PLANES3. nodes and elements
of each area have been shown in table 2.

Part Number of node Number of element
Coil(Copper) 371 98
Al plate 2,153 741
Steel fixture 16,873 5,494
Air 24,706 8,303
Infinite Air 1,202 360

Table 2: Finite element model Figure 5: Finite element meshed

In the model, the capacitance is 840uF. The charged energy is 10.5kJ and 15.12kJ with
the initial capacitor voltage is 5kV and 6kV, respectively. The magnetic fields have been
analysed with the obtained circuit on the coil. Table 2 shows the material properties and

the dimensions of coil and plate.

Part

Electric resistivity

Relative Permeability

Model dimension

Real dimension

(Q'm) (mm) (mm)
GoilCoppen) 17008 : D90, 0D 756, 140X105X15
Al plate 2.82e-8 1.000021 OD:270,T:30 195X295X30
Steel fixture 2.18e-8 200
Air 1
Infinite Air 1

Table 3: Material properties and the dimensions of the FE-model
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3.2 Rigid-body dynamic analysis

The motion of the aluminium plate assumed to be a particle with the plate weight
can be evaluated with rigid-body dynamics.

a:?; (1)

where, the force, F, is the z-directional total force obtained from the electromagnetic
analysis. Adams-Bashforth two step method [6] is applied to solve the equation (1). The z-
directional displacement of the aluminium plate can be calculated with the velocity.

v, =V, +%(3al —-a,) (2)

3.3 Coupled analysis

To solve the coupled fields, the electromagnetic force is obtained with electromagnetic
analysis. The force is applied to the aluminium plate and the displacement of the plate can
be calculated with the dynamics. The FE-model of the plate is changed with new position
and the electromagnetic analysis has been repeated. Figure 5 shows the coupled analysis
method.

Electromagnetic Analysis

(FEM) Eleétromagnetic
" Force\
FE-model changed )

&
1

S\ Dynamic Analysis
Dlsplac;g:nent (Al plate)

N\ 4

Figure 6: The coupled analysis method

4 Results and Discussion

4.1 Electromagnetic force

Figure 6 shows the electromagnetic force applied to the aluminium plate. The force varied
with the discharged electrical current. First peak force increased with the high initial
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capacitor voltage, 6kV and the lighter plate. Because the displacement of the plate
increased with the same conditions. Figure 7 shows the distribution of the electromagnetic
force at the first peak with 6kV and 2.0kg. The force has been generated at the small

region closed the coil.
[N]

4.5E+08

6KV, 1kg

3-5E+08 [l 6KV, 5kg
3.0E+08 — < 6KkV, 0.5kg

! 5KV, 1kg
2.5E408 | %) :kagksgk
2.0E+08
1.5E+08 — A{kv’ Skg
1.0E+08 J\
5.0E+07

-

0.0E+00 - \AF S [sec]
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Figure 7: The electromagnetic force with various conditions
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Figure 8: The electromagnetic force distribution on the plate

4.2 Forming speed

Because the punch is fixed on the aluminium plate, forming speed is same as the velocity
of the aluminium plate. Figure 8 shows the forming speed. With 6kV and 0.5kg plate,
4.3m/s can be obtained. On the design of the press, the mass of the aluminium plate must
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be considered to obtain the certain velocity. The capacity of the magnetic pulse power
source is important for the forming speed. The kinematic energy of the aluminium plate is
shown in Table 3.

5,000 [mm/s]

4,500
4,000
3,500
3,000

6kV, 0.5kg

2,500 — —5kV, 1kg

2,000 6kV;2kg

1,500 5kV, 2kg
1,000 — 6kV, 5kg

5KV, 5kg
500 /__/
0 a

: : : ; ; [sec]
0.00000 0.00002 0.00004 0.00006 0.00008 0.00010 0.00012

Figure 9: Forming speed of the press

The initial c:(alf\j)cnor voltage Mass of(tlga) Al plate Form;r:r?/ sS)peed The kinematic energy (J)
0.5 3.635 3.303
5 1.0 2.456 3.016
2.0 1.508 2.274
5.0 0.801 1.604
0.5 4.348 4.726
6 1.0 3.051 4.654
2.0 1.987 3.948
5.0 1.073 2.878

Table 4: Forming speed and kinematic energy of the moving aluminium plate

5 Conclusion

In this paper, the coupled analysis of the high speed forming press has been performed
using the electromagnetic pulse force. Some conclusions have been obtained. The
obtained electromagnetic force are distributed very closed region with the coil. The
forming speed depends on the mass of the aluminium plate and the capacity of the
magnetic pulse power source(the initial capacitor voltage).
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Abstract

In November 2011, the Project of Basic Research of Forming by Space-Time-Controlled
Multi-Stage Pulsed Magnetic Field (Stic-Must-PMF) was supported by the National Basic
Research Program of China (973 Project, 2011.11-2016.08). It is aimed at achieving
breakthroughs in manufacturing technology to solve current problems in forming large-
scale and complex sheet and tube parts and components, imposed by the limitations of
existing equipment and materials forming properties. The objective of our research group
focuses on the design principles and structural layout optimization of Stic-Must-PMF
facility. And this paper will report the development of Stic-Must-PMF forming and
manufacturing technology at the Wuhan National High Magnetic Field Center (WHMFC)
including numerical modeling, experimental setup and experimental studies.
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1 Introduction

Electromagnetic forming (EMF) is a high-speed forming technique that reshapes metal
workpieces by means of pulsed electromagnetic force. Compared with conventional

" The authors would like to thank National Basic Research Program of China (973
Program): 2011CB012800 (2011CB012801) for its financial support
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quasistatic forming processes, the EMF technology has been proved that it can efficiently
improve the forming limits of metal workpieces and reduce wrinkling and springback [1].
And the technology has been investigated with various numerical and experimental
studies for a long time. However, two problems have restricted its extensive applications
in forming large-scale and complex sheet: 1) how to generate strong pulsed
electromagnetic force (i.e., the design of high-field drive coils; 2) how to generate a space-
time-controlled electromagnetic force acting on the workpiece in the EMF process.

To solve the current bottleneck problems of the EMF technology, a Space-Time-
Controlled Multi-Stage Pulsed Magnetic Field (Stic-Must-PMF) forming and manufacturing
technology has been proposed in our previous work [2]. And in the past two years, our
work has focused on the three research aspects for developing the technology: (1)
Numerical modeling for the full coupling of EMF process with a large-scale deformation,
which can consider the effects of the sheet geometry and velocity on the circuit
parameters and the electromagnetic force distribution on the workpiece as well as the
effect of sheet-die. This research is a prerequisite for accurately predicting the dynamic
behavior of the workpiece under the action of the multi-stage and multi-direction pulsed
high magnetic field. (2) Building the key components of an experimental setup for Stic-
Must-PMF forming system, including pulsed power supplies, forming magnets and control
and measurement system. (3) Carrying out preliminary experiments by the use of the high
pulsed magnetic field. And more details of these developments of the technology at the
Wuhan National High Magnetic Field Center (WHMFC) will be reported in this paper.

2 Numerical modeling and simulation

To better understand the dynamic deformation behavior of the workpiece for designing the
EMF system well, numerous numerical methods have been performed by using
developed codes or commercial finite element method (FEM) [3]-[7]. Due to the fact that
the numerical simulation based on FEM is much easier to implement, more researchers
have used the finite element method to investigate the EMF process, mainly including the
loose coupling method and sequential coupling method. Compared with the former, the
sequential coupling method is more accurate since it can consider the effect of workpiece
deformation on the electromagnetic force distribution. However, the effect of the change in
system inductance, caused by the deformation of the workpiece, on the coil current was
not considered in the method as well as the effect of the workpiece velocity. To consider
the point, an efficient FEM using multi-physics software COMSOL has been developed [8],
which can consider the effects of the sheet geometry and velocity on the circuit
parameters and the electromagnetic force distribution on the workpiece. Unfortunately, it
cannot consider the effect of sheet-die. Meanwhile, remeshing the airgap region situated
between the coil and the workpiece in the method to eliminate the distortion introduces
additional complication and inconvenience, and its convergence is getting worse as the
deformation increases. And these are also the drawback of the sequential coupling
method.

To overcome these problems for a fully coupled analysis, a numerical method based
on a combination of Matlab and FEM models has been developed by our group, as shown
in Figure 1. The mechanical model in the method is an ordinary structures problem
involved large deformation, high strain rate and contact, which can be solved using the

354



6" International Conference on High Speed Forming — 2014

finite element method. This part is similar with other numerical simulation methods. A
distinguishing feature of this method is that the whole electromagnetic part of EMF is
regarded as an accurate equivalent circuit network problem. Then only the coils and
workpieces are considered in the model without considering the air meshes, and thus
there are no convergence problems in the deformation process in our method. In the
calculation, the solid conductors of the system are divided into a large number of current
filaments, in which uniform distribution of current is assumed. Because the magnetic field
generated by these current filaments can be calculated in the 2D model using the semi-
analytical or semi-analytical formulas, the problem of electromagnetic force distribution in
the workpiece can be effectively solved in Matlab. It should be noted that the
displacement and velocity values of the calculation nodes in the deformed workpiece are
updated at each simulation step to reflect their effects on the current and the magnetic

force distribution in the forming process.
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Figure 1: Flowchart of the implemented algorithm for the EMF model.
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Figure 2 shows the prediction profiles of the deformed workpiece in an EMF model for
the three cases: (a) the workpiece end is assumed to be fixed and it can be calculated by
use of ANSYS based on a sequential coupling method; (b) the workpiece end is free and
the simulation is based on our numerical method; (c) the workpiece end is free and the
simulation is based on a loose coupling method. Contact conditions are considered
between the die and the sheet as well as the sheet and holder in the simulations. It can be
seen a radial indent will exist when the workpiece end is assumed to be free in the
simulation and that should be highly problematic for air meshing and the calculation of
electromagnetic field in the sequential coupling method. This problem can be sovled well
by our method and the loose coupling method. However, the accuracy of the calculation
result is low in the loose coupling method due to the effect of the workpiece deformation
on the magnetic analysis is neglected. And it can be seen from Figure 2 that the
simulation deformation of the workpiece is much larger than that in the other methods.
More detailed results about the axial displacement at the sheet center for the three cases
are shown in Figure 3. In summary, our numerical method can avoid the problem of the air
mesh processing and study the impact contact behavior between the workpiece and die
with considering the effects of the workpiece deformation on the circuit parameters and
the electromagnetic force distribution on the workpiece.

Radial indent

Radial indent

Figure 2: Numerical prediction profiles of the deformed workpiece for the three cases: (a)
the workpiece end is assumed to be fixed and the simulation is based on a sequential
coupling method; (b) the workpiece end is free and the simulation is based on our
numerical method; (c) the workpiece end is free and the simulation is based on a loose
coupling method.
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Figure 3: Axial displacements of the workpiece at the center for the three cases: (a) the
workpiece end is assumed to be fixed and the simulation is based on a sequential
coupling method; (b) the workpiece end is free and the simulation is based on our
numerical method; (c) the workpiece end is free and the simulation is based on a loose
coupling method.

3 Experimental setup and studies

3.1 Pulsed Power Supply

Three types of pulsed power supply, capacitor banks of 1 MJ/25 kV/3.2 mF, 200 kJ/25
kV/640 pF and 14.4 kJ/30 kV/32 uF, have been developed and built for the Stic-Must-PMF
forming system at the WHMFC in China, as shown in Figure 4. These three types of
pulsed power supplies can be used singly or in combination to generate short and long
pulsed magnetic fields with different tool coils.

Figure 4: Three types of capacitor bank power supply system: (a) 1 MJ/25 kV/3.2 mF, (b)
200 kJ/25 kV/640 uF, (c) 14.4 kJ/30 kV/32 uF.
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3.2 Tool Coil

Several tool coils have been designed and fabricated by introducing the nondestructive
pulsed high field magnet technology to suit the requirements of high strength and long life
performances, as shown in Figure 5. These coils have been used for different
experimental studies of EMF system, such as electromagnetic ring expansion,
electromagnetic flanging, electromagnetic sheet bulging and electromagnetic hardening.

@ K o)

g‘wp |

Figure 5: Tool coils for different electromagnetic app/ications;.; (a) ring xpansion, (b) two-
stage sheet bulging, (c) hardening, (d) flanging.

3.3 Multi-stage Timing Control System

A three-stage timing control system has been designed and implemented in Figure 6 for
controlling the on-and-off of the tool coils to adjust the magnetic field distribution, which is
an important part of the Stic-Must-PMF forming technology. The system has following
properties: (i) it can be controlled independently or in combination; (ii) it has a high stability
due to electrical-optical isolation between the control room and the local control units. (iii)
it can provide a triggering time at microsecond level and multi-channel high-speed data
acquisition (sample rate > 1 MS/s) for the requirements of high precision control.
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Figure 6: Interface of the three-stage timing control system.
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3.4 Experimental Study of a Large-Scale Sheet Forming

The experimental studies mainly focused on the tube EMF system, few of which touch
upon the application of metal sheet [1], especially for the large-scale sheet workpiece. An
important reason resulting in such phenomena is a strong pulsed electromagnetic force
cannot be arbitrarily enlarged to form large parts due to the limitation of the strength of the
coil [2]. Recently, the electromagnetic flanging of a large-scale aluminum alloy sheet
(AA5083-0), whose outer diameter, bore diameter, sheet thickness are 640 mm, 180 mm
and 5 mm, respectively, was investigated at the WHMFC. The quasi-static stress-strain

curve of the material is shown in Figure 7. The Hollomon’s hardening equation ¢ =Ke"
(K and the n are 0.5352 GPa and 0.27316, respectively) was adopted to fit the stress-
strain relationship of AA5083-O and used to calculate the deformation behavior of the
sheet, which didn't consider the high strain-rate effect on the mechanical properties of the
workpiece.

‘‘‘‘‘

The stree-strain curve by fitting
The stress-strain curve by test

True stress (Pa)

0 0.1 0.2 0.3 0.4 0.5
True strain

Figure 7: The quasi-static stress-strain curve of AA5083-0.

To generate enough electromagnetic force, the discharging energy should be large
enough. Thus a bank of capacitor with the maximum energy of 200 kJ was equipped. To
make sure the coil’s lifetime, the non-destructive pulsed high field magnet technology,
where internal reinforcement is inserted between the conductor layers, was used to
fabricate the coil. The structural strength of the coil was assessed by numerical calculation
of the stress distribution of the coil by FEA. To assess the forming capacity of the EMF
system, both the simulation and experimental study of the electromagnetic flange of a
large-scale aluminium alloy sheet in the case of 155 kJ have been done.

3.4.1 Coil Design

The design of the coil firstly is the electromagnetic design and secondly is the structural
strength design. According to the electromagnetic design, the inner diameter (100 mm),
the outer diameter (132 mm), the height (25 mm) and the turns (10 layers in radial
direction, each layer has 5 turns in axial direction) of the coil were determined. And for the
structural strength design, the reinforcement mode was determined: the conductor was
copper wire (4 mm X 2 mm) and each layer was reinforced by Zylon fiber. To assess the
structural strength, the stress distribution in the mid-plane of the coil at the coil current’s
peak value time was calculated by FEM. As shown in Figure 8, the maximum von Mises
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stress is about 0.8 GPa in the Zylon, which is only one fifth of the ultimate tensile strength
of Zylon and confirms that the coil is able to bear the huge Lorentz force.
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Figure 8: The von Mises stress of the mid-plane of the coil [8].

3.4.2 Simulation and Experimental Results

Both the simulation and experimental study of the electromagnetic flange of a large-scale
aluminium alloy sheet in the case of 155 kJ were done. Figure 9 shows the main
dimensions of the experimental equipment. And Figure 10 shows the setup of the
experiment. Figure 11 shows the displacements of the inner bore. The maximum axial and
radial displacements are 87 mm and 27 mm, respectively, while the axial displacement by
experiment was 90 mm, the relative error was 3%. It can be seen that the agreement
between the simulation and experiment results is satisfactory and the EMF system has
the capacity to form the large-scale workpiece.

Figure 9: (a) The coil and several epoxy boards were fixed on the slide block; (b) the workpiece;
(c) the die; (d) the blank holder [8].
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Figure 10: The experient setup: (a) before the slide bldék was moved down, (b) the slide block
was moved down; (c) after the discharge; (d) the formed workpiece [8].

0.00

-0.02
-0.04

0.061 7 i o
Deformation of simulation

—@ - Deformation of experimet
....... Ermror

Axial coordinate (m)

-0.08

-0.10 v T T T v T - T v
0.10 0.15 0.20 0.25 0.30 0.35
Radial coordinate (m)

Figure 11: The comparison of the simulation and the experiment deformation profiles [8].

4 Conclusion

A strong and well-designed space-time distribution of electromagnetic force could lead to
the forming and manufacturing of sheet and tube parts and components with controlled
materials properties. However, there are great challenges in developing such new forming
and manufacturing technology. In the project, we need to solve a key scientific problem:
the rules of space-time distribution of the strong space-time-controlled multi-stage pulsed
magnetic field and control of the force field in forming. For this, an effective numerical
simulation method has been developed, which can be used to predict the dynamic
behavior of the workpiece in a single coil system or multi-stage coil system (although the
numerical studies presented in the paper is just for a single coil system). Meanwhile, three
types of pulsed power supply, tool coils and three-stage timing control system have been
designed and implemented for the future researches of the Stic-Must-PMF forming system.
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In particular, a two-stage forming coil system has been developed for axisymmetric deep
drawing in our lab recently. More numerical and experimental results are still on going and
will be reported later.
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