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Preface

The 4th International Conference on High Speed Forming was held on March 9 and
10 at the Blackwell Hotel on the campus of The Ohio State University. The initial
meeting in this series was the brainchild of Matthias Kleiner with the previous
meetings held in 2004, 2006 and 2008 at the Technical University of Dortmund,
Germany. This meeting series is now being organized with the support of the
International Impulse Forming Group (I2FG) that was formed in October 2008
through the vision of Erman Tekkaya. His goal was to model this in many ways after
the International Cold Forging Research Group which has been instrumental in
taking cold forging from a laboratory curiosity to a technology that is widely practiced
and used in the manufacture of every automobile transmission. The public face of
this site will be at http://i2fg.org. Over time much useful information will be available
at this location including the proceedings of all the ICHSF meetings.
The Columbus Meeting was well-attended and vibrant. The conference was truly
international with 11 countries represented. 33 high quality papers were presented
over a range of topics including impulse equipment, forming, welding and modeling.
The papers in this collection have provided for examination of two referees and have
been carefully peer reviewed. This collection of papers is noteworthy for its breadth,
quality and timeliness. The audience for the meeting was diverse and came from
academic institutions (28) industries (25) and research institutes (9).
One of the main goals of the I2FG, is full dissemination of high-quality information in
high velocity metal forming and working. Accordingly, this entire document is being
made publicly available without copyright restriction; however, authors should be
credited with their original contributions as they are referenced. Further, original
slides and recordings of most of the presentations are available at
http://omi.osu.edu/ichsf and https://eldorado.tu-dortmund.de/handle/2003/27022.

vii

These works will also be available with a permanent archival ‘handle ID’ in the library
at the Technical University of Dortmund.
Special thanks are due to Yuan Zhang, Kathy Babusci, Anupam Vivek and Aaron
Washburn for compiling these materials. Despite the care that has gone into this
project, neither the organizers, the I2FG nor the Ohio State University can be
responsible for any errors, omissions or infringements that may be part of this
volume under any circumstances.
On behalf of the I2FG and the organizing committee we hope you find these papers
are useful and will consider these exciting techniques for application or research. If
you find them useful, feel free to share these exciting works with your colleagues and
friends. We have avoided copyrights to keep this kind of important exchange easy
and legal.

We hope to see you at the next meeting in Dortmund in 2012.

Glenn S. Daehn
April 2010, Columbus, Ohio, USA
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SESSION 1
INDUSTRIAL PROCESSES

1

A HISTORICAL REVIEW OF HIGH SPEED METAL
FORMING
G. Zittel
Elmag, Inc., San Diego, CA, USA

Abstract
This paper will present a Historical Review of High Speed Metal Forming beginning with
the first thought of forming metal by using an electromagnetic impulse to today, whereby
High Speed Metal Forming is an accepted production process. Although this paper will
briefly cover the basic physics of the process, it will not dwell on it. It will rather show how
the industrial acceptance of High Speed Metal Forming is tightly connected to the
knowledge acquired from many applications studies. These studies determined the main
characteristics of the process and defined the requirements for reliable Forming
Equipment. This paper will show where the process is most effectively used by presenting
real industrial product applications and industrial forming equipment.

Keywords
Forming, Metal, Electromagnetic Metal Forming (EMF)

1 Introduction
High Speed Metal Forming (HSMF) refers to a forming process whereby the work piece
material attains forming speeds in excess of 100m/sec. Although HSMF can be
accomplished with explosives, it generally refers to Electromagnetic Metal Forming
(EMF). The EMF process can further be categorized into three forming methods:
 The most widely used compression method; whereby round or tubular work pieces
are compressed radially inward onto mating work pieces;
 The expansion method; whereby round or tubular work pieces are expanded into a
mold or mating work pieces;
 Flat sheet metal forming; whereby electromagnetic pressure is applied to a flat sheet
metal which then accelerates the material into a die or mold
Although for the last fifteen years, Professor Daehn and his team at Ohio State
University have worked on flat sheet metal forming, most industrial applications of the
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process involve compressing round or tubular work pieces, on mating parts. Therefore,
the examples shown will be compression applications.
This paper will concern itself with the evolution of Electromagnetic Metal Forming
(EMF). The basic theory of the EMF process is demonstrated with simple graphic models
at the end of this paper.

2 Evolution of EMF Forming Process/Equipment
The phenomenon, that a force is exerted on a current carrying conductor when placed in
a certain direction in an electromagnetic field or, when placed close to another current
carrying conductor has been known for a very long time. In fact, this is the principle of the
electric motor.
It was in the Twenties when attempts where made to use these forces to stress
metals beyond their yield strengths and therefore to deform them permanently. However,
to generate forces or electromagnetic pressures which exceeded the yield strengths of
common industrial metals, electric currents and electromagnetic fields in the magnitude of
several hundred kilo-Amperes and kilo-Gauss were needed. (To give the reader, who is
not acquainted with electromagnetic fields, some idea of these magnitudes, one could
compare the required field to the natural magnetic field of our earth, which is about 0.2
Gauss, and with the electromagnetic field of an electric motor, which is around 15 kiloGauss.) How then could such high fields and currents be generated? The experimenters
in the Twenties tried short circuiting large rotating generators. It was hoped that the
kinetic energy of the rotating machines could be used to produce the required high
currents. These attempts failed because of various technical problems a discussion of
which exceeds the intent of this paper. In any case, the experiments were discontinued
and not much happened in this field until 40 years later.
In the early 1960's, General Atomic in San Diego, while conducting nuclear fusion
research, experienced material failures caused by the forces between current carrying
conductors. The extremely high temperatures required for fusion research were produced
by compressing an ionized gas with a high-intensity electromagnetic field. The currents
required to generate the high-intensity fields were produced by discharging many parallelconnected capacitors into a coil. Parallel copper bus bars were used to carry the
capacitor currents to the coil. These currents could reach magnitudes from several
hundred thousands up to around one million Amperes. The opposing forces generated
between the parallel plates bus bar system therefore exceeded the yield strength of the
material causing it to fail and the conductors to bulge apart, as shown in Figure 1 below.

Figure 1: Bulges in parallel bus work due to electromagnet pressure
Someone then had the idea of using these “undesired” forces to perform useful
work. The bus bar system was transformed into a coil into which an electrical conductive
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work piece would be inserted. The interaction of the field and induced current would exert
pressure on the work piece. The set-up was primitive. However, the results of the
following experiments were sufficiently encouraging to continue development of the
process and equipment. This was the birth of what later developed into a widely applied
new metal forming and assembly technology. The two pictures below, Figure 2a and 2b
illustrate the concept of a typical coil with a work piece and one of the first coils with a reenforcing case.

Figure 2a: Concept of EMF Coil and
Work Piece

Figure 2b: First Compression Coil with a
re-enforcing Case

The first introduction of EMF equipment in industry was in about 1964 at General
Motors for the banding of neoprene boots onto automotive ball joints. The application and the
machine are shown below in Figure 3 and Figure 4 respectively. The machine was technically
primitive compared to today’s equipment. However, it served well and for many years
produced reliable components for the automotive industry. It was especially useful for
manufacturing engineers to learn what can be done with EMF and for the equipment
designer to learn what needed to be done to improve the process and equipment. Within ten
years EMF equipment went through several design stages and was sufficiently improved to
work reliably as part of a 28 station automated assembly line as shown in Figure 5.

Figure 3: First industrial application used to
shrink retaining rings onto neoprene boots.
The above picture shows the ball joint before
and after assembly.
Figure 4: A six kJ Electromagnetic Metal
Forming machine built by General Atomic in
the early 1960’s and used by GM as a
manually operated single station assembly
machine.
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Water Cooled
EMF Coil

Figure 5: A third Generation Electromagnetic Forming Machine used at General Motors for
the final Assembly of Ball Joints. The machine was incorporated into a fully automated 28
station assembly line and produced several millions ball joint assemblies.

3 Requirements To Make The EMF Process An Industrial
Production Tool
From the early sixties to the present, several obstacles had to be overcome to make EMF
technology an accepted production tool:
 Acquaint manufacturing engineers and product designers with the EMF process;
 For us, the promoters of the technology, i.e. initially GA, Inc. then MLI and since 1980
Elmag, Inc., to acquire practical application experience to define the key characteristics
of the process and;
 Develop reliable, easy to use EMF production equipment.

3.1

Acquainting Industrial Engineers with EMF Technology

Initially, very few of the potential users of EMF equipment knew how the process worked and
how it could be used most effectively. Therefore, almost all of the potential EMF applications
were designed and intended for conventional metal working and assembling methods. This
meant that before the EMF method could be successfully applied, all aspects of product
design and manufacturing required review prior to adapting EMF technology. This included:
 Training of potential users of process, i.e. product designers and manufacturing
engineers;
 Creation of graphic models to explain fundamental physics of the process;
 Publication and dissemination of technical papers and application evaluations;
 Industry specific Seminars and Trade shows
As time went on, product designers and manufacturing engineers also learned from
colleagues and peers. Our experience has been that once one or more engineers in an
industrial company became interested in the process, EMF equipment was introduced as a
manufacturing tool.
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3.2

Application Experience

We also had to learn about the practical and economic limitation of the process. In the early
years, we as well as potential customers were so overly enthusiastic about this unique
process that many times we attempted to solve problems with EMF which were just not
suited for it. We simply had to learn to evaluate applications and not to pursue non-feasible
applications. After years of studies and applied and basic research, we have acquired
detailed knowledge of the basic properties and key characteristics of electromagnetic metal
forming. This provided us the experience to efficiently evaluate the feasibility of most
application inquiries. This experience also allowed us to summarize the Key Characteristics
of the Process and disseminate them to potential users.

4 Key Characteristics of the Process
Although the EMF process is called a “metal forming process,” it is mostly, but not exclusively
used as an assembly process:
 The method works best with materials having relatively high electrical conductivity,
such as copper, aluminum, and low carbon steel. The material resistivity is one of the
parameters which determine the skin depth of the electromagnetic field and therefore the
attainable electromagnetic pressure. For good practical results, the resistivity of the
materials should be preferably less than 15 x 10 -6 Ohm-cm which is the resistivity of mild
steel. Materials with poor conductivity, such as stainless steel, can be formed by using a
conductive driver, such as an aluminum band. A table showing the skin depth versa the
range of electrical resistivity for copper, aluminum and mild steel at various discharge
frequencies is presented in Figure 6.

Figure 6: Table shows skin depth vs.
electrical resistivity of most common
materials at various discharge frequencies.

 In addition to being an electrical conductor, the work piece must provide a continuous
electrical path. The current in a cylindrical work piece flows around the circumference.
Therefore, if a cylindrical work piece were slit through its length, as shown in Figure 7a,
the interference with the current flow would reduce and distort the forming forces. Figure
7b shows a tubular work piece containing some perforations. Such minor irregularities do
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not seriously interfere with the current flow and are acceptable under many conditions.
Deep slots at the end of tubes, such as those shown in Figure 7c, interfere with the
current flow and produce uneven pressure on the work piece.

Figure 7a
The slot prevents
uniform forming
of the tube

Figure 7b
The perforation
produces only very
minor distortion

Figure 7c
The slots produce
uneven forming

 For efficient operation, the fit of the work piece to the coil should be considered. Efficiency
is best when the gap between the coil and the work piece is at a minimum. However,
sufficient clearance must be provided to allow space for insulating materials and to
facilitate the loading and unloading operation.
 Forming is accomplished with no physical contact on the work piece. The pressure on the
work piece is applied through the medium of a magnetic field. Since the magnetic field will
pass through non-conductive materials, it is possible to work through a non-metallic
coating or container. The picture below, Figure 8, shows an application for the
Pharmaceutical Industry.

Figure 8: Forming of a container in a clean room
environment. The magnetic pressure is not diminished
by the plastic bag

 Also, because there is no mechanical contact between forming tool and work piece,
finishes can be applied to the work piece prior to the forming or assembly operation such
as certain paints or anodized coatings as shown in Figure 9 and Figure 10.

Figure 9: Aircraft Control Rod (Electromagnetic
Compression Operation). The tubes have been
anodized prior to forming. There is no surface
damage to the anodized finish.
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Figure 10: These anodized Platen for medical
instruments were expanded with electromagnetic
pressure into a mold.

 Unlike the usual metal forming processes, most of the metal forming takes place after the
pressure impulse has ended as the graph in Figure 11 indicates. During the pressure
impulse, the metal is rapidly accelerated, gaining a large amount of kinetic energy thus
reaching plasticity. The kinetic energy subsequently does much of the actual work of the
forming. This results in intimate contact between parts in assemblies and precision
conformance to dies in forming operations as shown in the cross section of the torque
tube joints in Figure 12 below.

Figure 11: This graph
shows relative time
delay between the
magnetic pressure
pulse, radial
displacement and
material velocity of
material formed [1].

Figure 12: Aircraft Torque Tubes. These Tubes
were anodized prior to forming. The cross section
shows the intimate contact of the tube to the steel
fitting.
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 Since the duration of the force is only in the area of 20 to 80 microseconds, the ratio of
the masses of the pieces involved in assembly operations may be much more significant
than their relative strength. Since no static forces are involved in the process, relatively
light structures may be used for the support of dies;
 Being purely electromagnetic in nature, the process is not limited in speed by the
mechanical inertia of moving parts. The timing of the magnetic impulse can be
synchronized within tenth of a second precision and machines can be designed to
repetition rates of hundreds of operations per minute. The strength of the magnetic
pressure pulse can be controlled electrically with high precision;
 Unlike rolling or spinning, no friction is generated by the process; therefore, no lubricants
are required. Consequently, no cleaning of the parts is required after the operation;
 Once a machine is set up, it can be operated by unskilled workers.

5 EMF Equipment Development
The first users of EMF equipment were R&D departments of larger companies, as well as
technical institutes and universities who used it for research. Soon, however, the users of
EMF shifted to the manufacturing companies who used the process in production. This
required re-design and improvement of the early EMF forming devices to:






Meet industrial safety and electrical machine tool codes;
Be absolutely safe;
Be able to be repaired by routine maintenance personnel in case of a break-down;
Be easy operated by unskilled personnel;
Be economical and be capable of running millions of cycles with minimal maintenance

These were severe requirements and could not be met by the first generation of EMF
equipment which, in retrospect, was laboratory type machines adapted to manufacturing
requirements. Major efforts and programs in research and development, material studies, and
life testing were expended over years to design, build and test a line of EMF equipment
which fulfilled these stringent requirements. Today’s equipment is a seventh generation of
EMF machines and incorporates over 40 years of practical industrial experience and
improvements. They are compact, safe and built to stringent industrial safety codes and JIC
standards. They are reliable and, if a breakdown should occur, have fault detecting devices
to inform maintenance personnel of fault location.

6 Typical EMF Industrial Production Equipment
To use the EMF process and equipment effectively in manufacturing operations, it had to be
married to work piece handling equipment and other production tools. A typical EMF
assembly system consists of three major components The Energy Storage and Control unit houses the energy storage bank with the
discharge current switches; the high voltage power supply which charges the capacitor
bank; the trigger circuits which initiate the capacitor bank discharge; and the control
system with operator and diagnostic panel.
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 The Electromagnetic Forming Coil (or actuator) converts the electrical discharge
current into electromagnetic forming pressure. The field shaper adapts the forming coil to
the specific size of the work piece.
 The Work Station inserts the work piece into the forming coil, holds it in position for the
forming operation, and removes it from the forming coil. Depending on the customer’s
requirements, the work station can be something quite simple such as a manually
operated positioning fixture as shown in Figure 14, or a semi-manually operated work
station as shown in Figures 13 and 15, or it can be quite complex such as a fully
automated turntable or assembly line as shown in Figure 5, 16, and 17.

Figure 13: Typical EMF Systems as used in the Aerospace Industry for the assembly of
Flight Control Tubes shown in Figure 12

Figure 14: Simple Hold-Down Fixture
mounted directly to the EMF Coil to
assemble Electric Fuel Pumps.
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Figure 15: EMF system with work station to assemble EMI-proof connectors. It required a
split coil to accommodate the geometry of 15 different sizes connectors and cables.

Figure 16: Single station semi-manual
operated work station (right) and an
automated turn table (below) to assemble
Oil Filters (center).
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Figure 17: EMF systems with
automated turntables to assemble
worm gear components for
automotive power steering.

7 Limitation of the EMF process
There are some practical and economical limitations to the process. Although in principle, the
pressure which can be generated by the magnetic pulse can be extremely high, in practice,
the electromagnetic pressures used in forming operations are limited by the strength of work
coil materials. The work coil material must be a relatively good electrical conductor and yet,
have sufficient strengths to sustain the pressures required to form the work piece not only
once but ideally millions of time. Thus, material fatigue must be considered in coil designs.
The practical maximum pressures generated by industrial EMF equipment are therefore in
the area of 30,000 to 40,000psi.
The size of the work piece generally determines the capital cost for the equipment. For
instance, to form a 30-inch diameter tube would require a larger energy storage bank and
physically larger coil than a one inch diameter work piece. The cost of the equipment may
therefore not be economical.
Experience has shown that either the EMF capital equipment cost per part must be low
enough to write off the equipment in a few years or that the process can do operations which
cannot be accomplished with other methods. Successful applications are mostly assembly
operations for components in the area of up to 10- inch diameter with wall thicknesses up to
0.10 inches.

8 Basic Principle of EMF
The following discusses briefly the basic theory of the EMF process. It uses the compression
method as a model. However, the same principles can be applied to expansion and flat sheet
metal forming methods.
Think of something simple first, like an electric motor!
In an electric motor, the interaction of a time changing electric field, B, with a current
carrying conductor (I), creates a force (F), on the conductor. This is schematically
represented in Figure 18. If the conductor is imbedded in a rotor, and if the arrangement of
the rotor and field is properly positioned, the force on the conductor will cause rotation of the
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rotor. The electromagnetic field density in a motor is somewhere around 15kG (fifteen
thousand Gauss),

Figure 18: Schematic presentation of
the principle of an electric motor or,
more general, of the Lorentz force. It
shows the directions of the
electromagnetic field, the current, and
the forces which cause the loop to
rotate

In an electromagnetic forming device, we make use of the same principle except the
generated force has to be sufficiently high enough to exceed the yield strength of the material
to be formed. To generate such high forces, the required electromagnetic field needs to be as
high as 300,000 Gauss compared to about 15,000 Gauss for an electric motor. The following
shows how such high currents and field densities can be generated and how the device can
be arranged to be useful as a manufacturing tool.
A basic electrical circuit of a MAGNEPULS (TM) machine is shown in Figure 19. A high
voltage power supply charges a capacitor bank over a period of several seconds. When a
preset voltage level is reached, Switch-1 opens and Switch-2 closes and the stored energy
discharges into the load L, which represents the electromagnetic forming coil or actuator.

SW-1
Figure 19: Basic EMF Circuit

High
Voltage
Power
Supply

Capacitor
(C)

SW-2
Current (I)

Coil
(L)

The discharge current into the forming coil is a damped sinusoid as shown in Figure 20.
For most industrial applications, the current is somewhere between 100kA and 500kA, and
the period T about 100 micro-seconds. The current produces a uniform electromagnetic field
in the coil as shown in Figure 21. However, if the work piece is an electrical conductor, e.g.
an aluminum or steel tube as shown in Figure 22, then the electromagnetic field induces an
azimuthal current in the work piece. This induced current prevents or reduces the field
penetration through the work piece, increasing the field density between the coil and the work
piece. The interaction between the high field density and the induced current generates an
inward directed pressure pulse on the work piece. If the pressure pulse as shown in Figure
23 exceeds the yield strength of the work piece material, the work piece will be permanently
deformed.
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Figure 20 Discharge Current
into an EMF Coil

Figure 21: Forming coil without a work piece. The
discharge current produces a uniform
electromagnetic field in the coil

Figure 22: EMF Forming Coil with an
electrically conductive work piece inserted
into the coil.

Figure 23: EMF Pressure Pulse,
typical T/2 is 25 to 50 micro-second.
The pressure pulse is proportional to
the square of the discharge current.

Note there is no physical contact between the coil and the work piece. There are no
moving tools which push, press, or move the work piece material. The pressure pulse imparts
kinetic energy into the work piece. Consequently, it begins to move until all the kinetic energy
is dissipated. The forces which resist this movement are those due to inertial energy and the
energy of deformation. The final shape of the deformed work piece depends on a
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combination of factors. These are the magnitude of the pressure pulse, the strength and
geometry of the work piece, and the shape and geometry of a mating part such as a die or a
mandrel, or a second work piece. Figure 24 shows a tube formed onto a fitting. Notice how
the tube practically wraps itself around the contours of the fitting.

Figure 24: Tube formed onto a fitting. Notice
how tightly the tube wraps around the mating
plug. This is because of the high forming
speed which turns the material plastic.

To adapt the coil to different work piece diameters and to concentrate the pressure
pulse in particular areas, one makes use of a flux transfer member, also called a flux
concentrator or a field shaper as shown in Figure 25.

Figure 25: This illustration shows a field shaper
which concentrates the pressure in two areas,
indicated as A.

9 Conclusion
The foregoing has shown that as a result of an incidental nuisance, a known principle in
physics found a new application in industry. With efforts in research and development, it was
transformed into a unique and widely accepted manufacturing technology;
 The Acceptance by Industry of the EMF Technology was directly related to the
improvement in reliability and safety of the EMF equipment;
 EMF Technology is unique and allows product designs which cannot be solved with
conventional processes. Yet, it does not replace them but rather complements them.
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Electromagnetic pulse forming technology. Keys
for allocating the industrial market segment.
R. Schäfer, P. Pasquale
1

PSTproducst GmbH, Alzenau, Germany

Abstract
The electromagnetic pulse forming technology (EMPT) provides substantial technological
benefits with respect to tube forming and joining operations. However, in the past this
technology was mainly adapted in academics, military production and small batch size
productions. Establishing this technology in the world of civil-industrial mass production
demands for several key prerequisites to be fulfilled. This report lists these requirements
and moreover provides answers on ways for their completion.

Keywords
Industrial, Forming,Metal

1 Introduction
Even if the technological possibilities of a new production method apparently are overwhelming, the major key for adoption of this process in today’s industrial mass production
is the provision of economical benefits. A measure for the economics is the manufacturing
costs per produced component.
The electromagnetic pulse technology (EMPT) today is mainly used in mass
production for forming, joining and cutting of tubular structures or closed profiles. In this
sector, the EMPT is in a strong competition to well established production processes, for
example by hydroforming or by fusion welding processes. Substitution of these processes
by the EMPT is only possible, if the conventional method suffers on one of the following
disadvantages:
a)
b)
c)
d)
e)
f)
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technical problems solvable only by major efforts
need for high priced semi finished products
quality problems by process instability
low production rate
maintenance intensive conventional production process underlying major wear
problems
need for expensive quality insurance tests
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g) the conventional production process does not match properly to the process chain
h) need for replacement of high priced production equipment
If at least one of the above mentioned problems is related to a conventional
manufacturing process, EMPT can play its benefits.

2 EMPT system requirements for industrial mass production
The major factors, governing the economics of the EMPT process with respect to
industrial mass production are the component life time of pulse generator and coil, the
repeatability of the process and the system’s control algorithms. Further, there are some
technical aspects, being in strong relation to the EMPT system size and therewith to the
prime costs.

2.1

Component life time

Industrial mass production means batch sizes of 100,000 to several million parts per year.
The life time of the costly components of the pulse generator is therefore specified by the
batch size per year. It should be at least in the range of a two year production. Costly
components are the coil and the capacitors because of their purchase prize and even
more because of the time which is essential for replacing those components. At a
laboratory EMPT system, replacing the coil may be a task of some minutes. However, this
changes if the system is integrated into a production line. Hence, coil life time is required
to be in the range of some million pulses.
In the past, EMPT coils where commonly made of several windings of wire,
embedded into an electrical insulator. This insulator was mainly made of plastics. The
plastic insulator itself was surrounded by some metal or fiber reinforcement, enabling the
coil to withstand the loads resulting from the magnetic pressure. This concept allows
manufacturing multi-winding coils which can build up high magnetic pressure at relatively
low discharge currents. This concept has one big pro but several contras:
The ratio of magnetic pressure to discharge current is high resulting in relatively
small pulse generators and quite low electrical loads on all sensitive components, i.e. on
capacitors and switches.
The biggest contra is the quite low coil life time. This is mainly due to the big
discrepancy between Young’s modulus of the electrical conductors and the insulating
plastics which causes high strains in the conductors during the pulse. Young’s modulus of
copper is 115000 MPa, but that of fiber reinforced plastics is only round about 20000 MPa.
The factor of 5.75 between the two material’s elastic properties means, that under elastic
conditions the plastic will reach the same stress as the copper at 5.75 times the strain.
Hence, there is no real reinforcement effect of the insulator. Figure 1 illustrates the
magnetic loading of a coil made of 4 wire windings. The wire is a Ø 10 mm copper wire.
The coil bore is 40 mm in diameter. Inserted into the coil bore is a tubular workpiece,
made of aluminium. The coil is loaded by an altering current of 100 kA amplitude at 10
kHz frequency. The maximum pressure acting on the coil in radial direction is ~75 MPa.
This will cause an expansion of the coil. In vertical direction, there is magnetic pressure,
too. This pressure component causes a compression of the coil in vertical direction.
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Figure 1: magnetic pressure loads at a 4 winding coil.
The magnetic loading causes displacements inside the copper-insulation composite,
resulting in fast ongoing micro fractures in the insulation. When the isolation is weakened
by multiple cracks normally a shortcut between the coil windings or cracks in the electrical
conductor will happen.
Building self reinforcing coils can help overcoming this problem. However, adding
many windings to such a coil is more complex. Thus, self reinforcing coils normally are
characterized by only some few windings, usually in the range between 1 and 5. As the
number of windings is directly coupled to the magnetic pressure, these self reinforcing
coils require elevated discharge currents. This disadvantage of the self reinforcing coils is
more than balanced by their high life time, which is often 2 million pulses or even more [3].
Elevated discharge currents will lead to increased wear of cables, capacitors and
switches. However, modern cables, capacitors and switches are capable to withstand
electrical currents in the range of some 10 or 100 kA. Here, parallel use of these
components helps to cope with currents in the range of some 100 kA to some 1000 kA.
Proper component design leads to cable and capacitor life time of approx. 2 million pulses
even with respect to pulse generators of the 100 kJ class [3]. The switch life time is above
200,000 pulses [3].
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2.2

Matching system settings to the EMPT process requirements

As the price of the EMPT System significantly governs the economics of the process,
choosing the proper system configuration is mandatory. The EMPT System is related to
the following characteristics of the product:
a1. Cross-sectional dimensions of the tube or profile
a2. Workpiece material properties
a3. Magnetic pressure essential to accomplish the forming, cutting or joining operation
a4. Length of the pressure loaded area
The combination of these four aspects defines the characteristics of the EMPT System:
b1. Coil & field shaper
b2. Discharge current
b3. Discharge frequency

2.2.1 Choosing the appropriate discharge frequency:
For crimping and forming operations the discharge frequency is directly governed by the
workpiece’s wall thickness and its electrical conductivity. This correlation is caused by two
mechanisms, based on the skin effect and the correlation between magnetic pressure
build up and the magnetic flux density distribution at the inner and outer circumferential
face of the tubular workpiece. The skin effect is the characteristic of altering currents to
locate in a thin layer near the workpiece surface. The thickness of this layer is given by



1
  f 0

(1)

In case of EMPT,  denotes for the workpiece electrical conductivity, f for the
discharge frequency and µ0 for the magnetic permeability of the vacuum.
The dependency between the magnetic pressure and the difference of the magnetic
flux inside and outside the tubular workpiece is given by the following equation:

Pmag ~ Binside  Boutside

(2)

In case of a tube compression, equation 2 computes for the highest magnetic
pressure, if there is no magnetic flux density at the tube’s inner wall. This is roughly
estimated true, when the skin depth is smaller than the tube’s wall thickness. A skin depth
exceeding the wall thickness of the workpiece, will cause significant losses in magnetic
pressure. Figure 2 illustrates the numerically computed relation between frequency, skin
depth and magnetic pressure build up for an Ø50 mm aluminium AA6061 tube with a wall
thickness of 1 mm.
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Figure 2: numerically computed relation between frequency, skin depth and magnetic
pressure build up for an Ø50mm aluminium AA6061 tube with a wall thickness of 1 mm.
A rule of thumb for estimating the discharge frequency for sufficient build up of
magnetic pressure is therefore given by:

f 

1
  t ² 0

(3)

 denotes for the workpiece electrical conductivity, f for the discharge frequency, µ0 for the
magnetic permeability of the vacuum and t for the workpiece wallthickness.

If the frequency is increased above the value computed by equation (3), no further
significant pressure build up will be possible. However, an increase in discharge frequency
boosts the velocity of the workpiece and therewith the strain rates. The strain rate
influences the yield stress of the tube material. Herzig et. al. found that for steels, the
difference between the yield strength under quasistatic conditions and at high strain rates
differs by a factor of two, see Figure 3 [1].
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Figure 3: Flow stress behaviour of AISI 1045 steel at different strain rates [1].
Increasing the discharge frequency also enlarges the tube accelerations and
therewith the inertial forces. Hence, even if the correlation between strain rate and initial
yield strength is negligible (i.e. for many aluminium alloys), a higher magnetic pressure will
be essential when the forming result should be constant, but the discharge frequency is
increased. An example for this is represented by the following described free compression
experiment: An aluminium tube, diameter Øout 50 mm, wallthickness 2 mm and tube length
of 30 mm, material AA6082-T6 is compressed to a diameter of 40 mm. At 1 kHz discharge
frequency a pressure about 50 MPa is essential for accomplishment of this. When
increasing the frequency, the essential pressure for keeping the diameter reduction
constant increases linearly. So at 20 kHz discharge frequency, the magnetic pressure
amplitude required for decreasing the tube diameter to 40 mm is 130 MPa.

2.2.2 Coil
The inductance of a long coil (it’s length must be significantly bigger than it’s diameter) is
approximately given by

N2
L  2 r µ
l

(4)

L denotes for the inductance, µ for the magnetic permeability, r for the coil’s radius,
N for the number of coil windings and l for it’s length. The discharge frequency is given by

f 

1
2 LC

(5)
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where C denotes for the capacity of the pulse generator, L for the inductivity of pulse
generator and coil. Normally the inductivity of the pulse generator is far below that of the
coil. Equation (4) shows, that an increase in coil diameter and the number of coil windings
boosts the coil’s inductance. However, according to equation 5 an increase in inductance
decreases the ringing frequency.
On the other hand, the number of coil windings is directly related to the magnetic
pressure. Hence, choosing the appropriate number of coil turns is some kind of
optimization problem. However, the bigger the coil diameter, the less windings should be
used, because of the therewith ongoing significant increase in inductance. Thus, often, in
case of workpiece diameters above 100 mm the use of a single winding coil and a pulse
generator, capable to supply high discharge currents is beneficial.

2.2.3 Field shaper
The field shaper focuses the magnetic pressure on the area to be deformed [4]. It is not a
must for EMPT, however, it is beneficial because of several reasons:
 In case of changes in work piece diameter, only the field shaper and not the coil
must be replaced
 The field shaper provides possibility to manufacture undercut joint geometries
 The field shaper locates the pressure on the workpiece. Hence, the coil is loaded
with minor pressure than the workpiece, which results in improved coil life time.
When a field shaper is inserted into a compression coil, the coil induces surface
currents in the outer circumferential face. These currents run via at least one slot of the
field shaper to the field shaper bore. Figure 4 provides a schematic of a field shaper
inserted into a coil.

Figure 4: Schematic of a field shaper inside a compression coil.
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The bore length is usually smaller than the field shaper length. Hence, the current
density is increased. This causes a local elevated magnetic pressure. Figure 5 illustrates
the current density distribution at a field shaper half.

Figure 5: Current density distribution at a field shaper half. Red colour denotes for high
current density, blue for zero.

2.3

Mjo coils: Increasing the production rate and the component life time,
as well as decreasing the production costs

An appropriate chosen EMPT-System using field shapers is capable for economic forming
cutting or joining of components up to medium batch sizes. However, in mass production
situation it is often inevitable to increase the production rate. Adding a second EMPT
system is not a choice because of the additional cost and the additional space
requirements. Using one pulse generator to process several parts within one pulse is an
option to increase the production rate at minor costs than by using several EMPT systems
in parallel. This can be done best by use of a so called multiple joining coil (Mjo-coil). This
coil is characterized by several bores, each usable for processing one part [2]. The current
consumption of this coil is nearly the same as a single bore coil [2]. Hence, the EMPT
process costs per manufactured part are divided by the number of parts manufactured
within on pulse. Moreover, the maintenance interval is multiplied by the number of coil
bores, too. If for example a Mjo coil is used, which can process two parts within one pulse,
twice as much parts can be manufactured before the first system maintenance in
comparison to a conventional single bore coil EMPT system. Figure 6 shows a Mjo coil for
parallel processing of two workpieces.
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Figure 6: Multiple joining coil for parallel processing of two work pieces (MJo2).

2.4

Control algorithms

Today, economical mass production requires the application of online quality insurance
systems. Often, these systems save relevant process data in a common database which
provides possibility to retrieve information on any process, the manufactured part had
undergone.
The result of an EMPT process is mainly related to the magnetic pressure applied to
the specimen. So if there are only minor deviations of the material parameters within a
workpiece batch, it is essential to keep the current and therewith the magnetic pressure
constant. For this, on the one hand a constant charging voltage of the capacitors is
essential, which is a question of the charging device’s quality. On the other hand, parallel
firing of all high current switches of the pulse generator within some nanoseconds is
mandatory. Non parallel firing of the switches will result in deviations of the first current
amplitude and the discharge frequency.
Additionally to this, a 100% control of the discharge current history of every pulse
helps providing useful data for the quality insurance system. By monitoring the current
amplitude and the frequency, the integrity of the machine is verified. In many cases these
two characteristics can be even used to identify whether a workpiece is inserted in the coil
bore or not.
Moreover, an appropriate pulse generator control algorithm can ensure the process
stability by increasing the charging voltage, i.e. when one capacitor fails at the end of its
life time. However, in case of a capacitor failure, the discharge frequency will also be
changed. Hence, an automatic disconnection of the failed capacitor and an increase of the
charging voltage for the working capacitors to reach the same discharge current as before
the fail is not the appropriate solution. The better way is the use of a process window,
which correlates discharge current and frequency to the result of the EMPT process.
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Control algorithms for mass production EMPT systems should additionally provide
the possibility for remote software maintenance and remote hardware diagnosis to
minimize machine down times.

3 Conclusion
In mass production, EMPT is in a strong competition to conventional forming and joining
processes. Hence, the technological benefits of EMPT will only be taken in account, if
there are at least non economical benefits. However, in most of the cases, this new
technique will only be adopted in mass production when technical and economical
benefits are given.
For gaining economical benefits, EMPT system life time must be in the range of a
two year component production. This can be accomplished by high quality switches,
capacitors and cables. An additional use of multiple joining coils can further increase the
maintenance interval and decrease the costs per manufactured component.

References
[1]

[2]
[3]
[4]

Herzig, N.; Bleicher, F.; Puschitz, F.; Dorn, C. et al.: Collective Research for High
Performance Manufacturing; 15th International Working Seminar on Production
Economics, Innsbruck; 03.03.2008 - 07.03.2008; in: 15th International Working
Seminar on Production Economic, p. 163 – 172, 2008
Pasquale, P.: Mehrfachfügespule. German Patent application, 2007
Schäfer, R.; Pasquale, P.: Die Elektromagnetische Puls Technologie im industriellen
Einsatz. Whitepaper PSTproducts GmbH;
http://www.pstproducts.com/downloads.htm, 2009
Winkler, R.: Hochgeschwindigkeitsbearbeitung – Grundlagen und technische
Anwendung elektrisch erzeugter Schockwellen und Impulsmagnetfelder. VEBVerlag Technik, Berlin, p. 307-333, 1973.

25

Powder Forming Using Dynamic Magnetic
Compaction
B. Chelluri1, E. Knoth1
1

IAP Research, Inc., 2763 Culver Avenue, Dayton, Ohio, USA

Abstract
Conventional powder forming of metals, ceramics and composites uses room
temperature pressing approaches such as static uniaxial pressing, isotropic pressing cold isostatic pressing (CIP) or elevated temperature hot isostatic pressing (HIP)
methods. In this paper, description of a unique dynamic pressing approach for powder
materials will be presented where very high pulse pressures (of GPa range) are applied
for a short duration (of < 1 millisecond) on powders. Such a dynamic pressing offers the
ability to form uniformly high density net shape parts with fine microstructures. The
method can be applied to wide range of materials such as metals, ceramics, composites
and soft and hard magnetic materials. A broad range of powder particle size distributions,
from coarse micron size to fine nano size powders, can be used in the process. The
principles of dynamic pressing method along with the summary of results on various
powder material systems will be presented. The performance of parts made with
dynamic method will be compared with conventional processes.

Keywords
Powder, Near net shape, Dynamic

1 Introduction
In the Powder Metal (P/M) industry there is a constant demand for producing high-density
net shape parts at an affordable cost. In the commercial sector such as the auto industry,
there is a need for close to full density parts such as power train gears for high
performance applications. Currently such parts are machined from forged and wrought
blanks. Due to high machining costs, these components are much more expensive than
conventional press and sinter P/M parts. The conventional single press, single sinter
process (including warm pressing) produces steel parts to low density of only about 6.97.4 g/cc. Similarly, high performance ceramics such as ballistic tiles are produced using
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hot pressing (Pressure Assisted Densification- PAD) process or Hipping (HIP). Both PAD
and HIP are batch processes, have low throughput and are expensive due to inherent
time and secondary processes involved in producing the final tile shape. Various other
powder materials such as permanent magnet powders for electric motor applications,
thermoelectrics for efficient heating and cooling devices and nano structure powder
materials with special microstructures require processing methods that preserve the
properties of original powders while yielding high density and net shape for cost
reduction.
This paper describes a high rate dynamic powder pressing approach that uses
pulse magnetic pressures to compact the powders [1]. In dynamic magnetic compaction
(DMC) processing, kinetic energy is imparted to powder material using magnetic fields in
a sub millisecond time duration. DMC compaction pressures of a few GPa range on
powders produces high green compact density. The development of DMC technique for
ductile metallic materials has been demonstrated and implemented for net shape
geometries such as gears [2] and cylinders. However, in the case of brittle ceramic
powders, the compacted material can develop cracks during the release of internal strain
energy during rebound. IAP Research, Inc. has developed an innovative design of a
dynamic compaction system to control rebound energy and produce crack-free high
performance ceramic parts [3]. In the following paragraphs, general process description
along with selected examples of parts fabricated and their properties will be described.

1.1

Dynamic Magnetic Compaction (DMC) Process

The basic principle of the MagnepressTM DMC process is shown in Figure 1. In this
method powders are filled in a conductive container (armature) placed in the bore of a
high field coil. The coil is pulsed with a high current to produce a magnetic field in the
bore that, in turn, induces currents in the armature. The induced currents interact with the
applied magnetic field to produce an inwardly acting magnetic force that collapses the
tube, thereby compacting the powder. The launched armature accumulates a large kinetic
energy during compaction and is brought to rest by the powders within a few
microseconds. The powders are pressed to full density via the transmitted impact energy
with the entire compaction cycle occurring in less than one millisecond.
Magnetic forces have been used for over two decades in high rate metal forming [4]
and powder compaction [5]. The same electromagnetic based pulse forces are used in
DMC process to realize net shape powder consolidation. The powder pressing in DMC
takes place through the transmitted impact energy analogous to driving a nail into a board
with a hammer. Almost any material can be compacted to full density using a sufficiently
large impact pressure. The important benefits of magnetic powder compaction are higher
green (compaction) density, high aspect ratio (L/D) compacts when compared to die
pressing and ability to preserve special microstructures.
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Figure 1: Principle of DMC process
The process steps of powder processing using DMC process are shown in Figure 2.
These steps are similar to conventional P/M pressing which include tooling for
compaction, powder filling, part extraction and sintering with the optional steps of sizing
and finishing as required. In most commercial applications the powder filling and
compaction are done in air at room temperature. The powder filling can be carried out in
special environments such as in an inert gas or under other cover gases for special
applications and can also be compacted at elevated temperatures with suitable system
modifications.

Figure 2: Dynamic Magnetic Compaction processing steps
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2 Dynamic Magnetic Compaction Processing
2.1

Densities of ferrous and non ferrous alloys processed via DMC
MagnepressTM

Many different alloys of ferrous and nonferrous powders can be consolidated using
magnetic pressing. Figure 3 shows the as pressed density achieved in various powder
materials. No lubricants were added to any of these powders. In most steels, densities
greater than 95% were achieved after DMC compaction.

Figure 3: List of materials compacted with the DMC process and the green density
achieved
In the 4405 alloy (4401 with 0.5%Graphite), the green density was greater than
97% of full density. The processes used for some alloys indicated in Figure 3 were not
optimized and higher densities can be obtained with further development.

2.2

DMC Density Improvement Boosts Material Performance

The mechanical and microstructural properties of materials are positively affected by
DMC processing.

2.2.1 Material Properties of DMC Processed 4405 Steel Alloys
A systematic evaluation of the material properties was carried out with 4405 steel
powders. Rods were DMC compacted using 4405 powders at different pressures and
sintered at 1180ºC (2156ºF) for 20 minutes in dissociated ammonia. The density and
mechanical property measurements were made using ASTM standards. The measured
mechanical properties such as transverse rupture strength, tensile, hardness and
unnotched impact energy were measured and results were close to those of wrought
material of the same composition. The transverse rupture strength of DMC green
samples was higher than that of conventional pressed specimens as evident from Figure
4. In Figures 5 and 6, the tensile strength and ductility of DMC samples are summarized
along with those of conventionally pressed P/M and malleable cast iron. Tensile and yield
strength of DMC materials are higher than conventionally pressed material and closer to
the properties of cast material. Tensile elongation of DMC material is 4-6 %, which is
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similar to that of cast samples. The impact energy of (unnotched) DMC bars is 60 ft-lbs as
shown in Figure 7.

Figure 4: Transverse Rupture Strength of DMC processed 4405 material compared to
conventional P/M

Figure 5: Tensile and Yield strengths of DMC processed material as compared to 84Mmalleable cast iron (2.5% nodular carbon)
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Figure 6: Ductility of DMC processed 4405 alloy relative to conventional P/M 4405 and
malleable cast iron (84M)
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Figure 7: Unnotched impact energy of DMC processed sample

2.2.2 Microstructure of DMC Processed Materials
In addition to high density, the other benefits of DMC arise from its dynamic nature of
sub-millisecond compaction. This feature aids in preservation of special microstructures
including ultra fine grain size. One such example shown in Figure 8 where samarium
cobalt magnetic powders (3-6 µm grain size) were compacted using two different
compaction methods, cold isostatic press (CIP) and DMC magnetic pressing. Both of
samples were subjected to the same sintering cycle side by side in the same furnace.
Figure 8 shows the dramatic difference in microstructures in sintered CIP and DMC
samples. The DMC sample retained the fine grain structure of the starting powders while
the CIP samples showed increase in the grain size to 200 µm after sintering. The starting
green density was 65% for CIP and 85% for DMC respectively. Similar results are
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observed in processing of silicon carbide ceramics. The mechanism of retention of fine
grain structure in DMC compacted sample is not fully understood and still under study.

DMC

CIP

Figure 8: Scanning electron micrograph of Samarium Cobalt powders compacted by
DMC and CIP and then sintered under the same conditions

2.3

Shapes and sizes of net shape parts via DMC

The radial DMC process is ideally suited to produce net shape parts with cylindrical
symmetry, thin walled tubes, high aspect ratio (L/D) parts and parts with internal features.
Shapes and sizes of the typical parts produced to date range from 0.5“ diameter x 3“ long
to 5” diameter x 1“ long as shown in Figure 9. The helical ring gear, shown in Figure 9,
achieved an AGMA 9 precision rating after sintering without any secondary operations on
the teeth. A DMC system can produce flat parts such as rectangular parts shown in
Figure 10.

Figure 9: Typical shapes of the parts produced via radial DMC process
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Figure 10: Typical shapes of the silicon carbide parts produced via axial DMC process

2.4

DMC Production Rates and Process Repeatability

Given a compaction cycle of the magnetic press at less than 1 millisecond, the production
rate of five to fifteen parts per minute (ppm) can be achieved. The two factors that limit
the production rates are the power supply charging time and the material handling rates
such as insertion of powders and removal of part from the press. Our commercially
available power supply module is rated for 15 discharges per minute. Power supply
designs for faster than fifteen per minute are possible if required. Material handling rates
are controlled by powder filling, part extraction, and transfer rates. DMC processing has
demonstrated multi-part per pulse output for some parts.
The DMC process is highly repeatable. The amount of energy discharged into the part
can be tightly controlled and measured for statistical control evaluation. The
MagnepressTM DMC process also draws benefit of compacting different types of powders
such as spherical, flakes, and coated powders without damaging special aspects of the
starting materials. No binders or lubricants are required for compaction.

3 Conclusions
The MagnepressTM DMC process holds potential for expanding P/M markets into full
density and high performance products. The process feasibility is demonstrated for
various powders of ferrous, non-ferrous, ceramic and composites. The development of
specific prototype parts with steel powders for automotive industry, electric motor parts
and ceramic parts have been accomplished. Other product applications with different
powder materials are being investigated.
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Abstract
Electromagnetic forming is a process used to produce high strain rates that improve the
formability of sheet metal. The objective of this paper is to discuss the feasibility of the
use of disposable actuators during electromagnetic forming of two aluminum
components: an industry part whose main feature is a convex flange with two joggles,
and a simple part with a one-dimensional curve throughout. The main forming
complications after the parts were formed using conventional methods were the presence
of wrinkles and excessive springback. The goal of this work is to use large, controlled
electromagnetic impulses to minimize the springback of these components from a roughformed shape, with the end result being a dimensionally correct part. The optimum test
protocols for electromagnetic calibration of the components were determined by
optimizing parameters such as design of the actuator, tool material, and capacitor
discharge energy. The use of disposable actuators for electromagnetic calibration of the
parts showed significant reductions in springback compared to the parts which were only
preformed using conventional techniques (hydroforming and rubber-pad forming).
Springback was decreased in the curved component by up to 87%. For the flanged
component, the wrinkles were eliminated, the joggles were formed properly, and the
average bending angle of the part was improved from 95.3° to 90.3°, very near the target
bending angle of 90°. This study demonstrates that these forming techniques can be
used to improve current sheet metal production processes.
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1 Introduction
Aircraft structures are quite complex, with an ever-increasing number of complicated, high
strength aluminum sheet metal parts being used for their assembly. This makes these
structural components extremely difficult to produce since conventional forming methods
are reaching their limits. “Conventional forming” refers to any method using large static
forces to accomplish the forming. Also, because production volumes are usually quite
small for any given component, one-sided dies are typically used and it is not uncommon
for a component to undergo several sub-processes during manufacturing. One example
of a manufacturing process used in aircraft production is flexible-die forming, where a
flexible tool half (such as a rubber pad or flexible diaphragm) applies pressure to form a
blank around a solid tool half. This forming method is commonly used in the aviation
industry to manufacture aluminum sheet metal parts [1].
This process, however, has some inherent problems that must be overcome to form
the parts to specification. These problems can include wrinkling, crowning, and
springback, and these cannot often be corrected within the flexible-die forming process.
As a result, an annealing step must be performed prior to forming, which decreases the
mechanical strength of the part but increases formability. If the desired shape can then be
achieved, a second heat treatment step is necessary to re-strengthen the material. For
parts that are especially difficult to form, a combination of multiple heat treatment steps
and forming operations must be used to fabricate the required shapes. A costly manual
calibration step is often required after the re-hardening due to the distortion of the part
geometry as a result of the heating and subsequent cooling during the heat treatment
process. It is desired that a high-impulse electromagnetic forming (EMF) process will
make these heat treatment steps unnecessary, allowing parts to be formed to
specification in the T6, or full-hard, condition.
It is expected that the use of electromagnetic forming will lead to lower part costs
and shorter lead times. Without the time-consuming heat treatment steps the part
manufacturer will be able to react with more flexibility regarding customer orders of parts
manufactured with this process. This will contribute to an “agile” production process,
meaning that it is simple and inexpensive to make low volumes of many different parts,
each of which require different tooling.
In this paper two new methods to calibrate structural aluminum aviation parts using
electromagnetic forming will be introduced. In contrast to past work, instead of using
“traditional” actuators with durability for multiple discharges, within this work a concept of
“disposable” actuators was used. These actuators are designed to only be able to
withstand one discharge, but are inexpensively produced.
The purpose of this study is to demonstrate the feasibility of using electromagnetic
forming with this kind of actuator in a production process. The forming process for two
unique parts, a “flanged” component and a “curved” component, will be investigated using
a combination of conventional and impulse forming techniques. This combination of
quasi-static and impulse forming has been investigated for a deep drawing process in the
work of Vohnout and of Psyk [2], [3]. Each part, shown in Figure 1, has characteristics
inherent to a specific class of aviation sheet metal parts. The results of the investigation
will then be compared to the results obtained using conventional forming techniques.
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Figure 1: Curved component and flanged component

2 Electromagnetic Forming
2.1

Fundamentals

Electromagnetic forming uses the principles of magnetism and electromagnetic induction.
A typical electromagnetic forming system consists of a discharge circuit and the
components that are necessary for the operation of the system. A capacitor bank
discharges a large current (with a peak on the order of 104-105 amps, depending on the
parameters of the system) through an actuator using a high speed triggering mechanism.
This results in a large damped sinusoidal current flowing through the actuator, which
creates a powerful magnetic field around the actuator. This magnetic field induces eddy
currents in the blank, which cause a magnetic repulsion between the actuator and blank.
This results in large mechanical energy (high velocity/momentum) acting on the blank,
which forces the blank away from the actuator. This forming energy can be adjusted by
changing the energy to which the capacitor bank is charged. A larger charging energy will
result in a larger magnetic pressure on the blank, and thus greater forming energy. Strain
rates between 103/sec and 104/sec can be achieved with this process [4]. The principal
limiting factor for this process is that the actuator and blanks must be made from a highly
electrically conductive material such as copper or aluminum.

2.2

Disposable Actuators

To withstand the large and complicated impulse load cases experienced during EMF,
traditional actuator concepts include large reinforcements that represent a large portion of
the overall tooling costs. Since aviation parts are often low-volume, the tooling costs have
a significant influence on the total cost per part. Thus the concept of “disposable”
actuators was developed, wherein each actuator is only used to calibrate one workpiece
and recycled afterwards. The basic idea of this concept is that the EMF actuator is
manufactured out of thin, inexpensive sheet metal and placed on one side of the part. On
the other side of the part is the solid tool, which contains the desired shape of the
workpiece. The tool, workpiece, and actuator are pressed together into a rubber pad,
which counteracts the electromagnetic forces that would otherwise repel the actuator
away from the workpiece. The rubber pad also allows the actuator to follow the workpiece
contour very closely. This results in a small gap between the actuator and part, which
increases process efficiency [5]. In the following experiments AA-6061 aluminum is used
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as the actuator material due to its relatively good electrical conductivity as well as its
ability to be laser-cut, making production a simple and cost-effective process. After
production, the actuators are covered with high voltage Kapton® insulation tape to
provide the required electrical insulation between the actuator and the workpiece.

3 Curved Component
3.1

Experimental Setup

The first component to be investigated has only one feature: a circular curve across the
entire length of the part, as shown in Figure 1. This component is representative of a
class of parts, namely those with gradual one-dimensional curves where springback is the
primary concern. A very simple un-optimized disposable actuator is used. Two variables
were investigated in this work: the actuator design and the capacitor charging energy.
To set up the experiments, the flat blank and actuator were placed under the tool
and the entire assembly was pressed into rubber using a hydraulic press. Thus, the blank
was pressed firmly against the tool prior to electromagnetic forming, as shown in Figure
2B. Electromagnetic forming was then used to convert the elastic deformation of the part
into plastic deformation, reducing residual strain and thus springback [6]. The capacitor
bank is produced by Maxwell Magneform and has a maximum working voltage of 8.66 kV
and a maximum energy storage of 16 kJ. The experimental setup can be seen in Figure
2A.

Figure 2: A) Experimental setup for the curved component. B) Die and part setup in
press. C) Actuator and part on die surface
For this component, the actuator design is a thin single turn actuator that follows the
edge of the blank. This design was chosen to allow an effective comparison between the
actuator widths with a minimum of complicating variables. Two actuator widths (a) were
investigated: 0.5 inch (12.7 mm) and 1 inch (25.4 mm). The actuator design can be seen
in Figure 2C, where the 1 inch actuator is shown.

3.2

Effect of Actuator Width and Charging Energy

Experiments were completed at charging energies between 0.8 kJ and 5.6 kJ at intervals
of 0.8 kJ. Output currents ranged from 75 kA to 160 kA for the 0.5 inch coils and from
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95 kA to 210 kA for the 1 inch coils. Figure 3B and C show the parts formed with the two
different actuator widths. These formed parts were compared to a part pressed into the
rubber pad with a force of 12000 lbs with no electromagnetic forming, which is the bottom
part shown in both figures. Figure 3D shows the target part shape with the correct radius.
To quantitatively compare the effects of changing the charging energy and actuator
width, the radius of each part was determined. Since the radius decreases as the amount
of plastic deformation in the part increases, a smaller radius is more desirable. The
calculated radius was then compared to the applied charging energy for each actuator
width. The resulting plot can be seen in Figure 3A.

Figure 3: A) Effect of charging energy on part radius B) Effect of 0.5 inch wide actuators
on part shape C) Effect of 1 inch actuators on part shape D) Target part shape
An increase in the charging energy as well as a decrease in actuator width will lead
to an increase in the applied magnetic pressure. In the case of a greater charging energy
the magnitude of the applied pressure is greater, while in the case of a smaller actuator
width the magnetic pressure is concentrated on a smaller area. The plot shows that it is
an increase in the magnitude of the magnetic pressure which primarily affects the formed
radius. The average difference in radius between the parts formed with the 0.5 inch
actuators and the 1 inch actuators was 9.4 mm. The decrease in the formed radius by
increasing the charging energy from 0.8 kJ to 5.6 kJ was 18.9 mm for the 0.5 inch
actuators and 25.3 mm for the 1 inch actuators.

3.3

Experimental Radii vs. Target Radii

Once the radii of all formed parts were determined, they were plotted against the target
radius of the tool as well as the radius of a part formed only by rubber-pad forming. Figure
3A shows that, while the target radius was not achieved, electromagnetic forming
significantly improved the formed radius. The use of electromagnetic forming resulted in
an average decrease in the part radius of 196.7 mm, while the difference between the
target radius and the average part radius was 43.3 mm, resulting in a springback
decrease of nearly 82%. The maximum decrease in part radius, obtained using a 0.5 inch
actuator and a charging energy of 5.6 kJ, was 209.1 mm. This was 30.9 mm greater than
the target forming radius, meaning that over 87% of the springback was eliminated using
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EMF calibration. The key parameters for an improvement in the formed radius were
thinner actuators and higher charging energies. In future developments of this procedure,
it would be beneficial to increase the number of turns in the actuator to increase the blank
area exposed to magnetic pressure.

4 Flanged Component
The second example part investigated within this research work is a convex structural
bracket with a changing radius at a few points along the flange (see Figure 1). It also
contains two joggles along the radius, as shown in the figure. It is not possible to form this
part in the T6 temper condition within the required tolerances by using quasi-static
methods. Figure 4 shows the defects resulting from the hydroforming step: wrinkles
(Figure 4A and C), springback (Figure 4B), and crowning (Figure 4C).

Figure 4: A) Top view of a preformed part B) Side view of a preformed part with the
bending angle Φ C) Deviation analysis of a preformed workpiece, by percentage of
measured points

4.1

Experimental Setup

The basic form of the actuator used for this application is a U-shape. The exact actuator
shape is illustrated in Figure 5C. It was expected that the wrinkle and springback removal
along the convex area of the part would require the highest magnetic pressure, while the
removal of the crown along the flat area would require less pressure (see Figure 4C). To
achieve the desired pressure distribution with respect to these forming tasks, the actuator
had locally varied widths. A wider section of 0.6 inch (15 mm) was chosen to cover the
workpiece area that has small crowns, on the flat face of the tool. For the section of the
part with the wrinkles and joggles, a narrower branch of 0.5 inch (12.7 mm) was
implemented.
The same hydraulic press and capacitor bank were used for this component as for
the curved component. For the forming operation the actuator was bent around the die as
shown in Figure 5C. On the flat side of the part, a steel blank-holder pressed the actuator
against the part and inhibited its movement during the process. The curved part of the
workpiece and the actuator were pushed into a rubber pad by the press. Thus the
actuator was pressed securely against the part, resulting in an efficient forming process
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when the capacitor bank was discharged [5]. Figure 5A shows the complete setup as
used during the experiments.

Figure 5: A) Experimental setup for the flanged component B) Die and part setup in
press C) Actuator and part on die surface
The influence of two parameters was investigated during the experiments: charging
energy and tool material. The goal was to find the optimal conditions for each parameter
to form the part to specification. After the forming was completed, a laser scanner was
used to digitalize the part shape. Distance analysis was then performed to obtain
deviation plots showing the distance between matching points on the CAD model and the
laser scans, as shown in Figure 4C.

4.2

Effect of Disposable Actuators

For disposable actuators it is necessary to consider if the actuator will fail when the
capacitor bank is discharged during forming. In the case of the flanged component, it was
typical for the actuator to fail during the forming process. The usual area of this failure
was at the turn of the actuator. Due to the change in direction of the actuator, the current
flow was concentrated close to the inside actuator edge. The higher current density at the
inside edge led to increased Joule heating and higher temperatures in this region. As a
result, the material strength of the actuator decreased and the magnetic forces caused
the material to fail at this weak point. Evidence of the higher temperatures at the actuator
turn were the partly melted edges of the inside radius. In most cases the Kapton® tape
which covered the actuator withstood the heat and stayed intact. This actuator failure did
not affect the finished quality of the formed part.
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4.3

Effect of Charging Energy and Tool Material

In Section 2.1 it was described that for the same actuator geometry an increase of the
charging energy leads to a higher magnetic pressure. For the electromagnetic calibration
it is essential to know the optimum energy to form the desired shape and eliminate the
wrinkles that are produced in the preforming step. The correlation of input energy with
springback is also important. Since over-bending is the commonly used approach to
compensate for springback this information is needed for the die design. Three charging
energies were investigated: 4.0 kJ, 4.8 kJ, and 5.6 kJ. For these charging energies, the
current through the coil varied between approximately 120 kA and 145 kA, with a
frequency of 20 kHz. For these initial experiments the steel tool was used.

Figure 6: Percentage of points of the scanned parts with a deviation from the CAD-model
between -0.5 mm and 0.5 mm versus charging energy
Figure 6 shows the relationship between achieved shape and applied charging
energy. The quality of the shape is expressed by the percentage of scanned points from
the distance analysis that are located within a maximum distance of ±0.5 mm from the
target geometry. This is defined as the “deviation”. The dashed line in the diagram is the
average value of the parts that were only preformed. The figure shows that an increase in
charging energy, and thus an increase in magnetic pressure, will improve the part quality.
The larger magnetic pressure was equivalent to a larger forming force, and resulted in a
greater reduction in the wrinkles and better formation of the joggles.
Different tool materials could affect the achievable quality of small geometric
features and the springback values due to their material properties, such as Young’s
modulus, hardness, and damping characteristics. Therefore, knowledge about the
influence of the die material is also important for the tool design. Three different tool
materials were investigated: alloy 4140 steel which has high stiffness and low electrical
conductivity, AA-6061 (T6) aluminum which has high conductivity and still relatively high
stiffness, and Garolite® G-10/FR4, which is a glass cloth laminate with an epoxy binder;
this material has no electrical conductivity and is by far the softest and best damping
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material of the group. 4.0 kJ was chosen as the initial charging energy for these
experiments.
Figure 6 shows the results of the realized part quality for the steel and Garolite® G10 dies. The best results were achieved with the Garolite® G-10 die. Since this tool was
relatively soft and its damping characteristics were desirable, it was able to dissipate the
kinetic energy of the part quite well, and it is possible that this led to the better springback
and rebound behavior as well as the improved shape accuracy which was observed
compared to the metal tools. The poorer results of the aluminum tool and steel tool were
very similar.
A deviation analysis of a part formed against the Garolite® G-10 die with an
increased charging energy of 4.8 kJ is shown in Figure 7. This analysis shows that the
wrinkling was eliminated, but also shows that humps were formed in the area of the
bending radius at the extreme part edges or ends; these defects appear as darker areas
in the figure.

Figure 7: Percentage of points of the scanned parts with a deviation from the CAD-model
between -0.5 mm and 0.5 mm versus part shape
Figure 8A shows the improvements due to the electromagnetic calibration. In this
picture a workpiece that was only preformed is compared to a part which was calibrated
with the new parameter setup of 4.8 kJ charging energy and the Garolite® G-10 die. This
image shows the elimination of the wrinkles and the formation of the joggles along the
flange.

Figure 8: A) Comparison of a part that is only preformed with a part that is EMF
calibrated B) Comparison of measured flange angles before and after EMF calibration
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Compared to the two metal tools the springback values of the parts calibrated with
the Garolite® G-10 die were reduced significantly. Figure 8B shows springback angles
measured at three positions along the flange, with an average reduction of the bending
angle from 95.3° to 90.3°. The target bending angle was 90°.

4.4

Future Outlook – Exploding Foil Forming

A new method that is currently being explored to form the curved component is exploding
foil forming. In this process a thin aluminum foil is connected to a thick copper actuator.
When the capacitor bank discharges the current into the actuator, the resulting high
current densities in the aluminum cause the foil to vaporize. This results in both a brief
electromagnetic impulse as well as the release of a high-pressure shockwave, which
serves as the primary forming mechanism.

Figure 9: Experimental setup for exploding foil forming (full and sectioned view)
The setup for the exploding foil process can be seen in Figure 9. A 0.032 inch
(0.813 mm) thick aluminum flyer was used to transfer the pressure from the exploding foil
to the part. It must be noted that the foil thickness has a significant role in the
effectiveness of the exploding foil method. If the foil is too thin it will vaporize while the
current is too low to generate the required shockwave, resulting in pressures that are too
low to effectively form the part. If the foil is too thick it will not vaporize quickly enough and
the principle forming mechanism will be due to electromagnetic impulse, resulting in a
loss of planarity in the flyer and ultimately in a part that is not dimensionally correct [7]. As
a result, an optimal coil thickness can be found that is a balance of the vaporization and
magnetic impulse effects. Preliminary experiments indicate that the optimum coil
thickness is 0.006 inch (0.152 mm), while higher charging energies appear to increase
shape quality of the part. The foil and flyer are placed in a Garolite® G-10 channel which
directs the shockwave and thus the flyer toward the part, increasing forming efficiency.
The part and Garolite® G-10 tool are then pressed down on top of the actuator, foil, and
flyer assembly.
The result of exploding foil calibration compared to a part that was only
hydroformed can be seen in Figure 10. In addition to improvements over the preforming
method, the use of the exploding foil process resulted in improvement of the flanged
component shape over calibration from electromagnetic forming. The part formed using
the exploding foil technique was completely within dimensional tolerances with all defects
from the preforming (hydroforming) process removed, and produced comparable results
to those achieved with the current production method. This process must be further
investigated to determine optimal testing parameters, such as the optimal foil and flyer
thickness and material, along with the optimal charging energy. The reliability and
repeatability of this method must also be examined.
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Figure 10: Comparison of a part that is only preformed with a part that is explosive foil
calibrated

5 Conclusions
This work has shown that electromagnetic calibration with a disposable actuator
approach is feasible and that current production processes of curved and flanged sheet
metal parts can be improved. It was shown that good forming results were achieved with
the EM actuators designed for both part classes. A simple disposable actuator with only
one turn and a varied width to optimize the applied magnetic pressure appears to be an
effective solution.
While the target radius of the curved component was not achieved, a significant
improvement in the formed radius was achieved using electromagnetic forming along with
the rubber-pad forming process. Increasing the discharge current or decreasing the
actuator width decreased the formed radius of the parts regardless of the actuator design,
but reducing actuator width had a limited effect because it only reduces the area affected
by magnetic pressure. A maximum of 87% of the springback was eliminated from the
part, while an average springback decrease of nearly 82% was achieved. In the future,
results could be improved by developing more robust actuators that could achieve higher
forming energies and, to a larger extent, by designing new actuators that applied forming
force to the central region of the part as well as the edges. Also, the ability of the process
to create a consistent curve across the whole part means that there is a possibility of
using a die with a smaller radius than that which is desired for the part, and being able to
form the part to specification after springback, much like over-bending using conventional
forming techniques. Unlike conventional techniques, the careful control of discharge
energy can provide an additional level of control on the springback reduction.
The wrinkling of the flanged workpiece resulting from the preforming step was
eliminated. It was also possible to form the contour of the curved branch, including the
joggles, within the required tolerances. The springback of the flanged part was
significantly reduced as well. The complete removal of springback was not possible. Due
to an actuator shape that was not completely optimized, there were some bulges at the
ends of the best parts produced in this study. These dimensional defects were located at
the bending radius. In this study, the best forming results were obtained by forming over a
relatively soft Garolite® G-10 tool. The use of this tool material with exploding foil forming
was demonstrated to be an improvement over this process. However, further work must
be completed regarding this method to improve reliability and reproducibility of the
results, as well as further optimization of the process parameters. Even with these
challenges, the exploding foil process has shown that a dimensionally correct part can be
formed fully in the T6 condition, and that parts formed using EMF or exploding foil
techniques can be equivalent to or improve upon those produced using current
production methods.
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Abstract
The cost of manufacturing bipolar plates is a major component to the overall cost structure
of a Proton Exchange Membrane (PEM) fuel cell stack. To achieve the commercialization
of PEM fuel cells, a high volume and low cost manufacturing process for the bipolar plate
must be developed. American Trim has identified high velocity electromagnetic forming as
a suitable technology to manufacture metallic fuel cell bipolar plates, because of its low
capital cost, flexible tooling and rapid prototyping capability. Through the support from the
State of Ohio Third Frontier Fuel Cell Program, a group of collaborators consisting of
American Trim, The Ohio State University and General Motors have developed a
commercially viable prototype production process to manufacture metallic fuel cell bipolar
plates in which electromagnetic coils and forming dies were integrated.
To manufacture fuel cell bipolar plates, a metal sheet is accelerated by electromagnetic
force to impact against, and take the shape of, the forming die surface. A novel approach
which introduces a compliant layer eliminates the need for expendable driver plates in
order to reduce the production cost. This process enables continuous manufacturing of
fuel cell bipolar plates in short-time cycles at very low cost, which demonstrates strong
potential for commercialization.
This paper will introduce the electromagnetic forming process developed to manufacture
metallic bipolar plates, and include a discussion of the preliminary results. The benefits of
using this high velocity electromagnetic forming process over a traditional stamping press
will also be discussed. To commercialize electromagnetic forming, coil life and die wear
are being investigated. The results of some preliminary experiments involving coil
durability and die wear will also be presented.
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1 Introduction
Proton Exchange Membrane (PEM) fuel cells use hydrogen fuel and oxygen from the air
to produce electricity, which is one of the most promising power sources in the near future
to reduce our dependence on oil and lower harmful emissions [1]. A key component of
PEM fuel cells is the bipolar plate, which separates reactant and coolant from one
another. Each bipolar plate assembly has two plates known as the cathode and anode,
which must be produced separately and joined together later. A fuel cell stack consists of
about 500 bipolar plate assemblies. The volume requirements for PEM bipolar fuel cell
plates are potentially very large.
The biggest barrier to PEM fuel cells becoming a mainstream technology is their
cost. To reduce cost, each component of PEM fuel cells must be analyzed for cost
savings potential. One study estimates that the bipolar plates make up about 41% of the
cost of a typical PEM fuel cell stack, and the stack is the most costly part of the fuel cell
system, at about 42% of the total system cost [2]. Therefore, to achieve the
commercialization of PEM fuel cells, the cost of PEM fuel cell bipolar plates must be
reduced, and a high volume and low cost manufacturing process for the bipolar plates
must be developed.
American Trim, The Ohio State University and General Motors have developed a
novel process to manufacture metallic PEM fuel cell bipolar plate by electromagnetic
forming. The prototype manufacturing machine has been made, which proves this process
is commercially viable. This paper will introduce the principles and the preliminary results
of this manufacturing process, and also present the experiment results of the investigation
on coil durability and die wear.

2 Background
2.1

Requirements for PEM Fuel Cell Bipolar Plates

PEM fuel cell bipolar plates need significant mechanical strength to maintain clamping
forces without leaking. The serpentine channels on the face of plates should be deep and
narrow to optimize fuel cell efficiency. Besides, the plates should be relatively thin to
minimize mass. Therefore, the functional requirements for the bipolar plates are: (1)
strong, light, thin; (2) corrosion resistant; (3) joinable; and (4) formable into complex
shapes.
Currently, graphite composites draw lots of interests for PEM bipolar plate
manufacturing for their low surface contact resistance and high corrosion resistance. But
metals have higher durability to shock and vibration, and are more suitable for high
volume and low cost manufacturing, when compared to graphite composites [3]. Among
metals, stainless steels are considered as good candidate materials because of their high
mechanical strength, good formability, easy manufacturability for complex shapes,
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corrosion resistance, weldability and low cost. Therefore, in this development, stainless
steel was chosen for bipolar plate manufacturing.

2.2

Possible Forming Methods

There are several methods that can be used to manufacture metallic bipolar plates:
machining, hydro-forming, conventional stamping and high velocity electromagnetic
forming. Machining bipolar plates from metal block has low production rate and much
waste. Compared to hydro-forming, conventional stamping is more capable of high
production rate required for high volume and low cost manufacturing process.
Electromagnetic forming is usually applied to accelerate metal sheet to high velocity
at a very short period by non-contact electromagnetic forces. During electromagnetic
forming, a large electric current pulse passes through a conductive coil by discharging a
capacitor bank. The current pulse produces a transient magnetic field around the coil,
which induces eddy currents in a nearby metal workpiece. Mutually repulsive forces
between the stationary coil and the metal sheet cause the metal sheet to be accelerated
toward and impact upon a nearby die surface at very high velocity.
Compared to conventional stamping, electromagnetic forming offers several
advantages. First, only single-sided tooling is required, as opposed to a precisely
machined matched punch and die set. As shown in Figure 1, the metal sheet impacts a
tool only on one side and the other side only receives magnetic pressure [4]. Therefore,
tooling cost and complexity are significantly reduced, and the need for precision alignment
of upper and lower tools is eliminated. Furthermore, die changes and die modifications are
greatly simplified.

Figure 1: Schematic illustrations of conventional stamping (left) and electromagnetic
forming (right) [4]
The second advantage is that much lighter tooling and fixtures can be used in
electromagnetic forming. In electromagnetic forming, the large pressure is generated only
during high velocity impact between die and metal sheet. Therefore, the tooling and
supports need only be sufficient to accelerate and decelerate a metal sheet, which
typically has a low mass. The overall forming system can be a fraction of the size used in
conventional press systems.
The third advantage is the improved formability. Electromagnetic forming is
characterized by very high material velocity and deformation strain rates, which makes it
fundamentally different from conventional sheet metal forming. At sufficiently high
velocities and/or strain rates, stretching limits are not bounded by the restrictions of a
traditional Forming Limit Diagram (FLD). Instead, ductility far beyond typical quasi-static
forming limits can be achieved [5, 6]. Therefore, high velocity electromagnetic forming has
the potential to improve material formability, and thus to expand the range of candidate
materials for a particular application.
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2.3

Compliant Layer Electromagnetic Forming

Manufacturing bipolar plate from stainless steel sheet by electromagnetic forming has two
major challenges. The first challenge is the low electrical conductivity of stainless steel.
Electromagnetic forming has high efficiency for metals with high electrical conductivity,
such as Cu, Al alloys. For stainless steel, a secondary driver sheet/plate is needed to
generate enough repulsive electromagnetic forces and drive stainless steel sheet to high
velocity. This kind of driver plate is usually made of metals with high conductivity and
placed between coil and metal sheet. The second challenge is the uniform pressure
requirement for bipolar plate manufacturing. Bipolar plate has serpentine channels around
the whole parts. This requires the whole stainless steel sheet impact onto the forming die
at the same velocity, which needs the uniformly distributed forces on the whole sheet.
The flat spiral coil has a point without magnetic pressure at the center and can not
directly provide a uniform pressure on the whole metal sheet [7]. The uniform pressure
actuator developed in the Ohio State University can efficiently generate a uniform
pressure on the entire metal sheet [7]. But for stainless steel bipolar plates, the uniform
pressure actuator demands a thin driver sheet that impacts the forming die together with
stainless steel sheet and then deforms together. This deformed driver sheet can not be
reusable, which increases the manufacturing cost. American Trim developed a novel
approach, compliant layer electromagnetic forming, to eliminate the need for expendable
driver plates and also to enable the stainless steel sheet impact the forming die at the
same velocity. Figure 2 is the schematic diagram illustrating this approach.
Die
Metal sheet
Compliant layer
Driver plate
Coil

Figure 2: Schematic diagram of complaint layer electromagnetic forming
In compliant layer electromagnetic forming, a thick driver plate made of high
conductivity metal is positioned next to the flat spiral coil that is specifically designed
according to the size of bipolar plate. A compliant layer made of elastomer materials such
as urethane is placed between the driver plate and the stainless steel sheet. The forming
die is above the steel sheet and there is a short distance between them. Upon discharge
of the capacitor bank, the primary current in the spiral coil and the induced eddy currents
in the driver plate produce the repulsive Lorenz force, which accelerates the driver plate
together with compliant layer and stainless steel sheet to impact the forming die at high
velocity. The compliant layer presses the stainless steel sheet into the die cavity, and also
reduces the impact on the driver plate. After impact, the stainless steel sheet is formed to
produce a bipolar plate. The driver plate and compliant layer retain their original shape
and are ready for the next forming operation.
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3 Commercialization of PEM Fuel Cell Plate Manufacturing
3.1

Prototype Machine for PEM Fuel Cell Plate Manufacturing

As described before, the potential volume requirements for bipolar plates are very large,
which requires the automation of manufacturing process to improve the production rate.
Compliant layer electromagnetic forming needs only single-sided tooling which remains
stationary during the manufacturing process. This simplifies many aspects of the forming
process, and eliminates considerations such as the alignment of matched tool sets, which
makes it easy to apply automation for the manufacturing process. Figure 3 is the
automation concept of bipolar plate manufacturing by electromagnetic forming. During the
production, the stainless steel strip is fed continuously from one strip coil to the other strip
coil, passing horizontally through the electromagnetic forming system that consists of
capacitor bank, electromagnetic coil and forming die. In capacitor bank discharging, the
strip stops, and the section of the strip between the coil and the forming die is deformed
into a bipolar plate by electromagnetic forming. Then the deformed section moves away
horizontally along the fixture, and another section of the strip moves in for next forming.

Figure 3: Automation concept of bipolar plate manufacturing by electromagnetic forming
Based on the automation concept in Figure 3, American Trim has developed the
prototype machine for sub-sized bipolar plate manufacturing by compliant layer
electromagnetic forming. Figure 4 shows the photo of this prototype machine. In this
machine, a capacitor bank is located in the left lower corner of the frame. And the flat
spiral coil, the thick driver plate, the compliant layer and the forming die are placed at the
upside section of the frame. The strip horizontal movement and the capacitor discharging
can be all programmed to speed up the process. Using this prototype machine, the
production rate reaches 5 seconds per plate, which demonstrates the commercial viability
of this manufacturing process. Figure 5 is the bipolar plate strip formed by the prototype
machine.
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Figure 4: Prototype machine for bipolar plate manufacturing by compliant layer
electromagnetic forming

Figure 5: Bipolar plate strip formed by the prototype machine

3.2

Preliminary Results

Compliant layer electromagnetic forming was applied to manufacture sub-sized bipolar
plate. Figure 6 is the photo of the forming die used in bipolar plate manufacturing. The
size of the die is 78.5mm x 63 mm. Figure 7 is the laser scan profile of the forming die
along X line shown in Figure 6. The channel depth of the forming die was measured as
311 µm. Using this die and the compliant layer approach, a ferritic stainless steel 439
sheet with 0.1 mm thickness was deformed at 9 kJ energy input. Figure 8 is the laser scan
profile of the formed bipolar plate along X line. The channel depth was measured as 260
µm, and reaches 87% of the channel depth of the forming die.
The energy input has large effect on the channel depth of the formed parts. The
higher the energy input, the deeper the channel depth of the formed parts can reach. In
the future experiments, an energy input larger than 9 kJ is planed to apply, in order to
improve the channel depth.
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15mm

X

Figure 6: Photo of the forming die used in bipolar plate manufacturing (size: 78.5mm x
63mm)

Figure 7: Laser scan profile of the forming die used in bipolar plate manufacturing

Figure 8: Laser scan profile of the formed bipolar plate by compliant layer electromagnetic
forming (439SS with 0.1 mm thickness and 9 kJ energy input)
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3.3

Coil Durability and Die Wear

Besides of the production rate, the durability of forming system is important to the
production cost and the commercialization of bipolar plate manufacturing. The
electromagnetic coil and the forming die are two major components in the forming system.
And their durability was investigated in this development.
During electromagnetic forming, repulsive forces are applied on the spiral coil and
cause the coil to rebound from its initial position. Large deflections will reduce the coil life
and affect the electromagnetic forces on the driver plate. The flat spiral Cu coil was
applied in the compliant layer electromagnetic forming. The coil was embedded into a G10
Garolite block, and covered with a 1.0mm thick G10 Garolite sheet that serves as the
insulation between the coil and the metal driver plate. Initially, the thin G10 sheet was flat.
After over 500 electromagnetic forming operations, the flatness of the G10 sheet was
checked by laser scanning along Y line shown in Figure 9. Figure 9 indicates that the
maximum deflection is 0.24 mm, which is insignificant compared to the coil size (the coil
thickness is 12.5 mm).
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Figure 9: Laser scan profile of the top of the flat spiral coil along Y line after 500 hits
For the forming die, the high velocity impact of stainless steel sheet onto the die will
cause the die wear. Considerable die wear will make the dimension of bipolar plate
inaccurate. In this development, the forming die was made of A2 tool steel. To investigate
the die wear, the forming die was scanned by the laser profilometer before and after over
500 times of impact. Figure 10 is the comparison of the scanning results, which shows
that there is no significant difference between these two scan profiles.
Above results indicate that there are no significant changes in the flat spiral coil and
the forming die after over 500 electromagnetic forming operations. Therefore, the
durability of the coil and the die wear are sufficient to commercialize the bipolar plate
manufacturing.
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Figure 10: Comparison of laser scan profiles of one channel of the forming die

3.4

Challenges of Electromagnetic Forming Commercialization

Overall, the preliminary manufacturing results and the durability investigation are
encouraging. But there are still several challenges for the commercialization of bipolar
plate manufacturing by electromagnetic forming.
(1) The prototype machine can be used to form the sub-sized bipolar plates. The
process has to be scaled up for full scale bipolar plate manufacturing.
(2) More work is needed to improve the channel depth of the formed parts to
reach the target channel depth, which includes the optimization of energy
input, compliant layer properties, coil design, driver plate geometry and
distance between stainless steel sheet and the forming die.
(3) Higher energy input and more electromagnetic forming operations are
needed for the durability study on coil life, die wear and compliant layer life.
(4) Thermal management for the coil and the driver plate should be investigated,
since the large currents in the coil and the driver plate generate resistance
heat and then cause their temperatures increase.

4 Summary
A novel process, compliant layer electromagnetic forming, has been developed in
American Trim to manufacture the PEM fuel cell bipolar plate. In this process, elastomer
compliant layer and thick driver plate are introduced to eliminate the need for expendable
driver plate and to accelerate the metal sheet to high velocity. A prototype machine was
successfully developed to manufacture sub-sized PEM fuel cell bipolar plate by this
process. By 9 kJ energy input, the channel depth reached 87% of the target channel
depth. In addition, the 5-second cycle time was achieved using the prototype machine.
The durability investigation shows that the coil life and the die wear are sufficient to
commercialize the bipolar plate manufacturing process.
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The preliminary results are encouraging, and demonstrate the above bipolar plate
manufacturing process is commercially viable. To commercialize the full scale bipolar
plate manufacturing, further development is required.
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Investigation of the Electrohydraulic Forming
Process with respect to the Design of Sharp Edged
Contours*
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Abstract
The overcoming of design constraints with respect to forming of sharply contoured sheet
metal workpieces made of high strength steel or other materials which are difficult to form
is an important aspect in sheet metal part production. One interesting solution to extend
existing forming limits can be the use of electrohydraulic forming as single forming
operation or in combination with quasi-static hydroforming. Apart from promising results
regarding the feasible part geometries this process allows a quite efficient production due
to its potential to reduce equipment expenses.
Current research work at the Chair of Forming and Machining Technology (LUF) at
Paderborn University deals with a comparison of investigations on both processes, quasistatic and high speed hydroforming. Recent results show an adequate comparison of
achievable edge radii using an oblong die geometry and sheet metal made of thin
stainless steel. It can be seen that when using electrohydraulic forming an increase of
discharge energy leads to smaller radii than achievable by quasi-static hydroforming.
An additional potential can be seen in the process characteristic itself because the
very short pressure pulse allows a significant reduction of locking forces using only the
inertia of the tooling mass.
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Hydroforming, near net-shaped contouring/radius, high-speed hydroforming
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1 Motivation
Requirements regarding the part design and the necessity of an economic realization lead
to high demands on multifunctional parts with very complex geometries. Especially the
demands regarding surface quality, producibility of sharp contours, and accuracy are
difficult to meet by conventional forming processes like deep drawing. This becomes a
serious problem when using high strength materials. A promising solution could be the
use of special processes like (conventional) quasi-static hydroforming, high speed
forming, or a combination of both. Conventional hydroforming allows the production of
complex workpieces with favourable properties even when high strength materials are
used [1]. Unfortunately, there is a high working media pressure necessary for the forming
of sharp contour elements which increases with material thickness and strength.
Consequently, very high expenses regarding the machine and tools are necessary [1]. On
the other hand, high speed forming processes allow the manufacturing of complex
geometries even when high strength materials are used because of a better use of the
material formability or the special process characteristics [2]. But high speed processes
have some constraints e.g. regarding the production of large scale components
(electrohydraulic forming), security (explosive forming), or the material (electromagnetic
forming) [3-8]. So a promising solution could be the combination of quasi-static and high
speed forming processes. That is why comparative research work regarding a
combination of conventional and high speed hydroforming processes is performed at the
LUF at Paderborn University. The basis of this research work is a detailed analysis of the
properties of the single processes.

2 Experimental setups
2.1

Hydroforming

Conventional quasi-static hydroforming was used as reference process for the comparison
of conventional and high speed hydroforming processes. Therefore, a tool setup
consisting of a die, intermediate plate, and pressure intensifier (pmax<400 MPa) was used
(Figure 1). The tool was mounted inside of 8000 kN hydraulic press for applying the
necessary locking force.
Pneumatic
High-Pressure-Pump
(p = 0-4000 bar;
vMax= 0,6cm3/hub)

FL

Ram

Plate

High-PressureConnection

Sheet
Working Medium

Pressure
Transducer
p(t)

Die

FL

Press-Table

Figure 1: Experimental Setup for the hydroforming of thin sheet metals
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2.2

High-Speed-Hydroforming Setups

After a detailed analysis and valuation of principles for the generation of short pressure
pulses for the deformation of sheet metal parts four promising methods were selected.
These methods were subject of intensive research work regarding course and result
of the forming process, feasibility, achievable part properties, and expenses. Therefore,
two different electrohydraulic experimental setups, one electromechanical and one
pneumomechanical, have been realized (Figure 2).
Spark Gap Setup 1

Spark Gap Setup 2

KoaxialElectrode

Electrode
Wire
Working Medium
Sheet
Die
VakuumConnection

Reflector

Pneumomechanical
Setup

Electromechanical
Setup
Flat Coil Die Sheet

Plunger
Light Barrier

5200mm

Connection to
PressureGenerator Unit

Working Medium
Die
Sheet
Membrane

Plunger

Vakuum-Connection

Figure 2: Assortment of experimental setups for the generation of pressure pulses in a
working medium
The electrohydraulic setups consist first of all of a capacitor, a switch, and an
underwater spark gap which was mounted inside of a closed container or tool. The
maximal charging energy was 5.6 kJ. The difference between the two setups is the use of
a thin wire for easier ignition in the second setup (Figure 3) and the use of a reflector for
focussing the shockwave in the first setup.
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Figure 3: Basic process cycle of the electrohydraulic forming process
The electromechanical setup uses a flat coil (connected with a high current switch
and a capacitor) to accelerate a plunger (Figure 4). The plunger movement causes a
pressure pulse suitable for the desired forming operation. The maximal charging energy in
this setup was 1.5 kJ.
Capacitor Bank
(C0 = 4x80 µF;
U0,Max= 6,11 kV)

Plate
Switch

Plunger

Flat Coil
Blank
holderRing

P
Die

Sheet Working Medium

Figure 4: Experimental setup with an electromechanical generated pressure pulse
The fourth experimental setup which has already been investigated is a
pneumomechanical setup where the pressure pulse is generated by the impact of a
pneumatically accelerated plunger into a working media reservoir (Figure 5) [9], [10]. The
experiments were conducted on the setup shown in Figure 5 which had an acceleration
tube made of steel with a length of 5200 mm, an outer diameter of 38 mm, and an
inner diameter of 33 mm. The maximum energy that can be achieved with this setup is
currently limited to 1.4 kJ.
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Figure 5: Pneumomechanical setup

3 Technological Research Work
Focus of the technological research work concerning a comparison of conventional and
high speed hydroforming was first of all the examination of pressure distribution and
effects on the workpiece during the process. After that, the forming of strongly contoured
workpieces with difficult geometrical details was subject of intensive research work. As
demonstrator geometry a v-shaped groove with a wall angle of 90° and a width of 15 mm
was selected. This geometry was chosen being comparable to a sharply contoured
geometry element of body in white structures. To realize the desired sharply edged bottom
radius with only small acceptable geometry deviations is a demanding forming task. A
production using conventional deep drawing processes is extremely difficult and only
possible with high expenses. A better solution is the use of hydroforming processes which
allow the manufacturing of such parts at a better quality. But there are strong differences
of workpiece behaviour and forming result using high speed or quasistatic hydroforming
processes. During the according experiments workpieces made of aluminum, mild steel,
and stainless steel were produced using the electrohydraulic, the pneumomechanic, and
the conventional hydrofoming process. Therefore, within the scope of the series of
experiments the sheets were deformed by increasing the pressure or energy from
experiment to experiment. Subsequently, the geometry of the workpieces was measured.
The experiments showed that the manufacturing of sharply contoured workpieces
is most conveniently feasible using electrohydraulic processes (Figure 6). The results of
the quasistatic hydroforming experiments show that an increasing fluid pressure leads to a
decreasing radius as expected. The minimal radius which could be realized by quasistatic
hydroforming experiments was 1.75 mm. The required pressure of the working media was
2600 bar. The results of the electrohydraulic forming process show that the increasing
charging energy leads to decreasing radii. Here, a much smaller radius of 0.8 mm could
be achieved by a discharge energy of less than 6 kJ. Thus, with the help of this process
e.g. the manufacturing of workpieces with smaller edge radii was possible compared to
conventional hydroforming.
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The experiments proved that high speed forming processes require dramatically
smaller expenses for machines and equipment. So, for the conventional quasistatic
hydroforming process a locking force of up to 6200 kN was necessary compared to
200 kN for high speed hydroforming. A disadvantage at this time was the occurrence of
geometry deviations (edge radius and workpiece height) over the groove length. The
reduction of those deviations is subject of current research work using improved process
strategies.
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Figure 6: Main influence on the achieved radii depending on increasing pressure and
energy
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Abstract
Electrohydraulic (submerged arc discharge) forming of sheet metal parts has been used
as a specialized high speed forming method since the 1960’s. The parts formed generally
had a major dimension in the 5 to 25 cm range and required gross metal expansion in the
centimeter range. In the descriptions of this process found in the literature, the pressure
front emanating from the initial plasma generated by the arc is considered to be uniformly
spherical in nature. At least one commercial system used this model to design hardware
for pressure front focusing to optimize the forming process[1] and it has been the subject
of continued research [2].
Recently, there has been commercial interest in adopting the electro-hydraulic
method for the production of much smaller parts requiring very high die contact pressures
but little gross sheet expansion. The forming of these small shallow parts required only a
few kilojoules but proved to be problematic in other terms. The process development
clearly showed indications of random patterns of large pressure heterogeneity across
distances in the millimeter range. The apparent pressure heterogeneity produced
unacceptable small scale variation in the part geometry.
A test program was designed to verify and quantify this effect using a target (die)
consisting of a flat plate having small closely spaced holes. This 50 mm diameter target
proved very effective in clearly showing the extent of the heterogeneity as well as the
approximate local pressures. Various discharge energies were investigated along with
different chamber shapes and pressure transfer mediums. The pressure heterogeneity
across the target face was a common feature to all experiments. These test results
indicate that a uniform pressure front model can be seriously in error for the electrohydraulic process as implemented to date. The results of a qualitative hydro-code model
of the test system including the discharge event are presented. The model results are
similar enough to the experimental to imply that the coaxial electrode’s inherent off center
discharge is a primary suspect among potential explanations for the observed
heterogeneity in terms of asymmetric shock interaction. The absence of this phenomena
in the earlier electrohydraulic forming literature is also discussed.

Keywords
Forming, Pressure, Electro-hydraulic
.
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1 Introduction
High Speed Forming, (also referred to as High Rate Forming) of sheet metal parts has
been in limited use by various industries since the 1960’s. The advantages of the different
methods of High Speed forming are well know and published. The advantages include
extended formability and high level of surface detail replication. In the United States, early
electrohydraulic systems for High Speed Forming lost favour among the user community
possibly due to the added complexity of the fluid medium of pressure transfer and or
problems with inconsistent results. The simpler and cleaner Electromagnetic process of
High Speed Forming became the dominate method especially for axisymmetric crimping
and swaging. More recently, electromagnetic High Speed Forming has been
demonstrated to be an effective means of generating larger parts, up to automotive body
panel scale, of aluminium with difficult geometry [3,4]. A common characteristic of these
aluminium parts is a large plastic deformation requirement, for which High Speed Forming
has a known advantage. However, there is a large class of smaller parts that require only
modest plastic deformation but a high level of small scale detail such as small radii and
surface embossing. High Speed forming has known advantages for this class of parts
also. Unfortunately, the less gross deformation required, the greater the need for a
uniform pressure distribution generated by the system “actuator” method. In the
electromagnetic process, traditional coil design can generate undesirable witness marks
of the high pressure areas on the part immediately over the coil path. This coil image is
not entirely washed out by subsequent plastic deformation as it would be for large
deformation parts. A solution to this problem, called a uniform pressure actuator was
developed by one of the authors at the Ohio State University [5]. The uniform pressure
actuator however shares the major short coming of all electromagnetic driven High Speed
Forming which is the requirement for a work piece of acceptable electrical conductivity.
Many high value parts with small features and specific surface finish are also of materials
of low conductivity such as stainless steel and titanium. The use of a high conductivity
flyer plate (sheet) can be used to advantage for these parts but practically only for low
production custom parts. This situation was a major impetus for a re-examining of a
hydraulic method of High Speed Forming. These methods have no work piece
conductivity requirements while being well capable of generating the requisite forming
pressures. Pressure distributions were generally assumed to follow from an assumed
spherical wave front generated by the expanding plasma bubble. This assumption has
been shown useful in the general practice to date.
An electrohydraulic method for a manufacture process program for a small medical
device made of a titanium alloy was considered a good application. It was during this
process development effort, that the extreme pressure heterogeneity was identified [6].
Perhaps this is a rediscovery but a search of the available literature on electrohydraulic
forming did not uncover any discussion of the phenomena. This paper presents the results
of a short investigation to further illuminate the nature, origin and possible amelioration of
the undesirable pressure heterogeneity.
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2 Description of the test system and process.

Figure 1: Electrohydraulic test system schematic: chamber sections 1 & 2; 58mm inside
diameter x 38mm long

(a)

(b)

(c)

Figure 2: The electro hydraulic test system , a) without target section, b) target section,
c) coaxial electrode
The coaxial electrode provided an arc length of 6.4mm which in the salt water medium
reliably generated an arc at potential voltages of 5.0 kilovolt. The voltage was kept below
7 kilovolt for these experiments to minimize insulation breakdown problems. Note a
coaxial electrode’s arc is always off center. This was not initially considered an issue.
The target grid of Figure 2b is a piece of commercial perforated stainless steel
sheet with 2.4 mm diameter holes on 3.8 mm centers. Not allowing deformation of the
sample except at the grid holes proved to be a very inexpensive and effective means of
recording the pressure distribution across the target face as can seen in Figure 3. The
sample material is 6016-T4 , 1.0 mm thick aluminium sheet having an average yield
strength of 123. MPa and an average ultimate strength of 223. MPa. The lower bound
estimate of the pressure required to generate the hole can be found using equation (1)
based on a simplified punch piercing relation from reference [7]
Pressure = P= SπDt/(πD2/4)=4St/D

(1)

Where: S= material shear strength t= material thickness, D=hole diameter
The minimum pressure at the sheared out grid holes, for the sample material, is given by
eq. 1 as 227 MPa (33 ksI).
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(a)
(b)
(c)
(d)
Figure 3 Four test samples at four discharge energy levels a) 1.5 KJ(@120 µF), b) 3
KJ(@120 µF), c) 4.5 KJ(@120 µF), d) 6 KJ(@240 µF),
Experiments were conducted at 1.5, 3.0, 4.5 and 6.0 KJ with bank capacitance of
either 120 or 240 µF (one or two capacitors). The current-time traces followed the typical
logarithmically damped sine function having a first half wave amplitude that varied from
40KA to 70KA with a rise time of 7-10 µsec. Experiments were also conducted using an
insert which changed the conical volume of the electrode holder section into a 25 mm
diameter right circular cylinder 25 mm long. Notable in Figure 3 is that the pressure
distribution at 1.5 KJ had a lower peak pressure but not significantly more uniform than the
higher discharge energies.

(a)
(b)
(c)
Figure 4: Effect of chamber geometry change at constant 6KJ (@240 µF) discharge; a)
one spacer, b) two spacers, c) two spacers and electrode section, cone insert.
Figure 4 qualitatively illustrates a pressure distribution variation with gross chamber
geometry variation for a constant discharge energy. The basic variability of the pressure
distribution for fixed process parameters is shown in Figure 5. All four samples resulted
from 3KJ discharges using a two section chamber.

Figure 5: Samples from four experiments using 3 KJ (@120 µF) discharge energy in the
two section chamber
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Figure 5 indicates that pressure “hot spots” can occur in a seemingly random manner
under seemingly constant process parameters. Comparing Figure 5 with Figure 4 reveals
that the extent of the “hot spot” generally increases with discharge energy. However, the
localized nature, seen in the abrupt change from slight dimpling to shear-out, is evident at
3 and 6 KJ discharge levels. The experimental results of Figures 3 to 5 are consistent
with those for the medical device component process reported in reference [6].
In addition, reference [6] provided evidence of an arc streamer from the electrode to the
sample which was also seen in the experiments of this paper as shown in Figure 6.

Area of arc scar and
partial melting

Figure 6: Evidence of arc streamer contact with sample
A 25mm thick natural rubber plug was placed in the chamber such that it contacted the
sample. The plug was closely fit to the chamber internal diameter but not otherwise
constrained. The plug served to eliminate the very high pressure localizations but did not
entirely eliminate the observable asymmetric pressure variations as seen in Figure 7

higher pressure areas

.
Figure 7: Two samples subjected to 6 KJ(@240 µF) discharge with an intervening 25 mm
thick natural rubber pad.
The nature and pattern of the pressure heterogeneity displayed in the results of theses
experiments and those reported in reference [6] are certainly consistent with well known
effects of the interactions of reflected shock waves. A simple numerical model of the test
apparatus was used to investigate the influence of chamber geometry and the radial
location of the discharge event in relation to the central axis of the chamber.

3

Numeric model of the experimental system

The model employed a multi-material, large deformation, strong shock wave, solid
mechanics code called CTH, developed at Sandia National Laboratories. CTH has models
for multiphase, elastic-viscoplastic, porous, and explosive materials. CTH numerically
solves the partial differential equations describing the conservation of mass, momentum,
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and energy. It does this in a structured Eulerian mesh fixed in space and uses equations
of state (EOS) to close the coupled system of equations. CTH is capable of predicting
cavitation in fluids as the result of events such as the submerged arc discharges of the
experiments presented in this paper.
3.1 Numerical Model Geometry
Sample target area
with pressure nodes
Container (steel)
Transfer medium
(water)
Energy source(TNT)

(a)

(b)

Figure 8: Schematic of the CTH model geometries and component materials,
(a) original, (b) with electrode section insert
For simplicity, the energy source was modelled as a small mass of TNT that would release
about 3 KJ of energy when ignited. The main difference between an explosive shock pulse
and the electrically generated shock is the shape and duration of the generated pulse. The
explosive completes its detonation burn within ~1.0 µsec. compared to the average
electric arc pulse rise time of 8.5 µsec. The model input was about 3/4 of a gram of TNT
which has an energy density of 4184 J/g. Compared to the arc discharge the explosive will
generate a less dispersive shock wave. A higher amplitude, but shorter duration shock
providing the same energy input is generated. The intent of the explosive is to provide a
shock in lieu of an electric spark. The shock structure will be different and this difference
has effects on the target end, but is useful in a qualitative sense. The main focus is to
illustrate how the shocks interact within the structure in terms of qualitative effects not
quantitative levels or values.
Two chamber geometries were modelled. The original two section chamber shown in
Figures 1 and 8a and a second where the truncated cone volume at the electrode bottom
end was replaced by a simple cylindrical volume of the same diameter as the electrode
(~ 25mm), Figure 8b. Each geometry was run with two discharge location inputs. One at
the bottom center of the chamber and another with the discharge off center by 6 mm. The
charge offset represented the nominal center location of an arc generated in the annulus
gap of the coaxial electrode shown in Figure 2c. The centered discharge case was run as
a 2D axisymmetric model whereas the offset discharge case required a full 3D model.

3.2 Numerical model results
Graphical results of the CTH model solutions are presented in Figures 9, 10 and 11
Comparison of Figure 9 with Figure 10 clearly shows a significant pressure distribution
asymmetry due to the 6mm offset of the discharge event.
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Figure 9: Pressure – time history for symmetric case ; a) 5 µsec, b) 10 µsec c) 20 µsec
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Figure 10: Pressure – time history for asymmetric case ; a) 5 µsec, b) 10 µsec c) 20 µsec
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Figure 11: Pressure-time histories at the model tracer nodes, a) symmetric case,
b)asymmetric case
The second model geometry simulated the effect of the straight cylindrical volume at the
electrode end of the chamber. The simulation results are presented in Figure 12.
Inspection of the graphs in the figure reveals a generally lower and more uniform pressure
distribution for the asymmetric discharge in comparison to the original chamber geometry.
The higher pressures change sides during the asymmetric shock impingement event
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(Figure 12b). The left side pressures being greater than the right side up to 55µsec and
the right hand node pressures are considerably greater than the left side beyond 60µsec.
Figure 12a, the symmetric case displays a series of high pressure spikes at the center
node at 60µsec which are considered to be cavitations. No evidence of cavitations was
seen in the asymmetric simulations or in the experiment samples.
40
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MPa
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(a)
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(b)

Figure 12: Pressure-time histories at the model tracer nodes in the second chamber
geometry, a) symmetric case, b)asymmetric case
The two samples shown in Figure 13 were generated at 4.5 and 6 KJ using the chamber
geometry described by Figure 8b e.g. two chamber sections and a cylindrical volume at
the electrode.

Small pressure hot spots
nd
approximately at the 2 middle and
first middle simulation pressure
tracer node

(a)
(b)
Figure 13: Two samples generated using Figure 8b chamber geometry using a) 4.5KJ
(@120 µF) discharge and b) 6 KJ (@240µF) discharge.
Figure 13 appears to corroborate the results of the simulation of the second chamber
geometry. With the exception of the small hotspots, the pressure distribution is more
uniform than for the 6KJ samples from the original geometry chamber which is also
consistent with the simulation results. Whether this agreement would be maintained for a
larger sample size is an unanswered question in this investigation.
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4

Summary and Conclusions

This investigation into extreme pressure heterogeneity in electrohydraulic pulse forming
replicated the results described in Reference [6]. Specifically areas of a 50 mm diameter
sample experienced pressures in excess of that required to shear out the 2.4 mm target
grid holes (>230 Mpa) while adjacent areas, a millimetre or two away experiences
pressures sufficient only to raise a slight bump at the target grid holes. This effect, to a
greater or lesser degree, persisted over a span of discharge energy levels from 1.5 to 6
KJ and for chamber depths of 25, 63 and 100 mm.
The introduction of a 25mm thick natural rubber plug attenuated the heterogeneity
considerably. Similar results were obtained by changing the chamber geometry at the
electrode from a truncated cone diffuser geometry to a cylinder of the same height and a
diameter just sufficient to accommodate the coaxial electrode.
A simplified numerical model of the experiment was built using the CTH code from
Lawrence Livermore Labs with the intent of obtaining qualitative insights into the prime
cause of the pressure heterogeneity. The results from the simulations were qualitatively
consistent with the experimental results. From the simulation output it was seen that the
original geometry was quite sensitive to off center discharges in terms of generating
heterogeneous pressure distributions. The main culprit in the process appears to be the
coaxial design of the electrode. Coaxial electrodes are sturdy and have good erosion
properties but can not practically generate a centered discharge. Experiments and
simulation results using the smaller cylindrical discharge volume at the electrode end of
the chamber indicate that a extended variation of this geometry having a greater aspect
ratio may be effective in reducing the pressure heterogeneity to acceptable levels. The
other alternative is, of course, to design an electrode system that can reliably generate the
discharge arc at the center line of the chamber without disturbing/occluding the initial arc
plasma bubble. It may also prove productive to seek both chamber and electrode designs
that can produce an appropriately uniform pressure front at the work piece. Additional
changes to the system, which were not investigated were degasification of the water and
inverting the chamber. Electrohydraulic systems with the fluid and electrode above the
work piece has been utilized without reports of the pressure heterogeneity described in
this paper. However, the complex nature of the shock wave nucleation and interaction with
reflections from the chamber geometry should be acknowledged in all cases. These shock
interactions clearly may render a system utilizing only fluid as the pressure transfer
medium inherently too heterogeneous in terms of target pressure distribution unless large
plastic deformation is the goal. For parts requiring only modest plastic deformation but
high definition, a system wherein any pressure heterogeneity is absorbed and smoothed
by an intervening elastomeric since that material does support cavitations. The
experimental results shown in Figure 7 using the natural rubber insert provide evidence
that this may be another productive approach.
The principal impetus behind this investigation is the desire to harness the advantages of
high speed forming for materials ill suited to electromagnetic methods utilizing the main
component of electromagnetic forming; the capacitor bank. The electrohydraulic approach
used in these experiments and those of [6] have the potential advantages of relative low
cost, compactness and shared capital equipment with electromagnetic methods.
However, the observed extreme pressure heterogeneities reported in this paper will need
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to be controlled or eliminated before the method can be productively applied to the
targeted class of parts. e.g. high definition, low gross deformation parts of low electrical
conductivity. That the results reported here are not explicitly available in the previous
literature on high speed, electrohydraulic forming can be attributed to the simple fact that
large plastic deformation was the goal of the early work. Large deformation would tend to
obliterate any initial pressure heterogeneity especial after die contact.

5 References
[1]
[2]
[3]

[4]

[5]
[6]
[7]

74

Cadwell, G. C, Electro-hydraulic metal working, Proc. 2nd International Conference
of the Center for High Energy Forming, Estes Park, Colorado, June 23-27,1969
Hasebe,T., Takenaga, Y., Kakimoto,H., Imaida, Y., High strain rate forming using
an underwater shock wave focusing technique, Journal of Material Processing
Technology, Elsevier 1999
Vohnout,V. J. ; Daehn, G. S.; Shivpuri, R. , A hybrid quasi-static-dynamic process
for in creased limiting strains in the forming of large sheet metal aluminum parts”,
Proc. 6th Internation. Conference on Plasticity Technology, Nuremburg, Germany,
Sept. ,p.19-23, 1999
Daehn, G.S. ; Shang, J; Vohnout, V.J: Electromagnetically assisted sheet
forming: enabling difficult shapes and materials by controlled energy distribution" in
Energy Efficient Manufacturing Processes, Fourth MPMD International Symposium
on Global Innovations, I. Anderson, T. Marechaux, and C. Cockrill, editors, TMS
San Diego, p. 117-128, (2003).
Kamal, M.; Daehn, G.S., A uniform pressure electromagnetic actuator for forming
flat sheets. J of Manuf. Sci. and Eng., 129, pp. 369-379, (2007).
Johnson-Morke, L, Presentation at IIFG meeting in Bilbao, Portugal, May, 2009
Mielnik, E. M.: Metalworking science and engineering. McGraw-Hill , New York,
1991, pg 707

4th International Conference on High Speed Forming – 2010

Measurements of Pressure Fields with Multi-Point
Membrane Gauges at Electrohydraulic Forming
M.K. Knyazyev, Ya.S. Zhovnovatuk
National Aerospace University “KhAI” named after M.Ye. Zhukovskiy, Kharkiv, Ukraine

Abstract
Success of electrohydraulic forming (EHF) process depends on coincidence of the needed
pressure field with the field generated by discharge chamber at sequent stages of sheet
blank deformation.
Impulse loading at high-voltage discharge has a very complicated character and involves many phenomena: direct shock waves, hydraulic flows, quasi-static pressure of
gas bubble, reflected shock waves, cavitation, secondary shock waves, etc. Also internal
shapes of a discharge chamber, design and location of electrodes have a great influence
on pressure distribution along blank surface. Because of these features, the simulation of
EHF processes is very complicated task to be solved for chambers equipped with single
electrode pair. And difficulties are increased greatly for simulation of multi-electrode discharge blocks (MDB). First of all, reliable data on pressure distribution at various discharge conditions are necessary to reveal and describe influence of each factor of impulse
loading.
Multi-point membrane pressure gauges (MPG) give an opportunity to obtain pressure maps with high resolution at relatively low cost. By design MPG typically consists of
body plate with large number of small holes and sensitive element – metallic membrane.
Deformation of membrane in each point (hole) can be measured and recalculated into
pressure. Totality of many pressure points allows plotting a pressure map. MPGs are better suitable for measurement of shock-waves pressure. For this purpose the holes diameter and membrane thickness should be specified in such a manner that membrane is sensitive only to shock waves.
Combination of MPG measurements with piezoelectric sensors can give full information about pressure map changing in time. These data could be a good basis for simulation of impulse loading with approximation formulas and also could be used as a check
data for the simulation programs based on theoretical relationships.
Initially the method based on MPG application was designed for investigations and
improvements of discharge chambers with various forms of internal (reflecting) surfaces,
electrodes position and their shapes, influence of design features on pressure distribution.
Vast experimental investigations were carried out with MPG application for typical
single-electrode-pair discharge chambers (conical and parabolic) and multi-electrode discharge blocks.
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1

Introduction

Simulation of processes of electrohydraulic impact forming (EHF) needs experimental determination of fields of impact loading along sheet blank surface with regard to its change
in time.
Creation of models based only on theoretical description of loading impact often
gives results inadequate to real loading conditions. In order to obtain more exact results
the mathematical model should be corrected with the experimental data.
Application of piezo-electric sensors gives information about parameters of shock
waves in time that is very essential for modeling the processes of impact loading and deformation of sheet blanks. But for obtaining the detailed loading map along large area the
large quantity (several hundreds and even thousands) of piezo-electric sensors is needed.
Complexity of organization of measurements with large quantity of sensors, high cost of
piezo-electric sensors and measurement instruments result in impracticability of such experimental task.
Multi-point membrane pressure gauges (MPG) well suit to the task of measurement
of pressure fields along large area. They are characterized by design simplicity and low
cost. By design MPG typically consists of body plate with large number of holes and sensitive element – metallic membrane. However, by its nature, MPGs record integral action
of all factors of impact loading generated by high-voltage discharge in a liquid: shock
waves, hydraulic flows, quasi-static pressure of vapor bubble in closed discharge chambers. Action of pressure impact is recorded in the form of membrane deflection (residual
plastic deformation) on places (points) of holes in a gauge body. Deformation of membrane on each point can be measured and recalculated into pressure. Totality of many
points allows plotting a pressure map. Magnitude of membrane deflection is proportional
to maximum (peak) value of a pressure impact, its duration and membrane parameters.
That is, membrane gages give information about pressure impact combined in one parameter – membrane deflection.
Initially MPGs were applied for estimation of energy portions in blank deformation
delivered by shock wave, hydraulic flow, quasi-static pressure, as well as for determination of maximum capabilities and pressure distribution for discharge chambers of various
design.
This work has a purpose to develop method for making membrane-gauge tests and
results processing that will allow describing a process of impact pressure loading with time
increments.
Deformation of membrane under the action of all various energy-force factors of an
underwater discharge has very complicated character. But shock waves have a leading
role in deformation process. For the first approach the distribution of only shock waves
pressure was specified for measurement. In the book [1] it is shown that, if time of membrane plastic deformation is much less than characteristic time θ of pressure impact, the
membrane deflection will be proportional to the pressure amplitude. Time of plastic defor-
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mation τpl is determined from the famous R. Cole’s formula

 pl 

c d 22 ,
4s

(1)

where ρ and c – density of transmitting medium
and sound velocity in it, respectively; d and s
diameter and thickness of membrane, respectively; σ – average value of strength and yield
limits.
Thus, selecting proper values of membrane diameter and thickness one can “tune”
membrane pressure gauge to a measurement
of shock wave pressure.

2 Analysis of previous investigations results
One of the first vast investigations of pressure
fields with MPG application is submitted in the
Figure 1: General view of technolodissertation [2]. Impact loading was created by
gical block of UEHSH-2 installation
multi-electrode discharge block (MDB) of experimental electrohydraulic installation UEHSH-2
(Figure 1).
1
When making tests
the loading was mainly
performed at the following
2
parameters: charge voltage V0 = 25 kV, capacity
of one discharge circuit
C = 16.6 microfarad, disle
tance between MDB and
3
he
membrane gauge H =
= (50–130) мм (Figure 2),
D
axial position of electrodes he = 95 mm, spark
4
gap le = 30 mm. MechaniH
Ртax1
5 6
cal properties of metallic
membranes are: steel
08kp – ultimate tensile
strength σu = 379 MPa,
yield limit σy = 234 MPa,
Figure 2: Test diagram for MPG measurements of pressure
percentage
elongation
fields [2]: 1 – insulated electrode; 2 – MDB body; 3 – elecδ = 18 %; aluminum alloy
tric discharge channel; 4 – guide hole in opposite electrodeAK4-1 – σu = 325 MPa,
plate; 5 – membrane; 6 – MPG plate; le – spark gap length;
σ0.2 = 290 MPa, δ = 6 %.
he – axial coordinate of electrode; D – guide hole diameter;
Thickness of steel memH – distance between MDB and MPG; Ртax1 – maximum
pressure generated by one electrode pair
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branes varied in the range of 0.6 to 0.8
mm, of the aluminum ones – 0.6 mm.
In the test diagram submitted in
the Figure 2 the diameter of gauge
0.2
holes was selected equal to 6 mm in
2
order to register a pressure only from
shock waves.
1
3
Investigations results [2, 3]
0.1
showed that at some definite combination of geometric, mechanical and
physical properties of membrane and
parameters of pressure impact, membrane, as a sensitive element of gauge,
0
d
10
20
30
registers only action of shock waves.
Deformation of membrane occurs durFigure 3: Relationship between normalized
ing characteristic time θ or less. Value
equivalent static pressure and relative diameof membrane deflection is linear proter of MPG holes at constant discharge-circuit
parameters [1]: 1 – membrane of steel 08kp,
portional to peak value Pm of shock
s = 0.8 mm; 2 – membrane of aluminum alloy
wave pressure in a definite range of
AK4-1, s = 0.6 mm; 3 – straight segments of
ratios d = d/s, where d is holes diamecurves
ter, s – thickness of membrane (Figure
3). Approximately this range can be
defined as d < (6…8). Here “equivalent static pressure” is adopted as a parameter for
estimation of impact loading. It is calculated from the known Laplace formula for spherical
element with the measured deflection (residual deformation) of membrane. In Figure 3
pressure is submitted in normalized form PMPG  PMPG / Pm , where Pm is maximum (peak)
PMPG

pressure of direct shock wave.
Linear dependence between parameters PMPG and d means that
membrane deformation occurs during
time of shock wave action. This proves
correctness of the formula (1). With increase of parameter d value PMPG

Figure 4: Membrane after impact loading and
dial indicator for measurements of membrane
deflections at the places of MPG holes
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reaches its maximum and begins to
decrease. This proves that other factors of impact loading (hydraulic flows,
cavitation, etc.) are involved in the
process of deformation. It is worth to
mention that dependence h = f( d ) has
a similar form.
Typical metallic membrane after
impact loading on the membrane
gauge with 6-mm holes in the UEHSH2 installation with 7 working electrodes
is shown in Figure 4. Measurements of
deflection (dimples height h) were performed with a dial indicator and special
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adaptor with accuracy of 0.01 mm.
Results of MPG measurements showed peculiarities of shock-wave pressure fields
generated by discharge chambers of certain design (Figure 5). Such maps are very useful
for analysis and improvement of discharge chamber design, electrodes positions in order
to obtain pressure fields of desired distribution.
For example, one of peculiarities of loading with a single electrode located in the
MDB hole was displacement of high-pressure area to the side opposite to position of discharge channel (see Figure 5). Probably this peculiarity could not be revealed only with a
theoretical model.
Loading with several simultaneous discharges has a more complicated character
because of non-linear effects of interaction of several shock waves propagating at different angles respect each other. On the surface of wall they generate zone of interactions
with maximum pressure greatly exceeding simple sum of shock-wave pressures. Interaction of 2 shock waves is easier for analysis. In Figure 6 interaction zone is located be-

Figure 5: Map of shock-wave pressure field generated by discharge in one electrode pair
of multi-electrode block (see Fig. 2): round circle shows contour of exit hole D; thick
straight line shows discharge channel. Pressure is given in MPa, coordinates – in mm
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tween 2 circles (symbolizing 2 exit holes in
MDB discharge plate)
and determined by
expanded isobar of 5
MPa with maximum
pressure of 25 MPa
and more in the center. In comparison
with single-electrode
loading (see Figure 5)
total maximum pressure in the interaction
zone increased approximately 25 times
of sum of maximum
pressures created by
2 shock waves.
Interaction
of
larger quantity of
shock waves results
in further strengthening of non-linear effects. Pressure maps
generated by 3, 5 and
7 electrodes have
more
complicated
character [4].

Figure 6: Map of shock-wave pressure field generated by discharges in two MDB electrode pairs (see Fig. 2): round circles
show exit holes D; thick straight lines show discharge channels.
Pressure is given in MPa, coordinates – in mm

3

Method for tests carrying-out and results processing

Proposed method includes several stages.
The first stage has a purpose to find function for conversion of pressure values
measured with a membrane gauge PMPG into values of shock-wave peak pressure Pm.
This is performed by several tests with various energies of discharges. Measurements are
performed by single-point membrane gauge of apt hole diameter and membrane thickness
(to register only shock wave, see Fig. 3) and piezo-electric sensor to register the Pm values at the same conditions. Thus, function Pm = f(PMPG) will be obtained. It is assumed
that this function will be linear. Also application of function Pm = f(h) is possible, where h is
deflection of membrane under the action of pressure impact. Hence, at this stage calibration of membrane gauge is performed.
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The second stage is measurements of pressure fields with multi-point MPG under
the discharge chamber to be investigated. Here the real pressure distributions are obtained in the form of data matrix (hi; xi; yi), where (xi; yi) are coordinates of points (holes) of
membrane-gauge plate. With aid of function Pm = f(PMPG) (or Pm = f(h)) the data are converted into the matrix (Pmi; xi; yi). But this is a static distribution of peak values of shockwave pressure.
At the third stage in order to obtain pressure parameter changing in time it is necessary to find characteristic time θi in the formula for each point i

Pi  Pmi  e




i

.

(2)

The θi values can be calculated from the known formulas [4, 5]
14
   0.1 ln 10 ;  0.1  0.74 1r 1 8 ; r  r    l e  ,
 2 2 

(3)

V C L 

where τ1 is a duration of the 1st half-period of discharge current; V, C, L – voltage, capacitance and inductance of discharge circuit respectively; ρ – density of transmitting medium
(water).
Results of computations performed for the specified conditions showed the value
com = 30.3 microseconds, while experimental data gave the value exp = 26 microseconds.
Relative error of computations equals 16.5 % that is quite good for the first approach. Of
course, application experimental exp values obtained at the first stage will improve accuracy of the method.
At the fourth stage the moments Δτi when shock waves reach the wall (membrane)
are determined from geometric formulas taking into account the design of considered discharge chamber or block. Here Δτi is a time delay when front of shock wave propagates
from discharge channel to the point i on the membrane surface.
Performing all the works of specified stages one can restore the picture of loading
that changes in time.

4

Conclusions

Peculiarities and advantages of measurements of pressure fields with multi-point
membrane pressure gauges at impact forming have been analysed
The method for organisation of measurements with MPG and piezo-electric sensors,
processing of measurements data has been proposed.
The results of MPG measurements and their processing could be a good basis for
simulation of impulse loading with approximation formulas and also could be used as a
check data for the simulation programs based on theoretical relationships.
Further improvement of the method based on MPG application should take into account other factors of impact loading (hydraulic flows, quasi-static pressure) and phenomenon of cavitation. For this purpose the application of MPG with larger holes is planned
with respective correction of the data processing algorithms.
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Abstract
In magnetic pulse welding, electromagnetic pressure is used to deform, accelerate and
weld workpieces. The process is mostly used for tubular specimens.
In this study, experiments were performed in order to investigate the weldability of copper
tubes to brass solid workpieces. The tubes had an outer diameter and wall thickness of
25,0 mm and 1,5 mm respectively. A multi-turn coil with 5 windings in combination with a
field shaper was used to focus the electromagnetic flux and thus realize the high
pressures needed for welding.
The process parameters for joining these materials were optimised for maximum weld
length. The parameters taken into account were the position of the field shaper relative to
the workpieces, the width of the air gap between the tube and the internal workpiece and
the energy level. The weld quality was verified based on metallographic examinations,
scanning electron microscopy and hardness measurements.
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1 Introduction
In magnetic pulse welding, a very high energy current is discharged through a coil. The
high and extremely fast current discharge creates electromagnetic forces between the coil
and the outer tubular workpiece, which accelerates the latter towards the inner workpiece.
A high-pressure collision is then created between the two surfaces of the metals to be
joined [1]. Under precisely controlled conditions a solid-state weld can be realised.

Figure 1: Principle of magnetic pulse welding
As in explosive welding, during the process a jet is created between the two
surfaces to be joined. This jetting action removes all traces of oxides and surface
contaminants, allowing the impact to plastically deform the metals for a very short time
and to drive the mating surfaces together. This allows the contact of two virgin surfaces,
stripped of their oxide layers. The surfaces are pressed together under very high pressure,
bringing the atoms of each metal into close contact with each other, thereby allowing the
atomic forces of attraction to come into play. There are a number of explanations for the
precise mechanism at the collision point, but all agree that the metals momentarily behave
like liquids, even though they remain solid [2].

2 Overview of the welding experiments
In this study, a total of 81 magnetic pulse welding experiments were performed in order to
investigate the weldability of copper tubes to brass solid workpieces. The tubes had an
outer diameter and wall thickness of 25,0 mm and 1,5 mm respectively. The properties of
the materials are summarised in Table 1.
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Copper
EN 12449 Cu-DHP R290
(Mat. No.: CW024A)

Designation

Chemical composition (wt%) Cu: 99,9 %

Brass
EN 12164 CuZn39Pb3
(Mat. No.: CW614N)
Cu: 57 - 59 %
Pb: 2,5 - 3,5 %
Zn: rest

Yield stress (MPa)

min. 250

min. 250

Tensile strength (MPa)

min. 290

min. 430

Table 1: Overview of materials used
The experiments were performed using a Pulsar model 50/25 system with a
maximum charging energy of 50 kJ (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 µF. The pressure resulting from the magnetic flux induced by
a multi-turn coil is concentrated over the processing area using a field shaper with a width
of the workzone equal to 15 mm (see Figure 2).

Figure 2: Multi-turn coil used in the experiments
The workpieces were positioned inside the field shaper in the overlap configuration.
Various settings of the process parameters were used: the width of the air gap between
the tube and the internal workpiece (s in Figure 3), by changing the outer diameter of the
internal workpiece, the position of the field shaper relative to the workpieces (lFS in
Figure 3) and the charging voltage of the capacitors, determining the energy level. The
overlap distance of the tube and internal workpiece and the discharge current frequency
were kept constant.
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Figure 3: Experimental test setup
(lFS: tube end position in the field shaper
s: air gap widt
lwp: overlap length of the workpieces)

3 Parameter optimisation
The process parameters for joining the copper tubes and the brass solid workpieces were
optimised experimentally. The parameter ranges used in the various experiments are
summarised in Table 2. The optimisation was performed based on the measurement of
the length of the welded zone. The weld length was defined as the average value of the
weld lengths measured at two sides of a metallographic specimen (see Figure 5). The
weld lengths which were encountered were maximum 7 mm.
Parameter

Setting range
Centre of field shaper
Tube end position in the field shaper
+ 0,5 up to + 5,5 mm
Air gap width

0,8 - 2,5 mm

Capacitor charging voltage
Energy

12 - 20 kV
11,5 - 32 kJ

Table 2: Overview of the parameter variations used
During the welding experiments, it was observed that the tube end position in the
field shaper is of high importance, characterising the overlap of the field shaper with the
outer tubular workpiece. It was found that for different air gap widths, good weld quality is
obtained for different ranges of tube end positions. This means that the field shaper
overlap has a serious influence on the impact velocity and/or the impact angle. The zone
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subjected to magnetic pressure increases with increasing field shaper overlap. This
means that the total force will be higher, which will influence the impact velocity. However,
also a maximum allowable overlap of the field shaper exists. As the impact velocity will be
large enough for larger overlaps, the impact angle must have reached values outside the
possible range for welding. This indicates that the field shaper overlap also influences the
impact angle.
Further, it was demonstrated that no bonding occurred when using an air gap
smaller than 1,0 mm or larger than 2,0 mm. The optimal air gap width was found in the
range of 1,0 to 1,5 mm for all welding experiments. An overview of suitable process
parameters for an air gap width of 1,0 mm is shown in Figure 4. The optimal position of
the tube end equalled 2,5 mm out of the centre of the field shaper and the minimum
required energy level was equal to 26 kJ.
The overlap distance of the tube and internal workpiece and the discharge current
frequency were kept constant

T ube end pos ition (mm)

C opper - B ras s welds
Weldability window - A ir g ap = 1,0 mm
6
5
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No weld
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W eld
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35

E nerg y lev el (kV)

Figure 4: Suitable parameters for joining copper to brass
when using an air gap of 1,0 mm

4 Metallographic observations
The weld quality has been assessed visually by means of metallographic examination.
Hereto, the welded zone of each workpiece was isolated and cross-sectioned. After
embedding in epoxy, the specimens were prepared by standard metallographic
procedures; mechanical polishing down to 3 µm and chemical etching. The samples were
etched by ammonia activated with hydrogen peroxide, during 20 seconds and finally
examined by optical microscopy.

4.1

Macroscopic observations

The weld joint can be divided in 3 zones, which are shown in Figure 5. Actual welding of
the materials will only occur in the middle part of the working zone. As the tube will impact
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the solid workpiece from left to right in this figure, the zone on the left without weld is
called the run-in zone and the right zone is called the run-out zone. No clear correlation
was found between the lengths of the run-in and run-out zones and the settings of the
process parameters.
At the end of the run-out zone, the tube makes a certain angle with the internal
workpiece. This angle was measured for all experiments. It was noticed that the angle
increases for a higher energy level. The overlap distance of the tube and internal
workpiece and the discharge current frequency were kept constant for experiments with a
higher energy level and for experiments with a longer overlap of the field shaper with the
outer tube.

Figure 5: Metallographic section of a typical weld
In general, the inner workpieces were severely deformed during the impact. The
most pronounced deformation occurs at the run-in zone, where the inner workpiece is
compressed in a narrow zone. From there on, the deformation of the inner workpiece
declines gradually towards the end of the weld (from left to right in Figure 5). This
experimental observation proves that the impact of the tube occurs first at the run-in zone.
The indentation in this zone was found to be between 0,5 and 1,0 mm. At a lower energy
level and a smaller air gap width, the deformation decreases. The width of this severely
deformed zone increases for a longer overlap of the field shaper. These high deformations
show that in case a tube is used as internal workpiece, a mandrel should be applied to
prevent deformation.

4.2

Weld interface morphology

The weld interface showed a typical wavy pattern (see Figure 6), similar as observed in
joints realised by explosion welding. This transition zone between the dissimilar materials
is believed to be caused by mechanical mixing, intensive plastic deformation and/or local
melting. Temperature increase at the weld interface occurs due to Joule heating, the
collision of the two pieces and the jet formation. Because the process takes place in a
short lapse of time, heating is not enough to generate a temperature rise in a wider area,
so there is no significant heat affected zone, as also has been stated before [3].
The dark zones in Figure 7, located in the brass material, are the result of severe
plastic deformation. The size and orientation of the microstructural components in this
zone have changed due to the impact. The Pb-particles have grown because of local
melting.
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The wavelength and amplitude variation along the weld interface was measured.
The wave amplitude remains fairly constant along the weld interface and was
approximately equal to 15 µm. The wavelength was found to increase towards the end of
the weld (right in Figure 5) and varied between 50 and 160 µm.

Figure 6: Interface morphology of a copper – brass weld

Figure 7: Detail of Figure 6

4.3

Microstructural observations

In some welds intermetallic layers were observed (see Figure 8). Such interface layers
may support two possible mechanisms of bond formation: bonding as a result of solidstate processes based on accelerated mass transfer due to intensive plastic deformation
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at very high rates, and bonding as a result of solid-liquid interaction and based on the
formation of a thin layer of molten metal between the components [3].
These layers were analysed using scanning electron microscopy. It was
demonstrated that the interlayer becomes copper-enriched: the chemical composition of
the layer shown in Figure 8 consisted of 75,6% Cu, 22,1% Zn and 2,3% Pb.

Figure 8: Intermetallic layer observed in a copper-brass weld
The intermetallic layers are susceptible for cracking, as shown in Figure 9 and Figure 10.
In some welds, the interlayer was not able to withstand the residual stresses in the outer
tube.

Figure 9: Cracks in the intermetallic layer
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Figure 10: Scanning electron microscopic analysis of a crack in the intermetallic layer

4.4

Melting phenomena

In some welds, cracks in the intermetallic layers were observed which are the result of
local melting and rapid solidification. A typical example is shown in Figure 11. This
indicates that the temperature rise must have been higher than the melting temperature of
copper and brass (1083 and 930°C respectively). The observed melt zones reached
thicknesses up to 50 µm.
Zones which were molten were found in several samples, but not all of them were located
in the welded area itself. Often, evidence of melting was found in the run-in or run-out
zone (see Figure 13 and Figure 14). The molten zones were also analysed using scanning
electron microscopy (see Figure 12 and Figure 14).

Figure 11: Molten zones with cracks along the weld interface
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Figure 12: Scanning electron microscopic analysis of a molten zone

Figure 13: Molten material in the run-out zone
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Figure 14: Scanning electron microscopic analysis of the molten material in the run-out
zone (detail of Figure 13)
Most probably the observed cracks are caused by residual stresses in the outer tube
and by shrinkage of the material during solidification. It was concluded that there is a
considerable risk for melting during the magnetic pulse welding process. The sharp
transition zone which is observed is typical for melting and rapid solidification [4]. A
literature survey of both magnetic pulse and explosive welding confirmed that continuous
molten layers or melt pockets can occur. Also the presence of pores due to the turbulent
jet and the rapid solidification have been mentioned before [4]. Melting has generally been
considered as a disadvantage due to the intermetallic compounds it can generate. These
compounds can form a hard and brittle interlayer that is generally susceptible to cracking.
In a recent paper, the jet has been found to be the main source for heating of the
materials, apart from the heating due to the collision itself [4]. The temperature of the
interface will increase due to the jet, which is dependent on the impact angle, the impact
energy and the impact velocity. Therefore melting can be avoided by either decreasing the
energy level or by decreasing the impact angle.

5 Hardness measurements
In order to investigate the hardness of the interlayers, Vickers hardness measurements
were performed using a Struers Duramin A300D automatic hardness tester with a test
load of 1,961 N (corresponding to HV0,2) and an indentation time of 12 sec. A hardness
traverse across the weld was performed. The hardness as a function of the location is
shown in Figure 15.
The hardness of the copper and brass base materials were measured well outside
the weld zone, and were found equal to respectively 104 and 146 HV0,2. The interface
layer shows an increase in hardness relative to the base materials. This can be attributed
to the severe plastic deformation or to a new fine-grained microstructure produced by
melting and rapid solidification of the weld interface.
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As the width of the welded interface is in the order of 10 to 30 µm, precisely
measuring the hardness of this area with a HV0,2 test is very difficult. The average
hardness based on 5 measurements was equal to 183 HV0,2.
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Figure 15: Hardness traverse

6 Conclusions
In this study, magnetic pulse welding experiments were performed in order to investigate
the weldability of copper tubes to brass solid workpieces. In the experiments, the pressure
resulting from the magnetic flux induced by the multi-turn coil is concentrated over the
processing area using a field shaper with a width of the workzone equal to 15 mm. The
tubes used in the experiments had an outer diameter and wall thickness of 25,0 and
1,5 mm respectively.
The following process parameters have been varied: the width of the air gap between the
tube and the internal workpiece, the position of the field shaper relative to the workpieces
and the charging voltage of the capacitors. The overlap distance of the tube and internal
workpiece and the discharge current frequency were kept constant.
The weld quality was visually assessed by means of metallographic examination. It
was observed that a considerable risk exists for melting during the process, which can
impair the weld quality.In some welds intermetallic layers were formed, as a result of local
melting and rapid solidification. The presence of cracks parallel to the weld interface was
attributed to residual stresses in the outer tube and solidification shrinkage. The hardness
increase of the interlayer was however moderate. After parameter optimisation, defectfree welds could be realised. The length of the welded zone was maximum 7 mm. A weld
interface with a wavy pattern was created, similar to an explosion weld joint, showing
severe plastic deformation and microstructural redistribution.
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Abstract
Magnetic pulse welding is an electromagnetically assisted high strain rate impact welding
technology. The physical principle is similar to explosive welding and it also belongs to
solid state impact welding. This high velocity oblique impact welding has been applied to
various lap joint configurations. Three different geometric configurations on plate-to-plate
welding were studied in this paper. They are direct lap joint, pre-flange lap joint, and lap
joint with embedded wires. All of the three welding configurations have been used to
provide metallurgical bonds between both similar and dissimilar metal pairs. The welded
materials include copper alloy, aluminium alloy, and steels. The plates are centimeter or
more thick and often centimeter in extent. The critical welding process parameters were
instrumentally investigated by Rogowski Coil and Photon Doppler Velocimetry.
Metallographic analysis of the welded interface showed refined grain structure. The
mechanical properties of the welded plates were studied by lap shearing, peeling and
nano-indentation tests. The test results showed that the impact welded interface has a
much greater micro-hardness and fracture toughness than the base metals.
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1 Introduction
There is a growing recognition that optimal lightweight structures for automobiles, aircraft
and even bicycles are often created from multi-material assemblies. Joining dissimilar
high-strength light alloys has therefore been of significant and growing interest. One of
the most elegant ways to accomplish dissimilar metal welding is by impact welding. The
outstanding advantage of impact welding is that it can minimize the formation of
continuous intermetallic phases while chemically bond dissimilar metals [1]. The impact
welding does not result in heat affected zone or distortion near to the welded region.
Therefore, more attention has been obtained for solid state impact welding on dissimilar
materials joint. This paper studied one of the solid state impact welding processes,
magnetic pulse welding (MPW). Since 1969, MPW has been successfully applied for tube
to tube impulse welding but typically required fairly high electrical energies to be stored in
capacitor bank with typical values in the range of 20~100 kJ [2]. With the recent
development of MPW, the geometry of the welding workpiece could be cylindrically
symmetrical [3] or asymmetrical [4-6]. Studies by Aizawa’s group (2005) in Tokyo and
Date’s group (2007) in Mumbai have developed MPW seam linear welding [4, 5]. These
methods tend to use much less energy than those for tube welding. For example, the
reported energy to weld aluminium alloy plate about 1 mm in thickness to SPCC steel
plate is only about 1.4 kJ [6]. Very rapid rise times (time for actuator to reach maximum
primary current) in the capacitor discharge circuit are largely responsible for this
efficiency.
The objective of this paper is to investigate the different configurations for MPW.
MPW process completes within microsecond and does not involve hazard explosion, and
thus it is more industrial acceptable. Three configurations for plate-to-plate welding were
introduced with the instrumental measurement of the impact velocity and impact angle.
The joint strength was examined by lap shearing, peeling, and nano-indentation tests.
The welded interface microstructure was also studied by transmission electron
microscopy.

2 Principles of Magnetic Pulse Welding
MPW is closely analogous to explosive welding and it is necessary to have a slight impact
angle to form a jet along the mating surface [6]. However, rather than explosives, it uses
electromagnetic force to accelerate the flyer plate. Therefore, MPW can be safely and
reproducibly used in production environments controlled by an electric power supply. The
fine adjustment to parameters is straightforward. With proper design, the energy is fairly
efficiently used for accelerating the flyer plate rather than heating or melting the materials.
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Figure 1 Schematic diagram of MPW system.
As shown in Figure 1, the MPW system includes a capacitor bank, an actuator, and
workpieces. The capacitor bank simply consists of an inductance-capacitance circuit and
an actuator of some impedance. Both the flyer plate and the target plate were supported
by insulated layers with certain standoff distance between them. The electromagnetic
actuator was connected to the capacitor bank. When capacitors are discharged, the
current with high density flows through the conductive actuator, which is regarded as
primary current. If there is a closed current path, the associated electromagnetic field
induces a strong secondary current through the nearby metal workpiece (flyer plate).
Therefore, the flyer plate carries current and stays in the electromagnetic field. Since the
primary current and the secondary current generally travel in opposite directions, their
interactions result in a strong repulsive force, which is the Lorentz force. As shown in
Figure 2, the flyer plate is repelled from the actuator and accelerates with sufficient
velocity for impact welding. MPW uses an electromagnetic field, and thus the flyer plate
must be electrically conductive and plastically deformable, or coupled to a conductive
driver.
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Figure 2 Illustration of magnetic flux lines during impact welding process [7]. The abscissa
and the longitudinal axes is the length scale and the unit is millimetre.

3 Configurations for MPW on Plate-to-Plate Joint
3.1

Direct lap Joint

(a) Magnet® simulated current density (unit: A/m2)

(b) Real actuator for lap joint

Fixture

(c) Illustration of welding system (Some of the supporting blank holders are ignored in the
figure.)
Figure 3 Schematic of the first generation flat bar actuator.
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The direct lap joint was carried out on one asymmetrical ‘∩’ shape flat bar actuator. The
actuator material is half inch thick copper alloy C2C18150. As shown in Figure 3, the
narrow leg and the wide leg have different current densities and the current is condensed
on the narrow leg. Hence the being welded region is set right above this narrow leg.
In order to study the impact angle and impact velocity effects for lap joint, the
second generation flat bar actuator was designed as shown in Figure 4. They can offer
different initial launch angles. Figure 4(a) presents the actuator which is assembled into
the die. The narrow leg has a chamfered angle and four through holes with 2.54 mm
diameter. The holes are used to assemble the laser beam probes for impact velocity
measurement at different locations. The chamfered angle determines the initial launch
angle as shown in Figure 4(b). The narrow leg has been chamfered into 5º, 10º, 15º, 20º
and 30º angles. Accordingly, the being welded flyer plates were bent to such angles
which were regarded as the initial launch angles. The impact angles should be no larger
than the initial launch angles.

(a) Second generation of the flat bar actuator (b) Narrow leg with different chamfered angles

(c) Illustration of welding system

Figure 4 Second generation of the flat bar actuator.

3.2

Pre-flange Lap Joint
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MPW was also conducted to flange and weld workpieces together by the pre-flange
configuration as shown in Figure 5. The pre-flange actuator can be regarded as a bar
actuator, however the inbound leg and outbound leg are not in the same plane. The being
welded plate was bent and inserted beneath one of the actuator legs with certain preflanged angle. Once the primary current goes through the actuator, the Lorentz force from
the outbound leg will push the flyer down against the target and weld them together with
high impact velocity. Therefore, with such built in impact angle, the flyer plate undergoes
flanging and welding at the same time.

Figure 5 Pre-flange actuator with workpieces. The inbound and outbound currents were
labeled onto the actuator. (The supporting blank holders are ignored in this figure.)

3.3

Lap Joint with Embedded Wires

The uniform pressure (UP) actuator developed by Daehn, Kamal and Banik [8, 9] has
been used for electromagnetically assisted forming process. Recently, it was applied for
wire embedded plate-to-plate welding. The impact welding was conducted with
embedded wires between the flyer and the target plates. The embedded wires are
attached to the target plate prior to welding. These wires were used to make the flyer
contact onto the target with certain impact angle. If there is no wire between them, the UP
actuator accelerates the flyer plate against the target plate parallel but no joint can be
formed after such parallel impact. As shown in Figure 6(a), UP actuator is a solenoid
actuator with several turns. The flyer plate is loaded onto the outer channel. And it
undergoes approximately uniform pressure from the inner actuator during the impact
process. In order to fix the target plate during impact process, a top die is put onto the
target plate and the welding system is then clamed down with 5000 psi pressure to avoid
the top fixture moment as shown in Figure 6(b). One of the welded samples was shown in
Figure 6(c). The welded plate materials were AA6061 and the embedded wire is steel.
The thickness of the plate is 0.254 mm and the wire diameter is 0.25 mm.
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(a) Illustration of uniform pressure actuator[8]

(b) Welding system with uniform pressure actuator

(c) Welded sample with embedded wires
Figure 6 Uniform pressure actuator applied for plate-to-plate welding with embedded
wires.

4 Impact Velocity and Impact Angle Measurement
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Figure 7 Schematic of impact angle measurement. (In order to measure the moving flyer
plate velocity, the laser beam direction needs to be perpendicular to the flyer plate, which
is very difficult in real experiment. In this study, two individual laser beams were used to
measure the specific point velocity rather than the moving surface velocity. Hence, the
beam direction is not perpendicular to the flyer plate.)
During impact welding process, the fiber optic laser beams aim at the flyer surface and
capture its entire movement. A subroutine for Matlab program has been developed which
is capable to analyses the raw PDV data into the impact velocity versus time profile
directly. PDV probes can be used to measure multiple velocities at different specific
locations. As shown in Figure 7, two individual laser beams were used to measure the
specific point velocities at position I and position II. During impact welding, the flyer plate
collides onto the target plate forming an initial welding line and this welding line moves
along the being welded interface. Due to the oblique impact, the flyer plate travels in
shorter distance to collide the target plate at the position of the initial welding line, than at
the position of the final welding line. Assuming the flyer plate is rigid before collision and
deformable after collision, the impact angle can be calculated as Equation (1~2).

  tg 1

h
x

(1)
in which, Δh is the travelling distance difference and Δx is the distance between the two
measured positions. The travelling distance difference can be calculated as:

h 

v

dt

  v1dt

(2)
v1 and v2 are the velocities at the positions I and II, t1 and t2 are the total travelling times
for the impact process at position I and position II. The welding map for Cu-Cu joint on the
second generation flat bar actuator was measured and shown in Figure 8. For 0.254 mm
thick Cu plate-to-plate welding, the welded velocity was larger than 250 m/s and the
impact angle was in the range of 2º~7º.
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Figure 8 Weldability map for Cu110 joints of 0.254mm thick plates.

5 Joint Mechanical Property
The direct lap joint samples were studied by lap shearing, peeling and nano-indentation
tests. For both AA6061 and Cu110, the fracture of the lap shearing test was out of the
welded region and broke at base metals. AA6061 joints did not show elongation before
fractured whereas Cu110 joint had obvious elongation. For dissimilar materials joint, the
peeling test results exhibited base metals fracture before the joints were fully pulled apart.
Lap shearing and peeling tests qualitatively suggested the impact joint was stronger than
the base metals. Nano-indention test quantitatively presents the joint strength as shown
in Figure 9. The joint hardness values increased significantly. The strengthened region
across the welded interface was quite narrow for AA6061 joint, about 20 µm wide totally.
And the impact hardened region was symmetrical with regard to the welded interface,
whereas for Cu110 joint, the strengthened region did not show symmetrical pattern, and it
was about 30~40 µm wide. The asymmetrical hardening patter may come from different
hardening mechanisms or the variation between each indentation. More study is needed
to understand this behaviour.
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(a) AA6061 joints
(b) Cu110 joints
Figure 9 Nano-indentation test results from MPW joints.

6 Joint Microstructure Characterization

Figure 10 TEM images from Cu-Al joint showing grain refinement after high strain rate
deformation. (All images are TEM BF image.)
The high strain rate deformation induced from MPW led to interface grain refinement and
final equiaxed nano-crystalline structures despite the different strain paths [10]. The
welded interface exhibited ultrafine grain structure, which was of several decade
nanometers in diameter as shown in Figure 10. The TEM image was from 5.6 kJ welded
Cu-Al interface, which clearly showed that the grain size decrease to nanometer in the
impact interface with diffraction pattern changing from spot to ring patter. The interfacial
grains transformed into essentially equiaxed nano-crystalline structures by adiabatic
heating. As a result, the interfacial grain refinement was attributed to the interface
strength increasing, which is in confirmation with the Hall-Petch relation. TEM observation
showed the grain size changed from nanometer scale to micrometer scale in a
continuous manner from interface to base metal. Such grain size gradient was caused by
strain and strain rate gradients from high speed impact welding process. And the ultrafine
grains were surrounded by high angle boundaries with the angles larger than 15˚. It was
also noticed that the submicron grains near to the impact welded interface were
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elongated along the impact direction. These high angle boundaries impeded the
dislocation motion and strengthened the joint interface.

7 Conclusion
This paper studied the variety of the actuator configurations for magnetic pulse welding
on plate-to-plate welding. Three types of configurations: direct lap joint, pre-flange lap
joint, and embedded wire lap joint were applied onto plate-to-plate welding. The impact
welding was applied onto both similar and dissimilar materials. The impact velocity and
impact angle were measured by Photon Doppler Velocimetry. One welding map for CuCu plate was developed. The joint strength was examined and the results indicated
interface had greater strength than the base metal which could be explained by the
interfacial grain refinement.
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Abstract
In recent years pulse magnetic welding technology gained an ever increasing attention.
The process was known for over 40 years, yet the poor knowledge of process parameters
as well as the difficulties concerning the calculability of the process due to lack of adequate software, performance and appropriate material models hindered the application of
the technology. In the past, some simulations treating the process of explosive welding
were conducted. There, the assumption was made to define a friction condition to the
boundary regions which was reasonable due to similar conditions in the collision region
during the process. However, at pulse magnetic welding processes, the contact forces are
highly transient and have big gradients over the geometry.
In this paper a new empirical approach is presented, which gives the possibility of
modelling the welding process by parameter-controlled bonding at the welding interface.
The pulse magnetic forming process was simulated by loose coupling of electromagnetic
and mechanical FEM software with the commercial code ANSYS. As geometry the joining
of a duct with an internally positioned conical bolt was chosen. The material used for both
duct and bolt was EN AW 6063. First of all the influences of heat generation were analyzed. Therefore, the additional thermal simulation was coupled with the electromagnetic
and the mechanical simulation. The heat generation caused by the plastic deformation
was considered. As the resulting temperatures were below the melting temperature of the
material, further simulations were carried out without thermal simulation. In order to calibrate the welding model, a set of relevant parameters were defined. It included the cumulative plastic work, the plastic deformation in collision direction, the normal and the tangential components of the collision velocity and the collision angle between the two parts. By
comparing the simulation with experiments carried out at the same specific process parameters, it was possible to reduce the set of parameters to the normal collision velocity
and plastic deformation. Based on their distribution, the parameter control of the bonding
condition could be adjusted. Further experiments gave a high accordance to the simulations carried out with the parameters found for this model.

Keywords
Finite element method (FEM), pulse magnetic welding, parameter controlled bonding
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1 Introduction
The process of pulse magnetic welding was already applied in the 1970s [1], when it was
used for solid state welds between the fuel pin cladding and a tapered end plug insert.
However, the poor knowledge of process parameters as well as the difficulties concerning
the calculability of the process due to lack of adequate software, computing performance
and appropriate material models hindered a wide acceptance for applications of the technology. Recently, the development of software as well as hardware made sufficient progress which capacitates to model shock-forming processes. Regarding explosive welding,
some simulations treating the process of explosive welding were conducted by AkbariMoussavi. There, the assumption was made to define a friction condition to the boundary
of the joining regions which was reasonable due to similar conditions in the collision region
during the process [2]. Though the forming process and the pressure distribution were
modelled, no information was obtained whether welding occurred nor where it occurred.
The aim of the investigations in this paper is to provide a method in order to be able to
predict welding as well as the location during pulse magnetic welding processes, validated
by experiments.

2 Experiments
The geometry chosen for the experiments was a tube of 1mm thickness and an outer diameter of 18 mm and a bolt with a conical join-region using an angel of 4°, as can be seen
in Figure 1.

Figure 1: Description of the Setup
To guarantee a sufficient welding result, the tube needs a certain distance in order
to sufficiently accelerate. Therefore a gap of 2 mm was set between the tube and the beginning of the cone. By pulse magnetic forming the tube was compressed and clashed on
the conically turned surface. The chosen material was the aluminium alloy EN AW 6063,
which properties are shown in Table 1.
Property
specific resistance ρ
thermal conductivity λ
specific heat capacity CW
thermal expansion coefficient αW

Value
3,3 10-8 Ω m
201 W m-1K-1
898 J kg-1 K-1
23,5 10-6 K-1
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permeability μ
1 μ0 = 1,2566 10-6 H m-1
Table 1: Material properties of EN AW 6063
The experiments were carried out with a pulse magnetic forming machine (ELMAG),
using a capacity of C = 240 μF with a loading voltage of U = 7,6 kV to 9,1 kV which equals
a discharge energy of EEL = 7 kJ to 9 kJ. The inductance of the machine for the used configuration is Li = 0,36 μH, and the inductance of the coil is Lcoil = 1,930 μH. This parameters of the RLC-circuit lead to a frequency of f = 7,3 kHz. For the experiments, a coil with
10 windings was used together with a fieldformer.

3 Simulations
3.1

Sequential Coupling of Electrodynamic and Mechanical FEM

The forming process is driven by the Lorentz force, which is generated due to inducted
currents in the workpiece. According to [3] the skin effect has to be considered for highfrequency currents. In dependence of the conductivity of the material and the frequency of
the discharge, the current experiences more resistance, the more it penetrates the material. Therefore the skindepth d is defined as:

d

1

f

(1)

It is the length towards the inside direction of the material at which the current is reduced to 36 %. In this equation κ is the electrical conductivity, μ the permeability of the
conductive material and f the frequency of the current. For the carried out experiments the
skindepth can be calculated to d = 1,07 mm. Taking this into account, it can be assumed,
that the current generating the Lorentz forces is flowing only at the outer surface of the
tube. Thereby, the concept of the magnetic pressure applied to the surface of the tube can
be developed. Together with the assumption, that at the inside of the workpiece the magnetic flux density is neglectable, the magnetic pressure pMAG can be calculated for tubes
[4]:

p M AG 

B2
2

(2)

where B is the magnetic flux density. The magnetic flux density is highly dependent on the
geometry and additionally transient. At the beginning of the forming process, the tube acts
like a faraday cage, forcing the magnetic flux in the gap between tube and coil. As soon as
the shape of the tube is being compressed, the flux is much less concentrated, which
leads to a significant drop of the magnetic pressure. Whereas in previous publications a
loose coupled approach was used [5], a sequential coupled simulation model is now necessary in order to involve the change of geometry in the calculation of the Lorentz force.
At the conducted simulations this was achieved by use of ANSYS APDL.
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3.2

Empirical Model

Explosive welding and pulse magnetic welding are very similar concerning the bonding
process [6]. It is common agreement that the welding process works as follows: a collider
sheet metal plate clashes onto another plate with the inclination of the collision angle α.
Due to the sudden shear strain at the collision point high pressures are generated. Therefore the material within the collision point switches to a quasi-viscous state and a material
jet is generated, heading towards the free angle between the two workpieces and moving
with the collision point, see Figure 2.

Figure 2: Welding process (left), formation of Jet (right, [7])
This way it is possible to form a thin interface layer of a few micros thick between
the two workpieces. Kreye et al [7] and Koch [8] state, that the two materials approach to
molecular distance and build intergranular bounds. Nevertheless the influence of the temperature should not be completely neglected. The wavy bounding structures found at experiments with pulse magnetic welding as well as explosion welding near the welding interface are comparable. Though the bounding process works similarly, there are differences between the two processes: Due to the high burning velocities of the explosives,
the pressures as well as the collision velocities are usually higher than by use of pulse
magnetic welding. Also, at pulse magnetic welding there is neither similar pressure nor
similar deformation over the geometry of the tube. The whole welding process involves
phase changes, chemical interaction and friction. A correct implementation of all effects
would be either very complicated or entirely impossible due to lack of measurement data.
In order to determine where welding effectively took place, a contact model has to be designed, which involves all relevant physical parameters dependent on which the contact
elements will bond or continue having friction. In the literature, the weldability is very often
set into relation to the collision angle, the collision velocity and the collision point velocity
[5], because these parameters are measurable in experiments. As conclusion a model
was implemented that can apply bonding at contact elements depending on the defined
parameters.

BBond  f ( , v , vcp , PPL ,  )

(3)

In this model BBond is a Boolean type with 1 equals to bonded and 0 equals to not
bonded, α is the inclination-angle, v┴ the collision point velocity, vcp the collision velocity,
PPL is the plastic work and ε is the deformation. The model does not consider cracking.
After an element was bonded, it cannot be loosened any more.
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3.3

Influence of the Temperature

As earlier stated, the influence of the heat generation also needs some consideration. In
order to determine the influence of the heat generation due to plastic deformation and
joule heating, the thermal simulation was additionally carried out after each time step of
the sequentially coupled electrodynamic-mechanical simulation, sharing the same geometry. Due to the very thin welding region, the grid needed to be meshed especially in the
contact region with a significantly higher definition, which led to a considerably longer calculation.
Figure 3 shows the temperature development at the inner side of the tube during the
welding process. It can be seen, that the temperature never rises above 350 K, which is
approximately 38 % of the melting temperature and 8 % of the required temperature difference. According to simulations the heat generated by friction, deformation and joule
heating have a low influence on the welding process, the simulation of the heat generation
was neglected for the further simulations.

Figure 3: Diagram of simulated Temperature of a contact element at the inner side of the
tube

4 Model setup
As a next step, the generic welding model had to be calibrated. Therefore, experiments
with the later mentioned configuration were carried out, using 7 kJ and 9 kJ. At the same
time simulations with the same parameters were carried out. In the interface region, a friction boundary was used. In Figure 4 the measured and simulated currents are plotted
against each time for the case of 8 kJ. Though the simulation ended before the time the
current had its first peak due to overdeformed elements in the bonding zone, the forming
process was almost completed at this time, see Figure 5.
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Figure 4: Current distribution of the electromagnetic simulation and measurement
In Figures 6 a.) to g.) each in Equation (3) defined entity is plotted over the ycoordinate of the joining zone at collision time. The collision time is the time when a node
of an element of the tube collides with the surface of the bolt. As the collision is a gradual
process, the collision time varies for every element. Origin and direction of the ycoordinate can be seen in Figure 1. Due to the impact of the collision there can be observed some instabilities and oscillations in the diagrams. For better data, in some cases
also the diagrams of the same entities four time steps before to one time step behind the
collision time are shown. The welded domains drawn as hatched areas into Figures 6 a.)
to g.) show the geometrical y-position of the welds in the analogical carried out experiments. Therefore the welded probes were cut axially and polished.

Figure 5: Deformation of elements in the bonding region
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Figure 6:
a.)
b.)
d.)
d.)
e.)
f.)
g.)

Inclination angle α at EEL = 7 kJ
Collision point velocity vcp at EEL = 7 kJ
Collision velocity v┴ at EEL = 7 kJ
Collision velocity v┴ at EEL = 9 kJ
Plastic deformation ε at EEL = 7 kJ
Plastic deformation ε at EEL = 9 kJ
Plastic work PPL at EEL = 7 kJ

Material:
Frequency f:
Capacity C:

EN AW 6063
7,3 kHz
240 μF

Figures 6 a.), b.), c.) and g.) show that the data of the entities inclination-angle α,
plastic work PPL, and collision point velocity vcp cannot be used for the model due to difficulties to obtain a stable course of the values. In Figures 6 e.) and f.) the plastic deforma-
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tion of the tube with a loading energy of 7 kJ (left) and 9 kJ (right) is shown. The diagrams
are quite stable over the y-axis at both energies. Also, there are only little oscillations in
the graph. Unfortunately this is not the case for Figure 6 g.), where especially at the transition between welded and not welded zone oscillations of the plastic work occur. However
the diagrams show that the deformation alone is not sufficient to describe welding. Therefore, the collision velocity was selected as an additional parameter. In Figures 6 c.) the
collision velocity is plotted at several time steps relatively to the collision time. It can be
seen that the courses at collision time, as well as one time step before and after it, are not
smooth due to shockwaves induced by the impact earlier. However, using the course four
time steps before collision time gives a smooth curve in the relevant region, see Figures 6
c.) and d.). It is shown, that welding can only occur after surpassing a decent particular
value of collision velocity. The big step on the left side is due to the ending of the simulation, because the elements couldn’t bear the steep deformations occurring at the boundary. As a result there have been defined two thresholds that have to be surpassed in order
to enable welding at contact, namely a deformation of ε = 0,2 and a collision velocity of v┴
420 m/s.

5 Results
For validation an additional simulation was carried out by use of the values obtained in the
model setup with a discharge energy of EEL = 8 kJ. In Figure 7 the results of the simulation
were compared with the experimental results. The weld domain measured in a corresponding experiment is in high accordance with the weld domain in the simulation.

Figure 7: Comparison of welded domains in model and simulation at EEL= 8 kJ

6 Conclusions
In order to model the process of pulse magnetic welding a fully sequential coupled simulation incorporating thermal, electrodynamic and structural simulation was implemented.
Thereby the Lornetzforces could be directly calculated with the magnetic flux density,
which includes all geometry related effects. Considering the material heating due to plastic
deformation and joule heating the simulation showed low influences. Therefore the simula-
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tion of thermal effects was neglected for the further cases. By comparing the simulation
with experiments carried out at the same specific process parameters, the set of parameters was reduced, leaving the collision velocity and plastic deformation. Based on their
distribution, the parameter control of the bonding condition could be adjusted. The validation experiment carried out using a discharge energy of 8 kJ gave a high accordance to
the simulations carried out with the parameters found for this model. With this paper an
empirical approach was presented to help determine the location of welds produced at
pulse magnetic welding by means of simulation. Nevertheless it must be pointed out, that
the found thresholds are only valid for the used material as well as the used rotational
symmetric geometry. Further validation is necessary in order to expand the extent of validity as well as the usability for additional materials. Furthermore, the used modelparameters can not be obtained through experiments but only by the combination of simulations and experiments. Loosening and Cracks were not part of the Model either, not taking into account rebound effects.
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Abstract
A well-suited solid state welding process for treatment of tubular structures is the
electromagnetic pulse welding technique (EMPT): A pulsed magnetic pressure loads the
structure to be welded within a few microseconds and accelerates one of the both contact
partners (the so called “flyer”) onto a stationary one. When the flyer strikes the stationary
contact partner, contact normal stresses far above 1000 MPa act on the interfacial zone
between flyer and stationary part. As a result of these high interfacial loads, a layer of
several micrometers thickness next to the interface is severely plastically strained. Hence,
the oxide layers covering both contact partners are cracked. These chipped oxide
particles are blown out of the joining area by a so called “jet”. This jet is caused by the air
between the two joining partners being compressed and accelerated due to the movement
of the flyer. The result of both phenomena –the oxide chipping by severe plastic
deformation of the interfacial zone and the particle blow out caused by the jet– is a pure
metallic interfacial zone, loaded by contact normal stresses. The conjunction of the highly
reactive metallic surface and the contact normal stresses establishes a metallic bonding,
whose strength equals at least the strength of the weaker contact partner.
This report presents the results of a collaborative research project between the
Institute for Production Engineering and Forming Machines (PtU) and PSTproducts
GmbH. Experimental welding analysis is accompanied by numerical work for the study of
the underlying mechanisms of solid state welding with respect to interfacial plastic
deformation and contact loads. Additional metallographic work gives insight into the
microscopical structure of the interfacial joint zone.
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*

The authors would like to thank the German Federal Ministry of Economics and
Technology for financial support

117

4th International Conference on High Speed Forming – 2010

1 Introduction
The electromagnetic pulse welding (EMPW) process allows for the integral joining of
conductive metallic components without the addition of thermal energy [1]. For this the
components to be joined are accelerated towards each other by a pulsed high-energetic
magnetic field to form a solid state cold weld. Unlike thermal welding processes no
influence on the microstructure due to heat effects occurs. Moreover the EMPW process
offers the potential to join dissimilar and conventionally non-weldable material
combinations, such as aluminum and steel, thus enabling the application of light and
robust material combinations.
The electromagnetic pulse technology (EMPT) physically bases upon the utilization
of electromagnetic body forces (Lorentz force) [2]: Alternating currents in a coil induce a
current in a second coil in vicinity of the live coil. The induced current creates a
corresponding magnetic field that strongly repels that of the live coil. Hence a tubular
conductive part functions itself as a single-winded coil. High currents (> 100 kA) generate
a strong force between the tube and the outer coil, which can overcome the yield strength
of the work piece. With the help of magnetic field concentrators (“field shapers”) the
repelling force can be directed to create permanent deformation of the component to a
desired shape.
Regarding welding processes, a flyer tube is accelerated by electromagnetic
pressure to impact with a tapered base insert at an adequate impact angle (Figure 1). The
high impact pressure sweeps off the surface oxide film and forms an atomic bond between
flyer and base tubes [3].

Figure 1: Schematic illustration of electromagnetic pulse welding

2 Experiments
Several experiments have been carried out to identify the influencing parameters on the
evolution of the adhesively joined bonds and the characteristic waviness of the interface.
A capacitor bank is discharged at a current of 930 kA and a frequency of 14 kHz through a
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coil. Based on the geometry of coil and workpieces, this results in a magnetic pressure of
400 MPa onto the surface of the flyer. The material for the cast and machined insert and
the outer extruded tube is EN AW-6061-T6 (AlMg1SiCu) (see Table 1 for mechanical
properties and Table 2 for the chemical composition).
Rm
[N/mm²]
260

Rp0.2
[N/mm²]
240

Alloy
EN AW-6061 T6

A
[%]
9

Table 1: Mechanical properties of Al 6061 T6
Alloy
EN AW-6061 T6

Si
0.400.8

Fe
0.7

Cu
0.150.40

Mn
0.15

Mg
0.81.2

Cr
0.040.35

Zn
0.25

Ti
0.15

Table 2: Chemical composition of Al 6061 T6
The experimental setup consisting of a coil, a split field shaper and a specimen
holder, which allows for aligning tube and insert inside the coil, can be seen in Figure 2.
The capacitor bank is not displayed.

coil

field shaper

specimen holder
Figure 2: Experimental setup
The geometries and schematic alignment of tube and insert are shown in Figure 3.
The aluminum tubes have an outer diameter of 50 mm and wall thicknesses of 1.5 mm,
2.0 mm or 3.0 mm, respectively. The section of the insert that is placed inside the tube
has a length of 25 mm and a diameter of 50 mm less twice the wall thickness of the
corresponding tube. After 5 mm there is a bevel of either 1 mm or 3 mm (“offset”) at an
angle of 30°. Inlet and outlet are rounded down to R1 and R0.5. The actual effective area

119

4th International Conference on High Speed Forming – 2010

for the welding process is the tapered part of the insert, angled at either 5°, 7.5° or 10° in
the different experimental series.

Pmagn

R1

25 mm ‐d

offset

25 mm

5 mm

30°

d

tube
α
R0.5
25 mm

R1

insert
45 mm

Figure 3: Schematic setup of the welding experiments
Each specimen has been cut through the longitudinal axis to examine the resulting
welding length. The plots of the welding lengths in dependency of the wall thicknesses of
the outer tubes in Figure 5 show a direct relationship between these parameters and the
resulting welding length.
14

12

weld length [mm]

10

8
5°; offset 1 mm

6

7.5°; offset 1 mm
10°; offset 1 mm

4

2

0
1

1,5

2

2,5

3

3,5

tube thickness [mm]

Figure 4: Welding length in dependency of the tube thickness for an offset of 1 mm
In general, the length of the welded joint decreases with increasing wall thickness of the
tube. As the deployed magnetic energy is constant for all experiments, an increasing wall
thickness results in a lower contact pressure between tube and insert as more energy is
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consumed for the compression of the outer tube and the mass inertia of a heavier flyer
tube is higher. Due to the velocity of the line contact being subject to the trigonometrical
relation vwelding = vimpact / tan (α), the lower impact velocity of the flyer results in a lower
velocity of the line contact. The angle of the tapered section, which determines the contact
angle of flyer and insert, has in this test series only minor influence on the resulting
welding length, as the angles of 5°, 7.5° and 10° are already empirical values for sound
welding results obtained from previous experiments. Noticeable is the fact that the
experiments with an offset of 3 mm and a contact angle of 5° (Figure 5) did not result in a
bond no matter the wall thickness. However, the specimen with 7.5° and 10° did weld with
tubes of a wall thickness of 1.5 mm and 2.0 mm, while a wall thickness of 3 mm and an
offset of 3 mm did not induce a bonding in any variation of the angle. Further
investigations of the samples lead to the insight that the flyer tube had bounced off the
insert at the low contact angle of 5°. Though the contact pressure was sufficient the
contact angle did not result in a continuous line contact and thus in a weld joint.
14
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weld length [mm]

10

8
5°; offset 3 mm

6

7.5°; offset 3 mm
10°; offset 3 mm

4

2

0
1

1,5

2

2,5

3

3,5

tube thickness [mm]

Figure 5: Welding length in dependency of the tube thickness for an offset of 3 mm

3 Metallographic Examination of the Welded Interface
For the investigation of the welded interface, metallographic microsections have been
made by embedding the specimen in epoxy resin and subsequently grinding and polishing
down to a graining of 0.25 µm. Etching with 1% hydrofluoric acid uncovers the grain
boundaries and the welding interface. Figure 6 shows a weld interface with characteristic
waviness.
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Figure 6: Weld interface with characteristic waviness
The insert exhibits a typical cast structure with large grains compared to the
microstructure of the drawn tubes. Within the welding zone the grains are to some extend
severely deformed in direction of the advancing line contact (see Figure 7). These
specimens have been treated with Weck’s etching solution to obtain a color contrast
between grain boundaries and the welding interface.

Figure 7: Welding Zone of Al6061-Al6061
Among others a theory based on the Kelvin-Helmholtz instability mechanism in fluid
dynamics describes the wave formation as a result of flow velocity discontinuities across
the interface [4]. Immediately after impact instabilities close to the severely deformed
interface occur, caused by the different velocities of the interacting parts. Material close to
the interface has to move faster across the wave hump than material more distant.
According to Bernoulli’s principle the pressure above a wave is lower than in the vicinity as
a consequence of the higher velocity of the surrounding fluid. Hence there is a force that
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pulls the crest upwards. The fluids nearby the wave trough behave analogously. Material
yields more slowly across the surface of a wave trough than in its proximity, therefore the
pressure is locally increased causing the wave trough to be pressed downwards. Refer to
[5] for further details on this theory on the wave formation.
In Figure 8 a numerical simulation of a spatial Kelvin-Helmholtz-instability is
compared to a microsection of a weld interface. Periodic sequences of sinusoidal waves
and turbulent vortices can be observed in both the numerical simulation and the
microsection of the specimen. This indicates that the theory of wave formation being an
effect similar to the turbulent flow in fluids moving at different speeds is plausible.

Figure 8: Numerical simulation of a spatial Kelvin-Helmholtz-instability (left) compared to a
microsection of a weld interface of Al-Al (right)

4 Numerical Simulations of the Impact Zone
The finite element discretization of the EMPT-process is very challenging. Especially in
the welding zone where very high strain rates occur the elements in the contact are
underlying great distortions. However, with the help of adaptive meshing in this zone the
process can be simulated. Figure 9 shows the setup of the simulation model.
The simulation is an explicit analysis with no mass scaling possibility because of the
mechanical inertia effects in the forming process. 2D plane strain finite elements with a
linear approach for the shape function and with reduced integration are used to model the
welding process. A surface-to-surface contact with a penalty penetration method and a
finite sliding formulation is chosen for the simulation. The friction formulation is also a
penalty method with a coulomb friction coefficient of µ=0.15. Adaptive remeshing is
executed with 20 sweeps per increment. The simulated process is velocity-driven at a
velocity of 300 m/s. Adiabatic heating effects due to the temperature increase caused by
the high inelastic deformations are included in the simulation model. A specific heat per
unit mass of c = 5 * 108 J(tK)-1 and a conductivity of λ = 50 W(mK)-1 with an inelastic heat
fraction of 0.9 have been assigned to the elements. Due to the high forming velocity the
material parameters have to be adjusted to represent the correct material flow behavior.
Therefore the plasticity model of Johnson and Cook [6] with a bulk modulus E =
70000 N/mm², a poisson ratio υ = 0.3 and a material density ρ = 2.7 * 109 t mm-³ is
chosen. In Johnson-Cook constitutive equation, the von-Mises yield stress is given as
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) (1+C ln

1

(1)

where ε is the equivalent plastic strain, p = ε / ε0 is the dimensionless plastic strain-rate
for
= 1.0/s, T* is the homologous temperature (T - Troom) / (Tmelt - Troom), and T is the
absolute temperature for 0 ≤ T* ≤ 1.0 [7]. The five constants are A, B, n, C, and m with the
= 1.0
expression in the first set of brackets giving the stress as a function of strain for
and T* = 0 and the expressions in the second and third set of brackets representing the
effects of strain rate and temperature [7].
The applied Johnson-Cook parameters are listed inTable 3.
Alloy
EN AW-6061 T6

A
275

B
500

n
0.3

C
0.02

m
1

Ε0
1

Table 3: Johnson-Cook parameters for Al 6061-T6
The magnification of the contact zone in Figure 9 indicates that the elements close
to the contact zone are subject to large strains and high strain rates. Due to the applied
Johnson-Cook plasticity model the materials in these locations behave like viscous fluids,
resulting in the familiar wavy interface.

Figure 9: Setup and forming zone of the Finite-Element-model
Results from the numerical simulations of the welding zone are summarized in Figure 10.
The welding velocity directly correlates to the impact velocity as indicated by the
trigonometrical relation. Regarding wavelength of the interfacial waves, a slight
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dependency on the impact velocity can be observed. However, the amplitude of the waves
is subject to large variances due to the characteristics of the wave formation mechanism
and is highly depending on the mesh properties of the impacting parts.

Figure 10: Welding velocity, wavelength and amplitude dependency on the impact velocity

5 Conclusions
In this work experiments have been carried out to identify the process parameters that
govern the development of a solid state cold weld in impact welding processes. The
impact angle and velocity of the line contact resulting from the trigonometrical relation
between the impacting parts and the external pressure have been identified as important
parameters for the formation of a welded joint. Metallographic examinations that show a
characteristic wavy interface indicated that the material behavior of the surface layers
involved is similar to the Kelvin-Helmholtz instability mechanism in fluid dynamics. This
material behavior could be mapped in finite element simulations by applying the JohnsonCook plasticity model.

6 Outlook
The experimental work will proceed in testing further material combinations of aluminum,
steel and stainless steel concerning the technological parameters that influence the wave
formation and its properties. SEM-imaging and electron microprobe analysis of the
interface will be used to give information, whether there appears some kind of mixture or
diffusion of the involved materials. These analyses can only be carried out reasonably
using dissimilar materials.
The numerical simulations are currently not able to determine whether a bond is
likely to occur. Future aspects of the simulative work will focus on contact algorithms that
prevent the materials from separating, once threshold values for contact force and strain
are exceeded.
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Abstract
The Magnetic Pulse Welding (MPW) process has been developed to an industrially used
joining method which is considered to be a fast, noncontact, clean and “cold” solid state
welding process. Unlike fusion welding, the absence of direct heat during the welding
cycle makes it possible to join dissimilar metals, for instance aluminium to copper or
copper to steel, without noticeable detrimental metallurgical defects. This is very desirable,
as today’s industry lacks technologies to join often not fusion-weldable dissimilar materials
effectively. However, current metallographic studies show that for many material
combinations the formation of intermetallic seams in the joint region of magnetic pulse
welds can not be completely avoided.
Modern technical equipment for MPW is used to join aluminium with copper in order to
study the microstructure and the intermetallic phases formed in the weld region in
dependence of the processing parameters. The welds are analysed by means of
metallographic and electron microscopic (SEM) methods. Relations between the
parameters and the microstructures formed within the weld joints are shown. Based on the
obtained results conclusions will be drawn with respect to the intermetallic phase
formation process and the optimization of the weld microstructure and properties.
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1 Introduction
When joining dissimilar metals with fusion welding techniques, the formation of brittle
intermetallic phases is usually considered as the biggest challenge and the primary
obstacle to obtain a high-quality weld. To overcome the problem of intermetallic phase
formation Magnetic Pulse Welding (MPW), which is generally considered as a “cold” highspeed welding technique, is regarded as an appropriate joining technology.
MPW can be used for applications where a high strength and temperature stable
joint is needed. It is not as widely used as Electromagnetic Forming (EMF) due to its
higher demands on the electromagnetic equipment.
Like explosion welding (EXW), MPW relies on the dynamic effects when the two
joining partners collide at high impact speeds. It is generally agreed that a certain minimal
impact velocity vI and certain collision angle  is required to start the welding process, and
that the partners are welded by a continued movement of the initially joined contact line
across the parts. Since the behaviour of the interface during and shortly after the welding
front determines the quality of the weld it is regarded as the most important process of
MPW and EXW. In order to understand the interface behaviour, to clarify its dependence
on process parameters and to optimize the welding process an extensive amount of
research has already been conducted by many authors leading to sometimes
contradictory conclusions and theories. The present paper is not aimed to review and
discuss these theories in detail. Instead, it intents to
 gain information from own experiments and literature about interface behaviour
and bonding mechanisms particularly with respect to the formation of wavy
structures, intermetallic phases and defects.
 draw conclusions how to set up welding parameters to avoid detrimental effects.
Although the paper deals primarily with MPW, it tries to incorporate the knowledge
available from EXW research, if appropriate.

2 Interface effects in shock-welded joints
2.1

Theoretical background

The behaviour and velocity of the moving front in high speed welds has been studied by
many authors for EXW and MPW. The materials are bonded by the high transient
pressures which are produced by the oblique collision at high velocities. Typical collision
point velocities vC range between 1000 and nearly 4000 m/s. The formation of a so called
jet between the surfaces during joining is considered as an important prerequisite for a
sound weld, as it strips the surfaces of unwanted surface contamination and oxides and
enables them to create a metallurgical bond. Its presence is not in question by most
authors and it has even been photographed [1, 2]. However, the reasons for the formation
of the wavy interface between the surfaces that follow the jet zone are still in discussion.
Prominent theories of the wave formation process are the “Indentation mechanism” [3],
the “Karman vortex street analogy” [4], the “Helmholtz instability mechanism” [5], the
“stress wave mechanism” [6] and the “mechanism of vibration in the plastic state” [7]. A
comprehensive discussion of these theories is e.g. given by Mousavi and Al-Hassani [8].
As an understanding of the interface formation is helpful for the optimization of the weld
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joint and its properties, essential parts of these theories will be included in the discussion
of the results.

2.2

Known detrimental interface effects and relevant parameters

Many researchers have examined metallurgical and geometrical effects along the
interface line of EXW and EMP welds and discussed the possible impact on the
mechanical behaviour. Relevant elements are: wave and intermetallic phase formation,
pockets and films of molten and re-solidified material and inclusions of oxides. Also the
formation of cracks, voids and pores, spallation effects, incomplete welding zones, strong
plastic deformation as well as recrystallization zones are discussed.
Although many of these effects were analyzed in detail primarily for EXW, they are
probably also relevant for MPW. Therefore it is important to know possible relations to the
process parameters. Parameters that are often discussed in this regard are:
 Material combination
 Material assignment to flyer/base element
 Thickness of flyer and base material
 Impact velocity vI
 Collision angle  (as a function along the weld) [9]
 Collision point velocity vC (as a function along the weld)
 Pressure (function over time)
 Temperature (e.g. preheating)
As all these parameters must be considered during a process setup, the aim of the
following chapters is to examine MPW joints and discuss the findings from experiments
and literature with respect to the process setup.

3 Metallographic investigation of weld interfaces
MPW experiments were conducted in cooperation with the High Magnetic Field Laboratory
of the “Forschungszentrum Dresden Rossendorf”. The experiments were aimed to create
different joint geometries and qualities. They were used as a basis to analyse the already
discussed metallurgical and geometrical effects in detail.

3.1

Specimen and methods

A 1.5 millimetre thick Aluminium tube (diameter: 25mm) was electromagnetically joined
onto a Copper cylinder with a rim, using different process parameters (Figure 1).
Metallographic sections were prepared longitudinal and perpendicular to the cylinder axis.
The longitudinal and cross sections were chemically etched, mechanically or ion polished
and analyzed by means of optical microscopy, scanning electron microscopy (SEM) and
energy dispersive X-ray analysis (EDX). The structural analysis concentrated on the
characterization of the structural changes taking place in the welding zone, especially with
respect to detrimental effects like cracking or massive intermetallic phase formation.
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Figure 1: Test parts made by MPW of a 25 mm diameter aluminium tube onto a copper
cylinder, left: welded specimen (and an unwelded tube), right: longitudinal section

3.2

Experimental Results

Based on the longitudinal and cross sections of different Al-Cu welds the following results,
assessments and conclusions should be emphasized:
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The quality of the weld is changing strongly along the interface from start to end for all
welds in this configuration. Generally, the start and end zones of the welds exhibited
no or only limited bonding. In contrast, the middle section of the welds showed good
bonding. The insufficient bonding at the start and the end of the weld zone is a typical
feature of MPW cylindrical parts and according to literature not critical for many
applications [10, 11]. However, the not connected sections can act as a very strong
notch pointing at the weld, which would be very detrimental under cyclic load or
corrosive environment.
The process of wave formation along the interface strongly depends on sample
geometry and to a lesser extent also on the process parameters (Figure 2). Using
massive copper cylinders and relatively low pulse energies the wave formation was
nearly totally inhibited. Contrary, applying hollow copper cylinders and high pulse
energies pronounced waves were visible, especially in the middle section of the welds.
This geometrical influence is in accordance with findings in [10]. It is important to note
that the wave formation process is not mandatory for a good bonding. It is furthermore
worth mentioning that to some extent wave formation could also be observed in
regions without bonding.
For the sample geometries and process parameters applied, the formation of
intermetallic phases at the welding interface can not be avoided. The composition,
arrangement and extent of the intermetallics formed depend on the process
parameters chosen and is partly connected with the structure of the interface. If the
interface shows a wavy appearance, the intermetallics mainly concentrate in so called
“melt pockets”, which are mostly located at the crests of the waves (Figure 3). If EMP
produces a waveless interface, the intermetallic phases form a film of varying
thickness (Figure 4). It is pointed
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Figure 2: Cross section details of welds with different interface morphology: (left) nearly
waveless interface; (right) wavy interface. Peak pulse current Imax=66kA
out that the phase film appears to be interrupted by regions without any intermetallics.
Up to now it is not clear, whether this is true or if the intermetallic film in these regions
is too thin to be detected by metallographic methods. For this reason TEM
investigations of the weld interface are planned in future work.
The tendency to intermetallic phase formation rises with increasing pulse energies
(Figure 4). For low pulse energies a relatively thin intermetallic phase film is formed.
Even if the maximum thickness of the intermetallic film is 5 microns a very good
bonding can be achieved. For higher pulse energies the maximum thickness of the
intermetallic phase film can increase above 25 microns. Comparing similar bonding
conditions, the intermetallic phases are usually thicker if the interface exhibits a wavy
appearance.
The structural and chemical composition of the intermetallics strongly depend on their
thickness and hence on the processing parameters chosen (Figure 4 and 5). For a
thickness below 5 microns the intermetallics contain rarely any cracks, voids or pores.





Al

I

II
III

Cu

Figure 3: Details of welds exhibiting typical wavy interface and intermetallics at so called
“melt pockets” (SEM micrographs). Left: Note the cracks (I) and voids and pores (II), right:
The view into the pore reveals characteristics of a molten and re-solidified surface (III).
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Figure 4: Details of welds exhibiting waveless interface with intermetallics phase films of different thickness and structural composition (SEM micrographs: z-contrast).
Left: thin phase film without major defects, Imax=66kA;
Right: thick phase film containing numerous pores and some cracks (I), Imax=76kA
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With increasing thickness the intermetallics reveal some voids and cracks running
perpendicular to the weld interface. Above a thickness of 10 microns the intermetallics
additionally contain numerous pores. Even severe cracking taking place parallel to the
weld interface was observed in these samples. EDX analysis (Figure 5) revealed that
the thin intermetallic films produced by low energy MPW are generally rich in
aluminium containing only between 10 and 20 at.% copper. In contrast, the Cu content
of the thicker intermetallics formed during higher pulse energy EMP varies more
widely in the range from 10 to 50 at.% copper. Thereby the transition in composition is
rather stepwise indicating that different intermetallic phases have formed.
According to the EDX analysis, the phases identified with SEM cannot be directly
linked to the complex phase diagram Al-Cu. Generally only Al-rich phases with a Cu
content ≤ 50 at.% have formed. On the Al-rich side of the phase diagram however,
only the phases Al2Cu (, 33at.% Cu) and η2 (50at.% Cu) exist and the Al crystal
cannot dissolve significant amounts of Cu under equilibrium conditions. From this it is
concluded that the generated Al-rich phases have formed under strong non
equilibrium conditions. From the sharp and stepwise transition in chemical composition
between the two parent metals and the formed intermetallic phases it is in accordance
with Carpenter and Wittman [12] who deduced that solid state diffusion is not involved
as active bonding mechanism in the process of MPW aluminium to copper.
The absence of any diffusion layers leads to the assumption that local melting is
mainly involved in the phase formation and bonding process along the interface. As for
low pulse energies the intermetallic phases consist primarily of aluminium, it is
deduced that solely aluminium but not copper was molten during low energy MPW. In
contrast, higher pulse energies which produce thicker intermetallic phase films and so
called “melt pockets” enable to exceed the melting temperature of copper locally as
well as leading to a higher copper content in the formed intermetallic phases.
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5 µm

10 µm

Figure 5: EDX-analysis of welds exhibiting different Interface morphology (top) SEM
micrographs: z-contrast; (bottom) EDX-map: Al content in at.% (left) waveless interface
with thin phase film, Imax=66kA; (right) wavy interface with “melt pockets”, Imax=76kA;
Al the different magnifications of the images: (left: 5000:1),Al(right: 2000:1)
Note
At both sides of the weld, i.e. in the Al- und Cu parent material, a strongly plastically
deformed region exists in the vicinity of the interface. On the Al-side the plastic
deformation causes an extensive grain elongation in the welding direction. Whereas
on the Cu-side the strong plastic deformation leads to dynamic recrystallization
resulting in an ultrafine grained structure (Figure 6). Adjacent to the recrystallized zone
the copper grains show considerable distortion. The plastically deformed zones on
both sides of the weld interface extend to maximum width of 500 microns.
 Cu
Although MPW is often discussed as a coldCuwelding process [13, 14] the extreme
plasticized regions as well as the common formation of intermetallic phases at the
weld interface provide evidence for a localized short-time thermal loading. This can, in
principle, lead to similar detrimental effects as in fusion welding, especially when
phase films exceed certain thickness limits. Neither the formation of larger melt
pockets and thicker intermetallic phase films nor wavy appearances of the weld
interface are regarded as prerequisites for high-quality bonds between aluminium and
copper. On the contrary,
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A

B

C

Figure 6: Details of the structural changes taking place within the Cu adjacent to the weld
interface (SEM micrographs: z-contrast). Left: Overview with marked zones; Right: detail of
the recrystallized zone, Imax= 76 kA
Regions: A = ultrafine recrystallized grains: 20-40µm, B = strongly distorted grains: 3040µm, C = slightly distorted grains: 200-400µm
the best weld quality is achieved if a very thin intermetallic film, whose thickness does
not exceed 5 microns, is formed. Especially in the welds without wavy interfaces
perfectly bonded zones exist without any detrimental disturbances and defects.

4 General recommendations
The following conclusions can be drawn from literature and the experiments in regard to
an optimal process setup:
 The collision angle is a critical parameter for the initiation of the weld. According to
literature, angles between 5° and 20° between the flyer and the base material are
regarded as appropriate (e.g. [11, 15]).This is in accordance with our results, where
the best welding quality was achieved with a collision angle of approx. 11° at the start
of the joint. However it has to be taken into account that, unlike in standard EXW, in
typical MPW configurations the collision angle changes continuously from the start to
the end of the weld. As a consequence it is difficult to attain uniform weld quality and
bonding along the interface. In order to overcome this drawback, future work should
try to compensate the unwanted effect by tailoring the geometry of the welding
partners or the process parameters [16].
 In order to predict optimum welding conditions for EXW a so called “welding window”,
i.e. a plot of appropriate combinations of collision angle and collision point velocity was
very successful (e.g. [12, 17]). Although this approach was also suggested for MPW
[13], it is unclear if the same concept can be easily assigned and adapted to MPW.
Especially the comparability of the processes regarding parameters like pressure,
temperature and the variation of these parameters with time are often unknown.
 Literature discussion concerning the importance of wave formation for the weld quality
is controversial for both EXW and MPW. Several authors claim that the formation of a
wavy interface is compulsory in order to achieve sufficient bonding and high strength
welds [12, 14]. This view is not shared by Inal and co-workers [18]. According to these
authors, the wavy interface is directly connected with the formation of localized “melt
pockets” and thus with harmful intermetallics and cracking. This view is supported by
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our results which show that the best weld quality and minimal intermetallic phase
formation is obtained if the chosen process parameters result in a straight rather than
a wavy interface.
From literature and our own experiments it is not entirely clear if the formation of
intermetallic phase during MPW of aluminium to copper can be completely avoided.
We suppose that this is not possible, because localized interfacial melting seems to be
a prerequisite for a successful bond. Nonetheless it could be clearly demonstrated that
the extent, the structural and chemical composition and the arrangement along the
interface can be controlled by the processing parameters. This is of much importance
since as soon as the intermetallic phase film exceeds a critical thickness of about 5
microns voids, pores and extensive cracking considerably worsen the weld quality and
strength. As seen by the experiments, a reduction of intermetallic phase formation can
be directly reached by decreasing the effective impact energy.

5 Conclusion
In the present paper the results of the detailed structural investigations on MPW Al-Cu
joints were presented. Based on the results and the conducted literature survey the
following conclusions can be drawn:
 The formation of intermetallic phases can not be completely avoided during MPW of
aluminium to copper. To confine detrimental effects on the mechanical properties of
the joints the thickness of the formed intermetallics should not exceed 5 microns.
Above this critical thickness the intermetallics are susceptible to cracking and
spallation.
 The variety and chemical composition of the created intermetallics depend on the
pulse parameters chosen. This behaviour is attributed to different temperature-time
regimes of the process leading to varying amounts of melting of the two base
materials.
 Best welding results concerning bond and weld quality can be archived applying
relatively low pulse energies. Under these conditions the extent of intermetallic phase
formation can be minimized to an uncritical level.
 The formation of a wavy interface is no prerequisite for an effective bonding during
MPW
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Abstract
Based on fundamental technological investigations, alternative joining strategies using
electromagnetic forming (EMF) for the flexible production of lightweight frame structures
are developed in the collaborative research project SFB/TR10. The results of these
investigations will also be used to create general design principles for the joining process
itself as well as for the joining zone. The focus of this article will be on dominating form-fit
joints of aluminum frame structures and the parameters which have a significant influence
on the strength of those joints. For the development of design principles regarding the
joining zone, the groove geometry of the connection elements was varied in terms of size
and shape, and the influence of those variations was analyzed. In terms of the joining
process itself the effect on the joint strength of different forming pressures for a given
groove geometry was also investigated. In the first step these experiments were
performed on solid mandrels. In order to reduce the weight of the structure, experiments
were then performed with hollow connection elements and similar groove geometries to
analyze how the reduced stiffness of those elements affected the strength of the joints.

Keywords
Lightweight frame structures, joining, electromagnetic forming

1 Introduction
A current goal of the automotive industry is the reduction of the CO2 emissions and
increase of the fuel efficiency. To achieve this goal, the focus is currently on the
*
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optimization of the powertrain as well as the reduction of a car body’s weight. A successful
approach to reduce the total weight of a car is the implementation of lightweight strategies
in the design process, such as by using light weight materials [1]. The economic
production of high strength joints is a major challenge for the manufacturing of a car’s
frame structure made from extruded aluminum profiles. An interesting alternative to
conventional welding and riveting processes is joining by electromagnetic forming since
the achievable joint strength is within the range of the strength of the weakest joining
partner [2].

2 Fundamentals of joining by electromagnetic compression
2.1

Fundamentals of electromagnetic forming

Electromagnetic forming (EMF) is a noncontact high velocity process using pulsed
magnetic fields to deform materials with high electrical conductivity, such as copper and
aluminum alloys [3]. Depending on the setup, the tool coil geometry and the work piece,
electromagnetic forming can be used for sheet metal forming operations or for the
compression as well as the expansion of hollow profiles [4]. The forming process is
typically finished after 100 microseconds. This means that a compression speed of
300 m/s can be achieved, which is equivalent to a strain rate of 103/s to 104/s [5]. A typical
setup of work piece, tool coil and forming machine for the electromagnetic compression is
shown in Figure 1.

Figure 1 a) Setup for the experimental investigations on solid mandrels and b) hollow
mandrels. c) The different groove shapes (triangle, rectangle, circle) with width w and
depth d used within this investigation.
In the equivalent circuit diagram of this resonance circuit the forming machine is
symbolized by the capacitance C, the inner resistance Ri and the inner inductance Li. The
work piece and the coil can be seen as a consumer load. Due to a sudden discharge of
the electricity stored in the capacitor, a damped sinusoidal current I(t) runs through the coil
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(see Figure 1). The current, which typically ranges from 10 to 1000 kA, generates a
magnetic field H(t,r,z) around the tool coil. According to Lenz’s law, this magnetic field
induces eddy currents in the work piece. They are directed opposed to the coil current and
they shield the magnetic field from the inside of the work piece. The energy density of the
magnetic field represents a pressure p(t,r,z) which acts orthogonally on the work piece [4].
Once the stresses in the work piece due to this pressure reach the yield stress of the
material, plastic deformation of the tube starts. If the work piece movement is neglected,
the magnetic pressure can be calculated by the following equation [6, 7 and 8]:
(1)
Within this equation μ represents the permeability, n the number of turns of the coil
and lcoil the length of the coil. The factor kH(z) determines the axial distribution of the
magnetic field [9].

2.2

Joining by electromagnetic compression

Joining of tubular work pieces by electromagnetic compression is the most frequently
used EMF application. The manufacturing of those joints does not require additional
joining elements, such as screws, rivets, adhesives or auxiliary wire. According to the
most dominating mechanism against an external load, joints manufactured by
electromagnetic forming can be classified into interference-fit joints, form-fit joints and
welded joints. Interference-fits are manufactured by a plastic deformation of one and an
elastic deformation of the other joining partner so that interference stresses result [2]. For
a form-fit joint, the material of one joining partner is formed into an undercut (e.g. a
groove) of the other joining partner (see Figure 1). As a result, the joint is locked against
an external load. In the case of very high impact velocities of the electromagnetically
driven part it is possible to produce welded bonds between the joining partners. This
application is called magnetic pulse welding. Furthermore, the resistance against an
external load can be a result of a combination of each of those mechanisms. Typically, the
loads which can be transferred by a dominating form-fit or welded connection are higher
than those which can be transferred by an interference-fit joint. Compared to form- and
interference-fit joints, welded connections usually require a much higher energy to be
manufactured. Since similar joint strengths can be achieved by form-fit as with magnetic
pulse welded connections, this kind of joint shall be investigated in the following. The
factors which influence the strength of a connection formed by electromagnetic
compression shall be analyzed.
Very detailed studies on the influence of different groove parameters on the joint
strength of form-fit connections were done by Bühler [10 and 11], Golovashchenko [12]
and Park [13]. In their work Bühler and Golovashchenko investigate the influence of the
groove width w and depth d on the achievable joint strength for electromagnetically
compressed form-fit joints. For their investigation, they varied the acting magnetic
pressure in such a way that the tube wall just touched the groove base. They found that
an increase of the groove depth as well as a decrease of the groove width lead to higher
joint strengths. In contrast to Bühler and Golovashchenko, Park used a constant forming
pressure in his work. He also found an increase in the joint strength with an increase of
the groove depth. But he observed an increase of the joint strength with an increase of the
groove width. This can be explained by the constant forming pressure Park used in his
experiments. The pressure required to form a tube into a groove so that its wall just
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touches the groove base decreases with increasing groove width. This is a result of the
lower stiffness of the tube wall covering the groove [11]. Therefore, a constant forming
pressure leads to an enlarged contact area at the groove base for wider grooves. As a
result of the compressive forming, residual hoop stresses are generated in the contact
area. Due to these stresses, an interference-fit is generated, and its effect on the overall
joint strength grows with an increase of the contact area and therefore with wider grooves
[13]. Park also investigated the influence of the groove edge radius on the joint strength.
He found that up to a certain point a smaller edge radius leads to higher joint strength. But
a decrease of the radius also causes an increase of shearing at the groove edge. As a
result of these opposing effects, an optimal groove edge radius exists for a given groove
depth [13]. All three research works also showed that the strength of a form-fit connection
can be increased significantly by using multiple grooves.

3 Motivation
The results of the previous studies introduced above were applied for the design of form-fit
joints for the lightweight frame structure shown in Figure 2 b). But the resulting joint
strengths were much lower than expected from those studies. For weight reduction
purposes, the inner joining partners were designed as hollow aluminum parts, which led to
a much lower stiffness than the mandrels used by Bühler, Golovashchenko and Park for
their experiments.

Figure 2 a) BMW-C1E. b) Alternative frame structure for the BMW-C1E manufactured
within the collaborative research center SFB/TR10. c) and d) EMF form-fit joints
To determine the reason for the significant drop in joint strength and to develop
joining strategies for those lightweight frame components, an investigation was carried
out, the results of which are presented in the following. This development of joining
strategies includes a study regarding the influence of different groove shapes on the joint
strength. This parameter is especially important in terms of corrosion aspects. In case of a
rectangular groove design, cavities are generated at the groove edges. These cavities are
potential starting points of corrosion. By using circular grooves, these hollow spaces can
be avoided. But this groove shape might lead to a different joint strength than the
rectangular groove geometry.
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4 Experimental investigation of the joining zone characteristics
on the joint strength
Fundamental experiments were performed to indentify the parameters which affect the
strength of form-fit joints for lightweight frame structures. The basic setup of the
experiments carried out within this work is displayed in Figure 1 a) and b). For the
experiments, solid and hollow mandrels with an outer diameter of 36 mm were used. The
charging energy during the joining experiments was adjusted in order to apply the
minimum amount of magnetic pressure that was required to cause contact between the
tube and the bottom of the groove. This was defined as “filling” the groove, similar to the
approaches of Bühler and Golovashchenko [10, 11 and 12]. The drilled hole in the hollow
inner joining partners had a diameter of 24 mm. This diameter was chosen to ensure that,
for all groove depths, the smallest annulus area of the mandrel was bigger than the
annulus area of the tube. As a result, the tube was always the weaker joining partner. For
the investigation of the influence of the groove shape, rectangular, circular and triangular
grooves were machined into the mandrels (see Figure 1 c)). These grooves had three
different widths w (12, 16 and 20 mm) as well as three different depths d (1, 1.5 and 3
mm). This variation was done to obtain a complete understanding of the parameters
influencing the joint strength. To minimize an additional possible interference-fit between
the joining partners, the same material, namely EN AW-6060 (F22), was chosen for the
tubes and the mandrels [14]. For the same reason, there was no gap between the joining
partners. The outer diameter of the tubes was 40 mm and the wall thickness 2 mm. To
generate the magnetic pressure pulses, a Maxwell Magneform machine (Series 7000)
was used. The relevant machine parameters were a capacitance C of 362 µF, an
inductance Li of 78 µH and an inner resistance Ri of 5.4 mΩ. As EMF actuator, a
compression coil with an inner diameter of 40 mm and 10 turns distributed over a coil
length of 60 mm was used.

4.1

Determination of the forming pressure

As mentioned above the forming pressure was selected in dependence on the groove
dimensions width and depth. To find the proper forming pressure an analyticalexperimental approach was used. In the first step the pressure pmin required to initiate the
plastic deformation of the tube into the groove was determined. Therefore, the following
equation developed by Bühler was used [11]:
(2)
Within this equation σy represents the yield stress of the tube material, s the wall
thickness and R the outer radius of the tube. The groove width is represented by w. The
result of this analytical model provided an approximate starting point for the second step in
the approach (see Figure 3). To determine the exact pressure required to fill a groove of
any desired dimensions experimental data were used. The objective of these experiments
was to determine the correlation between magnetic pressure and the resulting depth of
forming into the channel. For these tests, two greased steel cylinders were inserted into
an aluminum tube. They were connected by a threaded rod to adjust their distance. The
cylinder gap width w was matched with the three groove widths for the mandrels: 12, 16,
and 20 mm. The tubes were then electromagnetically formed into the gap between the
steel cylinders using charging energies between 2.4 kJ and 6 kJ, at intervals of 1.2 kJ.
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The measured discharge currents varied between 55 kA for 2.4 kJ and 90 kA for 6 kJ of
charging energy. The rise time of the discharge was approximately 22 μs. After the
removal of the cylinders, a ZEISS PRISMO VAST 5 HTG coordinate measurement
machine was used to determine the maximum forming depth d. Figure 3 shows the
resulting depth versus the respective magnetic forming pressures. The calculation of
these pressures was based on the applied discharge current, using Equation 1. Upon
plotting the magnetic pressures versus forming depths it could be seen that, for each gap
width w, the resulting forming depth d rises linearly with the applied magnetic pressure.
Figure 3 also shows that increased forming depths or decreased gap widths require a
higher forming pressure.

Figure 3 Influence of the magnetic pressure on the achieved forming depth d for different
groove widths w.
By substituting a specific groove depth into the equation of the corresponding trendline, the required magnetic pressure to fill a groove can be determined with a high degree
of accuracy. The calculated pressure for each parameter set was multiplied by a safety
factor of 1.1 to ensure filling. This factor accounts for the differences between the steel
cylinders in the pre-tests and the aluminum mandrels used to create the joints. It also
accounts for any possible inhomogeneities in the tube material.

4.2

Influence of the groove dimensions and shape on the joint strength

In order to analyze if the determined magnetic pressures were accurate and the tube wall
touches the groove base, X-ray radioscopy and micro computer-tomography
measurements were performed after the joining process. Another reason for these studies
was to detect a possible shearing or thinning of the tube wall at the groove edges. A highperformance computer tomography system equipped with two X-ray tubes (directional
microfocus and tube with transmission target) was used to carry out those measurements.
The machine is equipped with a 7-axis manipulator and a large-sized flat-panel detector
with an active area of 409.6 x 409.6 mm², containing 2048 x 2048 square pixels (see
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Figure 4 a)). The X-rays which are emitted from the focal spot on the target of the
microfocus tube penetrate the specimen and are attenuated due to interaction processes
with matter. Since the X-rays diverge, the specimen is projected onto the detector plane
with a magnification given by the ratio between the focus-detector-distance and the focusobject distance. Figure 4 shows the specific parameters which were used for the nondestructive 2D inspection and tomography. The joint of the specimen was mapped with
maximum magnification onto the detector plane. This resulted in a reconstructed
tomogram containing roughly 2000 x 2000 x 1000 voxels with a voxel edge length of 22
µm. An algorithm developed by Feldkamp [15] was used for the reconstruction.

Figure 4 a) Setup of the radioscopic and computer tomography (CT) measurements. b)
CT image of a form-fit joint with a rectangular groove of 20 mm width and 3 mm depth.
In Figure 4 c) a xy-slice of the joining zone is displayed. It can be seen that the tube
wall makes contact with the groove. The tube wall lies against the deepest point of the
groove (groove base) but cavities above and below the plane containing the groove base
can also be observed. To determine the quality of the generated joints, pull-out test were
performed afterwards. For these experiments a universal testing machine Zwick SMZ250
was used. A pull-out rate of 0.05 mm/s was chosen. Figure 5 a) shows a typical pull-out
curve which was obtained by these tests. The force FJ was defined as failure criterion of
the connections. At this force, the first relative movement between the tube and the
mandrel occurred. Its value was indicated by a change in slope of the load-extension
curve (see Figure 5 a)). This criterion was chosen in accordance with the work of Bühler
[10]. In Figure 5 b) the two different failure modes which were observed during tensile
testing are displayed: pull-out of the tube from the groove and tearing of the tube at the
leading groove edge. Both failures occurred shortly after the connections reached their
ultimate pull-out force. The tearing of the tube was observed when higher forming
energies were applied to deeper and/or narrower grooves. This could be attributed to the
tube being partially sheared at the groove edges as it was formed into the grooves at
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higher magnetic pressures. For these joints the FJ as well as the ultimate pull-out force
was higher than for those connections which failed by pull-out of the tube. Furthermore,
the joints failing by tearing of the tube failed more suddenly due to a lower plastic
deformation of the connection before the final separation of the joining partners.

Figure 5 a) Typical pull-out curve of the joint specimens. b) The two failure modes
observed within this work: pull-out (left) and tearing (right) of the tube.
The forces at which the joints failed were plotted versus the groove depth for
different groove width and shapes (see Figure 6 a) and b)). The values of FJ were
normalized with respect to the yield force of the tube itself, Fyt. Figure 6 a) shows that an
increase of the groove depth as well as a decrease of the groove width leads to an
increase in joint strength.

Figure 6 a) Joint strength with respect to groove depth d and groove width w for solid
mandrels with a rectangular groove shape. b) Joint strength with respect to groove depth
d and different groove shapes for 12 mm wide grooves.
This could be attributed to the fact that the resulting angle α (see Figure 7 b))
decreases with deeper or narrower grooves, which increases the incremental degree of
deformation at the groove edge and thus requires a larger pull-out force. For all three
grooves, the distribution of the data points suggested a linear relationship between the

144

4th International Conference on High Speed Forming – 2010

depth of the groove and the pull-out. An upper limit of this linear relationship is expected
due to the partial shearing of the tube at the groove edge, as shown in Figure 7 b).
Eventually, the thinning of the tube due to shearing at the groove edge will weaken the
joint more than the strength increase observed when forming the tube into a
deeper/narrower groove, causing the overall joint strength to decrease. In the next step of
this study the influence of the groove shape on the connection strength was analyzed.
Figure 6 b) shows the normalized pull-out forces with respect to the depth of the groove
for a constant groove width of 12 mm. For each groove shape, the point distributions
again show a linear relationship between groove depth and pull-out force. Figure 6 b)
shows that, for each individual groove depth, the joints formed with rectangular grooves
always exhibit the highest joint strength, while the joints formed with triangular grooves are
always the weakest.

Figure 7 Measurement of the angle α at the groove edge in radioscopic pictures of 3 mm
deep and 12 mm wide grooves with different groove shapes.
This could be attributed to the fact that the resulting angle α of the tube wall at the
edge of the triangular geometry is greater than those of either the circular or rectangular
grooves (see Figure 7). Therefore, the degree of deformation at the edge of the groove is
lower and a smaller tensile force is required to initiate pull-out. Although Figure 7 displays
that the joints generated with circular grooves have a smaller resulting angle α than the
joints formed with rectangular grooves, the use of rectangular grooves results in a larger
pull-out force for each parameter set. This can be explained by the fact that the amount of
shearing at the groove edge is higher for the rectangular grooves than for the circular
ones (compare Figure 7 b) and c)). Due to the greater partial shearing, the rectangular
groove locks the tube in place more firmly than when formed into the circular groove, and
thus requires a greater pull-out force. This is further supported by the fact that, as Figure 6
b) shows, the use of mandrels with rectangular grooves causes failure by tearing at the
leading groove edge for groove depths of both 1.5 and 3 mm, whereas the failure of the
connections with circular grooves was caused by tearing of the tube only for the 3 mm
deep grooves. The fact that joints with rectangular grooves exhibit this failure mode at a
shallower groove depth suggests that the effects of shearing play a more prominent role in
the strength of this groove geometry, and it is possible that this accounts for the larger
required pull-out forces.

4.3

Effects on the strength of joints with hollow inner joining partners

As mentioned above, the reduction of weight is a very important goal for the automotive
industry, which means that the frame structure of a vehicle has to be as light as possible.
Therefore, the joining behavior and the achievable joint strength for connection including
hollow inner joining elements were also investigated. Figure 8 a) shows the achieved joint
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strength for different groove depths with respect to the width of the grooves. The results in
terms of the relationship between connection strength and groove depth/width are similar
to the experimental findings for the solid mandrels. But especially the grooves with a width
of 12 mm showed a significant drop in strength of up to 20% compared to joints which
were formed onto solid mandrels with equivalent groove geometry. This could be
attributed to a significant deformation of the mandrel, which is shown by the tomography
image in Figure 8 b). This deformation led to an increase of the angle α at the groove
edge. As described above, this decreases the incremental degree of deformation at the
groove edge and thus requires a lower pull-out force. Due to the deformation of the
mandrel the tube wall also did not touch the groove base. As a result, there was no
interference-fit generated in this area. Whereas, without a deformation of the mandrel, this
additional interference-fit would occur because, during forming, the plastic deformation in
the tube creates a small amount of elastic deformation in the mandrel.

Figure 8 a) Joint strength with respect to groove depth d and groove width w for hollow
mandrels. b) Form-fit joint with a hollow mandrel as inner joining partner; upper left: 3D
representation of the tomogram of the joint; lower right: 2D CT image (yz-slice) of the joint.
When the forming process ends, the mandrel would be unable to release this
elastically stored energy due to the plastic deformation in the tube, which would result in
interference stresses at the contact surface between the tube and mandrel. This
interference stress would resist tube pull-out during tensile testing, thereby increasing joint
strength. Although there was no interference-fit generated at the bottom of the groove, an
interference-fit was produced at the areas next to the groove (see hatching in 2D CT
image Figure 8 b)). Since the same material was used for both joining partners, the
additional joint strength created by this interference-fit was too low to compensate the
losses due to the weaker form-fit joint [14]. The joints with a groove width of 16 or 20 mm
showed only a very small deformation of the mandrel. This explains why they had almost
the same joint strength as connections with equivalent groove geometry and solid
mandrels. The larger deformation of the mandrels with a groove width of 12 mm resulted
from the higher magnetic pressure used to generate these joints compared to those with
wider grooves and an equivalent depth (see Figure 3).
A strategy to avoid the deformation of the inner joining partner and the resulting drop
in joint strength is the usage of a support mandrel which is placed in the hole of the
mandrel during the joining process. Since this support tool shall be removed after the
joining process, an interference-fit between the mandrel and the support element has to
be avoided. Therefore, a material which has a lower elastic recovery than the mandrel has
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to be used for the support tool. This can be achieved by using a material with a higher
Young’s modulus or a lower yield stress than the mandrel material [14]. Within this study,
a steel support mandrel with a Young’s modulus three times higher than EN AW-6060 was
used. Figure 9 a) shows the achieved pull-out strength for the connections formed with a
support element compared to the strength of those which were joint without a support tool.
It was possible to increase the joint strength with this setup significantly. The achieved
increase was about 15% which means that the pull-out strength level of the joints with
solid mandrels was almost reached. Figure 9 b) shows that the deformation of the inner
joining partner was reduced significantly which led to the observed increase in joint
strength.

Figure 9 a) Comparisons of the achieved pull-out strength between a joint generated with
and one without the usage of a support mandrel. b) Form-fit joint which was supported by
a stainless steel mandrel during the joining process; upper left: 3D representation of the
tomogram of the joint; lower right: 2D CT image (yz-slice) of the joint.

5 Conclusion
The results of this work have shown that the joining of extruded aluminum profiles by
electromagnetic compression is a feasible approach to create lightweight frame structures.
Due to a decrease of the angle α at the groove edge and the resulting increase of the
degree of deformation during pull-out at this edge, the joint strength increases with deeper
and narrower grooves. The results of the experimental investigations also showed a
significant influence of the groove shape on the achievable joint strength. The highest
connection strengths were observed for the rectangular grooves due to the presence of
partial tube shearing at the groove edges. This shearing locked the tubes into place,
requiring a larger pull-out force to cause failure. Although the partial shearing of the
groove edge increased the quasi-static strength of the joints, it can be assumed that it is
very problematic for connections which are exposed to cycling loads. Since the location of
the shearing is a starting point for the formation of a crack, it has to be avoided for joints
under cycling loads. It can be assumed that a rounded groove edge would reduce the
formation of such a crack. But further investigations are necessary to determine the
precise influence of the groove edge radius on the joint failure and the transferable loads.
The joining experiments with hollow inner joining partners have shown that the
applied forming pressure in relation to the stiffness of the mandrel has a significant
influence on the achievable joint strength. If the magnetic pressure required to “fill” the
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groove exceeds the stiffness of the inner joining partner, a deformation of this element
occurs. As a result the angle α at the groove edge is increased, which will lead to a
decrease in joint strength. Therefore, it is important to consider the mandrel’s stiffness
with respect to the applied pressure during the design process of the joining elements.
The deformation of the mandrel can also be avoided by using a support mandrel during
the joining process. By placing this additional tool in the hole of the inner joining partner it
was possible to achieve pull-out strengths similar to those achieved for connections with
solid mandrels.
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Impulse Hydroforming Method for Very Thin
Sheets from Metallic or Hybrid Materials
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Abstract
Forming of very thin metallic and hybrid material foils is a demanding task in
application areas as for example in food or pharmaceutical packaging industries.
forming limits of very thin sheet metals as well as minor process reliability
necessary exact tool manufacturing (small punch-die clearance), both, causes
interest in new and innovative forming processes.
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In this contribution a new method using high pressure pulses will be introduced to
form small geometry elements into very thin metal foils or into hybrid polymer-metal foil. It
will be shown how the acting pressure pulse will be generated by electromagnetic
acceleration of a certain mass, which initiates a pressure wave within a working media.
The effect of different pulse lengths has been compared and evaluated by the forming
result. Finally, an outlook concerning suitable pulse power equipment and its industrial
capability will be given.

Keywords
Manufacturing Equipment, Sheet Metal, Impulse Hydroforming

Introduction
New and more demanding forming tasks as well as the search for innovative forming
methods, which extend or complement the number of conventional production processes,
caused a steadily growing interest in high speed forming processes during the last years.
Especially, Electromagnetic Forming (EMF) is actually on the way from laboratory use to
industrial mass production.
Another group of high speed forming processes also using discharge impulses from
a pulse power generator is the group of Electrohydraulic Forming (EHF) processes. In that
process typically the sudden discharge through an underwater spark gap with or without
ignition wire is used to initiate a pressure wave in a working media. This pressure wave
acts on a tubular or sheet metal workpiece which is located in a certain distance to the
spark gap (pressure source).

150

4th International Conference on High Speed Forming – 2010

For both processes, EMF and EHF, the similar type of pulse generator can be used, but
typically not with the same electrical parameters. Both processes have benefits and
drawbacks related to the possible application spectrum: for example, EMF is easier to
handle because no additional working media is required, on the other hand it is limited to
workpiece material with good electrical conductivity. Other reasons to prefer the use of an
acting fluid can be the workpiece accessibility or limiting workpiece properties, like a
diameter which is too small for electromagnetic expansion or a wall thickness which is too
thin for EMF, and so on. There is a lot of potential of EHF, quite similar to the benefits of
“conventional” hydroforming processes.
Actually, the main application of underwater shock waves is in the area of kidney
stone lithotripsy or other direct medical application. As part of a forming process they are
not commonly used, but from time to time applications arise such as surface cleaning of
casted parts [1] or calibration of preformed sheet metals [2].

Motivation and Demands of a Forming Example
Forming of very thin metallic and hybrid material foils is a demanding task in several
application areas as for example in food or pharmaceutical packaging industries. An
example of a typical aluminium blister for pharmaceutical packaging is shown in Figure 1:
The material is a multilayer foil consisting of some plastic layers and a 45 µm aluminium
layer in between which is an important barrier to light and gas diffusion.

Figure 1: a) Conventionally formed aluminium blister for pharmaceutical packaging
b) composition of the standard multilayer material [3]
The die cavities are typically 3 to 5 mm deep, depending on their diameter, and produced
by a multi-step deep drawing process. This process is very demanding due to narrow
forming limits of the very thin sheet and a necessary exact tool manufacturing which is
caused by the required small punch-die clearance. An improvement of this manufacturing
process can be achieved by reduction of process steps as well as by increasing the cavity
density and a corresponding reduction of blister dimension. This can be achieved by small
gaps between the cavities, but most by realization of steeper sidewalls.
At the same time the requirements according to the cycle time in series production
are high. Typically, production rate is in the range of 700 to 1300 per minute, which
corresponds to an operation frequency of 10 to 20 Hz. Typically, high speed forming
processes are used at much lower frequencies, although the forming rate is extremely
high. Therefore a feasibility investigation has to include the potential of sufficient low cycle
time. In case of pulse power equipment, it must be the intention to reduce load of all
components significantly. This means, a strong reduction of discharge energy, discharge
current, and if possible lower charging voltage are required.
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Very first tests to form the above mentioned hybrid material foil have been performed by
EMF due to the electrical conductivity of the aluminium layer. The skin effect and the
extremely thin aluminium layer require a very high discharge frequency, resp. a very short
current rise time. Figure 2 is shown that even with a discharge frequency of more than
100 kHz the material could not be formed because the aluminium layer is too thin. On the
one hand depending on the skin effect the thickness is not enough to shield the magnetic
field from diffusing through the workpiece, so that no pressure difference can be achieved.
On the other hand the induced current causes a strong heating of the aluminium layer and
melting of the plastic layer. These results lead to the development of a new method of
pulse generation as described in the following.

Figure 2: First try to form aluminium blister foil by direct acting EMF with very short pulse
duration (single turn coil, current rise time less than 3 µs)

New Method of Impulse Hydroforming
Process Principle and Setup
With the intention to use high speed forming without induced current in the workpiece a
kind of hydroforming process should be realized for the above mentioned forming task. As
shown in Figure 3 a new method to initiate a pressure pulse in a fluid has been realized
and tested. Different to EHF processes no spark gap is used, but the following setup:
A flat spiral coil is located below an aluminium or copper driver plate with a certain
mass. This plate will be accelerated in vertical direction by electromagnetic forces of the
sudden discharge of a pulse generator. It is fixed by a rubber membrane that allows the
accelerated driver plate to move but brings it back into its initial position again. At the
same time the membrane seals the water vessel above the plate. Workpiece and die are
located in the water, but the vessel is “open”, with a free contact between water surface
and the air above. There is no sealing required. However, the die cavity behind the
workpiece must be evacuated as it is typical for high speed forming operations.
This setup was designed to show the feasibility of the method, but also to vary
important process parameters, to exchange the die geometry, and to achieve accessibility
for measurement systems. To get some information about the moving plate during the
process an optical shadowing principle has been adapted to the setup. Therefore, a laser
beam will be detected by an analogue position sensitive photodiode (PSD), when the
driver plate moves so that a free distance hpl between coil and driver plate is growing
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linear with the vertical position of the plate. A second information is the discharge current
which causes the very first acceleration forces acting on the driver plate (and on the coil
as well). It will be measured by a kind of Rogowski coil in the HV output of the pulse
generator / current input of the coil. The third aspect of investigation is the pressure
impulse initiated in the fluid and acting on the workpiece. To detect the pressure wave at
the workpiece position a PCB pressure transducer ICP M109B11 with a measurement
range of 550 MPa and a rise time of 2 µs was integrated into a special die insert without
cavity, see Figure 4d). In that way the pressure impulse will be measured instead of a
forming operation. Therefore, the pressure signal does not include the interaction with the
workpiece deformation. Finally, the workpiece deformation behavior over process time has
been detected by a contact pin which could be mounted in the central die cavity and fixed
in a certain distance to the workpiece. The time of contact at this certain distance was
detected, in relation to the coil current over time.

Figure 3: Principle of new impulse hydroforming method

Figure 4: Used die inserts (d= 90 mm) a) wavy cavity with 2 mm depth; b)-c) cavities for
blister forming (depth is adjustable in range of 0 – 5 mm by additional inserts; d) position
of pressure transducer in the centre of an insert without cavities
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Feasibility of Forming Pharmaceutical Packaging Foils
With the intention to introduce short and sharply rising pressure pulses in the water, the
mass of the accelerated driver plate has been chosen as small as possible. On the other
hand, the plate must not be deformed and should be reused over a lot of cycles. Finally,
the weight of aluminium driver plate and rubber membrane was about 100 g. The water
volume was kept constant 2.5 litres, as well as a distance h of about 10 mm between the
moving bottom and the workpiece. Using this setup of the impulse hydroforming process
the aluminium blister could be successfully formed, as shown in Figure 5.

Figure 5: Forming results for blister diameters d= 16 mm (a)-c)) and d= 14 mm (d));
discharge energy of 450J at 3.2 kV
By the use of a 26 turn flat coil and a 90 µF capacitor bank, the required energy could be
reduced down to a few 100 J. At the same time the coil current is only 8 kA and the
charging voltage of this existing pulse generator (SMU1500, Poynting) is 3.2 kV. The very
promising forming results demonstrate that it is possible to form a depth of e.g. 4.3 mm
without fracture at a cavity diameter of 16 mm, Figure 5a)-c), as well as of 14 mm, Figure
5d). Only one single forming step is needed. Also an improved angle of the sidewall can
be realized and allows an increased number of cavities per cm2 or a smaller size of blister
pack when the number of cavities will be kept. The only undesired effect is that the
polymer-layer of the backside becomes opaque from stretching as shown in Figure 5b).
Failure, like cracking, occurs when the maximum draw ratio of the aluminium layer is
reached, or in case of the examples in Figure 6, when the die cavities are not completely
dry. Even very fine water droplets on the backside of the workpiece material can cause
cracking as shown.

Figure 6: Formed blisters with cracks caused by small water drops inside the cavities (a)
blister diameter d= 14 mm, b) blister diameter d= 16 mm)
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Influence of Current Impulse Length
Due to the high mass of the driver plate it was expected that the current pulse should not
be too short to work efficiently against mass inertia. This assumption comes along with the
state of the art in electromagnetic riveting machines, as manufactured and described by
Zieve et al [4]. The intention of Zieve also is to reduce costs of machine components by
significant voltage reduction and longer pulse duration at the same time. In that case the
impulse duration is in the range of milliseconds instead of microseconds, of course
depending on the mass to be accelerated.
In order to find out which discharge time works best, first, the temporal interaction
between coil current, membrane displacement and acting fluid pressure pulse had to be
investigated. Exemplarily, in Figure 7 the measured curves for two typical experiments at
600 J discharge energy are shown.

Figure 7: Process- / Setup-specific time behavior of driver plate displacement, coil
current, and pressure
It can be seen that most of the aluminium driver plate displacement occurs a long time
after the current pulse, but the fluid pressure acts only at the same time as the current
discharge. This behavior was not expected but can be explained by the elastic membrane
interacting with the “open” water volume obviously after the pressure pulse is finished.
This comparable slow movement cannot cause a significant pressure because of the air
above the water surface. So, the workpiece deformation can be achieved by the pressure
pulse during the electrical discharge. A more detailed zoom into the time curves shows
that the pressure rises after a short time delay. This delay depends on the distance
between start position of the membrane and the position of the transducer, here
h= 10 mm. If the distance will be decreased, the delay becomes shorter, with 0.7 µs/mm,
which is in good correlation to the sonic speed in water.
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To generate different current pulses at comparable amounts of discharge energy, the
same setup has been used, but the capacitor bank has been changed [5],[6]. The
charging voltage was adjusted for each setup to obtain the same discharge energy. In
order to evaluate the process efficiency tin plated steel, 0.19 mm wall thickness, as it is
used for can production for food packaging, has been formed into a die with wavy cavities
of different width, Figure 4d). The measured current pulses and its forming results are
shown in Figure 8. For experiment 4) a 16-turn coil was chosen instead of a 26-turn coil to
further shorten the pulse length. In order to make the current curves comparable the
current of the experiment 4) is normalized to a 26-turn coil. It can be seen that an optimum
pulse length exist to form a workpiece with a sharp contour (experiment 3).

Figure 8: Different current pulse lengths and corresponding forming results
Additionally, the measurements with a contact pin in three distances to the sheet metal,
0.55 mm, 1.0 mm, and 2.0 mm, are shown as pictograms in the current over time graph,
Figure 9, to give an impression of the sheet behavior related to the discharge pulse,
whereas the first setup is the same as in experiment 3, Figure 8. This comparison shows
the increased forming rate as advantageous effect of the more optimized capacitor-coil
setup at experiment 3).
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Figure 9: Two setups with three contact pin measurements at different distances

Outlook and Potential of the Impulse Forming Method
In this paper a new method for generating a pressure pulse in a kind of electrohydraulic
forming process by using an electromagnetically accelerated driver plate is presented.
This method is capable of forming very thin metallic and hybrid materials as used in
pharmaceutical and food packaging industry [7]. In comparison to EMF the forming
capability does not depend on the electrical conductivity of the workpiece material. An
additional benefit comes along with the uniform pressure distribution caused by the use of
an acting fluid. Especially, if the forming task means embossing of fine geometry details,
most application geometries require the workpiece area to be uniform pressurized. Even
with the un-optimized experimental setup blister packs can be manufactured in one step
and with steeper sidewalls. This increases the usable area of the blisters and accordingly
the packaging density. Additionally, the new process is more stable because it does not
depend on such accurately manufactured tools as in a deep-drawing process.
In order to tap the full industrial potential of this impulse hydroforming process and
to expand its application further development and a concrete design of the required
equipment are necessary. Beside the suitability for forming very thin metallic and hybrid
materials an additional intention is to keep the required energy and the coil current as low
as possible to reduce load of the HV components, like capacitors and high current
switches. The pulse generator, driver mass and the coil have to be optimized to minimize
the required discharge energy down to only a few hundred joules. An application with e.g.
200 J discharge energy used at a production rate of 20 Hz would dissipate 4 kW. This
would already be tolerable, but can be reduced again by recovering the swing back
current by an additional circuit. The desired range of cycle time demands the use of long
life components, which are usable for more than half a million discharges per day. One
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step in the right direction is the application of coils with a lot of turns because this allows a
reduction of the required coil current below 10 kA. With a current below 10 kA, a dI/dt
below 1 kA/µs, and a voltage below 3 kV the durability of the components, especially of
solid state switches, can be considerably increased. A lower current and voltage also
makes the selection of capacitors easier. The described experiments have shown that the
rate of current change dI/dt already is in a range, which allows us to use phase control
thyristors. Not to exceed the 3 kV limit helps to avoid serial connection of such power
switches to reduce components and assembly costs. Furthermore, it will be possible to
replace the specialized pulse power components partially with standard components
which will also significantly reduce the machine costs and the long term process costs.
For the blister pack manufacturing the magnitude of voltage and current are already
in the mandatory process parameter range of below 3 kV, 10 kA and a moderate dI/dt.
This is not the case for the investigated tin plate, yet, but the values are not far away and
the existing optimization potential is not exhausted so far. With such an optimized process
the machines and coils can be built with a components durability which will apply to
necessary time cycles of 10 – 20 Hz with acceptable machine costs and long-term
process costs. Finally, the next step must be the redesign of the experimental setup to the
requirements of a continuously working production line. A principle solution is described in
[7] including the workpiece and die handling as usual in state of the art mechanical blister
pack production.
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Abstract
Historically, electromagnetic forming technology has mainly been used to form parts from
aluminium and copper alloys due to their excellent electrical conductivity and limited
formability by conventional methods. However, little research has been carried out in high
strain rate forming of magnesium alloy sheets. Therefore, in the current contribution
electromagnetic forming experiments are performed for rolled AZ31B magnesium alloy
sheet at different temperatures up to 250ºC.
Two forming operations are studied in this paper, i.e. drawing and bending operations.
The final deformations achieved for the different conditions were measured and the effect
of both temperature and discharged energy on deformation is shown. Bending
experiments at room temperature were recorded by means of a high speed camera and
the springback behaviour at high strain rates is evaluated.
In one hand, increasing the forming temperature the yield strength of the material
decreases while on the other hand, the electrical conductivity and thus the induced forces
are also decreased. It is observed that increasing the forming temperature, for a given
discharged energy, the maximum height of the deformed part is decreased. However,
increasing the discharged energy at warm temperatures, higher deformation values are
achieved without failure. Additionally, bending experiments show that springback effect is
also decreased at warm conditions. It is concluded that warm electromagnetic forming is a
suitable procedure to manufacture magnesium parts.
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1 Introduction
In last decades there is a clear tendency of reducing the weight of vehicles in the
automotive and aeronautic industry [1] due to both fuel economy and environmental
concern. New materials with high specific strength, such as high strength steels or
lightweight alloys, are being used in order to achieve such lightening. At the present,
aluminium and steel are the most frequently employed functional materials in the
production industry. However, magnesium alloys are approx. 30% lighter than aluminium
and 75% than steel, being the lightest structural material. Therefore the use of magnesium
alloys is increasing and it is expected to continue increasing (as reported by the USAMP
[2]).
Despite these advantages, limitations such as unsatisfactory corrosion behaviour
and a need of suitable forming technologies for magnesium sheets are inherent to
magnesium alloys. The lack of formability at room temperature is related with the
hexagonal close packed (hcp) crystal structure of Mg and the corresponding limited active
deformation mechanisms. One way for increasing the formability of magnesium alloys is to
increase the forming temperature owing to the activation of new deformation mechanisms
such as non-basal slip systems (e.g. [3]). Therefore, conventional forming technologies
are evolving to warm forming processes which owe to considerable increase of
deformation as shown by Doege et al. [4] who obtained interesting limit drawing ratio
(LDR) of 2.5 for AZ31 alloy.
Another way to increase the formability of magnesium alloys is to employ high
speed forming technologies. Research in electromagnetic forming (EMF), despite having
been in use since the early 1960's [5], was mainly focused in aluminum alloys (e.g. [6-7]).
Very little research has been performed in the field of high speed forming of magnesium
alloys. Nevertheless, they all agree that EMF is a promising technology for processing
magnesium parts, even at room temperature. At room temperature, Psyk et al. [8] showed
the increase of formability and the effect of alloying elements in compression experiments
of extruded magnesium tubes. Revuelta et al. [9] performed electromagnetic sheet
forming experiments at room temperature. Although they reported an increase of
formability, unfortunately, they did not report any value of the deformation achieved. In a
previous work by the current author [10] deformation values achieved in AZ31B alloy
sheet by EMF were also shown to be higher than the FLC values obtained by
conventional forming technologies.
First documented experiments of electromagnetic forming of magnesium alloys at
warm conditions can be found in research performed in the former USSR according to
[11]. The results show that for the investigated magnesium alloy an extreme increase of
the formability was achieved at 200ºC. Uhlmann et at. [11-12] studied electromagnetic
forming of magnesium alloys at warm conditions for tubular parts without any reference to
the obtained final deformations. Recently, Murakoshi et al. [13] carried out warm EMF
experiments for magnesium sheets and they stated that the height of the bulge increased
with the increasing of forming temperature.
The electrical conductivity of the material plays an essential role in electromagnetic
forming process. The conductivity of magnesium alloys is generally lower than that of
aluminum alloys, although it depends on the alloying elements [14]. Nevertheless, the
electrical conductivity values of magnesium alloys are adequate for electromagnetic
forming process. The most important single factor affecting the electrical conductivity of a
metal is the amplitude of the atomic vibration. This factor, in turn, is influenced by the
composition of the metal and the thermodynamical variables, such as temperature or
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pressure. Therefore, when considering warm electromagnetic forming, the decrease of the
electrical conductivity of magnesium alloys must be considered since increasing the
temperature the induced forces are lower for the a given discharged energy. Accordingly,
increasing the temperature the yield stress also decreases at high strain rates as reported
in [15] for AZ31B alloy, also employed in this study. Figure 1 shows the evolution of the
electrical conductivity (σe) and stress values at εeps ≈ 0.01 (σ0.01) are plotted for different
temperatures. Therefore, it is uncertain the effect of temperature on the final deformation
for a given discharged energy.

Figure 1: Effect of temperature on stress values (from Ulacia et al. [15]) and electrical
conductivity values (from Avedesian and Baker [16]) for AZ31B magnesium alloy sheet.
In the current contribution, warm electromagnetic forming experiments were carried
out for AZ31B magnesium alloy sheets in order to evaluate the suitability of the
technology. Drawing and bending operations are studied at different temperatures up to
250ºC. Finally, texture analysis is performed to show biaxial deformation mechanisms at
high strain rates.

2 Experimental Procedures
2.1

Equipment and tooling

Electromagnetic forming experiments were carried out in the laboratories of LabeinTecnalia. The experiments were conducted using a commercial Maxwell Magneform
capacitor bank with a maximum stored energy of 60 kJ. The energy is stored in 30
capacitors, each of them with a capacitance of 60 µF, divided in four independent banks in
order to adjust the discharging parameters. The four divisions of the banks are: one group
of 3 capacitors (180 µF), 2 groups of 6 capacitors (360 µF) and one group of 15 capacitors
(900 µF). The system has a maximum working voltage of 8.66 kV and the number of
capacitors and the charging voltage is adjusted in order to control the discharged energy.
The closing force between the die and the coil was achieved in all the experiments by
means of a 40 Tn hydraulic press.
Photron FASTCAM-APXTM high speed camera was also used to record the
deformation of the sample in the bending experiments at room temperature. The sampling
rate was 37500 fps. Two different operations were studied in the EMF experiments carried
out: drawing and bending operations. The coils and dies used for these experiments are
shown in Figure 2.
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(a)

(b)

(c)

(d)

Figure 2: Coils and dies used for EMF experiments at different temperatures. (a)-(b) for
the bending experiments and (c)-(d) for the drawing experiments.
In the case of the drawing die, the dimensions were 75 mm width, 20 mm depth and
the entry radii were 25 mm. The circular coil used in the experiments is shown in
Figure 2(c). The workpiece dimensions were 250 x 175 mm2. In the bending operation, the
dimensions were 175 x 125 mm2 with a flange of 45 mm. In electromagnetic forming
experiments with close dies it is necessary to evacuate the air in the die cavity. Therefore,
a vacuum pump is used connected to the vacuum ports of the drawing die (Figure 2(d)).

2.2

Heating Strategy

There are different ways to heat up the specimens that will be formed by means of
electromagnetic pulses. One way could be heating up the workpiece in an electric furnace
and translating it into the forming stage, taking into account the temperature decrease
when contacting the tools. Another way could be to heat the part in the forming position.
The coil employed for the forming operation can be used connected to a high frequency
electric current pulse source (i.e. inductive heating furnace). This integrated induction
heating and forming method allows further automation of the process. It was already
patented in the 1960's [17] and also used for warm tube forming by Uhlmann and Hahn
[11].
In the current electromagnetic forming experiments, the workpiece was heated by
means of 800W electric resistance and it was then automatically transferred to the forming
stage as it is shown in Figure 3. The heater is commanded with a PID control of the
temperature measured by a thermocouple located on the surface of the heater. However,
the temperature of the sample is lower than the one measured in the heater and therefore
in the experiments the temperature achieved by the workpiece was measured in six
different zones by means of thermocouples glued to the surface of the sheet.
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(a)

(b)

Figure 3: Heating strategy. (a) Schematic view and (b) set up of the device.
The drop in temperature during positioning, closing and capacitor discharging is
measured in order to identify the initial forming temperature. Results are shown in
Figure 4. It can be noticed that the sheet is heated up to a temperature approximately
10ºC higher than the nominal temperature (i.e. 100ºC, 150ºC, 200ºC and 250ºC),
maintained for 5 min and automatically moved to the forming position. However, the
temperature during electromagnetic discharge was not measured by thermocouples
(notice that in Figure 4 only the cooling during positioning is measured). One reason for
not measuring the temperature with thermocouples is that the electric currents induced in
the workpiece would flow through the thermocouples to the data acquisition system.
Anyway, the response time of thermocouples is significantly higher than the EMF process
time. Therefore, in each experiment the time spent for positioning and closing is measured
(the average time was 6.5 s) and in this manner, knowing the elapsed time and the
cooling curve for each nominal temperature, the initial forming temperature can be
estimated for every experiment (and also for different positions). In the forming zone, the
temperature was within Tnominal ±5ºC in all the cases studied.

Figure 4: Measured heating and cooling curves for different nominal temperatures
(dashed lines denote room temperature).
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3 Experimental Results and Discussion
3.1

Drawing operation

Figure 5 shows the influence of the forming temperature and discharged energy. It can be
noticed that the maximum height achieved in EMF experiments is decreased when
forming temperature is increased for a given discharged energy. The influence of the
decrease in the electrical conductivity is slightly more significant than the decrease in yield
strength for the temperature range tested. The results obtained in these experiments differ
from the results recently reported in [13]. They found that increasing the forming
temperature, the height is increased for a given energy (9.8 kJ). However, the material
employed in those experiments was annealed at 250ºC for 1 h, whereas the material used
in this dissertation was annealed at 400ºC for 2 h. Increasing both annealing temperature
and time leads to an increase of grain size and thus, presumably, to a decrease of the
electrical conductivity.
The effect of energy on the maximum height achieved is obvious, increasing
discharged energy, the height increases for all the studied temperatures. Moreover, it
should be remarked that at warm temperatures, a higher energy could be discharged
without failure of the workpiece, obtaining better final results. For instance, at room
temperature the sample is broken for energies higher than 9 kJ while at 250ºC 15 kJ were
discharged without failure obtaining the workpiece completely filling the die cavity.
Figure 6 shows the deformed parts obtained at different experimental conditions. It can be
seen that the samples deformed at 100ºC (Figure 6(a) and Figure 6(b)) are broken for
energies higher than 9 kJ, whereas the sample deformed at 250ºC (Figure 6(c))
completely fills the die cavity without failure. Therefore, warm forming is a suitable strategy
for electromagnetic forming of this magnesium alloy because higher deformation degrees
than obtained at room temperature can be achieved without a significant increase of
discharged energies.

Figure 5: Effect of the forming temperature and discharged energy on the maximum
height.
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(a)

(b)

(c)

Figure 6: Deformed parts obtained by EMF at different conditions: (a) 100ºC – 9 kJ,
(b) 100ºC – 12.6 kJ and (c) 250ºC – 15 kJ.

3.2

Bending operation

Figure 7 shows the final results of the bending operation experiments for the different
discharged energies and temperatures. When analyzing the results, it must firstly be
remarked that the deformation achieved was not homogeneous in the whole flange due to
the coil geometry and the induced forces for all the temperatures. The repeatability in the
experiments was high. The measured angle corresponds to the difference between the
final part and the target angle (90º) for an average section of the flange (Figure 7(d)).
At room temperature (Figure 7 (c)-(e)) it is shown that increasing the discharged
energy the final angle is closer to the target angle, i.e. the difference is decreased. For the
experiments carried out in the current research, it is shown a significant inflection point at
a discharged energy of 3 kJ. Therefore, high speed camera was used in order to
understand the evolution of the deformation during time at room temperature and different
discharged energies (1 kJ, 2 kJ, 2.5 kJ, 3 kJ and 6 kJ). In Figure 8 some pictures of the
key deformation states for different discharged energies are collected. The measured
angle evolution during time is shown in Figure 9. The first conclusion is that the impact
with the die is achieved for a discharged energy between 2.5 and 3 kJ (i.e. for 2.5 kJ
discharge the workpiece almost hits the die and for 3 kJ an impact is already filmed).
Therefore, the inflection point seen in the final angle at 3 kJ seems to be related with the
impact of the flange and the die. Moreover, it can be seen that a springback effect is
present in all the experiments. Increasing the discharged energy, the plastic deformation
is higher, displacing the neutral fiber and therefore the springback is smaller, as previously
seen by Iriondo [18].
Increasing the forming temperature, for a given discharged energy, the induced
currents (i,e, forces) are decreased. Consequently, the acceleration of the workpiece will
also be decreased and also the impact velocity. Therefore, from the previous results, one
may incorrectly conclude that increasing the temperature the springback is decreased as
a consequence of lower impact velocities. However, it is observed that the final angle is
closer to the target angle (Figure 7(e)). This effect must be understood as a decrease of
the springback, since the induced forces and therefore the plastic deformation of the part
are expected (as seen in the drawing experiments) to be smaller with increasing the
temperature. Springback is dependent on thickness-radius ratio (T/R), Young modulus (E)
and yield strength (σy) [19]. In the experiments the die radius and the thickness of the
sheet were kept constant. Meanwhile, increasing the forming temperature the yield
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7: Effect of the forming temperature and discharged energy on the bending
experiments: (a) different temperatures at 4.5 kJ, (c) different temperatures at 6 kJ
(e) room temperature at different energies, (b) measured angle, (d) final angle vs.
temperature and (f) final angle vs. discharged energy.
strength is decreased (Figure 1) and therefore the decrease of the springback can be
explained.

4 Conclusions
At warm conditions, the yield strength of the material is decreased while the electrical
conductivity also decreases. Increasing the forming temperature, for a given discharged
energy, the height of the deformed part is decreased. Therefore, the influence of the
electrical conductivity in this type of deformation is more important than the decrease of
flow strength. Furthermore, increasing the discharged energy at elevated temperatures,
higher deformation values are achieved without failure. Therefore, it is concluded that
warm electromagnetic forming is a suitable procedure to manufacture magnesium parts.
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Figure 8: Room temperature bending by EMF filmed with high speed camera.

Figure 9: Evolution of the bending angle at room temperature (lines are drawn only to
guide the eye).
The springback behaviour at high strain rates is also studied. At room temperature, a
decrease of the springback is observed in the samples which impact the die as a
consequence of higher plastic deformation. The effect of temperature on the springback is
also studied. The final angles achieved in bending operation at warm conditions are closer
to the target angle. This can be explained as a reduction of the springback driven by the
decrease of the yield strength with the increase of temperature.
In summary, it was observed that the effect of decreasing both yield stress and
electrical conductivity with increasing temperature has dissimilar effects depending on the
type of the forming operation. In drawing operations, the decrease of electrical
conductivity has more influence while in the bending operations where springback is a
major factor, the decrease of yield stress is more important.
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Abstract
Electromagnetic forming (EMF) is a high speed forming process that has been shown to
increase the formability of aluminum alloys under certain conditions. Many authors have
reported significant increases in formability; however, there is as of yet no complete
understanding of the process. Obtaining a gain in formability is not the only factor that
must be considered when studying EMF. The process rapidly generates significant forces
which lead to the deformation of the material at very high rates. The applied forces
depend on the shape of the electromagnetic coil used, which leads to force distributions
that may not be ideal for forming a particular part. Once the sheet is accelerated it will
travel at high speeds until it impacts the die. This high speed impact results in the sheet
rebounding from the die. Both the force distribution and the rebound affect the final shape
of the part. This paper presents the results of experimental and numerical study carried
out to determine the effect of the force distribution and the rebound on samples of conical
and “v-channel” geometry. It was found that both sample geometries are affected by the
force distribution and the rebound, with the v-channel samples being considerably more
affected. The results indicate that these effects must be carefully considered when EMF
processes are designed..

Keywords
Metal, Forming, Electro-magnetic, High, Speed.

1 Introduction
Interest in electromagnetic forming (EMF) of sheet metal for automotive applications has
been growing in recent years, due to its potential as a means of forming aluminum and
other low formability materials. Forming of aluminum has been the main focus, due to its
inferior forming characteristics relative to mild steel [1,2,3] and its relatively high
conductivity.
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Despite having been in use since the early 1960’s [4], there is not yet a complete
understanding of EMF. Progress has been made since the mid-1990’s in this regard [513]; however, there is still not sufficient knowledge of this process to be able to properly
design EMF processes for industrial sheet metal forming applications.
Obtaining the desired shape of a part within the specified tolerances is the goal of
any forming operation. In conventional forming, the punch and die produce the final
shape, with springback being the principal factor that may cause deviations from the
desired final shape. Designers must account for spring back by modifying the design of
the tools to achieve the desired part geometry. EMF differs significantly in that the punch
is replaced by the forces induced on the sheet by the coil, which propel the sheet at high
speeds into a die shaped in such a way as to provide the final part. Ideally, after the
process is complete the material emerges with the final shape. Unfortunately, in EMF the
force distribution generated on the sheet by the coil and the rebound caused by the impact
of the sheet with the die can produce parts that deviate from the specified shapes. Imbert
et al. [11] reported that samples formed with aluminum alloy sheets into a conical die, did
not conform to the die shape. A step was generated on the part, which was attributed to
the rebound of the sheet. Risch et al. [14-16] studied the effects of the rebound on
axisymetric parts and suggested design changes in the part and die to alleviate the
deformation caused by the rebound.
This paper presents the results of a study conducted on the effects of force
distribution and rebound on the final shape of samples formed using EMF. Conical and
open channel samples were formed from 1 mm sheet of AA 5754, which is an aluminum
alloy in relatively widespread use in the automotive industry. These shapes were chosen
since the cone has substantially greater geometric stiffness than the open channel
geometry, which means that the conical shapes will be harder to deform. By using this
approach, two extreme cases could be studied that would provide information on typical
forming operations, since the response of typical manufactured parts will likely fall
between those of these two geometries. The samples were formed using two different
coils; the conical samples were formed with a spiral coil, while the open channel v-cross
section samples were formed with a rectangular coil. The final shapes of the samples are
presented to show the effects of the pressure distribution and the rebound. Numerical
analysis was carried out to compliment and better understand the experiments. The
analysis was carried out with a commercially available coupled code capable of
simultaneously solving the electromagnetic and structural problem.

2 Experimental Procedure
2.1

Conical Samples

The conical samples were formed as part of the work described in [17], which provides
details of the experimental procedures. Cones were formed with side angles of 34, 40
and 45°. The conical samples were formed using a 7-turn spiral coil with a nominal
diameter of 100 mm and a maximum diameter of 115 mm. An IAP Magnepress [18]
magnetic pulse generator with a storage capacity of 22.5 kJ at 15kV was used to form the
samples. The material was clamped to the die and a vacuum drawn to remove the
trapped air.
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2.2

Open Channel Samples

The open channel samples were formed into a “V” shaped die (Figure 1). The side angle
of 40° was chosen since it was the maximum angle reached with no failure for the conical
samples [17]. The open channel samples were formed using a double pancake coil made
from 4.6 mm (0.180 in) square copper rod, witch each side of the coil having six turns
(Figure 2). The coil was connected to a Pulsar [19] MPW 20 – Research Edition magnetic
pulse generator, which consists of a capacitor bank and a power supply to deliver the
current to the capacitors at the required specifications. The power supply has a nominal
maximum energy capacity of 20 kJ and charging voltage of 9 kV. The samples for this
work were formed using 3 and 5 kV, which gave storage energies of 2.48 and 6.73 kJ
respectively.

Figure 1: Drawing of the stool used to form the v-channel samples, together with a
schematic showing the coil position and a highly simplified pressure distribution over the
area of the sample that deforms during the process.

(a)
40º

30.5 mm

P

(b) and b) tooling with a formed part
Figure 2: Tooling used for the experiment a) coil and die
and insulating sheet.
The material tested was 1 mm AA 5754 in samples of 197
x 305 mm. The material was
P
formed by placing over a coil that was connected to the pulse generator. The coil was
encased in epoxy to provide insulation and structural strength. Additional insulation was
CL
provided by sheets of an insulating material (Kapton™). The insulating materials
resulted
in a separation between the sheet and the coil of approximately 1 mm. The sheet and die
were held in place by the force provided by the hydraulic press.

3 Numerical Analysis
It is very difficult to measure experimentally the deformation history, the currents and the
Lorentz forces induced on the sheet in EMF, due to the high speed nature of the process
and the closed tools that are used. The experiments were modelled numerically to gain
some insight on the parameters mentioned above. The numerical effort for this work was
undertaken with a version of LS-DYNA which can model the EM and structural parts of
the problem. The software performs the EM calculations by using both Finite Element
Analysis (FEA) and the Boundary Element Method (BEM) to solve Maxwell’s equations in
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the eddy-current approximation. FEA is used to solve the EM equation in the conductors
(e.g. coil and workpiece) and the BEM is used to model the air. By using the BEM to
model the air, the small and distorted elements that can result when small air gaps exist
between the coil and workpiece are eliminated. The major drawback of this approach is
that it is very memory and processor-time intensive. A detailed description of the method
is provided in [20]. A study performed to validate the software is presented in [21].
The coil and workpiece were modelled using eight node hexahedral solid elements.
Solid elements are required for both electromagnetic and structural calculations, to solve
the induced currents and to capture the through thickness and shear stresses on the
sheet during forming [11]. The sheet was modeled with an elastic-plastic piece-wiselinear plasticity model that is incorporated into LS-DYNA [22] with a quasi-static stressstrain flow curve (Figure 3). The details of this particular implementation are described in
[17]. The coils were modeled as elastic materials. Tooling components were modelled as
rigid bodies and their surfaces were discretised using shell elements for the structural
calculation. The tool elements were ignored for the electromagnetic calculation. The
mesh for the conical samples is shown on Figure 4 and for the v-channel on Figure 5.

350
300

Stress (MPa)

250
200
150
100
50
0
0

0.2

0.4
0.6
Plastic strain

0.8

1

Figure 3: Quasi-static true stress-strain data for AA5754 used in the numerical model.

Die

Sheet
Sheet mesh centre detail
Current
Input

Coil

Binder

Figure 4: Mesh for the conical sample models. The binder lies between the coil and the
sheet and, together with the die, clamps the sheet. Neither the die and binder meshes
are included in the EM calculations.
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Die

Sheet

Current
Output

Coil

Current
Input

Sheet

197 mm

203 mm

Binder

Figure 5: Meshes for the V-channel models. The binder and the die are uses to clamp
the sheet in place.
For the conical simulations, the sheet meshes were composed of 258,560 elements,
while the sheet mesh for the v-channel simulations had 28,800 elements. The much
larger number of elements for the cone mesh was needed to accurately capture the
features found in the experimental results and to avoid erroneous predictions due to
element geometry [17]. Utilizing more elements might have resulted in more accurate
results; however, the memory limits of the computers being used was exceeded when
more elements were used.
To reduce run times the EM part of the solver was not active for the whole
simulation, it was deactivated after the induced forces became negligible. For the VChannel models the run total time was 400 μs, with the EM module turned off after 50 μs.
For the conical model the total run times were 200 μs and the EM module was deactivated
at 25 μs.
The simulations captured the general behaviour of both forming operations. The
observed discrepancies described below are believed to be caused by the material model,
the coarseness of the sheet mesh (especially for the v-channel samples) and the
imperfections of the coil that were not reproduced in the model.

4 Effect of Force Distribution
In EMF, the force on the sample is the result of the repelling magnetic fields of the coil and
those of the induced eddy currents in the sheet. Since the path of the eddy currents will
be opposite to the path of the current flowing through the coil, the eddy currents and the
force distribution on the sample will be dictated by the shape of the coil. Practical
limitations such as the provision of an adequate current path, ease of manufacture,
structural strength and magnetic properties of the coil result in shapes that may not
produce the ideal force distributions. Also, the sharp edges of the blank can produce
current concentrations that will increase the induced force at the edges of the sample and
consequently result in larger local deformations. The net result is a force distribution that
may not be ideal for a particular forming process. The specimens studied in this work
were formed using spiral (conical sample) and rectangular “double pancake” (v-channel)
coils, which are illustrated schematically with approximate force distributions on Figure 6.
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(a)

(b)

Lorentz
Force

Figure 6: Schematic of a) spiral and b) rectangular “double pancake” coil with
approximate force distributions along the centreline.

4.1

Conical Samples

Figure 7 shows representative as-formed conical samples. The heights for the samples
were 46.9 mm and 54.4 mm, for the 40° and 45° cones respectively. It can be seen that
the parts do not form a perfect cone. A prominent feature present is the step that can be
seen on both samples, in addition to distortion at the top of the cone. The step is
attributed to the rebound and will be discussed below. The step can be used to visualize
the uneven forming that is the result of the pressure distribution. It can be seen that the
step for the 45° sample is not horizontal, which is a result of the force distribution. The 40°
sample shown also has a non-horizontal step, but it is less prominent than the step of the
45° sample.

Figure 7: Conical samples shoeing the step formed due to the rebound. Note that the
step for the 45° samples is more inclined.
The 40° conical sample experiments were modelled and the software was able to
capture the expected behaviour for a sample formed using a spiral coil. The sample
heights were very accurately predicted which was expected since the samples filled the
die and did not vary drastically from the final shape. Figure 8 shows a comparison
between the experimental and predicted heights for the conical and v-channel samples.

Height (mm)

50

Experimental
Numerical

40
30
20
10
0
a

b

c

Figure 8: Experimental land numerical sample heights for a) the 40° conical samples, b)
v-channel samples with no die contact and c) v-channel samples with die contact.
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Figure 9 shows the predicted force distribution produced on a sheet; which is
characterized by a zone of zero induced force near the centre. Spiral coils are usually
assumed be axi-symmetric in many analyses. Using this assumption they produce axisymmetric current and force distributions, which is a simplification of the actual
distributions. The result of the non-uniform force distribution is that the material fills the die
unevenly producing a non-uniform strain distribution and surface features, as shown on
Figure 10. The results for the 45° samples were not included due to the fact that failure
was observed in the experiments and the numerical model was not able to capture the
failure modes.

Figure 9: Predicted current density produced by a spiral coil on a flat sheet. The brokenline circle is placed to highlight the non-uniformity of the field. Fringe levels are of Lorentz
force in μN.

Figure 10: Conical die modelling results. The contours are of effective plastic strain.

4.2

(a)

V-Channel Samples

(b)

Samples that did not make contact with the dies were formed using the v-channel
apparatus to isolate the effects of the force distribution from the effects of the impact of the
sheet with the die. A representative sample formed is shown on Figure 11. It can be
clearly seen that the part does not have a uniform height. The final shape is the result of
the non-uniform force distribution produced by the coil. It can be seen that the height
varies along the length of the part, with the centre of the part being the highest point. The
average height for three experimental samples is 13.8 mm. This height distribution is
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consistent with the predicted force distribution shown on Figure 12. The right side of the
sample is higher than the left, due to higher forces acting on that side of the sheet, which
are the result of irregularities in the coil. These irregularities result in the coil being slightly
more separated from the sheet on the side with the lower height. Towards the ends of
the part there is a reduction in height which is consistent with the geometry of the coil and
the predicted force distribution which will be discussed below. At the ends of the samples
the height stops decreasing and increases at the very edge, this is likely due to the
concentration of the current produced at the edges, which results in a local increase in
Lorentz forces.

Figure 11: Part formed using a charging voltage of 3000 volts and the double pancake
coil, a) view from above and b) front view.

Figure 12: Predicted force distribution on the sheet. Fringe levels are of Lorentz force in
Side of the sheet
exposed indicate
to the coils
μN. The broken white lines
the approximate location of the die cavity.
The predicted final shape for this experiment is shown on Figure 13. The
maximum predicted height is 21.6 mm which is 38% higher than the actual height of the
samples (Figure 8). This over prediction is likely due to the material model used and to
the fact that the numerical coil has an ideal shape that does not take into account the
imperfections of the actual coil. Thus, the coil is uniformly separated from the sheet,
which results in higher induced forces when compared to the experiments. Another
consequence of the numerical coils ideal shape is that the predicted shape is symmetric
and does not exhibit the significant difference in height from one end to the other of the
sample present in the actual samples. The models predict the raised edges which are
observed in the actual samples. The predicted strain distributions are non uniform, which
is an expected result given the force distribution.
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The height decreases from
the centre towards the ends

21.6 mm
At the ends the height
reduction trend is reversed
due to edge effects

Figure 13: Final predicted v-channel shape for a sample that makes no contact with the
die (3000 V charging voltage). The general trends in the height are predicted by the
model.

5 Rebound of the Sheet
When the sheet impacts the die, not all of the kinetic energy results in plastic
deformation, thus some of the energy is expended by causing the sheet to rebound off the
die wall. The principal effect of this rebound is that the parts do no conform to the die
shape. Both the conical and v-channel samples show clear evidence of this rebound, with
greater rebound being observed in the latter due to its lower stiffness.

5.1

Conical Samples

The rebound in the conical samples causes a distinctive “step” which can be seen on
Figure 7. Numerical models of conical samples formed using an axisymmetric pressure
distribution predict the formation of a step, thus it is believed that the step is caused by the
rebound. Although the step may not be a significant issue for some structural
applications, it could be aesthetically unpleasing and render a part unfit if the appearance
is an important criterion, such as a “class A” automotive surface. The steps present in the
experimental samples were not usually horizontal. This was due to the uneven pressure
distribution discussed above. Due to the more constrained nature of the conical parts and
the more uniform pressure distribution provided by the spiral coil used in that work, the
discrepancy between the final part and die were not as great as those that have been
observed with the v-channel samples, which will be discussed next.

5.2

V-Channel Samples

A representative sample formed with the single cavity die is shown on Figure 14. Blue
ink was applied to the surface of the die to confirm that the sheet impacted the die during
the experiment. After forming, the samples showed clear indications of impact. The dark
areas that can be seen on the part shown on Figure 14 are stains left by the ink from the
die that indicate where the sheet contacted the tool. The rebound in the v-channel
samples was significantly more pronounced than in the conical samples. It is clear that
after impact the sheet rebounded from the die surface to form the final shape. In contrast
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to the conical samples, the parts formed with the v-channel differ significantly from the
shape of the die. The highest point on the samples was offset to the right of the die, as is
shown on Figure 14. The average maximum final height of the samples was 24.3 mm.

Figure 14: Part formed using a charging voltage of 5000 volts, a) view from above, b)
front view c) side view. The blue markings in a) indicate where the sheet made contact
with the die.
The rebound is predicted by the numerical analysis, although with less severity than
is actually observed (Figure 15). This effect of the EM field is negligible for the impact
event, since by the time the sheet impacts the die the EM forces are not significant. In
fact, in the numerical simulations the EM solver is not active when the rebound occurs.
The severity of the rebound will depend on the velocity, and thus the EM force that was
induced on the sheet. Therefore, non-uniform force distributions will result in uneven
rebound, which can be seen in the part shown on Figure 13. The model did not predict
the exact height distribution seen on the samples nor the final maximum height (Figure 8).
The final shape of the predicted samples showed an apparent reversal in the height
distribution, with the highest points occurring towards the ends. This results from the
sheet rebounding after impact. Figure 13 shows the sample geometry just before impact,
and it can be seen that the height distribution is essentially the same as for the no-impact
sample. The centre of the part is not only the highest point, but also the fastest moving.
Therefore, when it impacts the die the rebound is greater than the ends of the part, and
this effect was exaggerated in the numerical model. Finally, the effects of the edges are
less evident in the model results, but are still present.

Shape prior to impact

30.2 mm
Final shape
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Figure 15: Final predicted v-channel shape for sample with rebound present (5000 V
charging voltage).

6 Conclusions
Magnetic force distribution and rebound have a significant impact on the final shape of
electromagnetically formed parts and must be considered when designing EM forming
processes. One approach to eliminate the force distribution effects would be to use a coil
that produces a uniform pressure distribution, like the one proposed by Kamal and Daehn
[23]. If coils with non-uniform force distributions have to be used, the force distributions
can be predicted from the shape of the coil using analytical approximations or they can be
much more accurately determined from numerical analysis. Knowledge of this distribution
can, in principle, be used to adjust the die and blank to obtain the desired final shape.
The rebound of the sheet can be a potentially more difficult challenge. Numerical
models can be used to determine the general final shape of the part. However, to obtain
an accurate solution reliable code and accurate material models are needed. The
greatest challenge will be designing the coil, blank and die to try and minimize rebound.
Some suggestions have been made in the literature, such as energy absorbing dies [14];
however, these solutions have significant practical challenges. Possibly the most
significant amongst these challenges is how to make the dies economically feasible.
Both the force distribution and rebound can lead to final part shapes and surface
conditions that could lead to parts that do not meet specifications. Understanding these
effects is very important for the practical implantation of EMF. Further study is required to
fully understand these effects.
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Simulation of Wrinkle Formation in Free
Electromagnetic Tube Compression
O. K. Demir, V. Psyk, A. E. Tekkaya
Institute of Forming Technology and Lightweight Construction, Technische Universität
Dortmund, Dortmund, Germany

Abstract
A 3-dimensional (3D) finite element (FE) simulation of free electromagnetic (EM) tube
compression was performed with the aim of predicting wrinkle formation. Staggered
coupling was applied between the EM and mechanical parts of the problem. The full 360°
portion of the problem was modelled since the wrinkle formation does not represent any
symmetry in circumferential direction. The initial geometric imperfections of the tube were
measured and included in the model to trigger buckling. The deformed geometry with the
wrinkles could be predicted accurately.

Keywords
Electromagnetic tube compression, Buckling, Finite element simulation

1 Introduction
EM tube compression is the reduction of tube radius due to the application of radial
electromagnetic forces. The material may buckle under the increasing circumferential
compression during the inward motion, which causes wrinkles on the final product. This
does not only prevent the acquirement of the desired shape, but also complicates the
prediction of the formed geometry. However, a tool that can predict wrinkle formation
could be used to optimize process parameters to minimize wrinkles, or to demonstrate
ways to avoid them, e.g. mandrel usage, or to reverse them, e.g subsequent hydroforming
or EM expansion.
In a homogenously compressed body geometric or material imperfections trigger
buckling. Because of that, researchers tried to predict wrinkles by simulations including
the initial imperfections of the workpiece (WP). However, inadequacy of the simulation
tools or harsh assumptions avoided good correspondence with the experimental results.
The aim of the present study is to calculate wrinkles in free EM tube compression by a
coupled 3D FE simulation.

181

4th International Conference on High Speed Forming – 2010

2 State of the Art
In EM forming (EMF), a highly damped alternating current is sent through a coil in tens of
microseconds. This current creates a counter current in the WP. The repulsive forces
between the two currents form the WP. A tube is placed inside a solenoid for the EM
compression.
Kirkpatrick and Holmes (1988) calculated wrinkling of tubes under radial explosive
loading by means of FE method and shell elements. They showed the importance of
including the correct initial geometrical imperfections in wrinkle prediction.
Min and Kim (1993) measured the magnetic flux during EM tube compression
experiments and calculated the magnetic pressure vs. time from the flux. They applied this
pressure uniformly on the outer wall and simulated the deformation with a 3D dynamic
explicit FE method. The tube was modelled with solid elements, one in thickness direction.
The initial imperfections were represented by an initial displacement perturbation given by
nc

W     an cos  n  n  ,

(1)

n 1

where  is the hoop angle, n is the mode number, an is the amplitude of the
displacement perturbation, and n is the phase angle. an was calculated with regard to
roundness measurements, and random values were used for n . The contribution of
modes larger than a certain critical value of nc was disregarded. 35 mm long Ø40 mm
tubes were formed with coils longer then the tubes. The tubes were crushed and the
resulting shapes were very complex to simulate accurately. The correspondence with the
experimental results was better when a mandrel was used, especially at high energy
values, when the tube was more ironed on the mandrel.

3 The Proposed Method
In order to predict the wrinkles due to EM compression accurately the initial imperfections
must be included directly in the FE model and a simulation must be performed, in which
the mechanical and the EM parts of the problem are coupled. The success of this method
was demonstrated by comparing the simulation results with the experiment results in case
of free compression of an aluminum tube.

4 Experimental Setup and Measurements
A 110 mm long, 2 mm thick Ø40 mm EN-AW 6060 tube in T6 condition was compressed.
A 55 mm long copper coil with an inner diameter of 41.7 mm was used. The coil crosssection was rectangular with the dimensions: 13.7 mm width – 5.0 mm height. The
resistivities of the tube and coil materials were measured as 2.94x10-8 Ωm and 1.79x108
Ωm, respectively.The compression was performed with a sudden release of 5 kJ energy
stored in four capacitors with a total capacitance of 992 F. The used machine had an
inner inductance of 50 nH and an inner resistance of 3.3 mΩ.
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Total current flowing through the coil during deformation was measured using a
Rogowski coil, and is given in Figure 1a. The inner and outer contours of the unformed
tube were measured using a 3D coordinate measuring device. The measurements were
done at a single point along the axis. That is, the cross-sectional geometry was assumed
to be uniform in axial direction. This was done depending upon the fact that the tubes
were manufactured by profile extrusion. The measured initial contours are given in
Figure 1c. According to those, the tube thickness changes between 1.95 mm and
2.07 mm. Data in Figure 1a and Figure 1c were then introduced as input to the
simulations. The formed shapes were measured with a 3D digitizer to compare with the
simulation results.

Figure 1: a) Measured coil current b) Slope of coil current c) Initial tube geometry

5 Simulation of EMF
Before simulating the compression under EM forces, these forces must be calculated with
a transient EM calculation. The thermal side of the problem was not taken into
consideration in order to reduce the calculation time. That is, plastic heating and heating
due to electrical resistance, and their effects on electrical resistivity and mechanical
properties were neglected. In what follows, the principles of the EM and mechanical
solutions, and the coupling between them are explained.

5.1

EM Problem

The EM problem consists of the four Maxwell Equations:


E 
  B  0  J tot   0
,

t



  Eind  

B
,
t

(2)
(3)

  0 E  tot ,

(4)

 B  0.

(5)
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Here, B is the magnetic field, E is the electric field, J tot is the total current density,

Eind is the induced electric field, and  tot is the total charge density.  and  are the
magnetic permeability and electric permittivity, respectively.  0 and  0 are those of
vacuum.

,  , and  denote dot-product, cross-product, and del operator, respectively.

According to Eq. 2 an electric current ( J tot ) and/or a changing electric field
( E t  0 ) produce a circulating magnetic field. In case of EMF the frequency of the
excitation current (coil current) is too low to take the latter into account (low frequency
assumption). This reduces Eq. 2 to:

 B  0 J tot .

(6)

J tot is the sum of conduction ( J con ), polarization ( J pol ), and magnetization ( J mag )
currents. Low frequency assumption neglects polarization ( J pol  0 ). J mag emerges from
the magnetization of the media under the application of a magnetic field. A media is
magnetized to the extent of its permeability  . If  is used instead of  0 in Eq. 6, J tot
does not have to include J mag , since the magnetization effect is regarded by the
parameter  . Accordingly, Eq. 2 takes the form:

 B   J con .

(7)

The coil current in EMF is an alternating conductive current. By virtue of Eq. 7 it
creates an alternating magnetic field. Eq. 3 reveals that an alteration in the magnetic field
induces a circulating electric field ( Eind ). If a conducting material is present Eind drives a
circulating electric current according to:

J con 

E



,

(8)

where  denotes the resistivity of the material. In EMF the conducting material is
the WP, and the circulating currents are the so called eddy currents. Any charge moving in
a magnetic field experiences Lorentz forces given by Eq. 9. Lorentz forces on the eddy
currents are the triggering forces of EMF.

F  J B.

(9)

Knowing the coil current for a certain time interval, the Maxwell equations can be
solved for a given spatial configuration of the objects. The result is the B and E
distributions with respect to time. Equations 8 and 9 give, then, the force distribution on
the WP. This was accomplished by the commercial implicit FE code ANSYS/EMAG.
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5.1.1 FE Model for EM Calculation
A quarter portion of the model is displayed in Figure 2, although the whole 360° was
simulated. A ½ model was utilized owing to the mirror symmetry. The circumferential
dimensions of the elements were 3° except in the core region. A time-step of 1 s was
used for the calculation after a sensitivity study of the total force on the WP.
The skin effect was taken into account while determining the mesh for the crosssection (z=0 surface) shown in Figure 2. The eddy currents whirl in such a manner that
they oppose the change in the magnetic field created by the coil current. In other words,
they resist the penetration of the magnetic field into the WP. The strength of this
resistance is directly proportional to the change in the coil current, i.e., the slope of the
current. Due to damping this slope decreases during the process (see Figure 1b). As a
result, on one hand, at the beginning of the process no magnetic field can be seen except
at the skin of the WP. On the other hand, towards the end of the process the magnetic
field penetrates the WP, and even passes through it, reaching the inside of the tube. In
order to calculate the magnetic field at the beginning of the process accurately, a finer
mesh must be used at the outer regions of the tube’s wall thickness. However, a very
coarse mesh cannot be used at the inner regions and inside of the tube because of the
penetration taking place towards the end of the process.

Figure 2: Quarter of the initial FE model for EM calculation
This situation is valid also for the coils. The total current flowing through a winding is
given as input (Figure 1a). However, the distribution must be determined by the FE
calculation. Due to the skin effect the current tends to flow at the outer regions. Hence, a
finer mesh is needed at the outer regions.
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5.2

Mechanical Problem

After the EM solution for a certain time interval, the obtained nodal forces can be used for
the forming simulation. This was accomplished by the commercial dynamic explicit FE
code LS-DYNA. The tube mesh (3D continuum elements with 8 nodes) from the EM
calculation was transferred to a mechanical model. Reduced integration scheme was
employed. The strain rate dependent flow curve for the tube material was taken from [3].

5.3

Coupling

The EM forces on the WP are dependent on its spatial configuration, which is changing
throughout the process due to deformation. Hence, the spatial configuration used for the
EM simulation must be updated continuously during the calculation. This update is called
the coupling of the EM and mechanical parts of the simulation. Such a simulation of EMF
is called a coupled simulation. In the following the factors necessitating the coupling and
the strategies to accomplish it are examined.
The effect of change of spatial configuration can be neglected in two cases. First, if
the coil current that is creating the forces damps out before a significant WP move. This
assumption was used in many early modelling efforts of EM sheet metal forming as stated
by El-Azab et al. (2003) in their review paper on modelling of EMF. Second, if the
calculation is going to be used only for small strains, for instance, in case of calibration
processes. Iriondo (2007) simulated calibration processes uncoupled, owing to this
assumption. Simulation of tube compression cannot be classified into both groups and
demands a coupled calculation. Kleiner and Brosius (2006) showed that the
correspondence with the experimental results show a significant improvement in case of
coupling.
There are two coupling strategies. In monolithic coupling one set of equations is
solved with degree of freedoms from both mechanical and EM problems. Excluding the
work of Karch and Roll (2005) monolithic coupling could not find any application in EMF
simulation yet, because of its difficulty and expense. In staggered (loose, weak) coupling
EM and mechanical analyses are performed sequentially in a loop. This method has been
applied by several researchers following Bendjima (1997) and Fenton and Daehn (1998).
ANSYS/EMAG and LS-DYNA were coupled by Oliveira (2002) for 3D sheet metal forming.
In the present study, staggered coupling was utilized. In staggered coupling the EM
simulation is interrupted regularly in order to update the WP geometry. A major difficulty
emerges due to this interruption. The media between the conducting objects (air) must
also be meshed in an EM FE simulation. When the WP geometry is updated the air
geometry must also be modified accordingly. Oliveira (2002) accomplished this by
including the air also in the structural simulation. He stated that the material properties
selected for the air are very important for the air elements to keep acceptable aspect
ratios throughout the simulation. In the present work the air mesh was morphed
corresponding to the calculated tube deformation before every EM simulation.
A sensitivity study performed by Demir et al. (2009) showed that the converged
result can be obtained when the interval for geometry update is selected as 2 s.

6 Results and Discussion
Comparison of calculated and measured tube geometries are given in Figure 3.
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Figure 3: a) Simulated and measured tube geometries. b) Simulated and measured outer
contours at the mirror symmetry surface
Psyk et al. (2005) reported that the deteriorations of the initial tube roundness are
intensified by the compression process. A comparison between Figure 3b and Figure 1b
confirms this result. The compressed shape reflects the initial roundness. For instance,
the gross wrinkle at approximately 135° is caused by the gross deterioration of the outer
roundness at that region.
Figure 3a shows that the wrinkles’ forms do not change in axial direction. Their
intensity changes merely. So it is a justified assumption that the initial imperfections of the
cross-section geometry are uniform along the axis. It is also reasonable to use mirror
symmetry in the simulation.
The possible reasons for the slight discrepancy between the simulation and
experimental results seen in Figure 3b are insufficient element partition in circumferential
direction and thermal effects. The circumference was divided into 120 equal parts. A
sensitivity study with respect to that parameter is yet to be performed. Kirkpatrick and
Holmes (1988) showed that the geometry of the wrinkles can be better predicted when the
number of elements per wrinkle increases. Thermal effects were neglected. Karch and
Roll (2005) detected an approximately 90° increase in WP temperature (Ø40 mm ENAW 6060 tubes) during EM compression by means of 2D axisymmetric simulations. This
should change the electrical and mechanical properties of the WP. More accurate results
can be obtained when the combined effect of temperature increase and high strain rate is
taken into consideration.

7 Conclusion
The wrinkle formation in free EM tube compression can be simulated by a 3D staggered
coupled EMF simulation. The initial geometrical imperfections must be included in the
model in order to predict the final geometry accurately. The correspondence between the
experimental and simulation results is acceptable, although the thermal effects were not
taken into consideration. Other cases with varying geometries, materials, and process
parameters must also be simulated to free the conclusion from being specific.
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The simulation tool can be used for process design for a given exact initial
geometry. However, it is not practical to measure the actual initial imperfections for every
WP. This problem can be solved in two ways. First, seamless tubes coming from the
same source (a combination of dies and process parameters) will have the same crosssection because of the steady-state nature of the profile extrusion process. A single
measurement for a group of tubes will be adequate. Second, instead of the exact initial
geometry, random imperfections, which are created according to the known geometry
tolerances, can be taken into account. The simulation tool can also be used to decide on
the allowable initial geometry tolerances to manufacture a given product.
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Abstract
In the current contribution the mechanical behaviour at high strain rates of AZ31
magnesium alloy sheet is studied. Uniaxial deformation properties were studied by means
of tensile split Hopkinson pressure bar (SHPB) at different temperatures. The influence of
the strain rate and temperature on the deformation mechanisms was investigated by
means of electron backscatter diffraction (EBSD) and neutron diffraction. It is shown that
twinning plays an important role on high strain rate deformation of this alloy, even at
elevated temperatures. Significant evidence of prismatic slip as a deformation mechanism
is observed, also at warm temperatures, leading to the alignment of <10-10> directions
with the tensile axis and to a spread of the intensities of the basal pole figure towards the
in-plane direction perpendicular to the tensile axis. The rate of decrease of the CRSS of
non-basal systems is observed to be slower than at quasi-static rates. Secondary twinning
and pyramidal <c+a> slip were also outlined for some conditions. At warm temperatures,
in contrast to quasi-static range, a generalized dynamic recrystallization is not observed.
Moreover, the activation of rotational recrystallization mechanisms is reported.
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1 Introduction
Magnesium alloys have been thoroughly studied in the last decades due to their low
density and thus their potential to reduce weight of any structure. Even though large
number of studies have been carried out on the plastic deformation behaviour of
magnesium alloys, most of them have their focus on the materials response under quasistatic loading conditions (e.g. [1-10]). However, in some structural applications,
components must be designed to operate over a broad range of strain rates and
temperatures. For instance, the high strain rate behaviour is of great interest to
automotive, aerospace and/or defence industries because some critical components
should have the proper mechanical properties to work under severe loading conditions,
such as crash or impact. Furthermore, in most metalworking processes, materials undergo
large amounts of strain at different strain rate and temperature conditions. High strain rate
deformations (in the order of 103 s−1) are subjected to the materials in some innovative
manufacturing methods such as in electromagnetic forming operations, owing to an
increase in the forming limit as reported in [11] for Mg AZ31 alloy.
The mechanical behaviour and deformation mechanisms of magnesium and its
alloys at low strain rates have been extensively investigated. Slip in hexagonal close
packed (hcp) metals may take place along the <11-20> (<a>) direction, mainly on {0001}
basal plane, but also on non-basal planes, such as {10-10} prismatic and {10-11}
pyramidal planes. Additionally, second order pyramidal <c+a> slip has also been
observed along {11-22} planes [2]. Deformation is also accommodated by twinning, mainly
along {10-12} and {10-11} planes, so called extension and compression twinning
respectively. Apart from single twinning, secondary twinning from a primary twin ({10-11} –
{10-12}) was also reported in magnesium single crystals by Wonsiewicz and Backofen [4].
Recently, Barnett et al. [3] have also shown non-Schmid behaviour of this secondary
twinning by EBSD and TEM investigations.
It is generally accepted (e.g. [2, 5, 6]) that at room temperature, slip on basal planes
and {10-12} twinning are the main deformation mechanisms in uniaxial deformations at
low strain rates. However, deformation temperature plays an important role in the activity
of different deformation modes. The critical resolved shear stress (CRSS) for basal slip
and {10-12} twinning is temperature independent [5]. Meanwhile, the CRSS for prismatic
and pyramidal systems decrease with increasing temperature, even to smaller values than
{10-12} twinning. Moreover, at temperatures higher than 200ºC dynamic recrystallization
takes places simultaneously [7-9]. The activation of these additional mechanisms results
in an increase of ductility and a decrease of yield and flow stress.
The low availability of independent slip systems makes Mg alloys highly dependent
on texture [10]. It is further emphasized by the polarity of {10-12} twinning, which only
allows shear in one direction (opposed to forward and backward shear in deformation by
slip) [12]. When investigating rolled or extruded magnesium, as they develop strong
texture during processing, the dependence of the initial texture on the deformation
mechanisms and thus the mechanical properties is more pronounced. For example, a
strong tension-compression asymmetry at low strain rates has been reported and related
to texture.
The deformation behaviour of Mg alloys at high strain rates (103 s-1) has not been
thoroughly investigated yet [13-17]. Generally, it has been concluded that ductility
increases with increasing the strain rate [13-15]. Additionally, twinning has been observed
to significantly contribute to plastic deformation even at high temperatures, at which it is
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mostly suppressed at quasi-static strain rates. However, most of the studies carried out to
date mostly dealt with extruded or casted Mg alloys and predominantly under compressive
loading. Above all, the influence of temperature, loading condition (tension-compression)
and texture on the deformation mechanisms and flow stress at high strain rates is still
unknown.
In the current study, the uniaxial mechanical behaviour of AZ31 sheet under
dynamic conditions (103 s-1) was analyzed and compared with that observed at low strain
rates. AZ31 sheets have been tested in tension and compression using Hopkinson bar
apparatus from 25ºC to 400ºC. Detailed microstructure and texture examination by
electron backscatter diffraction (EBSD) and neutron diffraction has been carried out to
elucidate the predominant deformation and recrystallization mechanisms.

2 Experimental procedure
2.1

Initial material. Microstructure and crystallographic texture analysis

The initial material used in this study was the commercial-grade Mg alloy AZ31. Two rolled
and annealed sheets, 1 and 3 mm thickness, were used.
The microstructure and texture of the as-received material was analyzed by electron
backscatter diffraction (EBSD) employing EDAX-OIMTM software in a Zeiss Ultra 55TM
FEG-SEM scanning electron microscope. Sample preparation for EBSD included grinding
up to 4000 SiC paper, mechanical polishing with a 0.05 µm silica suspension and final
electro-chemical polishing for 90 s at 33 V using the AC2TM commercial electrolyte. The
microstructure is presented by EBSD orientation maps and the texture by recalculated
pole figures. Since EBSD only allows examination of the local texture, macrotexture
measurements were also performed by means of neutron diffraction in the Stress-Spec
instrument from FRM-II of the TU-Munich (Germany) with a beam size of 5 mm diameter.
The initial microstructures of the two AZ31 sheets of 1 and 3 mm thickness were
formed of equiaxed recrystallized grains with average intercept sizes of 10 and 13 µm
respectively (Figure 1). As generally observed in annealed AZ31 sheets, both sheets
show strong basal type texture (i.e. crystallographic c-axes are aligned in the sheet normal
direction). It can also be seen in the pole figure from Figure 1 that the <0001> fiber is not
perfect and a spread of the basal poles toward sheet rolling direction (RD) is present.
Neutron diffraction measurements were consistent with the EBSD measurements.

Figure 1: Microstructure and texture of the as-received AZ31 Mg alloy measured by
EBSD (The colour code corresponds to the normal direction -ND- inverse pole figure).
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2.2

Mechanical testing

An exhaustive testing campaign was performed in order to compare high strain rate with
quasi-static behaviour at different temperatures. Tensile tests were performed on the
1 mm thick sheet. The reader is referred to [18] for more detailed description of the testing
procedures. High strain rate tests at 103 s-1 were carried out using a tensile split
Hopkinson bar. A radiative furnace was used for testing at several temperatures.
Thermocouples were glued to both surfaces of the specimens to measure the initial
temperature of the sample. Quasi-static tensile tests were carried out using a conventional
INSTRON-4206 testing machine equipped with a heating furnace. The specimens tested
at low strain rates were machined according to ASTM E8 M-0 standard. At both high and
low strain rates, tests were performed along RD at temperatures ranging from 25ºC to
300ºC (In-plane RD-TD anisotropy in tension can be seen in [19]). Compression testing
was performed on the 3 mm thick sheet. High strain rate compression tests at 103 s-1 were
carried out using a Hopkinson bar apparatus. At both high and low strain rates, tests were
performed along RD and ND at temperatures ranging from 25ºC to 400ºC. The specimens
compressed along RD were 3 x 3 x 4.5 mm while the samples compressed along ND
were 3 x 3 x 3 mm cubes (See [19] for the ND-RD anisotropy in compression).
The microstructure and texture of the samples deformed in tension were examined
by EBSD and also by neutron diffraction (procedure explained above). Microstructural
analysis of the samples deformed in compression could not be performed because the
specimens were smashed during testing.

3 Results and discussion
3.1

Mechanical behaviour at high strain rates

Figure 2 shows true stress - true strain curves comparing tension-compression behaviour
at different strain rate and temperature conditions. It is observed that at room temperature
the shape of the curves is concave down under tensile loading and concave up under
compressive loading. The tension-compression asymmetry, generally observed at low
strain rates and room temperatures, is maintained at high strain rates. These stress
differences are consistent with the predominance of crystallographic slip in tension and
{10-12} twinning followed by strain hardening in compression.
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Figure 2: True stress – true strain curves showing tension-compression asymmetry at
a) low strain rates (10-3 s-1) and (b) high strain rates (103 s-1).
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At elevated temperatures, at low strain rates, the tension-compression asymmetry is
significantly reduced as a consequence of the activation of non-basal slip systems in
combination with the dynamic recrystallization (DRX) in both loading conditions. However,
at high strain rates the asymmetry is still observed and a strain hardening behaviour is
observed in contrast to the softening behaviour seen at low strain rates. Moreover,
concave up curves have been obtained when testing in compression along RD at
temperatures as high as 400ºC. It can also be confirmed from compression tests along
ND that the CRSS for {10-12} twinning is strain rate independent.

3.2

Microstructure and texture evolution at high strain rates

The microstructure and texture of the different tensile samples are shown in Figure 3. The
sample deformed at RT shows elongated grains in the loading direction with some twins,
while dynamic recrystallized microstructure is observed after the quasi-static loading at
250°C. Interestingly, the strengthening of the text ure component corresponding to the
alignment of the <10-10> direction in the tensile loading direction is observed in both
samples evidencing the activity of prismatic slip. The intensity of the <10-10> poles
parallel to the loading direction is decreased significantly in the sample deformed at 250°C
in comparison with that in the room temperature sample as a consequence of the
generalized DRX as it observed in the microstructure.
At high strain rates, an increase of the amount of twins is observed, in comparison
with quasi-static samples. Neutron diffraction analysis also shows a new texture
component in the (0001) pole figure at high strain rates, not observable at quasistatic
strain rates. This new component was associated with the increase of {10-12} tensile
twinning activity which causes the grain rotate ~86º. Secondary twins are also observed in
EBSD orientation maps by analyzing the boundary characters (Figure 4) in a significantly
higher amount than at quasi-static samples. Moreover secondary twins are also observed
at high strain rate and elevated temperatures. Finally, a splitting of the intensities in the
basal pole figure is observed at 250ºC. This texture type can be developed by the
activation of <c+a> pyramidal slip as it was previously suggested [20]. Additionally,
secondary twinning could also contribute to splitting basal intensities as shown in Figure 4.
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Figure 3: Microstructure measured by EBSD (The colour code corresponds to the ND
inverse pole figure) and macrotexture of the different samples.
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Figure 4: Example of a secondary twin formed and the orientations in the pole figures of
the parent grain, primary compression twin and secondary tensile twin. The contribution of
the secondary twinned area to the micro-textures with orientation between 0º and 90º
towards the perpendicular of the loading direction (in this case RD) is visible.
The dynamic recrystallization (DRX) mechanisms observed in Mg alloys can either
be discontinuous (DDRX) or continuous (CDRX) [8, 21]. The first type consists on the
nucleation of new grains and their growth and in the latter type new high angle boundaries
are formed as a consequence of local lattice rotations by dislocation accumulation.
Rotational dynamic recrystallization (RDRX) is a variation of the latter in which new grains
are formed near grain boundaries due to increased dislocation activity as a consequence
of intergranular strain incompatibilities [1, 8, 22]. Rotational dynamic recrystallization has
been observed during high strain rate deformation of not only minerals [23] but also
metals [24].
However, differentiating DDRX and RDRX mechanisms can be challenging, as in
both cases the new grains usually develop near grain boundaries. For the particular case
of rolled sheets of AZ alloys, it has been reported that recrystallized grains nucleated by
DDRX usually possess a basal fiber [2, 25], whereas those formed by RDRX tend to have
orientations in which c-axes are tilted away from the ND [22]. Results from the current
study confirmed that when testing the AZ31 alloy in tension at 250ºC at low strain rates
DDRX took place, as revealed by the development of basal fiber texture and strain free
recrystallized grains (Figure 3). When testing at high strain rates and 250ºC, a small
amount of recrystallized grains is observed in contrast to the generalized RX observed at
low strain rates. In addition, clear divergences are observed in contrast to DDRX. Two
observations suggest an increasing contribution of rotational recrystallization. Firstly, the
KAM map in Figure 5 reveals that some small grains were not strain free. Secondly, in
some small grains the c-axes were rotated away from the ND as it can be seen in
Figure 5, where the orientation of several recrystallized grains is plotted using discrete
pole figures. Finally, from these results, it is suggested that recrystallized grains may be
formed by a combination of both DDRX and RDRX due to the limited time for diffusion.
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Figure 5: Kernel average misorientation (KAM) map and discrete orientations of the
recrystallized grains of the sample deformed at high strain rates (103 s-1) and 250ºC.

4 Conclusions
The mechanical behaviour of AZ31 magnesium alloy has been investigated at high strain
rates and compared to quasi-static data. Results from this study will be interesting to
design parts for dynamic loading condition. The main conclusions are listed below:
1. With increasing temperature at low strain rates, the tension-compression
asymmetry decreases and non-basal slip planes become active. However, at
high strain rates, this asymmetry is retained at high temperatures and twinning
remains active under these conditions.
2. Tensile twinning is enhanced at high strain rates compared with low strain rates.
It remains being the predominant deformation mechanism during the early
stages of deformation in compression tests even at elevated temperatures.
3. Alignment of <10-10> directions with the tensile axis was observed which
evidences activity of prismatic slip at high strain rate deformation even at high
temperatures.
4. {10-11} – {10-12} secondary twins were also observed in EBSD orientation maps
in the sample deformed at high strain rates.
5. A splitting of the intensities in the basal pole figure is observed in the sample
deformed at high strain rates and 250ºC. This texture type can be developed by
the activation of <c+a> pyramidal slip. The importance of second order
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pyramidal slip is not only because it can accommodate deformation along c-axis
but also because on supporting 5 independent slip systems by itself.
6. A small fraction of recrystallized grains was observed in tensile samples
deformed at high strain rates and 250ºC. It is suggested that rotational
recrystallization is activated due to the limited time for diffusion at high strain
rates.
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Abstract
In the automotive industry, increasing ecological concerns and demands for higher
performance have become lightweight construction a key aspect. Due to the gradual
introduction of high strength materials on the one side, and greater consideration with
regard to continuous manufacturing technologies on the other side, it is possible
nowadays to address the demands that structural and complex automotive parts have to
face, from the standpoint of lightweight manufacturing. Thickness, shape and impact
conditions constitute the main aspects to consider for such parts and shape conditions in
particular require from complex, costly and lengthy procedures, especially when
discontinuous forming operations such as stamping and hydro forming procedures are
selected. However, continuous forming operations like Roll Forming (RF) can prove to be
advantageous and suited for scalable parts (e.g in length) and at the same time be
economically reasonable. RF lines as well generally incorporate additional installations to
perform multiple forming operations destined to imprint strengthening ribs perform
punching operations or weld certain parts. It is in this context where the usefulness of the
electromagnetic forming technology for completion of auxiliary operations can be proven,
given its flexibility and reasonable investment costs.

* The author would like to acknowledge and express heartfelt gratitude to the PROFORM
project partners for giving permission to reproduce results of an ongoing investigation, in
the field of the roll forming process. PROFORM (contract 026706-2) is funded by the
European Commission under the Sixth Framework Program (Priority3).
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Electromagnetic forming (EMF) is a contact-free technique where large forces can
be imparted to a conductive metallic workpiece by a pure electromagnetic interaction. The
produced electromagnetic pressure can produce stresses in the workpiece that are
several times larger than the material flow stress. Ultimately this can cause the workpiece
to deform plastically and to be accelerated achieving high velocities. Once the velocity is
imparted to the workpiece, the shape can be developed either by free or die forming.
The work described in this paper explores the potential of the EMF process to
adequately form shallow longitudinal ribs or stiffeners in components previously formed
utilizing an innovative concept called Flexible Roll Forming, developed at The Technical
University of Darmstadt in Germany, by means of magnetic pulse forming, maintaining the
integrity of the workpiece while trying to meet industry standard tolerances. Profiles
exhibiting hat-like cross sections made of AHSS steels were subjected to localized
impulses in order to achieve strengthening features in the roll formed part. ZStE340 steel
alloy profiles were first roll formed and then inserted in the EM forming installation
designed for the occasion. A high strength copper alloy (Cr-Zr-Cu) was used as a
conductor for the single turn coil, placed opposite to the sidewall in the moment of the
energy delivery. Formed specimens were subsequently measured to account for existing
dimensional deviations.

Keywords
Profile, Finishing, Forming

1 Introduction
Shape, thickness and impact conditions are often referred as the main aspects to consider
for structural automotive parts [1]. Shape conditions in particular require from complex,
costly and lengthy procedures, compared to continuous forming processes. In a
discontinuous process like the roll forming process, the bending occurs gradually in
several forming steps from an undeformed strip to a finished profile. It constitutes a
continuous manufacturing process for the production of arbitrary shaped profiles that can
account for the standardization of the vehicle body components. Typical applications in
the automotive industry are for example bumpers and door beams [2]. The possibility to
change the length and size of the vehicle body are inherent to this process making it a
very suitable technology for the new modular and adaptable concepts of the automotive
(space-frame architecture) and a friendly technology for design changes.
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Figure 1: Example of a generic longitudinal beam (right) and a finished profile that
underwent multiple complimentary operations (left)
In roll forming (RF), additional manufacturing steps needed in the components are
often made in separate, independent forming cells. Stamping operations or bending
operations of the extremities of the parts are required to meet functional demands in the
part, and this is usually made using conventional technologies. The advantage of roll
formed components could be enhanced if EMF is considered as a forming process that
can produce equivalent deformation level and product variants from a pre-formed roll part,
at an affordable cost, as can be observed elsewhere [3].
It is well known that with Electromagnetic Forming (EMF) large forces can be
imparted to a conductive metallic workpiece by a pure electromagnetic interaction. The
produced electromagnetic force can produce stresses in the workpiece that are several
times larger than the material flow stress. Ultimately this can cause the workpiece to
deform plastically and to be accelerated at high velocities.
The work described in this paper deals with the potential of the EMF process to
impulse form stiffening features or strengthening ribs in the lateral walls of roll formed
parts, made of high strength steels (ZStE340), in a continuous manner. For that, profiles
with a variable cross section were first manufactured utilizing the flexible RF prototype line
that was temporarily installed in Labein. The flexible Roll Forming Process concept utilized
to obtain the parts was originally developed at the Technische Universität Darmstadt, and
a 17 forming-stand prototype line incorporating an axis-control system was built during the
course of the project in a coordinated effort by several members of the project consortium.
The coil design process is then briefly described. The commercial finite element software
Maxwell3D ® was used to ensure a proper magnetic field generation and concentration
between coil and workpiece. The necessary energy being relevant, the coil manufacturing
was undertaken to achieve an actuator that would last several shots. Experiments were
carried out in Labein and results analyzed and discussed in subsequent paragraphs.
Lastly, a discussion about the possibilities to integrate the technology is held and an
alternative presented: a separate station comprising an electromagnetic forming device
allowing for the forming of features while the main profile is being formed, at the preset
line-speed. This alternative to conventional local forming could bring advantages such as
reduced investment cost, derived from the lower costs of the tooling utilized versus the
conventional tooling, as well as ease of integration and versatility of the process.
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2 Sample preparation and coil design
2.1

Specimen preparation in the flexible roll forming line

Body in white components like transverse beams, roof beams, base side reinforcements
or longitudinal beams are generally constructed on steel grades able to withstand elevated
stress levels, and are generally designed taking into account crash requirements. The
current study focuses on one of such materials, namely ZStE340, zinc coated microalloyed steel, with a thickness of 1.35 mm and mechanical characteristics illustrated in
Table1. The variety of materials present in the structural frame can be variable;
nonetheless all share the common property of being mechanically strong, while including
the ability to absorb energy as deformation energy.

Zste340

σYield
(MPa)

σUTS
(MPa)

σYield /
σUTS

εuniform
(%)

270

355

0.76

38

E (MPa)

Poisson’s
Coefficient
ν

Thickness
(mm)

210000

0.3

1.35

Table 1: Mechanical properties of ZStE340 grade
The procedure to form the strengthening ribs or stiffeners was then discussed. In
conventional forming features in the longitudinal sense are stamped, creating an overall
stiffening effect in the workpiece. In fact, with the EMF technology, it could be a possibility
to impart energy in such a way that vertical grooves are formed in the lateral walls of the
workpiece, broadening design possibilities as well as adding extra functionality. In that
sense, the ability of the EMF technology to impart localized high pressure expands design
possibilities, as it can be observed in other studies [4], [5].
Of all of the alternatives assessed (Figure 2) it was finally decided to proceed with
the full design of an experimental setup to form a longitudinal groove, 130 mm in length, in
the centre of the vertical wall. The width of the groove was set in 10 mm, setting the
desired height in the order of one to two times the workpiece thickness.

Figure 2: Different alternatives for strengthening rib location
The material formats were taken from a coil strip delivered by Daimler and inserted
in the flexible roll forming line comprised of a laser cutting station, and several roll forming
stands. The material is gradually bent with conventional rollers with the particularity that
the so called flexible stands stretch-form the metal in certain areas, augmenting the size of
the cross section in the central zone. The resulting workpiece is a profile with a length of
2000 mm with a variable cross section, like the one depicted in Figure 3.
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Figure 3: General view of roll formed profile (right) and close-up of the transition from
narrow section to broad section.

2.2

EMF coil design

It is well known that the material with which the magnetic actuator or coil is made must
incorporate good current carrying properties as well as optimum mechanical properties [4].
It is then important the selection of a material that exhibits high conductivity while retaining
considerable strength, that generally leads to a trade off in the balance of the properties.
For the experiments performed in this study a Chromium-Zirconium-Copper alloy with a
conductivity of 72% IACS and a tensile strength of 470 MPa was selected. It was
expected that the reaction forces present during an EMF discharge be withstood by this
alloy, maintaining the integrity of the coil during several discharges.
The target shape to form in the sidewall was defined afterwards. A longitudinal,
strengthening rib, 130 mm long, 10 mm wide to be placed at approximately 20 mm from
the bottom of the part. It was decided that the depth of such stiffener should be between 1
to 2 times the thickness of the base material, for this to be considered a proper stiffener.

Figure 4: Proposed shape for the stiffener (left), dimensions of the cross section in the
narrow area of the workpiece
For an actuator to emboss the described shape it was decided that a robust single
turn coil was needed, that could account for the large counterforce expected in this kind of
operations [6], [7]. Space limitations due to the size of the cross section were determinant
in this choice too. The conceived shape is shown in Figure 5. For the validation of the
proposed coil shape Maxwell 3D® was utilized. The mentioned FEM software allows for
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the computation of an equivalent circuit connected to the FEM model comprised of coil
and workpiece, simultaneously calculating discharge current and magnetic field values.
Figure 5 shows the calculated primary current for the preset discharge parameters,
with the associated peak current. The simulation was run considering that the coil is
attached to a bank charged at 30kJ. The electrical parameters of the coil material were
obtained in the laboratory according to standard measurements, while the electrical
parameters of the steel alloy were obtained from the literature. As a result of the discharge
a peak current of approximately 700 kA was obtained being the time to peak 10
microseconds. The figure on the right side shows a plot with the achieved pressure
distribution on the sidewall. The calculated pressure peak at peak time was 48MPa, which
gave first indications that the needed energy would be significantly higher if direct forming
was desired.

Name LLC X
Ansoft

m1
10.0000
800000.00

Winding Quick Report

Y
737065.0000

Coil-general_CuCrZr
Curve Info
Current(Winding1)
30kj : Transient

m1

600000.00

Current(Winding1) [A]

400000.00

200000.00

0.00

-200000.00

-400000.00

0.00

5.00

10.00

15.00
Time [us]

20.00

25.00

30.00

Figure 5: Manufactured coil (left), computed discharge current (centre) and pressure
distribution (right)
Hence, the simulations validated the coil concept leading to the next step, the
detailed design and manufacturing of the coil. The company Antec finished the design,
manufactured the coil and reinforced it using fibreglass pre-impregnates giving the coil the
desired robustness. Figure 5 (left) shows the delivered coil as it was tested at Labein’s
facilities.

3 EXPERIMENTAL PROCEDURE
3.1

Experimental Setup

The electromagnetic forming operation was performed using a 60KJ Magneform Energy
storage control unit system where the actuator or coil is connected. The single turn coil
describes a closed loop parallel to the vertical flange, being the width of the conductor of
10 mm along the direction of the groove (Figure 4). A die manufactured using Boehler’s
K390, heat treated and coated using a TiAlN layer to prevent premature erosion and die
wear was utilized. Additionally, the die will exhibit good anti-spark properties, given the
properties of the surface. If an accidental arcing occurred, the high temperatures present
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whilst the discharge lasts would tend to melt and erode the surface of the die, in the
absence of such coating.

Figure 6: Schema of the configuration of coils and dies (left), actual setup (right)
Once the coil has been positioned, the entire assembly is attached to the pulse
generator, and discharge parameters selected. The efficiency of the process is
determined mainly by the confinement degree and the electrical properties of the
workpiece. A low value of this parameter results in a poor energy transfer, as it is the case
with the high strength steels. Generally, direct forming is not possible if the depth to be
achieved is too high, and additional and more conductive materials are usually attached to
the HSS in order to assist the forming. In this case, thin copper foil (0.5 mm thickness)
was used in the experiments.

3.2

Implementation strategy

From the previous experiments it is concluded that the forming of features resembling
stiffeners or strengthening ribs is feasible using the electromagnetic technology. Energy
considerations apart, its versatility to imprint diverse features within intricate shapes could
be valuable in terms of agile manufacturing. A variety of shapes can be formed, not only
inside-out but also outside-in, vertical or horizontal, multiple or a sole feature with a single
discharge. It certainly has proven to be a suitable technique for stringent conditions.
Nonetheless, the success or failure of technologies does not solely depend on the intrinsic
capabilities, but on the potential to be utilized in conjunction with other techniques. For
example, one disadvantage of the roll forming process is the reduced freedom in crosssection design compared to metal extrusion; e.g. ribs within a closed profile. Results of the
investigation have shown that EMF technology could be utilized or taken into
consideration to emboss this shapes.
Integration, though, has to be addressed taking into account technical and
economical aspects. Considering only technical factors an alternative for the EMF
operation is presented, in a way that process combination is possible. The key aspect in
this case is determined by the possibility to simultaneously form a feature in a moving
profile, a profile that is being formed by means of forming rollers. A process lay-out like the
one depicted in Figure 7 was designed and installed, where a separate forming stand
comprising all necessary means to form the stiffener is installed. The profile is formed by
the action of the rollers and at the same time the driven rollers would guide the profile
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towards the EMF stand. Without motion interruption, the EMF operation can be executed
once the profile reaches the specified point where the stiffener needs to be inserted.
This kind of combination strategy can constitute a real advantage over more
conventional operations and can enhance the possibilities of process like the flexible roll
forming.
1

Workpiece

2

Forming rollers

3

Coil

4

Coil clamp

4
3

6
2

7

5

1

5

Die

6

Holder

7

Linear Guides

Figure 7: EMF stand incorporating a coil that releases forming energy to moving
workpiece (right)

4 RESULTS
The experimental results obtained in the experimental try-outs are summarized in Figures
8 and 9, where the final formed configuration of a sample piece can be observed. Zste340
steel was formed using energies ranging form 21 to 45 KJ until the shallow rib was
achieved in the vertical wall. Figure 8 shows a ZStE340 sample exhibiting a stiffener when
a 45 kJ and an auxiliary driver were used.

Figure 8: ZStE 340 profile with strengthening rib located in the central section
The workpieces were then measured and compared against the theoretical
geometry to account for significant deviations. It was noted that certain flange length
located right above the affected area showed a deflection of 0.86mm. The defect arose as
a consequence of the proximity of the coil to the flange, and insufficient blankholder-part
adjustment. Even though the distance between coil and part is considerable in that area,
the strength of the magnetic field is such that produces the mentioned effect.
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0.86 mm

Figure 9: Measured flange deflection (left) and close-up of stiffener (right).
Three sections were defined in the middle zone in order to investigate the stiffener
characteristics on the wall and to evaluate the geometrical deviation to reference cad data.
Two different sides were scanned, the internal and external sides. The distance between
the curves represents the component thickness. An average thinning of 8% was detected
and a flange deflection angle varied from 0.1 to 0.3 mm.
The desired stiffener shape was achieved in the process keeping the stiffener
dome height in the range of one to two times the thickness of the base material. It was
observed that the cavity was not filled fully but nevertheless an approximate shape was
obtained. Visual inspection of the affected areas showed slight roughness and surface
quality affectation of the surface coating.
SECTION 2
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Thickness
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Flange deflection
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-0.3

-0.8

-0.3
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5 CONCLUSIONS
The forming of features resembling stiffeners or strengthening ribs is feasible using the
electromagnetic technology. ZStE340 steel was formed using energies ranging form 21 to
45 kJ until the shallow rib was achieved in a vertical wall achieving the desired objective.
The advantage of roll formed components could be enhanced if EMF is considered as a
forming process that can produce equivalent deformation level and product variants from
a pre-formed roll part. When considering implementation, the integration has to be
addressed taking into account technical and economical aspects. In this case it is
determined by the possibility to simultaneously form a feature in a moving profile, a profile
that is being formed by means of forming rollers. An integration concept has been
presented that can account for the manufacturing of scalable parts combining EMF and
flexible roll forming technologies. This kind of combination strategy can constitute a real
advantage over more conventional operations and could enhance the possibilities of
process like the flexible roll forming.
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Abstract
In this research, electro-magnetic (EM) forming was investigated as an alternative process to
form microscale components. Both EM and quasi-static flanging experiments were
conducted with CuZn30 specimens of 0.127, 0.508 and 1.588 mm thicknesses that were
heat treated to achieve 2 and 10 grains through the thickness to assess this parameter.
Results from the quasi-static tests showed that as the sample size decreased with a constant
grain size through thickness ratio, the springback angle increased. For the 0.127mm and
0.508mm thickness specimens, the EM results showed that the flanging angle increased as
the power input increased from 1.7 to 3.7 kJ. For 3.7 kJ energies and above, complete 90
degree flanging with no springback was achieved for the 0.508mm specimens. However, EM
flanging could not be achieved for the 1.588mm case. Microhardness testing conducted on
specimens of similar flanging angles yielded no observable change in deformation between
the EM and quasi-static processes for the 0.508mm specimens.

Keywords
Forming, Miniaturization, Springback

1

Introduction

Recently there has been an increasing trend towards miniaturized systems, e.g., smart
phones, mp3 players, personal computers, sensors, etc. An estimated 1.8 billion MEMS
devices were shipped in 2005, with an anticipated growth of 11% through 2010 [1]. An
increasing number of industries utilize these miniaturized systems including automotive,
electronics, medical, defense and aerospace. With the increase in these systems comes the
need to manufacture them in a more efficient, cost effective, and repeatable manner. Since
macroscale manufacturing processes cannot be scaled down to produce these miniaturized
components, alternative methods such as microinjection molding, micromachining, IC
processing and microforming are used. Microforming is a high rate, cost effective process
that involves plastically deforming components with at least two sub millimeter dimensions [2].

208

4th International Conference on High Speed Forming - 2010

The inability to scale down conventional manufacturing processes stems from size
effects, i.e. variations in material properties and process parameters as the grain size
approaches the specimen feature size [3]. The results are anomalies in final part shapes,
springback, increased data scatter, variations in frictional effects, etc. An example of a shape
anomaly can be seen in Figure 1 as the pin with a coarse grain size of 211µm curves after
being extruded from .76mm to .57mm [4]. This was caused by the size and orientation of a
single grain in the material. A macroscale component generally consists of many grains
through a thickness or part feature whereas a microscale component may consist of only a
few grains and possible less than a single grain. Figure 2 demonstrates the effects of varying
the number of grains through the thickness (φ) on yield strength during bending and tensile
tests [5]. It can be seen that as φ is reduced from 10 to 1, there is a decrease in yield
strength associated with an increased ratio of surface to volume grains [2]. As φ is decreased
further, the yield strength increases due to the effect of individual grain orientation. In
addition, a decrease in the φ also causes an increase in data scatter.

Number of grains through thickness (φ)

Figure 1 : Shape anomaly due to
miniaturization of micro-extruded pins [4]

Figure 2 : Effect of miniaturization during
bending and tensile tests [5]

For bending processes, springback and data scatter are of utmost concern. The
inability to predict final part geometry would significantly reduce the consistency of
manufacturing. Figure 3 demonstrates how springback is affected by miniaturization of the
feature. In this case, a scaling factor λ is introduced to specify the geometry scaling [6]. Al
99.5 was used in the experiments and a λ of 1 corresponds to 200μm thickness. The three
grain sizes presented all show the effect of an increased springback angle as the scaling
factor is decreased.

Figure 3 : Effect of miniaturization on springback angle and data scatter during bending [6]
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In this paper, results from both EM and quasi-static flanging experiments are presented.
As in past research, the springback angle increased with miniaturization for quasi-static
experiments. The EM flanging process was able to achieve no springback (i.e. 90 degree
flanging) for the 0.588mm and 0.127mm cases. The quasi-static case was unable to achieve
90 degree flanging due to springback and limitations of the die and punch setup.
Microhardness measurements performed on both quasi-static and EM flanged specimens did
not reveal any significant difference in deformation. Finally, simulations were conducted to
design an EM flanging coil for future bending experiments.

2

Quasi-static Setup

The quasi-static and EM flanging processes utilized dies and punches with features that
were a function of the specimen’s thickness. CuZn30 specimens (0.127, 0.508 and 1.588mm
thicknesses) were used. Figures 4 and 5 show schematics of the sample and tooling. To
achieve a plane strain condition the sample width was ten time the thickness (10t). Sample
lengths were twenty six times the thickness (26t) to assure contact between the sample and
punch at full punch depth. Heat treatments were used to achieve a desired 2 and 10 grains
through the thickness for all three specimen sizes (see Table 1). These values were chosen
as it is estimated that size effects will arise when less than 15 grains through a feature size
are present [7]. See [8] for further details and results related to the quasi-static experiments.

(10t)
(26t)

Figure 4 : Schematic of Sample
a)
Material
Overhang
Specimen
Die

Specimen
mounting

b)

Die
Radius

Figure 5 : Schematic of a) Sample and Die combination and b) tooling features bases on
specimen thickness
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Thickness
(μm)
1588
508
127

Target
grains
through
thickness
2
10
2
10
2
10

Measured
grain size
(μm)
484.4
127.5
208.3
45.5
55.2
15.0

Measured
grains
through
thickness
3.1
11.8
2.4
11
2.3
8.5

Heat
Treatment
(degrees
C)
800
665
700
600
800
600

Duration
(minutes)
90
90
60
60
75
60

Table 1 : Heat treatment information and achieved grain sizes for various sheet thicknesses.

3

Quasi-static Springback Results

For a similar number of grains through the thickness, the springback angle increased as the
sample size decreased (see Table 2). This was measured optically using digital images and
software. At the desired depth a picture was taken with the punch still in contact with the
specimen. The punch was then removed and another picture was taken. These two images
were then compared to determine the springback angle as can be seen in Figure 6.
a)

b)
10mm
Unloaded
Specimen

Springback
Angle
Loaded
Specimen

11mm

Figure 6 : Springback in 0.508mm specimen
sample
#
1
2
3
4
5
average

127 / 10

4.6
3.3
2.9
5.4
4.6
4.16

Figure 7 : Cu101 coil

Sample size (μm) / # of grains through thickness
127 / 2
500 / 10
500 / 2
1500 / 10

4
4.4
4.4
3.7
4.1
4.12

1500 / 2

3.3

2.3

1.8

2.9

4.4
3.8

1.4
2

1.6
1.8

1.8
2.2

3
3.1

2.2
-

2.2
2.9

1.4
1.6

3.52

1.975

2.06

1.98

Table 2 : Springback angle values in degrees for various cases
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4

EM Flanging Experimental Setup

The dies used in the quasi-static process were also used for the EM flanging while the punch
force is replaced by the force resultant of the magnetic field. A Cu101 coil for EM flanging
was designed by Hirotec inc., a collaborator on this project. The coil and its location above
the sample are shown in Figures 7 and 8 respectively. The specimen positioning on the die
can be seen in Figure 5a.
The EM flanging setup is shown in Figure 9. The steel plates attached with bolts are to
prevent unwanted deformation in the coil’s leads, as the magnetic field that forms the
specimen also affects the opposing lead of the coil. Kapton tape was used to prevent arcing
between adjacent metal surfaces. The die is placed in a piece of G10 for easy positioning.
Kapton
Tape
Current
Path

Coil

Specimen
Coil

Figure 8 : Position of sample under coil

5

Die

G10
Garolite

Figure 9 : EM Flanging setup at Hirotec Inc.

EM Flanging Experimental Results

For the 0.127mm and 0.508mm cases, the input energy level was varied in order to
determine its effect on the flanging angle. The effect of the input energy on the 0.508mm
specimens is shown in Figure 10 and Table 3. As expected, the flanging angle increases with
increased energy input. Complete flanging was achieved for energy levels above 3.7 kJ.
Since the distance between the coil legs (10mm, see Figure 7) is less than the 1.588mm
specimen width (15.88mm), flanging was not achieved on the outer edges for this specimen
(see Figure 11). This may be due to the repulsive eddy currents only being produced in the
specimen’s center as will be discussed in the section on coil design. Also, the energy level
used may not have been sufficient for the deformation even if a wider coil width was used.
Flanging
angle

Die

Figure 10 : Effect of energy input on
flanging angle for 0.508mm specimen

212

Figure 11 : EM Non uniform flanging of
1.588mm specimen.
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0.5 mm specimens
Input
energy
setting (kJ)
1.7

10 grains/thickness

2 grains/thickness

23.8

17.4

2.1

30.6

32.0

2.6

47.7

47.3

3.1

58.5

67.9

3.7

87.3

86.5

4.4

87.2

87.0

5.1

86.3

87.1

6.6

86.2

86.4

8.4

86.6

86.8

Flanging angle in degrees

Table 3 : Comparison of flanging angles and grain size ratios for various energy inputs
Complete flanging of the 0.127mm specimen was also achieved with an energy level of
3.1kJ (see Figure 12). However, a driver material was required for the 0.127mm case which
is in agreement with skin depth calculations performed to determine the minimum thickness
required to achieve EM flanging (i.e., 0.328mm) [8]. Note though that the ends of the
mounting strip (which were larger than the specimen and hung over the sides of the die; see
Figure 5a) were flanged despite not having the driver material in this area. See Figure 12.
Thus the effectiveness of flanging is affected by the area (length x width) as well as the
thickness. This may be due to the eddy currents not being generated in the small specimen
area of our workpiece. Effective design of a coil is needed to correct this concern.
Flanged Specimen

Overhung mounting strip
material that has been deformed

Figure 12 : Complete flanging of 0.127mm specimen
Hardness measurements through the thickness and along the bent region were
obtained in order to observe any difference in the deformation mechanism inherent to each
process. Since EM flanging was not achieved with the 1.588mm specimens and
microhardness indentations are too large to produce sufficient data for the 0.127mm
specimens, only hardness measurements on the 0.508mm specimens were conducted. An
EM flanged specimen (3.1kJ) with a similar angle to the quasi-static case was chosen for
comparison. Figure 13 shows the hardness contour plots for these cases. Hardness
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measurements were also taken for the complete flanging case (3.7kJ). See Figure 14. The
hardness profiles shown cover the whole bent region of the deformed specimens with a zero
position along the length corresponding to the start of the die radius and the zero position
through the thickness corresponding to the mid-plane of the sheet.
a)

b)

Figure 13 : Contour plots for the a) quasi-static and b) EM processes, both 10
grains/thickness

Figure 14 : Hardness plot for 3.7kJ, 10 grains/thickness
Comparing the quasi-static and 3.1kJ cases, there is no change in deformation present.
The plots show a rough layered pattern with higher hardness at the surface of the sheet and
lower hardness near the neutral axis. This rough pattern is due to only one set of
measurements being taken. Only one sample was EM flanged for every thickness and grain
size ratio; thus, obtaining an average plot is not possible. However, past three point bending
research utilizing the same punches and dies with features based on the same specimen
thickness ratio has shown an increased definition in hardness layering when an average plot
is obtained. See Figure 15. An average of four samples (see Figure 15b) shows a much
more defined hardness layering pattern than that of only one sample (see Figure 15a). The
3.7kJ case demonstrates more of a layered pattern due to the increased strain from a larger
amount of deformation. Note that the plots in Figures 13-15 are the increase in hardness
from the center region.
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a)

b)

Figure 15 : Results from past 3 point bending experiments. a) 1 set or measurements and b)
an average of 4 sets

6

Coil Design Simulations

In order to continue this research, a Magneform JA7000 series 12kJ machine, which is
capable of producing a 400kA current with 6000V, was acquired. As the largest sample was
unable to be uniformly EM flanged (see Figure 11), a coil for this specific specimen will be
designed and fabricated. To avoid unwanted deformation of the coil legs, a single leg coil will
be utilized (see Figure 16). Various designs were modeled in Magnet, an electromagnetic
simulation package by Infolytica Corp. To compare magnitudes and uniformity of the
magnetic fields, static cases were conducted. Of course, EM forming is a dynamic process;
however, it was anticipated that these static cases would provide reasonable results with
respect to the differences in coil geometries. Since only one leg of the coil is of concern, the
model was a 2-D representation of the cross-section. See Figure 17 for the four different
geometries. A current of 146kA was used due to an assumed rise time of 10µs. The coil
material used is Cu101. The bottom face of the coil (19mm) was designed to be larger than
the width of the large specimen (15.88mm). This is to assure that the specimen experiences
a more uniform magnetic field. See Figure 17d for this length (L).
Current
Path
Coil
Specimen

Die

Figure 16 : Schematic of single turn coil, die and specimen
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a)

b)

Y
c)

d)
Coil

X

L=19mm

1

Specimen

2.25mm

2
Figure 17 : Different coil models for EM flanging; A) semi circular, B) inward 15º taper, C)
rectangular and D) outward 15º taper. The units of B (the magnetic flux density) are Tesla.
Line plots of the magnetic field were obtained for each coil design; 1) Along the width of
the specimen at a distance of 2mm under the coil face and 2) from the bottom of the coil
through the specimen thickness, at the vertical midplane of the coil (X=0). See Figure 17d for
a visual representation of these two directions. Data for the 1 and 2 directions are shown in
Figure 18. Figure 18b shows the effect of the specimen on the magnetic field’s magnitude.
The coils were designed so the cross-sectional areas increase from geometry A to
geometry D. Thus the current density is decreased and a lower magnetic field value (B) is
predicted. However, lower B values also correlate to a more consistent magnetic field across
the width of the specimen (see Figure 18a). This is desirable since a lower consistency may
lead to non-uniform flanging, as was the case in past experiments with the largest specimen
(1.588mm) (see Figure 11). Since previous experiments suffered from the lack of a uniform
magnetic field, geometry D (outward taper) was chosen as it has the most uniform magnetic
field across the width of the sample (from approximately -8mm < X < 8mm). Note the
specimen may be located directly under the coil or may be offset. This will be adjusted to
produce eddy currents that flow in a circular pattern in order to produce an optimal repulsive
magnetic force for forming.

7

Conclusions

Increased springback was observed for a decrease in sample size with a similar number of
grains through the thickness (φ) in our quasi-static microscale experiments. No change in
hardness was observed for EM and quasi-static specimens of similar flanging angle. The
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0.127mm and 0.508mm specimens experienced near complete flanging angles for power
levels at approximately 4kJ. The 1.588mm specimen was unable to achieve a uniform flange
due to the size of the coil in relation to the specimen’s width. A new EM coil design for
flanging of the 1.588mm thickness specimens was investigated.

Specimen
surfaces

Figure 18 : Plots of magnetic field intensity versus location a) along and b) perpendicular to
the specimen for various coil geometries
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Abstract
This study presents mathematical modeling and calculation procedure for problems of
electromagnetic forming of thin circular metal sheets using flat spiral coil as actuator. The
method focuses specifically on the calculation of the electromagnetic field generated by
the flat coil and analysis of the circuit that models the electromagnetic forming system.
The flat coil is approximated by concentric circles carrying the current discharge from the
capacitors. The calculation of electromagnetic force and magnetic couplings between the
coil and metal sheet are made to the initial time, before the plastic deformation of the
sheet. The method is based on the Biot-Savart law, and the solution of magnetic induction
integral equations is performed by numerical methods specifically with the use of Matlab
commercial software. A routine calculation, which models the problem as a set of
differential equations was implemented in the Matlab, this provides important information
that serves as feedback for system design. Free bulging experiments were performed to
demonstrate a good relationship with the mathematical model predictions for electrical
discharge current in the coil and induced currents in the metal sheet, behavior of the
transient electromagnetic force between coil and workpiece and, distribution of magnetic
field and electromagnetic density force along the coil. Also, achieved results showed that
there is a strong dependence of the back electromagnetic force with respect to plate
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thickness for the system analyzed. The difference phase between the current induced in
the coil and workpiece with higher negative peaks generate the back electromagnetic
force.

Keywords
Mathematical, Forming, Electromagnetic forming of metal sheets

1 Introduction
An electromagnetic forming system is essentially a mutual induction system composed of
an actuator coil and a conductive workpiece [1]. This process is based on a repulsive
force generated by the magnetic fields opposite in adjacent conductors. The transient
magnetic field induces eddy currents in the metal sheet, which create a magnetic field
opposite. Intense and fast repulsive forces will act on the workpiece, accelerating it at high
speed [2].
Several studies have started from this premise, but most involve specific situations
for deformation of tubular parts by solenoid coils, while few studies have analysed sheet
metal forming by planar coils [1].
The mechanical and electromagnetic phenomena of the process are strongly
interrelated, and the deformation of the sheet metal affects the magnetic field and,
consequently, the Lorentz forces developed. An approximate but more realizable
approach is to treat the process as a loosely coupled problem, disregarding the influence
of deformation of the workpiece in the evolution of the magnetic field, and then apply the
forces generated by the electromagnetic field in the mechanical problem [2].
This work will show a mathematical model of the electromagnetic forming system
and numerical methods for solving a specific problem at the initial time before plastic
deformation of circular metal sheets by using a flat spiral coil. The method used
approximates the flat spiral coil for circular and coaxial conductors, and the sheet metal is
discretized in elementary segments of circular and coaxial conductors. The magnetic field
produced can be calculated by applying the law of Biot-Savart. This discretization of the
workpiece allows the calculation of the electromagnetic coupling between actuator coil
and workpiece. The system to be represented by a set of differential equations where the
electromagnetic problem is formulated in terms of the magnetic field and the electrical
problem is a circuit with mutual inductances. Experimental results are also presented for
different thicknesses of aluminum plates and the results are compared with numerical
solution of mathematical model in Matlab software.

2 Description of the Electromagnetic Problem
A schematic model of the system analyzed is shown in Figure 1, which shows a circular
clamped metal sheet is placed above a flat spiral coil connected to a charged capacitor.
The calculations of the electromagnetic problem use a method based on discretization of
the metal sheet in a number of circular elementary conductors for axisymmetric
configuration.
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Figure 1: Scheme of the electromagnetic forming system.
The transient electromagnetic problem can be separated in a RLC primary circuit
coupled with secondary RL circuit [4], [5]. The discharge of the capacitor in the primary
circuit can be written in differential equation:





d
L  I  M  I  R  I V  0
1
a a
c
dt a a

(1)

Where La, Ra and Vc are the self inductance, resistance of actuator coil and electric
potential in capacitor bank. M is the mutual inductance between the actuator coil and
workpiece. Ia and I1 is the discharge current in actuator coil and the induced current in
workpiece.
For secondary RL circuit the differential equation is obtained:





d
L I M I  R I  0
a
1 1
dt 1 1

(2)

Where L1 and R1 are the self inductance and resistance of workpiece.
This set of differential equations is solved by a resident function of the software
Matlab after the discretization of the metal sheet in a finite number of conductive turns.

3 Magnetic Field
The magnetic vector potential produced by the actuator coil can be computed by applying
the Biot-Savart law. The transient discretization in time is needed to evaluate the magnetic
field, the density of current in the actuator coil and the workpiece and the electromagnetic
forces acting on the workpiece to each variation of the time [6].
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3.1

Law of Biot-Savart for Calculation of the Magnetic Field Produced by a
Circular Loop at any Point in Space

Figure 2 shows a conductor with circular geometry carrying current “I”. Applying the BiotSavart law the values of magnetic induction at the points p(x,y,z) of the space can be
determined mathematically by equations (3), (4) and (5) in Cartesian coordinate system.

Figure 2: Representation of the circular conductor in cylindrical coordinates.
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Where 0 is a magnetic constant equal to 4    10 7 [H/m].
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(9)

Equations (6), (7) and (8) are used to calculate the three components of the vector
density of magnetic field B at the point p in cylindrical coordinates. These equations can
be solved analytically only for points located in the center of the circular geometry and p
(0,0,z). This study uses resident functions in software Matlab for the numerical solution of
the integral for equations above. Figure 3 shows the actual actuator coil and the simplified
model with coaxial circular conductors.

Figure 3: Simplified and actual model of the flat spiral coil used in this study
Figure 4 shows the magnetic field generated by ampere in plane of the metal sheet
in the radial direction. Considering the symmetry of the problem, these values are same at
any radial direction.
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Figure 4: Component radial of magnetic field of different thickness.

3.2

Calculation of the electromagnetic force

The metal sheet is discretized in coaxial circular elementary conductors (L1, L2...L12),
where L1 and L12 are the outer diameter and inner diameter respectively. The greater the
number of circular elementary conductors the more accurate the model is but more
processing is needed. The electromagnetic force generated by each circular conductor
can be calculated by:

F  Br  I  I  C
n
a n n

(10)

Where Fn, Br, Ia, In, Cn are the force in circular conductor n of the workpiece, the
magnetic field in radial direction, the discharge current in actuator coil, the induced current
in conductor n of the workpiece and length of the circular conductor n of the workpiece.

4 Parameters of the Electromagnetic Forming System
With the aid of preliminary analysis using mathematical model, a system of
electromagnetic forming was developed for deep drawing of thin circular metal sheets by
using a flat spiral coil. More information about the characteristics of the system are shown
in Figure 5 and Table 1.
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Figure 5: Die of electromagnetic forming device.
Equipment
Actuator Coil
of Electrolytic
Cooper

Bank of
capacitors

Metal Sheet

Parameter
Numbers of turns
Outer diameter
Pitch
Section of the wire
Self inductance (La)
Resistance (Ra)
Capacitance
Maximum voltage
Maximum energy
Material
Thickness analyzed
Diameter of metal sheet
Resistivity
Gap between actuator and metal sheet

Value
6
120mm
10mm
4 x 4mm
1.0326H
1.4m
8400µF
900V
3.4kJ
Aluminium
0.3, 0.5 e 1mm
170mm
2.82  10 5 .mm
1.5mm

Table 1: System parameters and working conditions.

5 Numerical Simulation and Experimental Results
The system of ordinary differential equations and integrates of magnetic field was solved
with numerical method in software Matlab. The component in direction z of magnetic field
is important to calculate the self and mutual inductances and the component in radial
direction is used to calculate the electromagnetic force in direction z. The electromagnetic
system shown schematically in Figure 1 with its parameters given in Table 1, has been
simulated and some of the results obtained are shown in the following figures. Figure 6
shows the simulated current in the coil (Ia) and the induced current in the workpiece that is
discretized in twelve circular coaxial conductors, being that the index one is the smallest
conductor. Figure 6 shows only the induced current in the conductor eight (I8), which has
the highest induced current and diameter equal to 80mm.
Figure 6 we can verify that the peak of electric current in the actuator remained
almost constant for thicknesses of 0.3mm, 0.5mm and 1mm. The biggest changes occur
in the induced currents in the elementary circular conductors of metal sheet, which shows
fairly consistent, because the resistance of the elementary conductors of workpiece are
strongly altered by the thickness. It is also observed that the different phase between the
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current in the coil and in the metal sheet is higher for thinner sheet and that the discharge
occurs more rapidly when decreasing the resistance of the workpiece by increasing the
thickness of it.
4
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Figure 6: Simulated currents in the actuator coil and in the workpiece.
The system behaves as a RLC circuit underdamped and the currents in the source
coil and workpiece are opposite. The first peak of the induced currents are around 0.38kA, -0.55kA and -0.83kA. Figure 7 is shows the axial maximum transient
electromagnetic force and we can see that considerable forces are developed in this
process and that more difference phase between the current in the actuator coil and
currents in workpiece causes a greater back electromagnetic force when it’s compared
with electromagnetic force of repulsion. This shows that back electromagnetic force is
more in thinner metal sheets.
The energy for total deep drawing of plates analyzed by conventional methods is
equal to 237, 503, 1582 Joules [7]. Comparing these values with the energy stored in
capacitors shows that much of this available energy already is dissipated in the equivalent
resistance of primary circuit.
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Figure 7: EM forces in the actuator coil and in the plate.
Figure 8 shows the distribution of the peak repulsive force for axisymmetric problem.
Figure 9 shows experimental results for different thicknesses.
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Figure 8: Distribution of the peak repulsive electromagnetic force.
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Figure 9: Experimental results for different thicknesses.
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6 Conclusions
It can be observed in practical experiments that the back electromagnetic force in thinner
metal sheets made it unable to form electromagnetically with the system proposed in this
paper. This work developed a numerical method which can simulate the electromagnetic
forming of metal sheets in initial time before plastic deformation. This algorithm was
implemented in software Matlab. This mathematic model showed satisfactory results when
compared with experiments, validating it and the method of numerical solution. In this
algorithm the process parameters can be easily changed to obtain better results, and
theories used in the construction of this algorithm are easily evidenced in it. This facilitates
the understanding of the electromagnetic problem and results obtained are satisfactory
and can be used for design flat spiral coils. This mathematical modeling was used as a
basis for designing an experimental machine for electromagnetic forming.
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Abstract
The combination of the processes deep drawing and electromagnetic pulse forming is a
promising way to cope with the ever higher complexity of new sheet metal designs. A cooperation between the Institute of Materials Science (IW) of the Leibniz Universität Hannover and the Institute of Applied Mechanics (IFAM) of the RWTH Aachen is investigating
these processes both experimental and in simulation. Aim is the characterization of the
combined process. Therefore the material properties of the investigated aluminum alloy
EN AW 6082 T6 have to be determined quasi-static as well as at high speed. These properties are then used as a basic for the simulations. Anisotropic behaviors as well as dynamic hardening effects are investigated in the quasi-static state. Several experiments for
analyzing “Bauschinger” respectively “Ratcheting effects” have been conducted resulting
in a new measuring set-up for thin sheets. For the determination of high speed forming
limit diagrams a novel testing device on the basis of the Nakajima-test has been developed allowing for strain rates of approximately 10³ s-1. Both testing methods are described
in this paper; the results are then used to adapt the simulation models for the combined
processes.
The high speed deformation process is simulated by means of finite elements using
a material model developed at the IFAM. The finite strain constitutive model combines
nonlinear kinematic and isotropic hardening and is derived in a thermodynamic setting. It
is based on the multiplicative split of the deformation gradient in the context of hyperelasticity. The kinematic hardening component represents a continuum extension of the classical rheological model of Armstrong–Frederick kinematic hardening which is widely
adopted as capable of representing the above metal hardening effects. To prevent locking
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of the simulated thin sheets a new eight-node solid-shell finite element based on reduced
integration with hourglass stabilization developed at IFAM has been used. With these features it was possible to simulate the Bauschinger effect obtained by the previous experiments.

Keywords
deep drawing, simulation, material properties

1 Introduction
It is known that the processing limits of single processes can be enhanced through a
combination of them [1] [2] [3]. Complex deep drawing geometries for example can be
processed through a combination of superplastic forming above the recrystallization temperature with a subsequent cold forming process [1]. Superplastic forming allows for forming complex structures while the following conventional deep drawing process in conjunction with strain hardening gives the required mechanical properties. Experiments with pultruded tubes showed that a combination of electro-hydraulic pre-strain with further quasistatic forming can enhance the ultimate strains at lower yield stresses [4].
Throughout the last decades researchers have proven that the formability of all kind
of materials can be improved due to high speed deformation processes [5]. El-Magd et al.
tested light metals (Al-, Mg- and Ti-alloys) and steels at quasi-static and dynamic loading
between 10-4 1/s and 5 x 103 1/s and proved an increase in flow stress and formability at
higher strain rates [6] [7].
For the characterization and simulation of this new field of combined quasi-static
and high-speed-deformation-processes the determination of material properties for both
processes is essential. The special mannerism of the combined processes investigated
within this project is very complex thus not only dynamic and static properties, hardening
behaviors and forming limits have to be specified but also the different load paths and
strain rates have to be included. While re-loading a specimen on the same load path has
no influence on the initial flow stress of a DC06 steel concludes the re-loading in opposite
direction in a decrease of the initial flow stress [8]. An unbalanced loading (σmean ≠ 0 MPa)
for instance results in a summation of the realized strains [9]. These effects are called the
„Bauschinger”- respectively the „Ratcheting”-effect.
With increasing availability of fast computer hardware the finite element method is
used more and more effectively to predict and simulate material behavior. In order to reduce computational time, a new efficient finite element technology is developed. To simulate this, the use of a purely isotropic hardening model (expansion of the yield surface) is
not sufficient. Therefore, a finite strain constitutive model which combines nonlinear kinematic and isotropic hardening, based on the multiplicative split of the deformation gradient,
developed in a recent work by Vladimirov et al. [10], is used in this work. The papers Choi
et al. [11], Dettmer & Reese [12], Hakansson et al. [13], Menzel et al. [14], Svendsen et al.
[15], Wallin et al. [16] are dealing with this subject.
Beside the dynamic material properties an appropriate model has to consider forming limits for all appropriate load paths and, especially in this case, strain rates. Forming
limit diagrams respectively the forming limit curves are normally used to describe the form-
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ing limits of one material. Within this diagram it is possible to determine the maximum deformation a material can bear for a certain combination of major and minor strain, the load
path.

2 Material characterization
The following paragraphs focus on the development of testing methods used for the material characterization within the scope of this project. Investigated were the evaluation of
dynamic hardening effects and high-speed forming limits of thin sheet metals.

2.1

Dynamic material properties

For describing dynamic hardening and softening effects of metallic materials a variety of
testing methods is available. Torsion or bending tests can be used to describe these effects with the possibility of testing thin sheet materials without the risk of buckling or the
like. The problem with this type of testing is that the results have to be processed further
to gain the material properties equivalent to the commonly used tensile testing method.
While cyclic tension-compression testing gives the possibility to determine the Bauschinger and Ratcheting effect directly the experiment set-up has to be adapted to prevent buckling of the specimens whilst compressive loading. To circumvent the problem of buckling
two different methods are used in recent years. The first possibility is to use guidings the
second is to miniaturize the specimens. While the first requires adequate lubrication and
tolerances of the guiding the latter puts high demands on the measuring method. For the
testing of the thin rolled sheets of the Aluminum alloy EN AW 6082 T6 used within this
project micro specimens together with a micro tension-compression testing device make
Kammrath & Weiss have been used. The advantage of said device is the possibility of
online testing inside the institutes SEM. The geometry of the used specimens and the testing device are shown in Figure 1.

Figure 1: Drawing and Dimensions of the specimens in mm (left) and picture of the testing
device (right / Source: www.kammrath-weiss.com)
To identify appropriate specimen dimension tests with measuring lengths of 10, 6
and 4 mm have been conducted. After inspection of the specimens only a measuring
length of 4 mm showed adequate compression strains of up to 5 % without buckling. To
ensure compression tests without buckling a measuring length of 3mm had been chosen
for the following experiments.
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After setting the specimen dimensions cyclic tension-compression tests inside a
SEM were made. The testing inside the SEM was done due to the lack of a strain measuring device suitable for this kind of specimens. The device itself only has the possibility to
measure the load and displacement of the clamps. While the calculation of the according
stress is easy the conversion of the measured clamp displacement for getting the strain
inside the specimen is not possible. Within the SEM it was possible to measure the actual
strain by controlling the displacement of prominent areas on the surface of the specimen.
A disadvantage of this method is that while the measurement is extensive the test has to
be stopped for the time being. Thus the strains can only be determined incrementally. The
resulting load-displacement plots of the testing device and the according stress-strain
plots are shown in Figure 2. The first results have then been used for simulation of the
dynamic behavior of the aluminum sheets in section 3.

Figure 2: Load-displacement and stress-strain curve of the testing inside the SEM
Due to the lack of information needed for preparing the simulation between the
SEM-measurements and the difficulties of getting an accurate measurement, a new method of measuring strains had to be looked for. In cooperation with the Laser Zentrum
Hannover an electron speckle pattern interferometer was found as the best option for
measuring strains online. The new experiment set-up is currently in the trial phase. The
results of the new experiments will be published as soon as possible.

2.2

Investigations of high-speed forming limit diagrams

The knowledge of the formability of a material is a requirement for defining a production
process. In sheet metal forming the forming limit diagram (FLD) is a means to characterize
the maximum deformation a material can withstand prior to failure. Within the FLD the
forming limit curve (FLC) depicts the maximum deformation to failure for different states of
in-plane strains and stresses such as deep drawing, uniaxial state of stress, plain strain or
plain state of stress. There are several procedures available for defining forming limit
curves [17]. The most commonly used procedure is the Nakajima-test where a punch deforms a specimen clamped between a blank holder and the drawing die until fracture. The
Nakajima-test is being standardized within the EN ISO 12004-2. The punch speed is defined at 1,5mm/s which is according to the hydraulic testing devices used. For defining
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forming limit curves adapted to high-speed deformation processes new testing methods
have to be developed.
To simulate deformation speeds equal to those at electro-magnetic pulse forming a
punch speed of 100m/s or higher has to be applied. Recently published developments e.g.
by Kim et al. report punch speeds of around 20m/s [18]. While these experiments already
show a change in the FLDs for the tested materials, the punch speed still is at least one
power of magnitude lower than is needed to simulate deformations equal to those in electro-magnetic pulse forming. Within this project it is anticipated to develop a novel testing
device that is able to test at strain rates of 1000s-1 to 4000s-1 with the according punch
speeds of 100m/s to 400m/s.
There are several possibilities to provide the energy needed to perform a Nakajimatest at these high speeds or strain rates like energy of rotation or hydraulic energy, as
used for the experiments by Kim et al. [18]. While most of them are able to provide sufficient energy they require special equipment and machinery or big storage for saving the
energy. A testing device (Figure 3) was developed within this project which increases deformation speed using conservation of momentum. A drop weight hits the impulse device
and accelerates the punch until it hits the integrated stopper at the aimed penetration
depth. Springback of the punch is not prevented but so far is to be considered as uncritical.

Blankholder

Specimen

Punch

Draw
ring

Figure 3: Impulse device (left), CAD-model sectional view (middle) and test set-up (right)
The testing was filmed via high-speed camera at 12500Hz to measure the punch
displacement and the according speed as well as the occurring spring back. First tests
with a drop weight of about 90kg and a drop height of 3m resulted in a max. punch speed
of more than 90m/s. The impulse device and pictures of the high-speed camera are
shown in Figure 4.

Time:
Position:
Speed:

0 µs
0 mm
0 m/s

Time:
Pos.:
Speed:

80 µs
7,3 mm
≈91 m/s

Time: 180 µs
Pos.:
12,4 mm
Speed: ≈51 m/s

Figure 4: Punch displacement of the impulse device during high speed forming
According to EN ISO 12004-2, circular blanks with 100mm diameter in four different
geometries were tested. The four geometries match the deformation states deep drawing
(φ2 = -φ1), uniaxial tension (φ2 = -2φ1), plane strain (φ1=0) and uniform stretch drawing
(φ2 = φ1). Aluminum thin-sheets of the alloy EN AW 6082 T6 with 1mm thickness were
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used. Additionally, hot rolled three-layer composite sheets made of EN AW 5754 with core
layers of steel (1.4008) or titanium (grade 1) were used to examine the device’s adequacy
for testing more complex materials. Circular blanks were water jet cutted, the different
specimen geometries were eroded afterwards. A single Teflon spray coating has been
used to reduce friction between tool and specimen. The cracked specimens of the first
experiments with four different geometries are shown in Figure 5.

Figure 5: Cracked specimens after testing
The first step was to prove feasibility and to verify the demanded punch speeds.
Evaluation of the optimal penetration depth of the tool in order to stop at beginning of
crack opening as well as the strain analysis with an optical measurement system to deduce the forming limit diagrams will be subject of prospective investigations.

3 Simulation
The main goal is to build a new module for a realistic and numerically robust simulation
with focus on contact modeling, the implementation of a plastic and a damage model and
to demonstrate its applicability to simulate large deformations as the hardening behavior
of materials e.g. the Bauschinger effect.

3.1

Material Modeling

The constitutive model is based on the multiplicative split 𝐹𝑝 = 𝐹𝑝𝑒 𝐹𝑝𝑖 of the plastic deformation gradient into “elastic” and “inelastic” parts, 𝐹 = 𝐹𝑒 𝐹𝑝 being the classical multiplicative split of F. As a result, a continuum mechanical extension of the classical rheological
model of Armstrong-Frederick kinematic hardening [19] can be achieved.
The Helmholtz free energy per unit undeformed volume 𝜓 is additively decomposed
into the three parts 𝜓 = 𝜓𝑒 𝐶𝑒 + 𝜓𝑘𝑖𝑛 𝐶𝑝𝑒 + 𝜓𝑖𝑠𝑜 𝜅 . The first part 𝜓𝑒 describes the macroscopic elastic material properties. The second term 𝜓𝑘𝑖𝑛 corresponds to the elastic
energy stored in dislocation fields due to kinematic hardening and vanishes if the kinematic hardening is zero. The third term represents elastic energy due to isotropic hardening,
where 𝜅 is the isotropic hardening variable. The Helmholtz free energy is a function of the
elastic right Cauchy-Green tensor 𝐶𝑒 = 𝐹𝑒𝑇 𝐹𝑒 = 𝐹𝑝−𝑇 𝐶𝐹𝑝−1 and the elastic part of the plastic
𝑇
right Cauchy-Green tensor is defined as 𝐶𝑝𝑒 = 𝐹𝑝𝑒
𝐹𝑝𝑒 = 𝐹𝑝𝑖−𝑇 𝐶𝐹𝑝𝑖−1 .
Inserting this in the Clausius-Duhem inequality −𝜓 + 𝑆 ∙ 1 2 𝐶 ≥ 0 results in a relation for the second Piola-Kirchhoff stress tensor S.
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The derivation of the material model is suitably carried out in the intermediate configuration. For the numerical implementation of the constitutive equations it is, however, more
appropriate to work in the undeformed or reference configuration.
The set of constitutive equations of the model in the reference configuration is summarized below [20]:
 Stress tensors
𝑆 = 2𝐹𝑝−1

𝜕𝜓 𝑒 −𝑇
𝐹 ,
𝜕𝐶𝑒 𝑝

𝑋 = 2𝐹𝑝𝑖−1

𝜕𝜓 𝑘𝑖𝑛
𝜕𝐶𝑝𝑒

𝐹𝑝𝑖−𝑇 , 𝑌 = 𝐶𝑆 − 𝐶𝑝 𝑋, 𝑌𝑘𝑖𝑛 = 𝐶𝑝 𝑋

(1)

 Evolution equations
𝐶𝑝 = 2𝜆


𝑏

𝑌 𝐷 ∙(𝑌 𝐷 )𝑇

𝐷
, 𝐶𝑝𝑖 = 2𝜆 𝑌𝑘𝑖𝑛
𝐶𝑝𝑖 , 𝜅 =
𝑐

𝑌𝐷 ∙ (𝑌𝐷 )𝑇 −

2
3

𝜎𝑦 − 𝑅 , 𝑅 = −𝑄(1 − 𝑒 −𝛽𝜅 )

(2)

(3)

Kuhn-Tucker conditions
(4)

𝜆 ≥ 0, 𝛷 ≤ 0, 𝜆𝛷 = 0

3.2

2
𝜆
3

Yield function
𝛷=



𝑌 𝐷 𝐶𝑝

Finite element technology

Resent research focuses on the large deformation version of a new eight-node solid-shell
finite element based on reduced integration with hourglass stabilization [21]. The major
problem of low-order finite-elements used to simulate thin structures like sheet metal is
locking, a nonphysical stiffening effect. Therefore in our recent solid-shell formulation the
enhanced assumed strain (EAS) as well as the assumed natural strain (ANS) concept are
implemented to circumvent locking. To cure transverse shear locking the corresponding
transverse shear terms evaluated at locking-free sampling points are interpolated within
the element domain. The same procedure applied to the transverse normal strain cures
curvature thickness locking. For the EAS concept, the derivation is based on the wellestablished two-field variational functional
𝑔1 𝑢, 𝐸𝑒 =

𝐵0

𝑆 𝐸 : 𝛿𝐸𝑐 𝑑𝑉 + 𝑔𝑒𝑥𝑡 = 0

(5)

𝑔2 𝑢, 𝐸𝑒 =

𝐵0

𝑆 𝐸 : 𝛿𝐸𝑒 𝑑𝑉

(6)

=0

which depends on the displacement vector u and the enhanced Green-Lagrange strain
tensor 𝐸𝑒 . In this enhanced strain tensor, the strain in thickness direction is enriched linearly. 𝐸𝑐 is the compatible Green-Lagrange strain tensor. The EAS concept hence simplifies to a scalar equation, which leads to an efficient and robust element formulation.
Further important key points to improve the efficiency of the hourglass stabilization are
different Taylor expansions with respect to the shell director.
The hourglass kernel 𝐶ℎ𝑔 depends on the material behavior in the integration point. The
results of the following structural analysis carried out in ABAQUS have been obtained by
means of this new eight-node-solid-shell element.
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3.3

Uniaxial stress-strain test

As presented above, a large deformation elastoplastic material model with combined nonlinear kinematic and isotropic hardening. It should describe the Bauschinger effect which
belongs to the most characteristic phenomena of the hardening behavior of metals. The
Bauschinger effect is defined by the fact that straining in one direction reduces the yield
stress in the opposite direction.
Based on the experimental results of the Institute of Materials Science, Leibniz University Hanover, the model has been validated by fitting its parameters. A cycle of uniaxial
tension/compression is shown in Figure 4, which depicts a good agreement between test
and simulation data.

Figure 4: Fit of material model for EN AW 6082 T6 sheet with thickness 1 mm, combined
hardening
According to the procedure used in [10], first the model is fitted based on the flow
curve by using only kinematic hardening. This means, the isotropic hardening parameters
𝛽 and 𝑄 are set equal to zero. At the second step, the fitting is performed by using only
the isotropic hardening parameters. The kinematic hardening parameters (b and c) have
in this case zero values.
Using this method, we obtain four “start” values for the hardening parameters. But
as shown in Figure 4, only a combination of the four hardening parameters provides a
good fit to the experimental data. The finally identified set of material parameters are:
𝜎𝑦 = 296 𝑀𝑃𝑎, 𝑐 = 2000 𝑀𝑃𝑎, 𝑄 = 11 𝑀𝑃𝑎, 𝑏 = 70 and 𝛽 = 200.
Although a small deviation between experimental and simulation data is observed
the correlation between the results can be considered to be very good. Certainly we need
more complex (e.g. multiaxial) experiments to fully validate the model.

4 Discussion
The cyclic micro tension-compression tests beneath the critical unsupported length allow
preventing buckling without any support. Any influence caused when using a support can
be avoided. Main disadvantage is the small measuring length, which complicates mechanical or optical strain measurement on the specimens’ surface. The first measurements of
the Bauschinger effect using a SEM were problematic due to the lack of information be-
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tween each measurement, a new method for measuring the strains using an electron
speckle interferometer is tested right now. With this new measuring method together with
the micro testing module it will be possible to realize the aimed compression-tension measurements at thin sheet metals.
The new device for high-speed Nakajima-testing enables punch speeds of 91m/s
with the expected maximum speed being much higher. A disadvantage of this method is
the strong springback of the punch. This causes a second impact of the tool on the tested
sheet and may influence the results. More experiments are needed for verification. Testing
of monolithic materials is possible. Composites are problematic for testing because failure
mechanisms as delamination cannot be detected easily. The lubrication seems to be less
important than in quasi-static testing but again more experience is needed for verification.
The simulation of dynamic effects shows good correlation with the experiments. The
material model considering both kinematic and isotropic hardening works satisfactorily.
Obviously, more experiments are needed to fully validate the model.

5 Summary and future work
The results of experiment and simulation can be referred to as follows:







The modified cyclic micro tension-compression test is feasible for testing dynamic
hardening effects
The used measuring method needs to be optimized to gather more data
The material model used for simulation allows to reproduce the experimental data
satisfactorily but more experimental data is needed for further optimization
The developed impulse device is capable of high-speed Nakajima-testing with
punch speeds of 91 m/s and more
The experimental setup works for monolithic materials; composite sheets cannot
be tested satisfactorily due to their multiple failure mechanisms
The lubrication seems to have less influence than in quasi-static testing, further
experiments are needed for verification

Determination of forming limit curves and diagrams by means of optical measurement systems will be one focus of future investigations. The results of the simulation can
only be improved with a better experimental data base thus more dynamic testing with
improved strain measurements will be a further emphasis.
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Abstract
Electromagnetic forming (EMF) is a high speed forming technique that can be used for
embossing fine surface features onto sheet metals. Here two coupled experimental and
analytical studies show how interface conditions including rebound and friction affect the
ability to create a component in impact forming. In the first part of this work high velocity
is generated with the Uniform Pressure Actuator (UPA) and impact with a die emboss fine
features in a nominally flat component. The primary objective of this work is to develop a
modelling facility that guides experimental design nominally flat grooved components.
Both shape fidelity and formability aspects are presently considered. In a second short
study expansion of a round tube into a square hole is considered. Traditional modelling
techniques solve a coupled system of equations with spatially varying electromagnetic
fluxes controlling the dynamics of the plastic deformation. Because the magnetic pressure
is spatially uniform, the flux equations are obviated from the coupled system rendering
them computationally efficient. The calibration of contact mechanics that influence the
rebound behaviour of the sheet metal remains as a difficult issue. The interfaces between
various sheet metals and the metal die play a critical role in controlling the shape of the
final product. The characterization of such an interface using appropriate calibrated friction
coefficients is assessed. The role of magnetic pressure in reducing the sheet metal
rebound is demonstrated via a comparison between results from mechanical and
electromagnetic simulations. The influence of the channel geometry on final shape is
illustrated through simulation and experiments.

Keywords
Electromagnetic forming, Numerical Simulation, Constitutive behaviour
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1 Introduction
Electromagnetic forming uses the magnetic repulsion between two very large opposing
currents to form sheet metal [1]. The punch is eliminated from the assembly and the
sheet metal is driven into the die by its own inertia. Typical primary currents on the order
of 100 kA with rise times of about 10µs are common and velocities within the range of
100-300 m/s are often achieved. The current investigation concerns high speed forming
for the manufacture of grooved nominally flat plates. Understanding both the
correspondence between the die shape and final part shape and ability to make the part
without sheet rupture are paramount in a successful forming operation.
This study will consider two kinds of problems, first a more complex one dealing with the
manufacture of a nominally flat plate with semi-circular grooves (Section 2). This will point
out the need for simpler, more tractable problems. That motivates the much simpler, but
still illuminating study of expansion of the proverbial round tube into a square hole that is
considered in Section 3.

2 Impact Forming of Grooved Plates
Clamping force
Outer
channel
Coil
Metal sheet
Die

Charging
Circuit

Capacitor
Rogowski
Probe

Clamping force

Vacuum box
Vacuum

Figure 1: Schematic of electromagnetic forming for grooved plates (Kamal & Daehn,
2007)

2.1

Experimental Setup

The experiment system consists of a 16 kJ capacitor bank, helical copper coil, uniform
pressure coil, a cylindrical casing, a flat box casing, a square metal die cavity (2.25
inches), aluminium rings of inner radius 24 mm, width 10 mm and thickness 1.3 mm. The
primary copper coil is embedded inside the casing by cast tooling grade urethane. The
ring or sheet specimen as the case may be, sits on the casing to complete the secondary
circuit. The separation distance between the specimen and the die is 3 mm. Figure 1
shows that a high electrical discharge from the capacitor bank charges the primary circuit
embedded in the coil box. The primary current induces a secondary current in the metal
blank. The two currents being opposite in nature generate repulsion high enough to drive
the ring into the die. A photon Doppler velocimeter system [2] is used to measure
velocities of the accelerating specimen. The overall utility, design and behavior of this
UPA forming system have been described by Kamal [1] and Banik [6] previously.
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2.2

Constitutive Models

Titanium sheets of thickness 0.003” were formed into a steel die with fine semicircular
channels with depths of the order of 0.015 inches as shown in Figure 2. A copper driver
sheet of thickness 0.006” was used to complete the secondary circuit owing to its high
electrical conductivity. The copper driver provides pressure to the titanium sheet during
the forming process, accelerating it and co-deforming with the titanium. The forming is
accomplished under vacuum to eliminate the resistance to forming due to compressed air.
The strain distributions from the simulation model have been superimposed on the
experimental measurements in Figure 2. The simplified Johnson and Cook (J-C) model [3]
as shown in equation (1) was selected to characterize the material behavior. This form
was chosen for its relative simplicity and the absence of a clearly better simple model [4].
For simplicity, the influence of temperature on the flow stress was neglected [5]. The J-C
form is represented as:









 y   A +B  n  1 c ln  

(1)
Where y represents the flow stress (applied force per unit area), A is the yield stress
(transition from elastic to plastic regime), B and n are parameters corresponding to the
strain hardening law, c is the strain-rate parameter,  is the effective plastic strain, and


 is the strain-rate. The simplified failure law of Johnson-Cook involves a characteristic

parameter i.e. the effective (von-Mises criterion) plastic strain at fracture (f) shown in (2).
Numerically, this implies that if the average strain (von-Mises criterion) in any grid element
is greater than fracture strain then the element is deleted from the simulation.

  f



at failure

(2)
The strain rate sensitivity was used as an optimization parameter and its values are
tabulated in Table 1.

2.3

Simulation

Simulations are carried out in the fully explicit simulator LS-DYNA. The boundary condition
for the simulation is set using the magnetic pressure on the driver plate. This magnetic
pressure is calibrated using the velocity of the flyer measured from the experiments using
the PDV system described in section 2.1.
Specimen

A (MPa)

B (MPa)

n

c

Copper driver

100

150

0.3

0.06

Titanium

200

700

0.22

0.06

Steel (Die)

20

550

0.05

0.05

Table 1: Johnson-Cook parameters for titanium specimen and copper driver
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Titanium

Simulation

Experiment
Copper

Simulation

Experiment
(a) Energy 3.2 kJ

Simulation

Titanium

Experiment

Simulation

Copper

Experiment
(b) Energy 6.4 kJ

Figure 2: Deformed specimens of titanium sheet and copper driver at two energies

3 Effect of Friction on Quality of Formed Workpiece
3.1

Experimental Setup

The experiment system is identical to the one described in section 2.1. Experiments were
conducted with austenitic stainless steels SS201 (instead of Titanium) and copper was
used as a driver. Figure 3 shows comparison between model and experiments for the
SS201 sheets. The comparison for copper sheets is not shown. The same metal die
described in section 2.1 was used. A lubricant such as boron nitride was used to study
frictional effects on interfaces [6].

3.2

Mechanics

The contact interface between the two metal sheets and the die influences the impact
dynamics and strongly affects local strain accumulation. It governs the efficiency of load
transfer between components involved in the impact. Under normal conditions the
frictional coefficient is high and ensures efficient load transfer between interfaces. This
gives relatively uniform strain distributions. With the addition of lubricant, the friction
coefficient is reduced and the propensity of relative lateral motion between the
components is enhanced. This tends to cause strain localization at the die corners. Figure
3(b) shows that when lubrication is applied only between SS201 and the die there isn’t
very efficient transfer of energy between SS201 and the die. There is however good
energy transfer between copper and SS201. This implies that a large proportion of the
energy is absorbed by SS201 and thus there are 3 fractured zones. Figure 3(c) shows that
when lubrication is applied on all surfaces large amount of the impact energy is absorbed
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by copper driver (towards plastic flow and heating). A lower amount than in the cases of
(a) and (b) is transferred onto SS201 or the die.

3.3

Simulation

The boundary conditions used in this model were identical to section 2.3. The pressure
condition is calibrated against experimentally evaluated velocities (PDV system). The
friction conditions in LS-DYNA factor in the contact cards that are used to describe the
interface conditions. The CONTACT_AUTOMATIC_SURFACE_TO_SURFACE keyword
was used to simulate all the interfaces (Details available in LS-DYNA manual 2006,
http://lstc.com/manuals.htm). The Coulombic friction co-efficient was used in the
simulation as shown in equation (3) below. The static and dynamic friction coefficients
under normal conditions were 0.5 and that with lubrication were 0.05. The decay coefficient was set to 0.1 for all cases.



eff  dynamic +  static  dynamic    e

vrel



eff  Effective frictionalcoefficient;  decay coefficient
vrel  relative velocity betweencontactingbodies

(3)

Simulation
Experiment

(a)

(b)
1000 m

Simulation
(c)

Experiment

Figure 3: Deformed specimens of SS201 sheet from simulation and experiment (Energy
4.8 kJ) (a) No lubrication (b) Lubrication between SS201 and Die (c) Lubrication on all
interfaces
Figure 3 only shows the comparison between experimental and model for austenitic steels
SS201. The copper driver is not shown since SS201 is the product of concern. It is clear
that the second case where lubrication is applied only between copper and SS201 has the
maximum damage induced on the specimen. This is counterintuitive. The traditional
expectation is that adding lubricants between interfaces prevents failure or damage and
friction is often considered detrimental to the final product. However, under high speed
conditions, it seems like the absence of friction is detrimental to the product shape and
quality.
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4 Constrained Ring Expansion
4.1

Objective

Experimental work in forming shallow pans with the UPA and similar driver systems has
demonstrated that dimensional irregularities, failure and ‘ghost lines’ can often form away
from the corners. A good example of this can be seen in [7]. Here a simple prototypical
problem is considered and the numerical finite element model is validated against the
experimental strain distributions and velocity measurements.

4.2

Experimental Setup

A circular aluminum ring was expanded into a steel square die. The experiment uses a 16
kJ capacitor bank (at maximum charging voltage of 8.66 kV), 5 turn helical copper coil, a
cylindrical casing of outer radius 24 mm, a square metal die cavity (2.25 inches),
aluminum rings of inner radius 24 mm, width 10 mm and thickness 1.3 mm. The primary
copper coil is embedded inside the cylindrical casing by means of tooling grade urethane.
The ring fits onto the casing to complete the secondary circuit. The standoff distance
between the ring and the die cavity is 3 mm. Discharge from the capacitor bank charges
the primary circuit embedded in the coil box. The primary current induces a secondary
current in the metal blank. The two currents being opposite in nature generate repulsion
high enough to drive the ring into the die.

Figure 4: Experimental setup of electromagnetic ring expansion (a) Square die (b) Helical
coil

4.3

Simulation

The traditional modeling algorithm [8] is divided into two coupled parts; electromagnetic
flux equations and the mechanics governing plastic flow. The measured current from the
capacitor bank sets the initial condition to the simulator. The entire system of equations is
solved by the electromagnetic version of LS-DYNA [9]. In the subsequent cases, the
electromagnetic component of the system of equations is excluded and a magnetic
pressure boundary condition is applied to the ring. This method is identical to the sections
described above. The pressure boundary condition is released at the onset of impact to let
the ring flow plastically on account of its own inertia. The plastic strain at fracture as
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described in equation (2) is inferred empirically from the relative change in cross sectional
areas of the sheet metal specimen before and after impact. Two velocities were
measured in the directions shown in Figure 5 (b).
Current(kA) & Velocity(m/s)
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Velocity (Experiment)
Input current(kA)
Velocity(Model)

80

Experiment

Model
¼ symmetry

0
0

20

-80
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60
Time (s)

80

100
Fracture reproduced
(a)

-160

(a)

(b)

2.5 cm

(b)

Central direction

Figure 5: (a) Input current and output velocity (b) Model vs. ring expansion experiments
@ 5.6 kJ
Figure 5 & Figure 6 show the input current, the experimental and simulated impact
velocities (along the diagonal direction only) and the comparison between the ring
configurations after impact at two energies. The magnetic pressure (single constant
value), inferred from the input current sets the input condition to the simulation. The
impact velocities measured at two locations on the ring circumference in both the
indicated directions help were used to calibrate the model. Both the simulations and
experiment shows reduced propensity for failure at the higher impact energy. This is
presumably because the sample strikes the die more uniformly [10]. Both the simulations
and model show that there is a rebound phenomenon that produces a component that is
far from square in the end and these rebounds drive the failure process.
Current (kA) & Velocity(m/s)
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80
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Figure 6: (a) Input current and output velocity (b) Model vs. ring expansion experiments
@ 7.2 kJ

4.4

Results

In part (1) of Figure 7, as the ring strikes the square die, it rebounds and undergoes a
rapid change in stress states (tensile to compressive in the circumferential direction).
Meanwhile, the magnetic pressure causes the ring to advance in the diagonal direction.
The intermediate region between the central and diagonal direction acts like a tensile
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specimen. It necks and consequently fails under influence of a multiaxial stress states
[11]. There is a complicated interaction between stress waves travelling towards each
other as shown in Figure 7. In this process there is a strong interaction between the wave
fronts subsequently followed by their energy dissipation (Part (2)). Part (4) shows the
stress release upon fracture. The final shape of the product is not exactly the same as the
square die. This is largely attributed to rebound of the ring from the edge of the die. There
is a distinct similarity observed in the fracture paths from the simulation model and the
experiments shown in Figure 8. Part of the kinetic energy of the ring has to be plastically
dissipated in order to minimize the bounce-off.

Figure 7: Simulation results for the ring expansion (Effective von-Mises strain contours)

Figure 8: X-shaped fracture patterns (a) Model (Effective von-Mises strain contours) (b)
Experimental ring specimen

246

4th International Conference on High Speed Forming – 2010

4.5

Rebound Calibration

The rebound characteristics of sheet metal upon impact critically influence the shape
conformity of the formed product. The qualitative comparison between the numerical
model and formed specimens shown in Figure 5 reveal insights into the coupling between
the electromagnetic and the mechanical process. The numerical model in general has
higher rebound than the experimental product. This is because the pressure boundary
condition is released upon contact to let the ring specimen fly on account of its own inertia.
In reality, the specimen upon impact is stabilized against the square die by the magnetic
pressure that prevents it from bouncing back. The measured velocity profiles in Figure 5
and Figure 6 show a trough followed by another peak in sync with the current profiles. The
second peak is due to the magnetic pressure. The simulation model does not adequately
portray this peak and shows a steady decline and manifests as a rebound. At low energy
(5.6 kJ) the magnetic pressure begins its decline prior to the strike of the ring specimen
(compare second peak in Figure 5 (a)). At 7.2 kJ, the second peak in velocity precedes
that in current thus stabilizing the rebound effect and producing flatter parts. The magnetic
pressure thus holds the part firmly against the die dissipating its kinetic energy into stress
waves that traverse the circumference of the specimen.

Figure 9: Effect of entry wall angle and frictional coefficient () on formed workpiece

4.6

Effect of entry wall angle

The quality and shape of the formed sheet metal is highly dependent upon the entry wall
angle of the die channels. A steeper angle increases the propensity for shear under high
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speed impact. A shallower angle is beneficial for good shape conformity as shown in
Figure 9 (e) and (f). The effect of friction has been established from section 2.4. From
Figure 9 (c) and (d), it is evident that there is higher kinetic energy in the plate that causes
material to flow into the cavity and consequently shear at the edges. For these cases, a
secondary forming operation is essential to ensure better shape conformity.

5 Conclusions
1. In impact forming the shape of the component can vary significantly from the
shape of the die upon which the sheet strikes. This is influenced by rebound of the
specimen upon impact, friction between interfaces, geometry of the die (including
the stiffness of the component produced) and the persistence of magnetic
pressure after die strike. Rebound can be minimized by plastically dissipating the
kinetic energy of the workpiece.
2. The ability to make a given shape with a specific material is closely related to
frictional conditions in impact forming, as it is in traditional quasi-static forming.
However, in impact forming high coefficients of friction are generally favored
because draw-in is difficult in impact forming. The design strategy is to have each
material segment maintain a path along its launch vector.
3. Failure mechanisms are attributed to interaction between stress and/or
displacement waves, rapid change in stress states that lead into necking and
consequent failure.
4. The entry wall angle plays a critical role in the shape conformity of sheet metal. For
vertical shear walls, the formed shape is very different from the metal die shape.
For steep angles a secondary forming operation is beneficial in improving the
conformity.
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Abstract
LS-DYNA is a general multi-purpose explicit and implicit finite element program used to
analyse the non-linear dynamic response of three-dimensional solids and fluids. It is
developed by Livermore Software Technology Corporation (LSTC). A new
electromagnetism module is being developed in LS-DYNA for coupled
mechanical/thermal/electromagnetic simulations. One of the main applications of this
module is Electromagnetic Metal Forming (EMF). The electromagnetic fields are solved
using a Finite Element Method (FEM) for the conductors coupled with a Boundary
Element Method (BEM) for the surrounding air/insulators. Both methods use elements
based on discrete differential forms for improved accuracy.
Recently, a Massively Parallel Processing (MPP) version of the EM module was
developed allowing sharing the CPU and memory between different processors and thus
faster computations on larger problems. The implementation of the FEM and BEM in MPP
will be presented.
Finally, the EM module will be illustrated on an actual EMF case. Experimental and
numerical results will be compared and the speed-up of the MPP version will be studied.

Keywords
Modelling, Finite Element Method (FEM), Boundary Element Method (BEM)

1 Introduction
LS-DYNA is a general-purpose nonlinear finite element program that is capable of
simulating complex real world problems [1]. The major development goal of Livermore
Software Technology Corporation (LSTC) is to provide within LS-DYNA capabilities to
seamlessly solve problems that require multi-physics, multiple-stages, and multi-
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processing. LS-DYNA is suitable to investigate phenomena that involve large
deformations, sophisticated material models and complex contact conditions. LS-DYNA
allows running an analysis explicitly or implicitly and combining different disciplines such
as coupled thermal analysis, fluid dynamics, fluid-structure interaction, SPH (Smooth
Particle Hydrodynamics), EFG (Element Free Galerkin). Metal forming is one of LSDYNA’s main applications, with capabilities to simulate rolling, extrusion, forging, casting,
spinning, ironing, super-plastic forming, sheet metal stamping, profile rolling, deep
drawing, hydro-forming, multi-stage processing, springback, hemming [1].
An electromagnetism (EM) module is under development in LS-DYNA in order to
perform
coupled
mechanical/thermal/electromagnetic
simulations
[2],[3],[4].
Electromagnetic Metal Forming (EMF) is the main application of this development, but
other processes could also be simulated, where magnetic pressure induces mechanical
stress and deformations and/or the Joule effect induces a heating process: magnetic
metal cutting, magnetic metal welding, very high magnetic pressure generation,
computation of the stresses and deformations in various coils, magnetic flux compression,
induced heating and so forth. This module allows us to introduce some source electrical
currents into solid conductors, and to compute the associated magnetic field, electric field,
as well as induced currents. These fields are computed by solving the Maxwell equations
in the eddy-current approximation. The Maxwell equations are solved using a Finite
Element Method (FEM) [5] for the solid conductors coupled with a Boundary Element
Method (BEM) [6] for the surrounding air (or insulators). Both the FEM and the BEM are
based on discrete differential forms (Nedelec-like elements [7]).
The computation of the electromagnetic fields, and especially the BEM part, is very
time consuming and requires a lot of memory. An MPP implementation [8],[9] allows
reducing both the CPU time and the memory requirement by splitting them between
different processors. An MPP version of the mechanical and thermal modules already
exists in LS-DYNA. More recently, a Massively Parallel Processing (MPP) version of the
EM module has been introduced, allowing coupled mechanical-thermal-electromagnetic
simulations in MPP.
This paper is organized as follows: In part 2, we will present the physics of the EM
part of the problem, its coupled finite element / boundary elements representation, and the
respective solvers.
In part 3, the MPP implementation of the EM module will be presented, and in part
4, the MPP version will be illustrated on an EMF case. Numerical and experimental results
will be compared and the speed-up of the MPP version will be studied.

2 Presentation of the model
In this section, we will present only the EM part of the model. For details on the
Mechanical and Thermal parts, the reader should consult [1].

2.1

Presentation of the physics

Let  be a set of multiply connected conducting regions. The surrounding insulator
exterior regions will be called e. The boundary between  and e is called , and the
(artificial) boundary on  at the end of the meshing region (hence where the conductors

are connected to an external circuit) is called c. In the following, we will denote n as the
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outward normal to surfaces  or c. The electrical conductivity, permeability and
permittivity are called ,  and  respectively. In e, we have  = 0 and  = 0.
We solve the Maxwell equations in the so called low frequency or “eddy-current”
approximation, which is valid for good enough conductors with low frequency varying






fields such that the condition  E  E , where E is the electric field, is satisfied. When

t

using a vector potential A and scalar potential  representation and using the Gauge



condition E    A , we end up with the following system to solve [4],[10]:
t

(1)
    0

and



A  1  

     A    jS
t


(2)



Where jS is a divergence free source current density.

2.2

The coupled Finite Element Method/Boundary Element Method




We use Nedelec “edge elements” [7] and call W 0 , W 1 , W 2 , and W 3 the basis functions
associated respectively with the 0, 1, 2, and 3-forms [11]. Equation (1) is projected against
0-forms basis functions and equation (2) against 1-forms to give, after using the
appropriate Greens vector identities [11],[12],[13]:




   W

0

(3)

d  0











A  1
1    
1   
 W d     A    W 1d      W 1d   [n  (  A)]  W 1d
t





(4)



or equivalently after decomposing A and  respectively on the 0-form and 1-form basis
functions [4]:
(5)

S 0 ( )  0

M 1 ( )

(6)

da
1
 S 1 ( )a   D01( )  Sa
dt


Where we introduced the 0-form stiffness matrix S 0 , the 1-form mass matrix M 1 , the 1form stiffness matrix S 1 and the 0-1 form derivative matrix D 01 [13]. The last term of
equation (6) which involves the “outside matrix stiffness” S is computed using a BEM [6]:

An intermediate variable “surface current” k is introduced. This surface current, defined on

the boundary  is such that it produces the same vector potential (and thus B field) in the
exterior regions e as the actual volume current flowing through the conductors [4],[14]:


1 
A( x)  0 
k ( y )dy for all x   e (and in particular for all x   ).
4  | x  y |

One then has:

  
 

[n  (  A)]( x)  0 k ( x)  0
2
4

for x  x0  
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When projecting these equations on the 1-forms basis functions for A and the “twisted” 1





forms V 1( x)  n W 1( x) for k one gets the following matrix equations [4]:
( 9)

Pk  Da

(10)

Sa  Qk  QS k  QD k

Where we introduced the BEM matrices
Pi , j 

0
4

QS i , j 

1
i

x y

1
1

( x)  V j1 ( y )dx dy , Di , j   Vi ( x)  W j ( x)dx

(11)

x


1 1
Wi ( x)  V j1 ( x)dx ,

2 x

QD i , j  

2.3

1

 | x  y | V


1
1

  
W 1 ( x)  {nx  [( x  y)  V j1 ( y)]}dx dy
3 i

4 x y | x  y |

(12)
(13)

Domain decomposition

Contrarily to the FEM matrices, the BEM matrices P and Q D are full dense and cannot be
stored as dense arrays since the memory requirement would grow up very quickly with the
size of the system. In order to limit the memory requirement, a domain decomposition is
done on the BEM mesh, which splits the BEM matrices into submatrices. On the offdiagonal submatrices, a low rank approximation based on a rank revealing QR
decomposition is performed [15],[16]. For submatrices corresponding to far away
domains, the rank can be significantly smaller than the size of the submatrix, thus
reducing the storage of the submatrix. We typically see reductions of by factors around 20
between the full dense matrix and the block matrix with low rank approximations. This low
rank approximation also speeds up the matrix * vector operation used intensively in the
iterative method to solve the BEM system (equation 9).

2.4

Solvers

The coupled FEM/BEM system is solved in an iterative way [4]:
(14)

Pk nt 11  Dant 1
1
[ M 1 ( )  dtS1 ( )]ant 11  M 1 ( )at  dtD01( ) t 1  dtQknt 11



(15)

until convergence on both k nt 1 and ant 1 .
The dense system (14) is solved using a pre-conditioned gradient (PCG) method
[15] where different preconditioners [17] can be used, such as a diagonal line or a
diagonal block preconditioner. Other types of preconditioners are being developed. When
successive systems have to be solved with the same matrix and different right hand sides
(rhs), as it happens in time domain problems, the solution for a given rhs can be used as
an initial solution for the next system. This is done when the successive rhs’s are nearly
parallel and the initial solution is then adjusted by the ratio of the norms of the two rhs.
Starting with a good initial guess considerably reduces the number of iterations in the
subsequent solves.
The sparse system (15) is solved using a direct solver [1].
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3 MPP implementation
3.1

Introduction

The assembly and solve of the electromagnetic systems, and especially the BEM one
which involves dense matrices are computationally expensive. The use of an MPP
architecture [15],[16] allows sharing some of the computations between the different
processors. It also allows sharing the storage of the different matrices between the
processors, and thus gives an overall gain in memory and in computational time. We will
now present how the electromagnetism systems are implemented in MPP. We will insist
on the BEM implementation where the gains are maximal. In the following, we will call np
the number of processor for a given simulation.

3.2

Implementation of the FEM part in MPP

The FEM part of the EM systems is handled in the same manner as the mechanical and
thermal systems. For details, the reader should consult [1].
A domain decomposition with np domains is defined on the solid mesh. This is a serial
operation performed on one processor. Each processor is assigned one domain.
Associated with this domain is mesh data (node position and element connectivity) which
largely stays local to each processor.
An FEM matrix is computed in parallel. Each processor creates elemental matrices
for the elements it owns and the partial matrices on the processors are assembled and
partitioned (an “all-sum” operation). The matrix-vector multiplies become sequences of
serial computations followed by collective “all-sum” and “all-gather” operations.

3.3

Implementation of the BEM part in MPP

The BEM system deals with dense matrices and thus requires a lot of computational
time, both for the matrices assembly and for solving the systems. A large gain can be
made by using an MPP implementation. Unlike the FEM system where only one element
is needed to compute an elemental matrix, the elemental BEM matrices involve double
integrals over 2 elements, like in equations (11) and (13). The full BEM mesh (node
position, BEM faces connectivity) is thus broadcasted to each processor.

3.3.1 BEM matrices: singular integration
The entries of a typical BEM matrix P are computed by integrating a kernel, smoothed by
the basis functions between 2 faces, like in equations (11) or (13). Since the kernel is a
negative power of the distance between the faces, these integrals can become singular or
near singular for self or neighbour faces. Such singular integrations are based on Duffy
transform which regularizes the kernel [18],[19]. The transforms depend on the type of
face (quadrilateral or triangular) and on the type of singularity (self face, faces with
common edges, faces with common nodes and so forth).
They require many integration points on each face and the evaluation of the kernel
between these integration points and are thus numerically expensive.
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In MPP, the pairs of neighbour BEM faces are classified based on a cut-off on the
face separation parameter p  dist(C1 , C2 )
max( R1 , R2 )

Where C1 and C 2 are the centers of faces 1 and 2 respectively, and R1 and R2 their
respective radii. The smaller the value of p , the more singular the pair (face 1, face 2)

is and the more integration points are needed. The neighbour pairs are distributed
among the processors to balance the singular integration work to compute PS , the
singular part of P .

3.3.2 BEM matrices: regular integration
A domain decomposition is performed on the BEM mesh with nd domains ( nd  np ).
This domain decomposition allows decomposing any BEM matrix P as a block matrix:
P

 P ( ,  )
1

1 ,  2 

2

(16)

Where P(1, 2 ) represents the submatrix of matrix P with the rows in  1 and the
columns in  2 .
For any 2 domains  1 and  2 we call the separation parameter:
p(1 , 2 ) 

dist(C1 , C2 )
max( R1 , R2 )

(17)

Where C1 and C 2 are the centers of domains 1 and 2 respectively, and R1 and R2
their respective radii.
The nd domains are partitioned between the np processors using the following
method:




np “center” domains are chosen so that they are as well separated as

possible, i.e. so that their separation parameters (17) are maximized.
Each center domain is assigned to a processor.
The other domains are assigned to the processor whose center domain is
closest, by keeping the number of domain per processor as uniform as
possible.

We thus end up with a domain partition such that each processor owns its domain
center plus all the surrounding domains. An example of such a domain partition is
presented on figure 1.
The sum (16) is partitioned between the processors using the following method:
 P(1, 2 ) is computed either by the processor which owns  1 or by the
processor which owns  2 .
 The couples of domain are split between the processors in order to keep the
same number of couples per processor.
The singular part PS is then block partitioned with the same partition (16) used for
the regular part of the matrix, and each singular block is added to the corresponding
regular block in order to assemble the full matrix P .
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All together, the amount of work to assemble the matrix is thus evenly split between the
processors, as well as the memory needed to store the matrix.

Figure 1: Example of a domain partition of a BEM mesh into 4 processors

4 Results
4.1

Presentation of the EMF experiments and numerical models

The material used in this experiment was a commercial AZ31B magnesium alloy sheet for
which the mechanical and microstructural evolution at high strain rate can be found in [20].
A square free forming operation is considered for the numerical study: The employed coil
and die are shown in Figure 2. More details about the experiments can also be found in
[21]. The selection of these operations is motivated by the fact that the deformation of the
workpiece could be recorded by a high speed camera in the experiments and thus not
only the final results but also their evolution in time can be compared.
A Photron FASTCAM-APXTM high speed camera was used to record the
deformation at a sampling rate of 37500 fps. Moreover, in free forming operations, the
influence of the die geometry in the final shape of the workpiece is less noticeable than in
a close die forming operation and therefore it makes the numerical simulation more
challenging, evidencing possible discrepancies with experiments.
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Figure 2: Coil and die used for the square free forming case.
The resistance, inductance and capacitance values of the equivalent RLC circuit
used in the experiments are respectively R0=0.956 mΩ, L0=10 nH and C0=180 μF. A
charging voltage of 5.773 kV (i.e. 3 kJ) is used in the numerical simulations.
The clamping force is applied as nodal forces between the die and the blank holder.
The electromagnetic analysis is performed up to 300 μs with a time step of 1.5 μs
and a recomputation of the BEM and FEM matrices every 10 steps. There thus are 200
electromagnetic time steps and 20 matrices reassembly in each simulation. The thermomechanical analysis is performed up to 300 μs with ttherm= 2 μs and tmech= 30 ns
respectively.
The main electrical parameter for non magnetic materials, such as non-ferrous
materials like copper or magnesium alloys, is the electrical conductivity ( e). In the
numerical models the temperature dependence of the electrical conductivity is taken into
account whereas the influence of the plastic deformation is not considered. The
temperature dependence of the electrical conductivity is modelled using a Burgess model
[22] and also using linear interpolation between conductivity values at given temperatures.
The evolution of the electrical conductivity of copper (i.e. the coil) with temperature is
taken from [22] and the conductivity values for the AZ31B magnesium alloy (i.e. the
workpiece) are taken from [23]. The die and the binder are considered insulators, so there
is not current calculation in these bodies since the skin depth is usually small in EMF
operations.
The die and the blank-holder are considered as rigid bodies made of steel ( = 7.8
g/cm3; E = 210 GPa;  = 0.33) in order to save computational time. The coil is modelled as
an elastic material of very high strength to avoid any deformation, since the study is not
focused in the coil but in the deformation behaviour of the workpiece. The assumption of
the coil to work in the elastic domain is faithful when the resin in which it is embedded
resists the reaction forces produced by the EMF discharges. In order to model the
constitutive response of the workpiece, the flow stress is determined as a function of the
plastic strain, the strain rate and the temperature using the constitutive equation given by
Johnson and Cook [24]. The values employed in this paper are taken from [25].
The thermal properties considered in this study are the specific heat capacity (c p),
the thermal conductivity () and the coefficient of thermal expansion (). Data for oxygen
free copper is taken from ASM Specialty Handbook for Copper and Copper alloys [26] and
data for AZ31B magnesium alloy is taken from ASM Specialty Handbook for Magnesium
and Magnesium alloys [23].
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For the numerical study, different cases have been studied, with different coil mesh
densities representing the same geometry. The model corresponding to Mesh1 is shown
in Figure 3 and table 1 gives the statistics of the different meshes. All the cases have been
solved with the same tolerances in the PCG method and with the same block-diagonal
pre-conditioner.
Case name
# nodes
# elements
#BEM Pdofs
#BEM Qdofs

Mesh1
39504
28595
19851
39688

Mesh8
63759
43568
36971
73920

Mesh16
86537
62600
44279
88532

Mesh32
131747
98744
62363
124688

Mesh64
420478
343224
147843
295648

Table 1: Statistics on the different meshes used for the numerical study.

Figure 3: Model corresponding to Mesh1 (a quarter of the workpiece and die is removed
to show the coil).

4.2

Numerical-experimental comparisons

The experimental and numerical final shapes of the workpiece showed a good
agreement as pictured on figure 4. The numerical and experimental Z displacement
versus time were also compared and showed a very good agreement as shown on figure
5. More details can be found in [21]. The numerical results given by the different meshes
are fairly consistent with of course more details on the thinner meshes.
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Figure 4: Final shape of the workpiece: experimental (left) and numerical (right).

Figure 5: Comparison between numerically predicted and experimentally observed time
evolution of the maximum height of the workpiece.

4.3

Study of the MPP speed-up

The different cases have been simulated using 1, 2, 4, 8, 16, 32, or 64 processors. Table
2 shows the total computational time versus the number of processors for the different
cases and figure 6 shows the computational time vs the number of processors for mesh1
and mesh8. One can notice the large reduction in computational time for Mesh1 when
going from 1 to 2 and then to 4 processors. This reduction is less dramatic when
increasing even more the number of processor on such a small case. This is because for
large numbers of processors, the communication between processors becomes very
important compared to the work done by each processor. We looked in more detail at the
two most time consuming parts of the computation, i.e. the BEM matrices assembly, which
we will call “assembly” and the BEM solve using a PCG method which we will call “solve”.
On both mesh1 and mesh8, the assembly time scales pretty well with the number of
processors. The solve time does not scale as well, but represents a small fraction of the
total time on these small cases.
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The larger test cases, mesh16, mesh32 and mesh64 can only be run on larger
number of processors due to the memory requirement. On these cases, doubling the
number of processors shows a significant reduction in the computational time.
# processors Mesh1 Mesh8 Mesh16 Mesh32 Mesh64
1

24:16

55:41

2

12:16

27:42

4

6:28

14:13

8

3:56

8:49

12:14

16

2:29

5:15

7:34

15:53

32

1:36

3:07

4:22

8:57

42:16

64

1:09

2:01

2:46

5:32

26:31

Table 2: Computational time (hours:minutes) versus number of processors for the
different meshes.

Figure 6: Computational time (log scale) versus number of processors for Mesh1 (left)
and mesh8 (right). The dots represent the total time, the squares the assembly time, and
the triangles the solve time.
In order to better compare the speed-up, we define the efficiency of a simulation
performed with p processors compared to a reference simulation performed with p 0
processors ( p0  p and p0  1 whenever the total memory needed by the run makes it
possible) as:
Ep 

p0Tp0 ,
pTp

(18)

Where Tp is the computational time for p 0 processor, and Tp is the computational
0
time for p processors. Ideally, we would like this efficiency to be equal to 1, and lower
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values show time spent (“wasted”) in communication and synchronization. Figure 7 shows
the total computational time versus the number of processors for all cases, as well as the
efficiency versus the number of processors for all the cases. One can see that for the
small cases, the efficiency falls down below 0.5 for large number of processors, but for the
larger cases, it stays above 0.6 even at large numbers of processors. In the future, better
pre-conditioners will be introduced in order to improve the solve efficiency and thus the
overall efficiency.

Figure 7: Total CPU time (left) and total efficiency (right) versus number of processors for
the different cases: dots: mesh1, squares: mesh8, up triangles: mesh16, down triangles:
mesh32, diamonds: mesh64.

5 Conclusions
The newly introduced Electromagnetism module of LS-DYNA was presented. The
electromagnetic fields are computed by solving the Maxwell equations in the eddy-current
approximation, using a FEM for the conductors coupled with a BEM for the surrounding air
and insulators. The implementation of the MPP version of the module was presented, and
in particular, the BEM system part. Results were presented on an EMF test case, and the
speed-up of the MPP version was presented. The MPP version allows much faster
simulation and much larger cases due to the distribution of the memory between the
different processors.
Further improvements on the speed-up are currently being addressed, such as the
introduction of new pre-conditioners in MPP which could considerably improve the
efficiency of the solve part.
More recent developments in the EM module include an induced heating and
resistive heating capability, as well as a sliding contact capability for the electromagnetic
fields which allows the simulation of rail gun like experiments. In the future, the EM
module will be extended from hexahedral to tetrahedral and wedge solid elements as well
as shell elements, and a mesh adaptivity capability will be introduced. Finally, other
solvers than the eddy-current will be introduced, including a magnetostatics solver.
The EM module is integrated in the 980 version of LS-DYNA, which should be
released sometime in 2010. In the mean time, it is available as a “beta version”.
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Abstract
This paper presents a proposal to build a test bench for electromagnetic forming
processes. The project considers the analysis of the electrical circuit and forces involved
in the system for selection of low voltage capacitors, resistors, buses, main discharge
switch and material choice for actuator’s insulation and rigidity, considering also the
manufacturing process of actuators and dies. Among the aspects considered for the
design, energy efficiency has been prioritized by the use of non-conducting material to the
dies. Main switches by mechanical contact and spark gap types were used and its wear
and functionality was assessed. Free bulging experiments were performed with aluminium
AA1100 plates for a system configured with a flat coil actuator. Test measurements of
electric currents in the coil actuator with and without the workpiece as the secondary
circuit were performed, as well as an evaluation of wear and functionality of the system. It
is observed that the main switch discharge is one of the most critical items of the system.
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High speed forming, Flat coil, Spark-gap
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1 Introduction
In recent years, the electromagnetic forming (EMF) technique has been widely studied,
especially with regard to the behaviour of materials under high strain rate, the potential for
applications and numerical modelling of the process, with several works dedicated to
these topics [1-12]. However, few studies have been presented for the design of EMF
machines, whether for industrial or laboratorial applications [13].
Commercial solutions for EMF machines are very expensive and the user´s flexibility
facing the choice of components with specific electrical properties is subjected to
manufacturer´s availability. In laboratorial experiments, the electrical data are very
important, as they help the understanding and identification of relevant parameters to the
process while also allowing the development of numerical models to design actuators and
dies, as well process analysis.
Given the importance of the machine, this paper presents an alternative proposal for
a test bench for electromagnetic forming of thin metal sheets, prioritizing laboratorial
application. The project considers the analysis of electrical components, development of a
main switch like spark gap, choice of material and manufacturing process for insulation
and rigidity of the actuator and dies, emphasizing the efficiency of the system. Free bulged
tests results are presented with aluminium alloy AA1100 plates for an EMF system
configured with a flat spiral coil as actuator, including discharge currents, wear analysis
and systems functionality, providing more information for the design of EMF machines and
the process itself.

2 The Electromagnetic Forming Process
In a simplified way, an electromagnetic forming system consists of a capacitor bank, an
actuator coil, a main switch and the metallic workpiece to be deformed. The capacitor
bank is connected to the actuator coil which is very close to the workpiece. When the main
switch is closed, the energy previously stored in the capacitors is rapidly discharged
through the coil as a high electric current pulse producing a transient magnetic field that
induces opposite currents on the nearby conductive workpiece (Lenz’s law). The
electromagnetic repulsion between the currents flowing in opposite directions and in close
proximity provides the deformation force (Lorenz law) to the workpiece [11].

2.1

Simplified Analysis of EMF Processes

The analysis of the EMF process is very complex because it responds to interaction of
electric, magnetic, thermal and mechanical fields. This section presents a simplified way
of examining the case to illustrate the basic principles of the process and its main
parameters. Advanced information about the interaction of deformation and
electromagnetic fields can be found in [14-18].
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2.1.1 Analogy to Electrical Circuit
An electromagnetic forming system is a discharge circuit which consists of a primary RLC
circuit coupled with a secondary RL circuit. Equations (1) and (2) describe the analogous
electrical circuit of the system [19]:

 L1 

di1 d
1
  Mi2    R1  i1 
i1dt  0
dt dt
C0 

d
d
 L2i2    Mi1   R2i2  0
dt
dt

(1)

(2)

where, C0 is the capacitor bank, L1 and R1 are respectively the total inductance and
resistance of the primary circuit; M is the mutual inductance between the coil and
workpiece, i1 is the coil current, i2 is the equivalent induced current in the workpiece, L2
and R2 are respectively the workpiece’s equivalent inductance and resistance. The initial
conditions for equations (1) and (2) are:

i1  0,

 L1 

di1
 V0 , i2  0
dt

(3)

with V0 the initial voltage of the capacitor bank. The Mi2 term is not constant, it varies
significantly with the deformation of the workpiece (moves away from the actuator coil)
and, to a lesser intensity with the penetration of the magnetic field in the workpiece.

2.1.2 Induced Magnetic Force and Magnetic Pressure Distribution
The resulting repulsive force between the magnetic field in the actuator coil and the
induced magnetic field in the workpiece is typically referred to as the magnetic pressure.
The induced magnetic force and pressure is given by equations (4) and (5) [9,11]:

F 0 I1 I 2

l
2 d
P

0 H 2
2

(4)

(5)

Where F is force, P is pressure in Pascals, µ0 is the permeability of free space, H is the
electromagnetic intensity, d is the distance between the workpiece and the actuator.
The electromagnetic intensity H, which may be calculated by Biot-Savart law, is very
dificult to determine because it depends on time, on the space location, on the applied
current and geometry of the conductive media, in this case, the actuator coil and the
deforming workpiece. Electromagnetic intensity distributions for idealized spiral coils have
been analytically determined, but no general analytical solutions exist for sheet metal
forming operations with flat coils [9,12].
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2.2

Equipment

An electromagnetic forming machine may be treated as an RLC circuit, equation (1), and
is basically composed of a high voltage DC power supply, capacitors, connecting lines,
main discharge switch, actuator coil and other devices for operational safety and control.
The most critical parts are the capacitors and the main discharge switch, which must be
robust enough to withstand the high reverse voltage and current that may exceed 100 kA
[13,20]. In addition to these characteristics, it is desirable that the resistance and
inductance of the components are as low as possible in order to maximize the efficiency of
the deformation process. Special attention should be given in the selection of connecting
lines (buses), capacitors (capacity and internal resistance and inductance), the actuator
coil design, and especially in respect to the main discharge switch.

3 Design Solution for an EMF Test Bench
The design for the test bench presented in this paper considered the above mentioned
technical aspects and an economic alternative when compared to a commercial solution,
as the total budget for purchasing and manufacturing the required components, excluding
monitoring and data acquisition devices, amounts $2500.00 with all parts being made in
Brazil. The following sections provide further detail on all the components used to build the
machine. Warning: readers interested in following the assembly and operation of the
presented machine need to use individual protection equipment and take special care
when handling with high voltage. Also, the reader should know that a high voltage (DC)
power supply is needed to charge the capacitor bank and so make the machine
operational. It is also recommended at least two persons to operate the machine, where
one controls the charging procedure and the other the trigger circuit (main discharge
switch).

3.1

Capacitors

The energy stored (U) in a capacitor is determined by the following equation:

1
U  CV 2
2

(6)

Commercial EMF machines exploit this relation by using capacitors of low
capacitance and high voltage (thousands of Volts). This is possible due to the highly
insulating material (dielectric) which these capacitors are made from.
For this bench test, low voltage capacitors were selected on the basis of cost,
market availability and operational safety. Based on these criteria, EPCOS electrolytic
pulse capacitors of 450 V and 5600 µF (±20%) with screw terminals were chose. More
detailed information about these capacitors may be found in the reference [21].

3.2

Main Discharge Switch

The main discharge switch needs to be efficient in the transmission of the high currents
and provide operational availability, i.e., it needs to resist to the wear. Discharge switches

267

4th International Conference on High Speed Forming – 2010

based on terminal contacts are not efficient in the transmission of high current, much less
wear resistant and in some times, resulting in the undesired welding of the terminals [1113]. Two possible switches without contact are the spark-gap and the thyratron valve, both
are electronic controlled high voltage switches (hundreds of kV) and support high peak
currents (kA). The solution was the development of a non automated spark-gap (SG) of
easy construction and implementation (Figure 1). In this system a secondary circuit is
used to form plasma between the electrodes and thus driving the main switch without
mechanical contact. The secondary circuit consists of a small wire diameter, which is
evaporated by short circuit from its own, forming plasma between the electrodes and thus
conducting the high current pulse [12].
Stainless steel electrode (M12 screw)
M6 screw
M12 nut

Connection with the
drive circuit

Thin metallic wire

Copper connection for bus bar

Figure 1: Main discharge switch without mechanical contact (Spark-gap) [12].

3.3

Actuator Coil and Dies

For this project, a flat spiral coil actuator was selected (Figure 2). The coil was modelled
on CAD and then machined on a CNC machine from a 150 x 150 x 15 mm copper plate. A
cavity in the shape of the coil was machined with a 0.1 mm gap in a polyacetal block
providing rigidity and insulation. The upper die has a circular cavity. The coil and the upper
die were fixed by screw connections (M6). Table 1 presents more detailed information.
Coil

Die mould

Material
No. of windings
Radius of outer ring
Pitch
Cross-section area
Electrical resistivity
Self inductance
Material [22]
Ultimate yield strength
Hardness
Dielectric strength
Cavity diameter
Cavity depth
Blank diameter

Table 1: Coil and die parameters
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Electrolytic copper
6
60 mm
10 mm
16 mm2
1.2396 mΩ (ohmmeter-D05 Cropico)
1.2 µH (LCR meter Minipa MX-1001)
Tecaform AH (Polyoxymethylene)
60.7 MPa
86 HRM
19.7 kV/mm
Ø=120 mm
30 mm
Ø=180 mm
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(a)

(b)

Figure 2: Machined flat spiral coil of electrolytic copper (a) and a sectioned view of the
dies (b).

3.4

Connecting Lines

Usually, a coaxial configuration for the connecting lines is used, as this will minimize the
inductance. As this type of solution is expensive, simple copper bus bars were used. The
bars should have a lower electrical resistivity, in other words, it must have no more than
the same electrical resistivity than the actuator coil installed on the machine. Commercial
copper profiles of 15.87 x 3.17 mm meets the desirable requirements with a cross section
area of 48.8 mm2 and sufficient width to maximize the contact area with the terminals of
the previously selected capacitors. Copper flexible connectors, with an equivalent cross
section area of 36.4 mm2 were also used.

3.5

Electrical Circuit Configuration

With all major components defined, it is now important to sketch the electrical circuit
configuration to assist the assembly process. Figure 3 shows a schematic electric circuit
for the EMF system.
The capacitor bank C0 shown on figure 3 consists of six capacitors, arranged as a
series-parallel circuit (Figure 8). In this configuration it is possible to apply up to 1000 V
and the maximum energy storage, which is calculated by applying the equation (6), gives
4.3 kJ. The circuit presented on Figure 4 has 10 kΩ resistors between the capacitors
terminals. These resistors equalize the applied voltage and also serve to discharge the
capacitors when the power is not used for electromagnetic forming.
M

I1

Secondary circuit drive

Flat spiral coil

I2

Charge switch

220 V

I1

L1

Variable DC
power supply

I1

SG
0 – 1 kV

Workpiece
(circular plate)

C0
R1

Figure 3: sketch of the electrical circuit.
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Figure 4: circuit of the capacitor bank with 5600 µF capacitors and the 10 kΩ resistors.

3.6

Test Bench frame

All components were mounted over medium-density fibreboard, fixed with screws and
nuts. Figure 5 shows the completed EMF machine with all monitoring and data acquisition
devices.

Figure 5: Test bench for electromagnetic forming of thin metal sheets at LMEAE/UFRGS.

3.7

Procedures for operation of the test bench

The steps to prepare the machine for an EMF operation consist of: checking if the system
is energized and then disconnect and/or discharge it if necessary, positioning the sheet on
the die/closure and fixation of the dies with butterfly nuts and place the thin metallic wire
on the trigger circuit (secondary circuit). Setup of the monitoring and data acquisition
devices and start charging the capacitor bank with the desirable energy. Once the charge
is complete, the DC power supply must be disconnected from the capacitor bank and then
the trigger circuit may be fired. Again, users are warned to beware of the risk of electric
shock and fire by short circuit. The authors recommend installing voltmeters on the
charging and trigger circuits to ensure that it is not energized. If necessary, wait a moment
for the 10 kΩ resistors to dissipate the previously stored energy. Always use individual
protection equipment and a voltmeter to check the voltage of the circuit before touching it.
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4 EMF Analysis procedure
The experimental procedures consisted of free bulging tests of aluminium alloy AA1100
sheets. A voltmeter, a 1 mΩ shunt resistor and an oscilloscope were used for data
acquisition and monitoring (Figure 5). Table 2 presents system parameters and working
conditions.
Circuit conditions

Capacity of condenser bank
Energy (maximum)
Workpiece
Material
Electrical resistivity [23]
Thickness
Diameter
Gap distance
Table 2: System parameters and working conditions

8400 µF
4.3 kJ @ 1 kV
AA 1100
3∙10-8 Ω∙m
0.8 and 3 mm
180 mm
1 mm

5 Results and Discussion
The machine showed satisfactory results with the electromagnetic forming deformation
imposed to the workpiece. On Figure 6 it is possible to see the final deformed sheets of
0.8 mm and 3 mm thick.

Figure 6: Electromagnetic forming results for AA1100 sheets with 0.8 (0,9 kV) and 0.3
mm (1 kv).
Discharge current and voltage tests showed that the spark-gap switch has great
efficiency (Figure 7) where it is also possible to note that the spark-gap switch allows
current and voltage reversion. Workpiece thickness has influence on current peaks: a thin
sheet has a small area relative to the induced currents flow, thus a higher electrical
resistivity.
Circuit Current and Voltage Discharge
1.0

40

35

20

Current

0.4

10

Current [kA]

30

Voltage

0.6

Current [kA]

0.8
Voltage [kV]

Circuit Current Discharge and Workpiece Thickness
45

0.8 mm thick

15

3 mm thick

0.2

0

0.0

-10

-5

-0.2

-20

-15

0.00

0.40

0.80
Time [ms]

1.20

1.60

Without workpiece

25

5

0.00

0.40

0.80
Time [ms]

1.20

1.60

Figure 7: Acquired voltage and current curves for the spark-gap and circuit current
discharge curves situations with and without the aluminium sheet plate charge.
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Data from the experimental results confirmed the high current and reverse voltage
that the machine components are subjected. Upon completion of over 50 experiments, the
machine is still operational. However, wear its noticeable in the spark-gap, in the flexible
copper connections and in the actuator coil, Figure 8, due to the high current discharges.

(a)

(b)

(c)

(d)

(e)

Figure 8: initial state of the spark-gap (a) and copper flexible connector (b). Noticeable
wear after over 50 highly energized pulses: spark-gap (c), copper flexible connector (d)
and actuator coil (e).

6 Conclusions
The paper presents a proposal of a test bench for electromagnetic forming of thin metal
sheets for laboratorial experiments. The presented design solutions are simple, functional
and feasible. Aluminium sheet plates of up to 3 mm thick (Table 1) were successfully
deformed by the presented EMF machine confirming that this concept serves as test
bench and also as a reference for the construction of more powerful and robust machines
and with higher degree of automation. Acquired data for discharge current and voltage
helped to identify process parameters and its influences, assisting in the development of
other areas such as numerical modelling, die design and materials, and finally to the
dissemination of this technique.
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Dynamic Characterization of Powdered Ceramics*
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Abstract
The dynamic behavior of powdered materials such as granular silica (sand), technical
ceramics, and porous geological substances has importance to a variety of engineering
applications. Structural seismic coupling, planetary science, earth penetration mechanics,
and the performance of ceramic armors are just some of application areas. Although the
mechanical behaviors of sand and other granular ceramics have been studied extensively
for several decades, the dynamic behavior over a range of strain rates and pressures of
such materials remains poorly understood. This paper describes how instrumented
electromagnetic tube compression driven by capacitive discharge can be used to measure
compaction of porous materials at moderate pressures and controlled strain rates. The
technique relies on electromagnetically crushing a powder-filled conductive tube. By
measuring the current as a function of time and the tube displacement through Photon
Doppler Velocimetry (PDV) sufficient data can be obtained to reveal the behavior of the
porous material. The method will be described in detail and example data will be shown
for compaction of silica sand.

Keywords
Dynamic, Compression, Ceramic

1 Introduction
Compression of powdered ceramics falls into a field of science, which has been studied
extensively, using both quasi-static and dynamic methods to characterize these materials.

*
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In this discussion dynamic characterization is obtained through the use of a high-rate
technique that does not use an impacting shock wave as the primary consolidation
mechanism. This work has similarities to the work of Johnson et al. [1], where expanding
materials were investigated.
Investigators have recognized for many years that most materials do not behave the
same under static conditions as they do in a dynamic environment. The difference
between static and dynamic behavior of powder materials is nicely detailed by Vogler et
al. [2]. Scientists have used many different approaches to evaluate the mechanical
properties of powder materials under rapid loading. High-quality experimental data is
needed for the development of computational models of dynamic material events along
with the need to improve our general understanding of dynamic powder material physics.
Dynamic compactions of powder materials typically use shock wave techniques
such as explosives or high velocity impactors. This paper describes how instrumented
electromagnetic tube compression driven by capacitive discharge can be used to measure
pressure-volume relationships for model materials at high and controlled strain rates. By
measuring the driving current as a function of time and the tube displacement through
Photon Doppler Velocimetry (PDV) based on Strand et al. [3,4], the behavior of the porous
material can be revealed. The electromagnetic compression technique affords the
investigator symmetric loading, repeatability, and precise energy input which is why this
technique is being used to obtain high rate low-pressure data [5]. This data is used to
validate the P-λ equation-of-state [6] for describing the compaction of porous granular
media at the continuum level.

2 Experimental Concepts
2.1

Traditional Methods

The traditional methods used to dynamically compress porous materials usually involve
explosives and/or high velocity drivers where direct and intense shock waves achieve
compression. These methods while effective at compression can have undesirable
attributes associated with them. For example, the methods can be time consuming to
perform and usually require expensive testing to obtain accurate and reproducible data.
In addition, it is difficult to control the delivery of the compacting energy and maintain the
reproducibility of the energy delivery to the material sample over a sequence of
experiments.

2.2

An Alternative Method

The Photon Doppler Velocimetry is an enabling technology for porous material
compression testing, as velocity is a key parameter in modeling. A heterodyne
velocimetry system based on the work of Strand et al. [2,3] was constructed for channels
of velocity data at peak velocities under 1000 m/s. The system was used successfully to
measure velocities of electromagnetically compressed axisymmetric samples. The low
cost methodology illustrated in Figure 1 has contributed useful data to determine material
properties under high strain rates and benchmarks for numerical analysis of porous
material compaction.
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Figure 1: Electromagnetic compression system for porous material compaction.
The compression system shown above, consists of four main components: 1) Power
supply and work coil; 2) PDV system; 3) Data acquisition; and 4) Data analysis software.
A specimen is placed in the work coil and a high frequency electrical discharge is released
into the coil to dynamically compress the specimen at high strain rates (10 2 s −1 to 10 4 s −1 )
within an axisymmetric strain field. The high strain rates are achieved due to the intense
interaction of opposing Lorentz forces acting between the conductive tube and the work
coil. The interacting Lorentz forces can create magnetic pressures, which may reach
upwards of 500 MPa for this test configuration.

3 Mechanics of Alternative Method
This section describes the mechanics of the EM technique, which are needed to perform
analysis of the data obtained from the EM compression experiment. The required
information consists of material information about the conductive tube, initial bulk density
of the sample material, resistance-inductance-capacitance (RLC) values about the
capacitor system (this can be resolved from the time-history waveform of the driving
current and are assumed to remain constant during the experiment), and lastly the velocity
time history of the conductive tube (this is determined from the processed data signal
obtained by the PDV system).
To gain understanding of the system operation, the system can be described as a
capacitive discharge unit connected to a coil. The coil delivers the magnetic energy to the
sample tube. This configuration mimics a series RLC circuit mutually coupled to an RL
circuit. Figure 2 illustrates this coupled circuit concept. Kirchhoff loop laws may be
applied to the circuits in Figure 2 to obtain ordinary differential equations, which relate the
external circuit to the changing sample tube circuit.
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Figure 2: Compression system circuit schematic. Consists of two mutually coupled
circuits, the external driving circuit plus the compression coil (subscript 1) and the sample
tube (which will be subscript 2 in further reading).
Kirchoff’s loop rule was used to sum the voltages across the elements in the
coupled circuit shown in Figure 2. The loop law yields the ordinary differential Equations 1
and 2.
d
dt
d
dt

(L I

1 1

(L I
2

2

+ MI 2 ) + R1 I 1 +

Q1

=0

C1

(1)

+ MI 1 ) + R2 I 2 = 0

(2)

Equation 1 is the sum of the voltages around the primary circuit (external circuit +
coil). Equation 2 is the sum of the voltages around the secondary circuit (tube).
According to Lenz’s Law the induced current in the tube is always in a direction as to
oppose the cause that produced it. Hence, a plus sign results in front of the MI 2 and the

MI1 terms found in the two differential Equations 1 and 2. To obtain the total time
derivatives of the currents I1 and I 2 the product rule of differentiation and Cramer’s rule
were used. This resulted in two total time derivatives of current in the coil,

I1 =

M ( L2 I 2 − MI 1 ) + L2

(

Q1
C1

)

+ R1 I 1 − MI 2 ( R2 + L 2 )

M − L2 L1
2

(3)

,

and the tube,

I2 =

(

M ( L1 I 1 − MI 2 ) + L1 I 2 ( L 2 + R2 ) − M R1 I 1 +
M − L2 L1
2

Q1
C1

)

.

(4)

An energy balance between the two circuits exists, which allows for an expression of
the magnetic force ( Fm ) acting between the coil and the conductive tube,
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Fm =

1 dL2
2 dr

I2 +
2

dM
dr

I1 I 2

(5)

.

The mutual inductance term M and the self-inductance L2 of the tube are critical
items for properly calculating the motion of the tube wall. The self-inductance and the
mutual inductance of the tube are assumed to follow the induction relations from Rosa and
Grover [7].
Looking only at the sample tube for now, the sample tube can be considered to be a
thin walled structure with flow strength and magnetic pressure ( Pm ) acting on the outside
of the tube, as well as resistive compaction pressure ( Pc ) from the granular material acting
on the inside of the tube. This concept allows for the development of a free-body-diagram
of forces acting on a differential element of the conductive tube. Figure 3 illustrates the
pressures involved in relation to the geometry of the sample tube, which leads to the free
body diagram also shown in Figure 3.

Figure 3: Pressure acting on sample tube and the assumed tube geometry with a free
body diagram of forces acting on a differential element of the tube.
Summing the radial forces acting on the differential element of the tube provides an
equation of motion for the tube element. Equation 6 is the tube radial equation of motion.
Pm and Pc are the magnetic and compact pressures acting on the tube. σ is the material
flow stress of the tube, which is assumed to be a known relationship to the radial strain in
the tube. ρ is the tube material density. Variables ho and ro are the tube initial wall
thickness and initial wall radius respectfully. r ( t ) is the radial location of the tube as a

function of time. The radial motion of the tube wall is measured by the PDV system, which
is how 
r(t) and r(t) is determined for inclusion into Equation 6.

r (t ) =

(P

m

− Pc ) r ( t )

ρ ho ro

2

2

−

σ

ρ r (t )

.

(6)

The primary current history ( I1 ) is measured using a Rogowski probe. Given the
radial velocity, and therefore the radial displacement as well as I1 are all measured as a
function of time, the magnetic pressure between the coil and the tube is solvable.
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1 dL2
Pm = 2 dr

I2 +
2

dM 12

dr
2π r ( t ) l

I1 I 2

(7)

Equation 7 gives the magnetic pressure; the radial equation of motion can be turned
around and solved for the nominal compact pressure at the interface of the granular
material and the conductive tube. Equation 8 gives the nominal compact pressure,
σ ⎞
⎛
⎜⎝ ρ r ( t ) +
⎟ .
r (t ) ⎠
r (t )
2

Pc = Pm −

ho ro

2

(8)

The data obtained from a compression test consists of the primary current recorded
by a Rogowski coil and the free surface velocity of the tube measured by Photon Doppler
Velocimetry (PDV). Figure 4 illustrates a typical data set obtained from a compression
experiment. The top plot in Figure 4 is raw PDV data. The middle plot is a Fourier
reduced signal from the raw PDV data, which renders a radial velocity history of the tube
outer wall. The bottom plot in Figure 4 is the primary current which is the driver of the
compression test. With the primary current measured and applying assumptions about
the inductance of the experimental setup the magnetic pressure can be calculated from
Equation 7. The velocity of the tube wall is measured over time, which means we can
differentiate and integrate the PDV data to provide radial acceleration and radial location
of the tube. Using an assumed flow stress model for the tube material, the calculated
magnetic pressure, the radial location, the radial acceleration, and the nominal compact
pressure within the powder material can be computed through the use of Equation 8.

Figure 4: Typical data obtained from EM compression experiment.
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4 Equation of State Model
Numerical methods have proven extremely effective in computing the detailed dynamic
deformation of materials in a wide variety of different geometries and under many different
loading conditions. As such they are ideally suited for the detailed study of stress wave
interactions during and after the consolidation of porous materials. We have chosen the
CALE code, a two-dimensional (2D) Arbitrary Lagrangian Eulerian (ALE) wave interaction
computer program [8] due to its unique capabilities for modeling magneto hydrodynamics
and mechanical deformation in a coupled manner.
A number of computational models have been developed to treat the dynamic
compaction of porous media. However, predicting the response of a heterogeneous
mixture of materials, which most powders constitute, is difficult. The constitutive response
of solids is commonly decomposed into the equation-of-state (volumetric) and strength
response (deviatoric). Microstructure properties such as grain size, porosity, and multiple
phases play an important role in the strength of porous materials.
Not
commonly recognized is that the same microstructure properties can also influence the
volumetric response of powders leading to volumetric hysteresis and dissipation. The
purpose of the P-λ equation-of-state is to only encompass the volumetric response.
Our approach is focused on the dynamic response of a mixture of materials
(including porosity) with wide disparities in density, strength, and compressibility. The
model is intended to be robust for both computational and analysis applications. Above
all, the model is intended to provide a first-order dynamics response of the material with
relatively few material properties. This follows the philosophy of the P-α model,
described by Herrmann [9] and, by Carroll-Holt [10].

Figure 5: The P-λ model illustrated in P-V space.
Figure 5 illustrates the P-λ computational model, which was developed for
describing the compaction of heterogeneous media (in this case a mixture of silica and
air). The P-λ material equation-of-state [6] is suitable for distended mixtures of powdered
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solids (base material) and interstitial fluid (matrix material) such as water, air, or vacuum.
It is intended to model compaction behavior under extreme pressure loadings. It is based
on the superposition of specific volume,

Compaction of mixture ( P ) ≡

ν m (P)
ν oo

= λ (P)

νh (P)

ν oo

+ (1 − λ (P))

νe (P)

ν oo

(9)

where ν h (P) and ν e (P) are elastic compression relations for the fully compacted
solid media (iso-pressure curve) and the initially distended media (iso-strain curve),
respectively. The parameter λ is a pressure dependent function ranging from “0” for the
initial un-compacted media to “1” for the fully compacted material. The functional form
(Equation 10) currently used for λ is based on a Weibull statistical strength of materials
concept, where σ and n are compaction parameters in this representation,

λ (P) = 1 − e

( )

− Pσ

n

(10)

and P is the pressure or stress. The σ parameter is related to the strength of the
mixture at a granular level, which roughly controls the point of departure from iso-strain
behavior. The n parameter represents the homogeneity of compaction which relates to
the abruptness of the transition to iso-pressure behavior. The effects of the parameters
are illustrated in the Figure 6.

Figure 6: Compaction parameters of the exponential P-λ model.
The specific values of σ and n are obtained through a least squares regression of
the compression data and it is assumed you know some characteristics of the
components of the powder mixture, specifically the granular volume fractions, densities,
sound speeds, and the slopes of the linear U s − u p Hugoniot equation of state.
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5 Results
A sand compaction simulation was performed in CALE [8]. The P-λ equation-of-state for
the sand was taken from the investigative work performed by Brown et al. [11]. In this
work they performed a number of high velocity gas gun experiments, which resulted in a
locus of Hugoniot data points from which a P-λ model was derived. The P-λ model
parameters (as seen in Equation 10) were determined to be a σ = 0.115 GPa and
n = 0.3 . This model was implemented in CALE and run with a poloidal magnetic field
option, which compressed the sample tube. Results of the simulation and experiment are
shown in Figure 7.

Figure 7: Computational and experimental results of a compression test.
Velocity data taken from the PDV system is plotted in Figure 7 for several tests.
These tests were conducted at the same initial bulk packing density and the same driving
current. The primary current from Test 42 is shown in units of kilo-amps to illustrate the
relative timing of the driving current as compared to the velocity of the compressing tube
wall. Figure 7 also shows the apparent reproducibility of data from test to test, as well as
the good agreement between the experimental and the simulated tube velocity. Figure 7
illustrates how well the P-λ model aids in describing the dynamic response of the sand
filled tube.

Figure 8: Pressure vs. Compression plot for silica sand.
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Figure 8 portrays a lot of information about the compression of dry silica sand. The
pressure levels displayed span many decades from very low to moderately high. The
black and orange dashed curves are overlaid results of two EM compression tests. These
curves represent compaction paths as well as final compaction end states for the sand.
The end points of the EM compression curves fall very close to the extrapolated shock
data fit. The orange and black curves were two separate and unique experiments on the
same material. The fact that the end points from the EM compression tests are nearly the
same, suggests that the test technique has invariance to sample configuration.

6 Conclusions
Both experimental and computational studies of the compaction of silica were explored.
The PDV technique was used successfully to measure compression velocities of EM
compressed samples. This method has contributed useful validation data of mixture
compaction under high strain rates and benchmarks for numerical analysis of porous
material compaction. The EM technique has proved to be successful in determining low
pressure Hugoniot response of mixtures showing simulation and experiment agree well
with each other.
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Abstract
In laser shock forming TEA-CO2-laser induced shock waves are used to form metal foils,
such as aluminum or copper. The process utilizes an initiated plasma shock wave on the
target surface, which leads to a forming of the foil. Several pulses can be applied at one
point in order to achieve a high forming degree without increasing the energy density
beyond the ablation limit. During the process, pressure peaks in range of MPa can be
achieved. In this article, the dependence of deformation velocity in laser shock forming on
various materials as well as laser pulse intensities was determined experimentally for a
laser shock bending process. In order to categorize these influences a theoretical model
for deformation velocity based on the energy balance is proposed, which allows the
evaluation of the influencing variables.
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1 Introduction
Due to an ongoing trend towards function compaction, miniaturization becomes
more and more important in industrial production. With increasing miniaturization, socalled scaling effects occur [1], which inhibit a further increase in miniaturization.
However, scaling to smaller parts also enables the application of new processes. Such a
new micro production process is the laser shock forming process, which operates as a
high speed forming process based on TEA-CO2-laser induced shock waves.
In former publications laser shock forming was already presented as a process
which can be used for deep drawing of copper and aluminum foils [2]. For the forming
process the pulsed laser focus is positioned on the specimen surface and creates a
plasma which initiates a shock wave propagating into the material. This shock wave forms
the sample. A more detailed process description of laser shock forming is already
presented in various publications, i.e. [3] and [4]. The laser induced shock waves reach
pressures in range of MPa with a pulse intensity of 0.8 GW/cm². In [2] it was determined,
that the maximum of measured shock wave signal has a rise time of 5 µs. In this article,
the influence of various laser pulse energies and various materials on the deformation
velocity of laser shock forming is investigated for a single bending process. In order to
categorize these influences a theoretical model for deformation velocity based on the
energy balance is proposed. This model will allow the evaluation of the effect of the
influencing parameters.

2 Methods
2.1

Experimental Set-Up

In this article, laser shock forming is applied to single bending in order to investigate
the material behavior. Fig. 1 displays a sketch of the bending tool and the geometrical
process parameters: bending angle α, bending radius RN, sample overlap length xL and
focus position on the sample. The forming process was recorded by a high speed camera
(Vision Research Phantom V 5.1) at a frame rate of 95000 fps and a resolution of 64 x 32
pixels in order to visualize and measure bending angle over time as a basis for calculating
bending velocity over time. For bending angle, a 45° angle was chosen. For sample
overlap length 5 mm was chosen. To determine an appropriate bending radius, the
minimum formable radius was estimated. With a uniform elongation εu of 14 % for the
used 50 µm thick Al99.5 foil, a lower boundary for the bending radius RN,min > 0.2 mm was
calculated given by following formula, which is valid for small bending angles [5]

 s0



 pl  ln  1  ln 2  1
 R  s0

 N

2


s0
s
 RN,min  2u  0
2
e
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where RN is the drawing die radius, s0 is the thickness of foil, εpl is the true strain and ε is
the engineering strain. For manufacturing reasons a bending radius of 0.5 mm was used
for the 45°-bending angle. The focus size was 2.6 mm x 2.6 mm. The focus centre is
positioned at the end of the specimen (see Fig. 1) in order to ensure a uniform and highly
reproducible movement of the strip. For determination of deformation velocity of various
materials aluminum as well as copper in thicknesses of 20 µm and 50 µm with overlap
lengths of 5 mm were investigated. In Fig. 2, the temporal evolution of a typical laser
shock bending process is given. Tool environment in this assembly with laser pulse
intensity of 0.8 GW/cm² relate to shock wave pressures of approximately 2.3 MPa
according to our shock wave measurements. The video was taken at a sampling rate of
95.000 fps. It displays that bending angles can be determined very well.

Fig. 1 Single bending tool for laser shock forming (xL: sample overlap length, RN: bending
radius, α: bending angle)

Fig. 2 Laser shock bending (laser pulse intensity: 0.8 GW/cm², pulse duration: 100 ns,
laser focus size: 0.07 cm², shock wave pressure: 2.3 MPa, material: Al99.5, thickness
50 µm, overlap length xL 5 mm)

2.2

Estimation of strain

In order to evaluate workpiece deformation velocity of laser shock bending, the bending
angle was obtained from high speed video data. On the basis of a determination of the
bending angle for each frame using image evaluation code, workpiece deformation
velocity vd was calculated using the temporally changing bending angle α.
The current workpiece deformation velocity vd was calculated by virtual circular arc of
specimen edge per second:
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vd 

xL  
t

(2)

where xL is the specimen overlap length, α is the bending angle and t is the time.

3 Model for deformation velocity
A theoretical model for deformation velocity is proposed in order to describe the
dependency of the deformation velocity vD on the material and the laser pulse energy. For
this model, the energy balance of the bending process is made. By comparison with the
experimental results, an efficiency factor ceff for the laser pulse can be obtained,
describing the proportion of effective laser pulse energy. The laser pulse energy Epulse is
mainly attributed to kinetic energy Ekin, bending energy Ebend and aerodynamic drag
energy Ecw

ceff  E pulse  Ekin  Ebend  Ecw

(3)

The kinetic energy Ekin of a strip with strip width b, thickness s0, sample overlap length xL
and material density  is given by i.e. [6]
3

1 xL
1 xL
1
x
Ekin    b s0 v 2dxL    b s0 ( xL )2 dxL   b s0 2 L
20
20
2
3
1
 Ekin   b s0 v ² xL
6

(4)

The bending energy of the single bending process is given by the acting moment M at the
shock wave application point (i.e. the focus point of the laser spot) over the bending angle
α. Thus, with the given true stress kf(εpl) and a bending angle α, the bending energy Ebend
is given by [7]


Ebend   Md 
0

1
 kf ( pl )  bs02
4

(5),

where true strain εpl is calculated out of formula (1).
Finally, the aerodynamic energy Ecw of the strip with aerodynamic drag cw can be written
as [6]

1L
Ecw  Fcw  s   cwbLxL ( xL )2dxL
20
x

1
2
 Ecw  cwbLv 2xL
8
with density of air L.
Thus, for the velocity vE of the end of the strip we find
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4 Experimental Results
4.1

Influence of specimen material on deformation velocity

Fig. 3 illustrates the time-related characteristics of bending angle for different materials. It
is obvious that the bending velocity is quite constant for aluminum 20 µm and 50 µm as
well as for copper 20 µm over the whole bending process. Only for copper 50 µm, the 45°
bending angle was not be achieved, and a decrease of deformation velocity was
observed. As an assumption, a deformation velocity vD independent of time can be
obtained for the specimens aluminum 20 µm, aluminum 50 µm and copper 20 µm as
slope of a linear data fit. For the specimens copper 50 µm a deformation velocity vD
independent of time can be obtained by the same linear approximation up to the bending
angle of 15°.

Fig. 3 Bending angle versus time for Al99.5 and copper with thicknesses 20 µm and
50 µm (pulse intensity: 0.8 GW/cm²; shock wave pressure: 2.3 MPa; xL = 5 mm)
Fig. 4 displays the deformation velocity approximated accordingly by linear fit for all
materials and thicknesses investigated. Velocities between 8.5 and 48 m/s were reached.
It can be inferred that with increasing foil thickness the deformation velocity decreases.
Furthermore, as expected, the deformation velocity is material-dependent and decreases
with increasing density and yield stress.
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Fig. 4 Deformation velocities for Al99.5 and Cu with thicknesses 20 µm and 50 µm (pulse
intensity: 0.8 GW/cm²; shock wave pressure: 2.3 MPa; xL = 5 mm); for copper 50 µm
linear approximation up to bending angle of 15°

4.2

Influence of pulse energy and pulse intensity on deformation velocity

In order to determine the influence of pulse energy and pulse intensity on deformation
velocity, aluminum and copper specimens with thickness of 50 µm and overlap lengths of
5 mm were applied with different pulse energies and deformation velocities were
determined. Fig. 6 and Fig. 7 display the results for aluminum and copper specimens. The
copper specimens reached not more than 3° bending angle for the lowest laser pulse
energy. Furthermore, the deformation velocities were not constant over time for copper
50 µm specimens (see Fig. 3). Thus, the mean deformation velocity was calculated for all
laser pulse energy steps between 0 and 3° bending angle. In case of aluminum and
copper, an obvious decrease of deformation velocity with decreasing pulse energy and
intensity was observed.

Fig. 5 Experimental and theoretical results of deformation velocity at various laser pulse
energies for 50 µm thick Al-sample (shock wave pressure: up to 2.3 MPa; xL = 5 mm)
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Fig. 6 Experimental and theoretical results of deformation velocity at various laser pulse
energies for 50 µm thick Cu-sample (shock wave pressure: up to 2.3 MPa; xL = 5 mm)

5 Comparison of experimental results and theoretical model
In order to describe the influence of laser pulse energy and the material on the
deformation velocity, the base model in section 3 based on the energy balance of the
process was used. A closer view on the contribution of the components of the energy
balance for the exemplary case of an Al99.5 foil with a thickness 50 µm and various laser
pulse intensities investigated in this study is given in Fig. 7. This illustrates that for higher
energy the kinetic energy is 0.3 mJ (75 %) higher than the other energies. By decreasing
laser pulse energy, an approximation of kinetic and bending energy is observable.

Fig. 7 Calculated kinetic, bending and aerodynamic energy versus pulse energy for
aluminium foil with a thickness of 50 µm
The efficiency factor ceff was fitted on the basis of all experimental data for various laser
pulse energies depending on the respective material. The resulting values for ceff are
1·10-4 for 45° bending of aluminum, 5.5·10-5 for 3° bending of aluminum and 2.2·10-5 for 3°
bending of copper. Besides of the material, the efficiency factor depends on the spatial
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restriction on the shock wave (change in effective pressure on the specimen) i.e. by the
tool and the bending angle. Earlier estimations of the process efficiency by means of
pressure measurements for stretch forming using a blank holder amounted to 6·10-4 to
7·10-4 for aluminum 50 µm [8]. This shows that the pressure wave is more effective in
forming a circular specimen surrounded by a blank holder than in bending without any
restriction on the spatial propagation of the shock wave.
For comparison of experimental data and theoretical model in Fig. 5 and Fig. 6 the
material-dependent efficiency factors of 1·10-4 for 45° bending of aluminum and 2.2·10-5
for 3° bending of copper, measured true strain kf(εpl) and material density from literature
were taken. True strain was calculated based on the realized bending radius. The results
in Fig. 5 and Fig. 6 illustrate a good correlation with coefficient of determination of 0.96 for
aluminum and 0.99 for copper. Thus, the significant decrease of deformation velocity with
decreasing laser pulse energy can be properly described by the energy balance
incorporating kinetic energy, bending energy and aerodynamic energy.
Furthermore, it is obvious that laser pulse energy of 0.43 J is the theoretical lower limit
required for plastic bending of 45° for aluminum 50 µm in this set-up. It is a theoretical
value, since laser shock forming causes high speed forming and this always integrates
kinetic and aerodynamic energy. For plastic bending of 3° of copper 50 µm, a laser pulse
energy of 0.29 J is calculated as the required lower energy limit with the set-up and tooling
used.
In Fig. 8 the experimentally determined deformation velocities for the materials from Fig. 4
are compared to the deformation velocities predicted by the model. The model for copper
is calculated with angle of 3°, with the efficiency factor determined for bending of copper
of 3°. The tolerance markers at the model bars indicate the sensitivity of the calculated
deformation velocity taking into account the uncertainty of the model parameters yield
stress kf and material density ρ. Based on our measurements for the yield stress kf a
variation up to 13 %, for the true stress kf(εpl) a variation up to 8 % and for the material
density ρ an assumed variation of 5 % was used for the sensitivity analysis. This
sensitivity analysis ΔvE showed that the material density has a bigger influence on the
deformation velocity than the yield stress of the material:
2

vE  1015 kf  105  2

(10)

The comparison of experiment and model in Fig. 8 displays a good correlation for the
50 µm thick aluminum and copper specimens. The comparison of experiment and model
for the 20 µm thick copper samples demonstrates less correlation, which is not clarified
yet. However, the range of the deformation velocity matched quite well with experimental
results.
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Fig. 8 Deformation velocities from theoretical model vs. deformation velocities from
experimental data for Al99.5 and Cu with thicknesses 20 µm and 50 µm (pulse intensity:
0.8 GW/cm²; shock wave pressure: 2.3 MPa; xL = 5 mm)

6 Conclusions
The dependence between deformation velocity of laser shock bending and laser pulse
intensity was determined experimentally and investigated by a theoretical model based on
the energy balance incorporating kinetic energy, bending energy and aerodynamic
energy. It was established that the kinetic energy is up to 75 % higher in high energy
case, and therefore it has a larger influence than the other energies. The efficiency factor
ceff was estimated depending on the respective material. The resulting values are ceff =
1·10-4 for 45° bending of aluminum and ceff = 2.2·10-5 for 3° bending of copper with a laser
pulse intensity of 0.8 GW/cm² (shock wave pressure: 2.3 MPa). The model showed a
good correlation for single bending with a shock wave, which is initiated in an open
environment without any surrounding tool. The theoretical minimum laser pulse energy for
plastic bending by laser shock bending was determined by the model.
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Constitutive relation development through the
FIRE test
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Abstract
The importance of well-developed constitutive models for predicting deformation behavior
of materials at high strain rates cannot be overstated. The study and development of
these constitutive models is pertinent to several fields, yet the test methods utilized to
probe this high strain-rate realm are limited in both number and standardization. In an
effort to augment current high rate tests, new technologies have been leveraged to revive
an old, under-utilized test method – the axisymmetric expanding ring. The combination of
Photon Doppler Velocimetry (PDV) and one of several ring launch techniques allows the
successful testing and instrumentation of samples loaded in tension without wave effects
at strain rates exceeding 104 s-1. Design and construction of the embodiment of this test at
OSU, dubbed the Fully Instrumented Ring Expansion (FIRE) system, will be discussed.
The key difficulties to implementation of the test are examined, along with our efforts to
overcome them and preliminary results.

Keywords
High Strain-Rate, Tensile Test, Ring Expansion

1 Introduction
The ring expansion test is an interesting technique that has undergone several revisions
since its inception many decades ago. Inherently this method does not suffer from end
effects, and has the unique ability to test samples in uniform simple tension at very high
rates of strain. Other high rate tests are typically limited to some extent by the unavoidable
limit of plastic wave propagation velocity, given by the Von Karman velocity, vVK:

vVK 

 / 



(1)

The relation determined by Theodore Von Karman is effectively a general case
solution to the simpler issue of elastic wave velocity, and incorporates dissipative effects
associated with plastic flow. For conventional tensile testing, the Von Karman velocity
represents a critical threshold – above which localized fracture occurs near the loaded
end. This effect arises because each portion of the sample has inertia, and the end
closest to the load has the largest amount of sample to pull along with it. Hence the
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stresses here reach the failure point first; following fracture a release wave propagates
through the material and unloads the rest of the sample before additional deformation can
be accomplished. In the case of real materials, this critical tensile impact velocity takes on
values from less than 10 m/s for metals like lead and bismuth, to values approaching 200
m/s for high strength steels and superalloys [1].
The critical impact velocity does not represent the same type of threshold for all
cases of one dimensional loading. While the simple tension test with one fixed & one
moving crosshead is limited by flow localization near the loaded end for crosshead
velocities greater than vVK, compressive loading is instead limited by buckling in long
geometries, and shear banding in cases with large frictional end effects. Buckling is
actually less of an issue at high test velocities due to inertial effects, while shear banding
is exacerbated at high rates due to adiabatic effects. Adiabatic effects can also plague
high rate torsional tests, by causing runaway thermal softening which promotes
heterogeneous deformation (also note that torsion is equivalent to biaxial balanced
tension/compression, not as simple as 1-D tension or compression).
One way to realize materials deformation at high rates while avoiding the effects of
abrupt one dimensional loading is to apply strain through a uniform velocity gradient. It is
possible to establish such a gradient by expanding (or contracting) any surface of
revolution about its axis. Uniformity of the velocity gradient is ensured if all angular
segments have the same velocity at any given time, since the gradient in this case is due
solely to the rotation of the outward facing surface normal. For such expanding surfaces of
revolution with constant radius (tubes and rings), the entire problem thus reduces to a
single dimension – coincident with the radial dimension of the test. This type of test, called
the axisymmetric expanding ring test is therefore capable of testing ring shaped samples
of material in uniform, simple tension at arbitrarily high strain rates.

Figure 1: Left – simplified schematic of a ring expansion experimental setup. Right – free
body diagram for an angular ring segment; t is time, P(t) is the time varying pressure
exerted by the actuator, r is the current ring radius, Ө is the included angle, σh(t) is the
hoop stress as a function of time, ρ is material density, and Λ is the volume of the
differential segment (given as Λ = (b*h)*rdӨ with h and b denoting current ring height and
thickness respectively).

296

4th International Conference on High Speed Forming – 2010

Upon examination of the free body diagram, one can see that initially the outward
driving force (P(t)rdӨ) is balanced by the sum of the hoop tension σh and the inertial
forces (ρΛ*d2r/dt2, where d2r/dt2 is positive since the sample is accelerating). If P(t) goes to
zero at some time greater than t = 0, the term d2r/dt2 goes through zero and becomes
negative such that the outward force is subsequently produced only by the sample’s
inertia. In this case, called the freely expanding ring, the deceleration is caused solely by
the flow stress of the ring. Thus if a suitable method of measuring d 2r/dt2 is employed, the
flow curve of the ring material can be unambiguously identified. These results can be
summarized mathematically as shown below in equations (2) through (4). Please note that
small dӨ and conservation of volume have been assumed in the formulation of the
following:

d 2r


 2  P(t )   h (t )
b
r
dt

; in which:

(2)

  bhrd
(3)

 h (t )  r

2

d r
dt 2

; For P(t) = 0.

(4)

Additionally, since the ring sample is continuous in the direction of tensile stress
there are no end effects. The only wave effects that are encountered are through the
thickness direction and are correspondingly small. Furthermore the stress state can be
adjusted from plane stress for a short ring (cross section aspect ratio of approximately 1),
to plane strain in the case of a very tall ring or tube sample. This effect is due to the axial
inertia of the sample – as the relative amount of material above and below a given
segment increase, so does the constraint along the axial direction. In the limit of long
tubes (cross section aspect ratio >>1), very little strain is accomplished in the axial
direction and a state of plane strain can be assumed as in Figure 2.

Figure 2: Left - ring sample with small aspect ratio, a state of uniform plane stress exists
in the sample; i.e. ε1 = ε2 = -ε3/2. Right – tube sample with aspect ratio > 1, inertial
constraint (denoted with yellow arrows) causes ε2 to decrease such that in the limit of very
long tubes a state of plane strain is achieved; i.e. ε2 = 0, ε1 = -ε3.
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Another inertial effect arises in the expanding ring test that is the source of some
debate in the literature concerned with the effect of multiple necking on ductility [2]. From
a strictly academic point of view, uniform elongation is not improved in the expanding ring
geometry; i.e. the strain accumulated up to the point of instability remains very close to
what would be observed in a quasi-static situation. However, instability propagation occurs
at a finite speed and so as a result multiple necks can be formed in a sample – each
necked region still participates in accomplishing post uniform elongation, and as a result
the total elongation to failure is seen to increase monotonically with expansion velocity [3].
Significant work in the field of fragmentation has been done with the expanding
ring as a research tool [4]. As a general rule these studies are fairly qualitative, with the
number and mass distribution of fragments as primary interests. Fragmentation of rings
with defects has been studied also (though to a much lesser extent) [5]. The idea of
purposefully introducing notches or holes into the ring sample could also potentially be
used to establish fracture toughness as a function of strain rate. This however, is a much
more quantitative and difficult task than fragmentation studies – much like developing high
rate flow curves. The success of such quantitative ring expansion testing hinges on two
aspects of the experimental setup: accurate high speed velocimetry capabilities and
precise, repeatable actuators.

2 Enabling Technologies
2.1

Velocimetry Equipment

Early efforts focused on determining the acceleration history (d2r/dt2 vs. t for the entire
experiment) by using high rate framing cameras or streak photography. These methods
present the difficulty of double differentiating displacement data in the temporal domain.
Since the time scales for these experiments are so short (typically less than 30 μs) any
error in velocity difference will be magnified when normalized by time. It is therefore
desirable to eliminate one or both differentiation steps to enhance accuracy and
repeatability.
Revisions of the ring expansion test in the 1980’s by Gourdin [6] tackled this issue
through the use of the Velocity Interferometer System for Any Reflector (or VISAR). While
this was an important step forward, VISAR systems were and remain to be very difficult
and finicky beasts to build and operate successfully. As such, the improved ring expansion
test was still left as an academic curiosity. While a comparatively small amount of work
happened on the issue of ring expansion in the following two decades, a vast amount of
technology was being developed and proliferated for the telecommunications industry. In
2004 individuals working with VISAR systems for other high rate projects hit on the idea of
utilizing cutting edge telecomm technology to create a new velocimetry system that is
more robust, less ambiguous and easier to use than the VISAR predecessors [7]. This
new system is commonly referred to as Photon Doppler Velocimetry, or PDV.
Since that time, PDV has been adopted for the resurrected ring expansion test, both
at The Ohio State University and the University of Texas [8]. The OSU team’s PDV setup
is an example of a compact, portable system with a minimalist set of components. Details
may be found elsewhere [9] on the component selection for this system, but the overall
capabilities include direct velocity measurement for speeds of up to approximately 1
km/sec, temporal resolution on a nanosecond scale and spatial resolution on the order of
microns. This is coupled with the ability to simultaneously measure up to 4 channels, each
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corresponding to the velocity history of a single point on a target’s surface (actually an
area of ~0.01 mm2 is interrogated by the probe, from which multiple velocities and/or a
velocity distribution can be extracted). Typical data analyses will processes the raw PDV
data with a fast Fourier transform, and frequency information from the signal is then
directly converted to velocity data, as in the following spectral density surface plot
obtained with the spectrogram command in MatLab.

Figure 3: Example spectral density surface plot generated with MatLab’s “spectrogram”
function. The plot is essentially a color indexed Short Time Fourier Transform (STFT) of
the raw PDV data. The dominant signal component can be extracted from a plot such as
this and converted directly into a velocity history.

Figure 4: PDA concept. Probe must be a non-back reflecting type, i.e. -60 dB return loss.
The delay is provided by a known length of fiber optic cable, and patched into the optical
path with two 50/50 splitters as shown. In this fashion, Doppler shifted light from time t is
mixed with shifted light from time t-tdelay. The resultant beat frequency is then indicative of
the difference in velocity at the two times.
A promising new technique that leverages the same technology as traditional PDV
has emerged very recently. Initially discussed at the 4th International PDV conference in
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2009, the idea of utilizing PDV with appropriate fiber optic delay lines to measure
acceleration directly has been dubbed the Photon Doppler Accelerometer, or PDA (the
name PDVISAR has been suggested too, due to the similarity of the techniques). The
concept is schematically illustrated above in Figure 4.

2.2

Actuators

The actuator is the active element that is used to drive a ring or tube sample to high radial
velocities. Several variants have been demonstrated, these can largely be separated into
categories including electromagnetically launched systems, explosively driven setups
(both chemical explosives and exploding wire), and devices utilizing an incompressible
media and high speed piston. Any of these techniques may be used in some cases with a
driver or backing ring, and in other cases used directly to drive the sample ring. The first
two cases are found to be the most useful so far and are illustrated below in Figure 5.

Figure 5: Schematic representation of the two main types of actuator, the Exploding Wire
(EW) style – left, and the Electro-Magnetic (EM) style – right. EW actuators are capable of
driving nearly any sample, while the EM type requires samples that are good electrical
conductors (or the addition of a conductive driving ring). Not shown are optional catcher
rings for stripping of driver ring from sample.
The Electro-Magnetic (EM) actuator has been in fairly wide use both in the
manufacturing arena and elsewhere, including electromagnetic metal forming and
induction heating. As such, the physics that accompany the design of solenoids and
similar coils are well established. The basic incarnation of an EM actuator is a simple
helical solenoid, though other geometries exist as well [10]. Materials that are highly
conductive can be directly driven quite efficiently with an electromagnetic actuator; other
materials require a conductive driver ring. The resulting composite sample can be
analyzed by subtracting the effects of a well characterized driver, or by using an oversized
driver that can be stripped away from the sample by catcher rings. In the latter case, a
freely expanding ring analysis may be used, while the former requires a more
sophisticated reduction technique. This is due to the fact that magnetic pressures are
highly sensitive to small variation in geometric factors of the actuator and sample –
resulting from the rapid change in mutual inductance with these dimensional variations.
Exploding Wire (EW) type actuators typically consist of a disposable elastomeric
pressure medium, concentrically surrounding a sacrificial wire. Passage of large electrical
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currents through the wire cause it to vaporize very rapidly and the expanding
vapor/plasma pocket is harnessed to do work on the ring or tube sample. As the
expanding gases take the path of least resistance, it is important to provide axial
confinement on the pressure medium in order to ensure high velocity radial deformation.
EW actuators are generally only utilized to produce a freely expanding ring. Here detailed
knowledge of the time varying pressure P(t) is not always possible, hence the focus on the
less demanding analysis route. EW actuators have the further advantage of possessing
no definite upper limit for their power density capabilities. This is in contrast to an EM
actuator, which has a definite limit on the amount of energy it can process in a given time
frame without failure. Typical rigid EM actuators experience the same pressure as the
sample or driver ring does (at a minimum), placing a further restriction on their ability to
expand materials of high strength. The cost of overcoming these issues with EW actuators
is primarily associated with their disposable nature.

2.3

The FIRE System

With the above discussion points in mind, a modular, multi-purposed Fully Instrumented
Ring Expansion (FIRE) system has been developed at OSU. The central component in
the system is a pulse discharge capacitor bank made by Maxwell Magneform. This source
can supply up to 16 kJ of energy while discharging its 480 μF capacitance into the
actuator at currents of up to 200 kA. Interchangeable EW and EM actuators have been
designed for ring and tube sizes from 0.25” to 2” inside diameter, and heights from 0.04”
to 12”. The actuator components are housed inside a safety chamber which provides
shrapnel protection and electromagnetic shielding for test energies of up to at least the
rated 16 kJ. Concentrically located with the actuator are provisions for 1 to 6 radial PDV or
PDA channels (separated by 60°), each independently adjustable in axial height and
angular alignment. Machine tool accuracy has been maintained throughout the
construction of all components, maximizing repeatability and accuracy.
One important feature of the FIRE system is the symmetric ground path. This 3-bar
design, as shown below in Figure 6 provides balanced magnetic forces on the wire and
plasma channel of an EW actuator, and also minimal disturbance of the field surrounding
an EM actuator. The primary current path and nearly all of the other conductive
components have been machined from C18150, a copper-chrome-zirconium alloy with
excellent electrical and mechanical properties (Cu plus 1 wt% Cr, 0.15 wt% Zr; C18150
exhibits conductivity greater than 75% IACS while maintaining a yield stress of at least
400 MPa) [11]; alloy 304 stainless steel was chosen for most of the remaining
components. Another feature of the present design is the use of periscope probes – where
the focusing probe body is placed outside of the blast guard (shining straight up into the
chamber through a small hole) and the light is subsequently redirected through 90° via a
first surface mirror inside the chamber to the expanding ring target. In this setup, the
relatively expensive probes are out of harm’s way.
Also included in the current suite of instrumentation is measurement of the realtime current and voltage provided by the capacitor bank. This is done with a Rogowski
type current probe and capacitive voltage divider (Tektronix p6015a). A reconfigurable
port into the blast chamber also offers the option of adding other optical, thermal or
magnetic transducers to the list of possible setups for data acquisition. This will become
important in the near future, when elevated temperature testing capability is added to the
FIRE system.
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Figure 6: View of the FIRE system with the cover open. All visible copper is C18150,
electrical feedthrough plates (center) are machined from high strength composite (G-11),
and the PDV probe support ring is black acetal polymer. Not shown is the 12” diameter
cylindrical stainless steel blast cover (above), or high current busbars and secondary PDV
support fixturing (below).

3 Experimental results
3.1

Polycarbonate

Polymers lack the highly ordered structure common to crystalline substances. While their
long molecular chains may indeed exhibit in some cases a degree of crystallinity, the
structures are relatively open in comparison to their close packed counterparts and they
generally posses a lower degree of symmetry. However, unlike amorphous ceramics and
metals the glass transition temperature of most engineering polymers is sufficiently low
enough to promote ductile deformation at room temperature. In contrast to the
deformation of crystalline solids, much of the “plastic” strain can be recovered since the
strain is often accommodated through entropy driven anelastic processes [12]. Also,
polymer structures and the associated deformation barriers change rapidly with
temperature (due primarily to changes in free volume). This often makes the high rate
behavior of polymers very interesting and/or counterintuitive.
To demonstrate a ring expansion technique appropriate for non-conductive
materials such as polymers, an EM type actuator was used to indirectly expand
polycarbonate rings. Rings were obtained by machining short segments of extruded
polycarbonate tubing. Samples were cut from 2” inside diameter clear polycarbonate tube
to provide a square cross section of 0.12” x 0.12”. The actuator consisted of a 4.5 turn
spiral stripline type coil [10], having an outside diameter of 1.5” and height of 1.25”, potted
inside a high strength biaxial fiber composite tube (G-10) with an outside diameter of
1.875”. Half inch tall driver tubes were machined from an extruded 6061-O aluminum tube
of 2” outside diameter and 0.049” wall thickness. Sample rings were then lightly press fit
onto the drivers. Also at this point small squares of retro-reflective tape (made by 3M)
were placed on the surface of the polycarbonate sample rings to maximize PDV return
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signal (the tape did not come off during the experiment). Focusing probes of 10 cm focal
length and -15 dB return loss were utilized to generate velocity histories.
Results from six shots are shown below in Figure 7; these represent two shots at
each of 3 energy levels – 3.2, 4, and 5.6 kJ. One shot at each energy corresponds to a
bare driver ring, and the other to the response of the composite driver and sample. Peak
strain rates in the polycarbonate samples are 1500, 2165, and 3150 s-1, respectively. All
polycarbonate samples remained intact, even to the largest strains of 0.4. Deconvolution
of the velocity data to stress-strain information is quite involved for this case, since P(t) is
significant throughout the duration of the experiment, and due to the fact that rings are
being expanded with a driver. However, even this relatively qualitative comparison
demonstrates both the excellent high rate properties of polycarbonate and the ability of a
FIRE type system to rapidly compare material behavior under varying dynamic conditions.

Figure 7: Radial velocity histories for bare drivers and drivers loaded with polycarbonate
ring samples.

3.2

AISI 4130 Steel

Much of the EW actuator technology here at OSU has been developed in the interest of
expanding rings made from high strength materials. Here such an example is shown for
expansion of a HSLA steel ring cut from a seamless DOM tube. The as received tube was
1.027” inside diameter with 0.049” wall thickness; the sample was obtained by cutting a
0.375” length of tube by parting on the lathe. The slight radial gap of 0.013” between the
polyurethane and the steel ring is easily taken up by the polyurethane actuator when the
confining axial force is applied to the pressure medium.
The EW actuator used for this experiment was constructed with a 1” outer diameter,
1” length of extruded polyurethane round stock with a hardness of 80 Shore A. The wire
utilized was a 3 inch length of 1100 series aluminum welding wire with a diameter of
0.060”. The wire was vaporized with a 6.4 kJ capacitor discharge which produced a nonringing electrical oscillation with 20 μs rise time and 70 kA peak current. Again a focusing
type probe was used with -15 dB return loss, but here a 30 cm focal length was used. The
PDV data from the shot is presented below in Figure 8, following this is the corresponding
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stress-strain plot is depicted in Figure 9. Free flight of the ring starts around 25 μs and
fracture of the sample occurs at approximately 45 μs. The release wave from fracture
imparts a tangential momentum to the fragment of interest which causes rotation and a
subsequent increase in velocity along the radial direction. This can be thought of much
like cracking a whip, where the tip attains a velocity much greater than the driven end due
to geometrical factors (plus conservation of momentum).

Figure 8: Velocity history spectrogram used for construction of Figure 9. A constant
deceleration is assumed throughout the region marked with the red dotted line – this is the
segment corresponding to the analysis for the following flow curve.

Figure 9: Flow curves for AISI 4130 steel. Both Johnson-Cook and rate insensitive Ludwik
models were fit to the experimental data with good results. Quasi-static data adapted from
Park et al [13], where 1” gage length samples were tested in an Instron load frame at a
strain rate of 10 -3 s -1.
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4 Conclusions
It is possible to accurately measure the high strain rate constitutive properties of ductile
materials in tension with the ring expansion test. Accuracy and repeatability are ensured
through the careful design and construction of actuators, and velocimetry fixtures, along
with attention to overall system topology.
In the case of a ring expanding solely under its own momentum determining flow
stress as a function of radial displacement is straightforward, provided that the
experimental instrumentation is of high enough resolution. Establishing flow stress in
cases of rings expanding under the influence of a time varying pressure and/or composite
samples including a driver ring is less straightforward. Here detailed knowledge of the
pressure variation with time is required for a full analysis.
Furthermore, it has been demonstrated that the same basic setup can be adapted to
the expansion of many different materials through the use of Exploding Wire (EW) and
Electro-Magnetic (EM) actuator technology. Also, Photon Doppler Velocimetry (PDV) has
proved to be an indispensable tool in the development of the Fully Instrumented Ring
Expansion (FIRE) system. Future revisions of the test will include the ability to perform
testing at elevated temperatures and will also likely include modified ring geometries
capable of testing situations other than simple tension. It is hoped that through these
efforts the ring expansion test will become a standardized test methodology for probing
the high rate response of materials.
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Abstract
This paper deals with the anisotropic material properties and the initial yield locus
considering the strain rate. Uni-axial tensile tests are performed with variation of the strain
rate in order to obtain flow stress curves and the tensile properties. The R-values have
been measured with a high speed camera by analyzing the deformation history during the
tensile test. Anisotropy of auto-body steel sheets have been described by using Hill48
and Yld89 (Barlat89) yield functions according to the strain rate ranged from 0.001/sec to
100/sec. Hill48 and Yld89 yield loci of auto-body steel sheets at various strain rates have
been constructed in order to visualize the initial yield state. The performance of two yield
criteria is evaluated by comparing yield loci constructed in the principal stress plane. The
initial yield locus becomes different from the static one when the strain rate is considered
to describe the anisotropy of the steel sheets.

Keywords
Anisotropy, Strain Rate, Sheet Metal Forming, Yield Function, Auto-body Steel Sheets

1 Introduction
The sheet metal forming is an effective process widely used in many industries. The main
concern of industries is to secure good formability at the higher forming speed in order to
increase productivity of sheet metal parts. In sheet metal forming processes, the quality of
deformed parts is influenced by many process parameters, such as the shape of the die, the
shape and thickness of the initial blank, the material properties, the blank holding force, the
friction, and so on. The sheet metal forming simulation has proven to be beneficial to reduce
the time and cost at the initial stage of the tool design and for optimizing process parameters
[1]. The deformation of steel sheets generally involves strain rate effects during the practical
forming process. When the deformation of steel sheets is accelerated, the strain rate effect
becomes important. Therefore, it is essential to calculate the final shape and deformation
history of a product considering the strain rate effect in the forming process. However, the
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change of the material properties has been seldom considered in the real forming analysis
since it is difficult to measure the change of the material properties with experimental
methods. Recently, it was demonstrated that the material properties can be changed
according to the strain rate [2]. Among material parameters, the R-value and the yield stress
have a significant effect on the initial anisotropic state of auto-body steel sheets. The initial
anisotropic state has an effect on the amount of spring-back since it calculates the different
residual stress and strain distribution after the forming process. Spring-back is a challenging
issue in the sheet metal forming industry because of the assembly problem among formed
parts. Therefore, the modeling of the anisotropic behavior of metal sheets can be one of the
most important aspects in the simulation of sheet metal forming process. In order to
precisely describe the initial anisotropic yield state of metal sheets, many anisotropic yield
functions have been proposed such as Hill48 [3], Hill79 [4], Hill90 [5], Hill93 [6], Yld89 [7],
Yld2000-2d [8], BBC2000 [9] and Yld2000-18p [10]. The order of anisotropic yield functions
becomes higher to describe complicated plastic behavior of metal sheets such as aluminum
alloy. This means that newly developed yield functions are formulated by using more
variables from many kinds of experiments in order to obtain higher accuracy in the forming
simulation [1]. However, the changes of the material properties according to the strain rate
have not been considered in these yield functions.
This paper is concerned with the anisotropic material properties and the initial yield
state considering the strain rate. Unit-axial tensile tests are performed with the variation of
the strain rate ranged from 0.001/s to 100/s and tensile angle at intervals of 15o from 0o to
90o with respect to the rolling direction in order to obtain flow stress curves and the tensile
properties. Hill48 is used to describe the anisotropy of two auto-body steel sheets, CQ and
DP590. Yld89 is additionally selected to compare the initial yield state with Hill48. The
anisotropy of steel sheets is evaluated based on experimental data according to the strain
rate. Finally, the strain rate effect on the initial yield state is analyzed by comparing yield loci.
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Figure 1: Engineering stress-strain curves of CQ at various strain rates.
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Figure 2: Engineering stress-strain curves of DP590 at various strain rates.

2 UNIAXIAL Tensile tests considering the strain rate
The most common mechanical test is the uni-axial tensile test to measure the material
properties of sheet metals. Since the rate sensitivity is important for steel sheets, tests were
performed with variation of the strain rate ranged from 0.001/sec to 100/sec, which is the
common range in most practical forming process [1, 11]. INSTRON 5583 and HSMTM (High
Speed Material Testing Machine) [12] were used to obtain tensile properties at various strain
rates. Two typical auto-body steel sheets, CQ (Commercial Quality) and DP590 (Dual
Phase), were selected in this research. The specimens were extracted at intervals of 15o
from 0o (RD; rolling direction) to 90o (TD; transverse direction). The dimensions of a
specimen for uni-axial tensile tests are adopted from the previous research [11]. Engineering
stress-strain curves of the two steel sheets from uni-axial tensile tests for RD (rolling
direction); DD (diagonal direction); and TD (transverse direction) are shown in FIGURE 1
and 2. (a) ~ (c).

3 Measurement of the R-value considering the Strain Rate
The plastic strain ratio, r, is defined as the incremental plastic strain in width, dεw, divided by
the incremental plastic strain, dεt in thickness, of a tested specimen during the tensile test. It
is expressed as Eq. (1) on the assumption of the volume constancy:
r

d w
d w

d t
d l  d w

(1)

where dεl is the increment of the plastic longitudinal strain [13].
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(a) Initial grids

(b) Deformed grids (15% to the longitudinal direction)

Figure 3: Deformation of grids and measurement region in the gauge section at the strain
rate of 100/sec.

(a) INSTRON5583

(b) High Speed Material Testing Machine

Figure 4: Experimental setup of tensile testing apparatus with a high speed camera.
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Figure 5: Transverse strain vs. longitudinal strain and the fitted line along the RD at 100/s.
In order to measure the deformation of steel sheets, square grids of 1mm by 1mm were
marked in the gage section by the silk-screen. The longitudinal and transverse deformations
were measured in the maximum broad region for minimizing a measurement error as shown
in FIGURE 3. The R-values were measured with a high speed camera of Phantom V. 9.0 by
analyzing the deformation history during the tensile test [14, 15]. FIGURE 4 shows an
experimental setup of a tensile testing apparatus with a high speed camera. To obtain
reliable R-values, the measurement range is limited to the necking instability strain of steel
sheets. The longitudinal and transverse strains of CQ and DP590 were measured by
longitudinally straining up to 15% and 12% corresponding to the uniform elongation
respectively. The Eq. (1) can be rewritten as Eq. (2) based on the fitted slope of longitudinal
and transverse strains.
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 L1


W
 , d w  ln  n
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r
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1 r
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Using the established measuring procedure as shown in FIGURE 5, linear relationships
were observed in plots for εl vs. εw according to all strain rates and loading angles from RD
[13]. The R-values were calculated by using an average slope obtained from the tensile tests.
The initial yield stresses of the two steel sheets were determined using the method of 0.2%
offset.

400
300
CQ(1.2t)

200

DP590(1.2t)

o

o

75

75

o

o

60

100

60

o

o

30

30

o

o

15

0

2

o

10

-3

10

o

-2

-1

0

10
10
10
Strain rate[ /s]
o

(a) 0 (RD), 45 (DD), 90 (TD)

15

o

1

10
o

2

o

(b) 15 , 30 , 60 , 75 from RD

Figure 6: Rate sensitivity of yield stresses of CQ(1.2t) and DP590(1.2t).
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Figure 7: Rate sensitivity of r-values of CQ (1.2t) and DP590 (1.2t).

4 Change of the Yield Stress and the R-value with respect to the
Strain Rate
The yield stress increases as the strain rate increases for both auto-body steel sheets, and it
is also observed that the R-value is globally more insensitive than yield stress according to
the strain rate. However, the yield stress and the R-value of CQ are more sensitive to the
strain rate effect than DP590 as shown in FIGURE 7 and 8. In previous research, it has been
observed that the flow stress increases along with strain rate in several auto-body steels due
to an abrupt increase of dislocation density obtained from TEM (Transmission Electron
Microscopy), while the texture of a material observed by EBSD (Electron Backscattered
Diffraction) [16] has little connection with strain rate effect.
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5 Evaluation of Anisotropy according to the strain rate
A Hill48 quadratic yield criterion is basically used to describe anisotropy of two auto-body
steel sheets. It has been widely used for simulations of forming processes of auto-body steel
sheets due to the simplicity of its numerical formula and the low computing cost. It has been
also known that Hill48 shows good performance to approximate anisotropy of auto-body
steel sheets. Yld89 is additionally selected in order to evaluate the performance of Hill48
with the same experimental data (σ0, r0, r45, r90). The exponent value of Yld89 is six since the
crystal structure of CQ and DP590 is BCC.
The uni-axial yield stress and the R-value were predicted from the Hill48 and Yld89 and
were compared with the measured values of CQ and DP590 in FIGURE 8~11. The uni-axial
yield stresses were normalized by yield stress at RD. The normalized yield stress at 0 o is
always unity as a reference and calculated R-values at 0o, 45o, 90o coincide with
experimental data since they were used to calculate the anisotropic coefficients in Hill48 and
Yld89. Figures show that Hill48 and Yld89 well represent anisotropy of the yield stress and
the R-value at the given range of the strain rate for CQ and DP590. Moreover, it is observed
that anisotropy of the R-value of CQ is relatively greater than that of DP590 as shown in
FIGURE 12.
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Figure 8: Normalized yield stress of CQ (1.2t) with variation of the loading angle from RD.
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Figure 9: Normalized yield stress of DP590 (1.2t) with variation of the loading angle from RD.
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Figure 10: R-value of CQ (1.2t) with the variation of the loading angle from RD.
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Figure 11: R-value of DP590 (1.2t) with the variation of the loading angle from RD.
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Figure 13: Yield loci of CQ at various strain rates.
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Figure 14: Yield loci of DP590 at various strain rates.

6 Construction of Yield loci according to the strain rate
Assuming that principal axes of stress and anisotropy coincide with each other, Hill48 and
Yld89 yield loci are able to be presented in the principal stress plane. This is an effective
way to visualize the initial yield state of a material in the sheet metal forming process. Both
yield loci can be constructed by using the yield stress and the R-value obtained from uniaxial tensile tests. The yield stress and the R-value influence the size and shape of a yield
locus, respectively. Therefore, the initial yield state is determined by the combination of
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those parameters. The yield loci of CQ and DP590 according to the strain rate are shown in
FIGURE 13 and 14. As previously stated, the predicted yield stress can be evaluated in the
uni-axial state. The predicted σ90 using Hill48 and Yld89 are deemed to be reasonable based
on σ0, r0 and r90 in the principal stress plane. The performance of both yield functions is
almost same at the uni-axial state, while two yield functions show slightly different behavior
in the biaxial state. The different biaxial state is basically caused by the difference of the
exponent values of yield functions which are two for Hill48 and 6 for Yld89 [17]. The Hill48
yield locus has a more rounded shape than the Yld89 yield locus. To evaluate accuracy of
the two yield functions in the biaxial state, additional mechanical tests should be conducted
in the equi-biaxial, plane strain, pure shear condition according to the strain rate.
In the figures, the solid line and the dotted line stand for yield loci using R-values at the
corresponding strain rate and a constant R-value at quasi-static state. It shows that the initial
yield states are different from the static one when the strain rate is considered to describe
anisotropy of steel sheets. Since the R-value of DP590 is less sensitive to the strain rate
effect than CQ, there was little deviation of the initial yield state in case of DP590.

7 Conclusions
This paper represents experimental results for the anisotropic material properties and the
initial yield state considering the strain rate. Two auto-body steel sheets, CQ and DP590 are
considered to demonstrate the change of the R-value and the yield stress. It is observed that
the R-value is globally more insensitive than yield stress according to the strain rate.
However, the yield stress and the R-value of CQ are more sensitive to the strain rate effect
than DP590. Based on the experimental results, Hill48 and Yld89 are constructed to
investigate the anisotropy of the yield stress and R-value at the given range of strain rate.
The comparison between the measured data and the constructed ones shows that the Rvalue and the yield stress have some deviation from each other according to the loading
angle and Hill48 and Yld89 have to be modified to accurately describe the initial yield state.
The initial yield states are different from the static one when the strain rate is considered to
describe anisotropy of steel sheets. Since the R-value of DP590 is less sensitive to the strain
rate effect than CQ, there was little change of the initial yield state in case of DP590. In case
of a sensitive metal sheet according to the strain rate, there is a need to describe initial yield
state accurately considering the strain rate in the forming simulation.
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