
 

 

 

 

Formability of AA1050 Sheet in High Velocity Forming 

 

 

Ruben Santinho Baeta Martins 

 

 

Thesis to obtain the Master of Science Degree in 

Mechanical Engineering 

 

 

Supervisors: Prof. Pedro Alexandre Rodrigues Carvalho Rosa 

Dr. Carlos Manuel Alves da Silva 

 

Examination Committee 

Chairperson: Prof. Rui Manuel dos Santos Oliveira Baptista 

Supervisor: Prof. Pedro Alexandre Rodrigues Carvalho Rosa 

Members of the Committee: Dr. Ivo Manuel Ferreira de Bragança 

 

 

November 2014



i 
 

 

  



ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my family and friends: 

‘For that reason I’m out’ – Mark Cuban 

 

 

 

 



iii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

Resumo 

 

A deformação a alta velocidade é indicada na literatura como sendo bastante eficaz 

para aumentar os limites de enformabilidade de chapas metálicas, assim como minimizando 

alguns fenómenos associados como o engelhamento, orelhamento e recuperação elástica. 

Este estudo examina a alta enformabilidade a altas velocidades de chapas de liga de alumínio 

laminado a frio e recozido. Para estudar a enformabilidade de grandes áreas, uma chapa de 

alumínio foi eletromagneticamente deformada por intermédio do campo magnético gerado 

numa bobina em espiral plana e pela ação de constrangimento de pinos em redor de toda a 

chapa. Estimativas das trajetórias de extensão foram obtidas com a ajuda de uma câmara de 

alta velocidade onde é mostrado um mecanismo de dobra-e-desdobra ao longo de uma linha 

paralela próxima do polo geométrico das amostras de teste. Esta região de elevadas extensões 

nas chapas deformadas, foi experimentalmente simulada pela aplicação sequencial de um 

punção em cinco etapas, a fim de replicar as mesmas trajetórias em condições quasi-estáticas. 

A distribuição das extensões a altas velocidades foi comparada com o diagrama de limite 

convencional de enformabilidade e extensões elevadas podem ser alcançadas antes da fratura. 
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Abstract 

 

High speed deformation is indicated in the literature as being quite effective to increase 

the limits of sheet metal forming as well as effectively treating some other common metal 

forming problems, such as wrinkling, distortion and springback. This study examines the high 

velocity formability of cold rolled and annealed aluminum alloy sheets. To study forming over 

large areas, an aluminum sheet sample was electromagnetically launched using a flat spiral 

electromagnetic coil and stretched by the action of the drawbeds pins around the entire stamp. 

Estimates of strain paths were obtained with the help of a high-speed camera that shown a 

bend-unbend mechanism in a parallel line near the geometric pole of the test specimens. This 

high strain region on stamping has been experimentally simulated by the sequential application 

a four punch tool in order to replicate the same strain paths at quasi-static conditions. The strain 

distribution at high velocities has been compared with the conventional forming limit diagram 

and high strains to failure can be achieved.  
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1. Introduction 

Steel alloys traditionally comprise the majority of automotive components as well as 

many other manufactured parts. This is mainly due to steel’s low cost, good strength, high 

formability, the possibility of tight dimensional tolerance and good strength. However, steel has 

a relatively high density, leading to relatively heavy components. This weight may dramatically 

increase the lifecycle cost of a component. The desire to economically produce light-weight 

parts has led to studies which consider aluminium as a likely candidate as a steel substitute. 

Aluminium alloys offers the possibility to reduce car weight and good strength properties. 

Unfortunately, higher strength materials have invariably lower formability, which when combined 

with its relatively high cost, put them in disadvantage relatively to steel.  

One way of overcoming aluminums’ poor formability has been through the use of high 

velocity forming (HVF) techniques like explosive forming, electrohydraulic forming and 

electromagnetic forming (EMF). The current research will focus on EMF, since it has the 

greatest potential of these high rate processes for application in the automotive industry.  

The first one who generated magnetic field strengths which were sufficient to deform 

solid conductors was Kapitza [1] in 1924. Thus, he provided the foundation for the EMF 

process. However, the first EMF work for target-oriented forming of metal began in the ends of 

1950’s [2,3], nonetheless, it has remained a niche manufacturing technique used mainly for the 

production of axi-symmetric parts from tube and for mechanical joining, with limited commercial 

sheet forming application. EMF of sheet has been studied and used since the introduction of 

EMF, without ever gaining wide spread acceptance. Recently, the interest in EMF has been 

renewed to explore the possibility of applying this process to automotive production, due to the 

reported increases in formability that it affords.  

A review of high velocity forming methods is presented next in this thesis to familiarize 

the reader with other methods of processing metals. A section whit the basic principles of EMF, 

with an emphasis on aluminium alloys will be also explored in the thesis. Then, the experimental 

work and results are presented, finishing with the conclusions. 
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2. High Velocity Forming Methods  

There are a number of methods for high velocity forming (HVF) mainly based on the 

source of energy used for obtaining high velocities. The common methods are explosive 

forming, electrohydraulic forming (EHF) and electromagnetic forming (EMF). 

Conventional forming processes typically accomplish plastic deformation by applying 

forming stresses at relatively low velocities. While, high velocity forming gives large amount of 

kinetic energy to the workpiece and form it as the kinetic energy dissipate as plastic 

deformation. The physics behind each velocity profile for these processes are quite different. A 

brief description of the popular HVF methods will be provided next. 

 

2.1 Explosive forming 

Explosive forming is a high velocity forming technique that utilizes the chemical energy 

of explosives to generate shock waves through a medium and use them to change the shape of 

a metal blank or preform workpiece. 

Depending on the position of the explosive charge relative to the workpiece, this 

technique is divided into two categories – standoff and contact. In a Standoff operation, energy 

is released at some distance from the workpiece and is propagated through an intervening 

medium (typically water), in the form of a pressure pulse. On the other hand, in a contact 

operation the explosive charge is detonated while it is in contact with the workpiece. Thus there 

are differences in energy requirements and the mechanical behavior of the workpiece. In 

general, large standoff distances produce greater amounts of stretch forming while lower 

standoff distances increase the amount of draw. 

The systems used for explosive forming operations are generally classified as either 

confined or unconfined. 

 Confined systems use a die, in two or more pieces, that completely encloses the 

workpiece. The closed system has been used for some close-tolerance sizing on thin-wall 

tubing (Fig. 1.a). However, confined systems are mainly used for the forming of small 

workpieces, because economic reliability decreases as the size of the workpiece increases. 

Also, die deterioration, resulted from continued gas erosion, and possible hazards of 

operation have been the prime factors limiting its use.  

 In an unconfined system, the shock wave from the explosive charge takes the place of the 

punch in conventional forming. A single element die is used with a blank held over it, and the 

explosive charge is suspended over the blank at a predetermined distance (the standoff 

distance). The complete assembly can be immersed in a tank of water, has shown in 

Figure 1.b. 
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Figure 1 – Explosive forming [4] 

a) Confined system. 

b) Unconfined system. 

 

Figure 2 shows the schematic phases of an unconfined explosive forming: (1) setup, (2) 

explosive is detonated, and (3) the shock wave forms the workpiece and plume escapes from 

the water surface. 

 
Figure 2 – Explosive forming phases [5]. 

 

Explosive forming was one of the most widely used high rate forming technique for large 

and bulky components, typically for military operations. It was mostly used for low-volume 

production of complex parts of tough metals. The use of explosives facilitated the fabrication of 

these parts without having to build massive and complicated machine tools. It is one of the only 

affordable methods of fabricating large sections from thick plates like sections of ships, large 

nuclear reactor components and heat exchangers [6]. The main advantage of this technique 

over more conventional techniques are that one-sided dies are used, which reduces the time 

needed for creating prototypes and also the cost of the system. 

 

2.2 Electrohydraulic forming 

In EHF, either a discharge through a spark gap or wire bridging an electrode gap is 

employed to discharge electrical energy in a liquid. This generates an extremely high pressure 

a) b) 
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and a shock wave similar to those produced in explosive forming, which makes the metal 

deformation.  

In Figure 3 we have the setup for two EHF techniques. A brief and more detailed 

explanation for the process is given: a large amount of energy stored in a capacitor bank is 

discharged across a spark gap or through wire bridging an electrode gap, submerged in a liquid 

(usually water) bath, over a very short time. This vaporizes the surrounding fluid and creates a 

high intensity shock wave in it, which provides transient pressures forcing the workpiece in 

contact with the fluid, into the die cavities. 

 

Figure 3 – Different setups used in EHF according to German patent DE 1806283. 

 

Various applications like bulging, forming, flanging, drawing and piercing can be 

accomplished by EHF technique if the design requirements are not achievable with 

conventional equipment. However, the efficiency of an electrohydraulic process can be 

determined by using a suitable reflector (Fig. 4). The reflector design needs to be done taking 

into account the specific forming task. Thus, the problems inherent to the process control, like 

energy losses with reflectors, the consumable nature of the discharge electrodes, the need for 

media containment and its irreproducibility, made EHF not widely used for mass production.  

 

Figure 4 – Different reflector geometries [7]. 
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3. The Electromagnetic Forming Process 

The EMF process uses the energy stored in a capacitor bank to deform a workpiece, 

which can be a tube or sheet metal. To transfer the energy, the process takes advantage of the 

repelling force that is produced between two opposing transient magnetic fields. A schematic of 

the electromagnetic (EM) process is shown in Figure 5. The process begins by charging a 

capacitor bank to the voltage required for the specific operation and then discharging it through 

a coil. A current pulse flows through the coil, generating a transient magnetic field. This 

transient magnetic field induces eddy currents in the nearby conductive workpiece, which run in 

the opposite direction of the primary current in the coil. These eddy currents in turn produce an 

associated secondary magnetic field that opposes the field of the coil. This causes the two 

conductors – coil and workpiece, to repel each other with the Lorentz repulsion force and rapidly 

move the workpiece away from the restrained coil. When this repulsive force is strong enough 

to stress the workpiece beyond its yield point, it results in permanent plastic deformation. This 

force is typically referred to as magnetic pressure. 

The capacitor bank has a capacitance, Ctotal, and the coil, workpiece and each circuit 

element has a resistance, R, and inductance, L, associated with it. A more detailed analysis of 

the process will be presented in the Section 3.2.  

 

Figure 5 – Schematic of EM forming. 

 

The EMF process can be divided in two major categories, forming of axi-symmetric 

workpieces, primarily tube, and forming of metal sheets. The present work will focus on this 

second subject; nonetheless, a brief intro is given for the axi-symmetric workpieces and its 

applications. 
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3.1 EMF variants 

Figure 6 shows different coil geometry and workpiece based on the EMF application. 

 
Figure 6 – Different coil types for the EMF process [2]. 

 

EMF of axi-symmetric workpieces has been a niche manufacturing technique for many 

years. This process uses solenoidal or ring-shaped coils that produce a nearly uniform magnetic 

field which can either expand or compress tubes, depending on the location of the coil, as 

shown on Figure 7. 

 

Figure 7 – EMF of tubes: expansion and compression [8]. 

 

It has been commercially used for the past thirty years mainly to produce mechanical 

joints (crimping) and assembly of concentric parts, since uniform pressure distributions given by 

the coils produce better crimp joints than those made with mechanical presses [9]. 

EMF can be used to form parts from flat sheet with or without the use of dies. Figure 8 

shows a case of free forming and other of cavity filling with use of a conical die [10, 11]. 
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Figure 8 – Free form and conical die forming [10]. 

 

Another feature of EM sheet forming is to sharpen a pre-formed workpiece (Fig. 9) in a 

so-called hybrid operation. Imbert (2010) realized tests with hybrid EMF on aluminium alloy – 

conventional stamping followed by an EM corner fill - and achieved strains significantly above 

the forming limit curve of the material. 

 
Figure 9 – Hybrid EMF [12] 

a) Conical die with pre-form sheet. 

b) Forming limit diagram comparing different sheet states. 

 

Sheet metal workpieces do not deform uniformly, as do tubes, leading to additional 

complications in the design and implementation of the process. Also because, flat or “pancake” 

coils do not produce uniform magnetic fields and often have dead spots, thus the induced 

pressure is zero. Figure 10 shows types of flat coils with approximate resulting pressure 

distributions along its sections. Several studies with different coils are presented in [13–15]. 
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Figure 10 – Types of flat or pancake coils and approximated pressure distribution 

a) Cylindrical coil. 

b) Square coil. 

c) Double square coil. 

 

There are 4 different types of cylindrical coils according to Furth et al. (1957): multi-layer 

multi-turn coils (bobbin), single layer multi-turn coils (helix), multi-layer single-turn coils (spiral) 

and single-layer single-turn coils. These are illustrated in Figure 11. The present work uses a 

spiral coil. 

 

 

Figure 11 – Basic cylindrical coil types [16]. 

 

Another special process variant is suggested by Brower (1966) and in this variant the 

electromagnetic forces act on the workpiece via an elastic medium. For this purpose the setup 

for the electromagnetic sheet metal forming illustrated in Figure 6 is supplemented by a 

pressure concentrator and an elastomeric punch, which is positioned between the tool coil and 

workpiece. In contrast to the more conventional electromagnetic forming variants, this process 

is not limited to workpieces made of an electrically conductive material. 

 

3.2  Principle of the EMF process 

The typical setup of an EMF configuration corresponds to a resonant circuit that has a 

discharge circuit, which consists of a pulse unit, connecting lines, a discharge device (switch) 

and an actuator coil coupled to the metallic workpiece to be formed. The high magnetic fields, 
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which are necessary to form metals with high electrical conductivity, are achieved via the pulse 

unit. So, this unit must be able to generate high peak currents in short time.  

The forming machine can be represented as a RLC circuit consisting of a capacitor 𝐶, 

an inductance 𝐿𝑖 as well as a resistor 𝑅𝑖. The tool coil is represented by its resistance 𝑅𝑐𝑜𝑖𝑙and 

its inductance 𝐿𝑐𝑜𝑖𝑙 , both connected in series to the pulse power generator (Fig. 12.a). The right 

side of the circuit in Figure 12.a represents the workpiece circuit (𝐿𝑤𝑜𝑟𝑘𝑝𝑖𝑒𝑐𝑒and 𝑅𝑤𝑜𝑟𝑘𝑝𝑖𝑒𝑐𝑒) while 

𝑀 is the mutual inductance between the two circuits. 

 
Figure 12 – EMF circuit diagrams [18] 

a) Detailed RLC circuit. 

b) Reduced RLC circuit. 

 

The pulsed magnetic fields used to form metals comes from the stored charging energy 

of the capacitor battery 𝐸𝐶(𝑡), which according to Equation (1) can be calculated from the 

capacity 𝐶 and the charging voltage 𝑈(𝑡). This energy is suddenly discharged by closing the 

high current switch: 

𝐸𝐶(𝑡) =
1

2
𝐶𝑈(𝑡)2                        (1) 

The resulting current 𝐼(𝑡), which is a highly damped sinusoidal oscillation, is determined 

by the electrical properties of the resonant circuit. For the calculation of these parameters it is 

used an equivalent circuit represented by an equivalent inductance 𝐿𝑟𝑐 and an equivalent 

resistance 𝑅𝑟𝑐, that are obtained by the sum of the forming machine and coil, inductance and 

resistance (Fig. 12.b). The differential equation for the description of the damped oscillation is 

given by:  

𝐿𝑟𝑐
𝑑𝐼(𝑡)

𝑑𝑡
+ 𝑅𝑟𝑐𝐼(𝑡) +

1

𝐶
∫ 𝐼(𝑡)𝑑𝑡 = 0            (2) 

with initial conditions 𝑈(𝑡 = 0) = 𝑈0 and, 𝐼(𝑡 = 0) = 0 the differential equation leads to the 

following solution: 

𝐼(𝑡) =
𝑈0

𝜔𝐿𝑟𝑐
𝑒−𝛽𝑡sin(𝜔𝑡)                  (3) 
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with the damping coefficient 𝛽: 

𝛽 =
𝑅𝑟𝑐

2𝐿𝑟𝑐
        (4) 

and the frequency of the current 𝜔: 

𝜔 = √𝜔0
2 − 𝛽0

2 = 2𝜋𝑓  with            (5) 

𝜔0 =
1

√𝐿𝑟𝑐𝐶
              (6) 

The depth of the penetration of the current into the workpiece called skin depth 𝛿 mainly 

depends on the specific electrical conductivity 𝜎 of the workpiece and the frequency 𝑓 of the 

closed electrical circuit: 

𝛿 =
1

√𝜋𝑓𝜎𝜇0𝜇𝑟
              (7) 

where 𝜇0 represents the magnetic permeability in vacuum space and 𝜇𝑟 is the relative 

permeability of the material. 

The discharge current profile given by Equation (3) is shown in Figure 13a. The 

resulting current profile oscillates between positive and negative values and decays with time. 

  

Figure 13 – Current profiles 

a) Current versus time profile given by the solution of Equation (3) [19]. 

b) Current versus time profile for an actual EMF coil [20]. 

 

However, in an actual EMF process, the current would be quite different, as shown in 

Figure 13b. The process only lasts for a few microseconds, once the current rises sharply to the 

first peak, it will then decay exponentially. During this ramp-up of current, the workpiece is 

driven away from the coil, resulting in a decrease in the resulting EM forces, after this short rise 

time the majority of the momentum is transferred to the workpiece. 

In the meantime, nether the stored charging energy referred in Equation (1) will be all 

transfer as effective energy; a complex energy transfer takes place. 



11 
 

Daube et al. (1966) claims that the energy stored in the capacitor is only partly 

transferred to the coil. Losses occur due to the heating of the supply lines, energy losses in the 

switches and reactive energy in the pulsed power generator, as shown in Figure 14. 

Furthermore, fractions of the energy transferred to the coil are lost due to heating of this tool 

and leak fields, so that the exploitable magnetic field energy is reduced. The exploitable 

magnetic field energy in turn is only partly transferred to forming energy. Here, the losses can 

be attributed to heating of the workpiece due to eddy currents and to field energy that is not 

exploited. Daube et al. (1966) mention a total efficiency of the electromagnetic forming process 

in the range of 10–40% 

 
Figure 14 – Energy transfer during EMF [22]. 

 

Psyk et. al (2011) noted that other losses can exist in the forming process. Most 

importantly unused deformation energy that cannot overcome the material yield point. Also 

different applications have associated losses related to the use of a non-forming material, like a 

mandrel or die, which absorbs energy. The use of a field shaper will also induce additional 

heating and non-exploited field losses. From a compilation of previous work Psyk et. al (2011) 

noted a maximum efficiency of 25% in free compression or expansion but generally below 10% 

for other types of forming and in sheet metal forming as low as 3-4%.  

In order to reduce heating losses highly conductive materials should be used. For the 

coil, copper is the most common material due to its high conductivity and availability in many 

sizes and shapes. For the formed material, copper and aluminium would be excellent forming 

choices, while steel would have a large amount of losses associated with the material’s low 
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conductivity. Nonetheless, coils must have high mechanical strength to survive the forming 

process. Another important asset to reduce the process losses are field shapers. 

This short analysis of the principles of EMF does not take into account the changes in 

the magnetic field caused by the deformation of the workpiece. These changes can have 

significant effects, as it will be shown next with the introduction of the magnetic pressure 

parameter.  

 

3.3 Magnetic pressure distribution 

The magnetic field in the coil and the magnetic field induced in the sheet repel each 

other, resulting in a body force on the sheet that is typically referred to as the magnetic 

pressure. This interaction between the magnetic field in the coil and the deforming workpiece is 

not a trivial matter; it depends on the approach taken to estimate the acting magnetic pressure. 

Meanwhile, the magnetic pressure is given by: 

𝑝(𝑟, 𝑧, 𝑡) =
1

2
𝜇0(𝐻𝑔𝑎𝑝

2 (𝑡) − 𝐻𝑝𝑒𝑛
2 (𝑡))                (8) 

where the magnetic pressure depends only on the magnetic field strength in the gap between 

the tool coil and workpiece 𝐻𝑔𝑎𝑝 and on the penetrated magnetic field 𝐻𝑝𝑒𝑛.  

If the skin depth is small in comparison to the thickness of the workpiece, the penetrated 

magnetic field is frequently neglected and so the magnetic pressure can be calculated by the 

simplified Equation (9): 

𝑝(𝑟, 𝑧, 𝑡) =
1

2
𝜇0𝐻𝑔𝑎𝑝

2 (𝑟, 𝑧, 𝑡)               (9) 

The magnetic field strength varies with time, location, applied current and geometry, 

and is very hard to determine. Magnetic field strength distributions for idealized spiral coils have 

been analytically determined, but no general analytical solutions exist for sheet metal forming 

operations with flat coils. Despite the complexities of the problem, Al-Hassani (1975) presented 

an analytical derivation to estimate the pressure distribution of a spirally wound, flat tool coil, 

which is based on the geometrical dimension of the tool coil (Fig. 15) and the maximum 

current 𝐼.  

Regarding the magnetic field 𝐻𝑟 in the radial direction as well as the magnetic 

pressure 𝑝𝑟, Al-Hassani (1975) indicates the following equations: 

𝐻𝑟 =
𝐼𝑛

𝜋𝑙
[𝑡𝑎𝑛−1 (

−2𝑎𝑎𝑖𝑟𝑟

𝑎𝑎𝑖𝑟
2 +𝑟𝑜,𝐶𝑜𝑖𝑙

2 −𝑟2
) + 𝑡𝑎𝑛−1 (

−2𝑎𝑎𝑖𝑟𝑟

𝑎𝑎𝑖𝑟
2 +𝑟𝑖,𝐶𝑜𝑖𝑙

2 −𝑟2
)]     (10) 

𝑝𝑟 =
𝜇0𝐼

2𝑛2

2𝜋2𝑙2
[𝑡𝑎𝑛−1 (

−2𝑎𝑎𝑖𝑟𝑟

𝑎𝑎𝑖𝑟
2 +𝑟𝑜,𝐶𝑜𝑖𝑙

2 −𝑟2
) + 𝑡𝑎𝑛−1 (

−2𝑎𝑎𝑖𝑟𝑟

𝑎𝑎𝑖𝑟
2 +𝑟𝑖,𝐶𝑜𝑖𝑙

2 −𝑟2
)]

2

            (11) 
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here 𝑛 represents the number of turns and 𝑙 represents the width of the winding, 𝑎𝑎𝑖𝑟 indicates 

the gap width between the tool coil and the workpiece and 𝑟𝑖,𝐶𝑜𝑖𝑙 and 𝑟𝑜,𝐶𝑜𝑖𝑙 respectively 

represent the inner and the outer radius of the tool coil. The radial position is indicated by the 

value of  𝑟 (Fig. 15b). The experimental verification of this approximation formula is satisfactory 

according to Al-Hassani (1975). 

 

Figure 15 – EM process principle and geometry for sheet metal forming [14, 18] 

a) Directions of the current, the magnetic field and the pressure lines. 

b) Schematic of spiral flat coil. 

 

The magnetic pressure acts nearly orthogonal onto the workpiece surface. It acts only in 

areas close to the winding of the coil so the deformation of the workpiece starts in these 

pressurized areas. This pressure causes a plastic deformation of the workpiece by exceeding 

the flow stress. 

Rich et al. (2004) conducted a research in the influence that, stiffness and damping 

properties, have in the rebound behavior of flat workpiece areas when in contact with a die. In 

their research they identified important process parameters like the pressure maximum as well 

as the local and temporal varying pressure distribution, illustrated in Figure 16. During the 

deformation stages a continuously decreasing magnetic pressure can be observed because of 

the decreasing magnetic field strength which is related to an increasing gap volume. As soon as 

the workpiece leaves the area of influence of the tool coil and the magnetic pressure decreases 

to a negligible level, the process is only driven by inertia forces. At this moment, the movement 

of the workpiece cannot be influenced anymore and the center of the workpiece will only be 

dragged by the inertia forces through the cavity.  
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Figure 16 – EM process principle and magnetic pressure parameter for sheet metal forming [14]. 

a) Forming states. 

b) Local pressure distribution. 

c) Temporal pressure distribution. 

 

In industrial application, some of these cavities need higher pressure in order that the 

deformed workpiece fill all spots. The task of concentration the magnetic forces to a desired 

area can be accomplished using field shapers. The manufacture of a field shaper is more 

economical and quicker than a specific tool coil. 

Field shapers are mainly used in tube compression positioned in between the tool coil 

and the tube; they are usually an axis-symmetric component made of an electrically high 

conductive material, normally copper and copper-alloys, aluminium and aluminium alloys, brass 

and bronze. 

A brief explanation for the field shaper principle (Fig. 17) is: the current flow from the 

tool coil is induced in the outer surface of the field shaper and at the axial slot the current is 

directed to the inner surface of the field shaper (the so called concentration area). Here the 

current direction is the same as in the tool coil and as the concentration area is much smaller 

than the outer surface, the result is a higher current density and higher field strength. 
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Figure 17 – Field shaper principle 

a) Sketch of the magnetic field distribution with field shaper [23]. 

b) Current directions in tool coil and field shaper [24]. 

 

With regard to the geometry of the field shaper, it should be considered that the overall 

length of the field shaper should be adjusted to the coil length. If the field shaper is shorter than 

the tool coil an inhomogeneous loading of the coil occurs which will finally lead to a reduced coil 

lifetime. If the field shaper is longer than the tool coil the energy transfer has lower efficiency. 

From the forming length experiments in Backus thesis (2013) it is concluded that 

modifying the forming length will provide significant control over the size and shape of the tube 

deformation, however the total deformation and efficiency of the process will decrease. On the 

other hand, Backus observed that the forming gap had the largest effect on deformation of all 

tests. He indicated that minimizing the forming gap will have the largest effect on increasing the 

efficiency of the process. Also a variable forming gap can provide different amount of 

deformation around the tube area. 

 

3.4 Estimates of sheet profiles 

Computational simulation of EMF is for sure a hard work, because the process has 

several problems to be taken into account, which are electro, thermo and mechanical factors. 

All these aspects are tightly related to each other but since the end of the 80’s some 

investigators managed to estimate the sheet profiles of deformed workpieces. 

Firstly, Takatsu et al. (1988), using finite-difference modeling and experimental 

verifications evaluated fully annealed material AA1050. They presented a numerical method to 

simulate the high velocity free forming of a clamped circular disk of 0.5 mm thickness in an EMF 

system using a flat spiral coil. 

Fenton and Daehn (1998) 10 years later after Takatsu et al. (1988) proved that a two-

dimensional (2D) arbitrary Lagrangian Eulerian (ALE) finite-difference computer code, called 

CALE, could accurately predict the dynamics of the electromagnetic sheet metal forming 

process. Figure 18 shows the profiles data of both analyses. There is a great similarity of results 
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despite some timing divergences, but in overall the two simulations are quite close even in the 

dome height. 

Siddiqui et al. (2008) modeled Takatsu et al. (1988) experimental work using 

ABAQUS/Explicit finite element method (FEM) software package. They considered the coupling 

between mechanical model and electromagnetic model and so a good agreement was noticed 

between Takatsu’ work. More recently, Cui et al. (2011) simulated the experimental work of 

Takatsu et al. (1988) using ANSYS multi-physics FEM software. A sequential coupling method 

was used which accounted for the magnetic pressure changes with the workpiece deformation. 

The sheet profile results are in agreement with the experimental ones of Takatsu et al., as 

shown in Figure 19. 

 

Figure 18 – Sheet profiles data from the Takatsu et al. (1988) measurements and CALE calculation from Fenton and 

Daehn (1998), where time is in µs 

a) experimentally-measured profiles. 

 b) CALE-calculated profiles. 
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Figure 19 – Sheet profiles data from Cui et al. (2011). 

 

3.5  Formability in high velocity forming 

Sheet metal formability can be defined as the ability of metal to deform, without necking 

or fracture, into a desired shape. Every sheet metal can be deformed without failing only up to a 

certain limit, which is normally known as forming limit curve (FLC). FLC is represented as a 

curve, constructed by plotting the minor (휀2) and major strain (휀1) combinations at different strain 

states and drawing it through the maximum values of major-minor strain that can be sustained 

by sheet materials before the onset of localized necking, which eventually leads to the ductile 

fracture. The full graph is named as forming limit diagram (FLD). 

The concept of FLD and the strain analysis method were introduced by Keelee and 

Backhofen (1964) and Goodwin (1968) on the basis of grid strain analysis technique. In resume 

they noticed that evaluating how close the strain state is to the FLC, the risk of necking/failure is 

determined. Nonetheless, rejection of the formed part not only depends on necking but also 

depends on other problems such as excessive thinning, wrinkling, or insufficient stretch. 

Therefore, it is not sufficient to design a component that can be manufactured in forming route 

by considering only the risk of failure through necking. Apart from necking, all other failure 

conditions are normally also evaluated by studying the strain levels. The different zones of a 

FLD are constructed starting from the FLC, as shown in Figure 20a. By offsetting the FLC 

(generally 10%), a safety margin is obtained, in which mostly all data points should be 

concentrated [31]. 

During actual sheet metal forming operations, deformation limit is not only constrained 

by the necking limit, that is FLC, but also constrained by the shear fracture and thinning fracture 

limits as shown in Figure 20b. In this figure, the strain combinations below the forming limit 

curve are considered to be ‘safe’ while the ones above it are considered ‘failure’. However, 

different strain states with different strain ratios (𝛼 =
𝜀2

𝜀1
) in the safe zone can occur: from 

uniaxial tension (pure shear or uniaxial compression, 𝛼 = −0.5) in the left side of the FLD to 

balanced biaxial tension (equi-biaxial tension, 𝛼 = 1) in the right side. 
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The lowest point on the curve of the FLD is denoted by FLD0 which is very important 

parameter in the FLD. It is the major strain at the onset of necking at plane strain (𝛼 = 0) 

condition, that is, the minor strain is equal to zero.  

 
Figure 20– Forming limit diagram [31] 

a) Schematic representation of forming limit diagram indicating safe forming region. 

b) Schematic plot of the forming limit diagram and other failure limits. 

 

Usually, FLD is determined by using one of the following two types of test method: 

 Marciniak et al.’s (1973) in-plane test, where a sheet metal sample is strained by a flat-

bottomed cylindrical punch and it creates a frictionless in-plane deformation without any 

bending on the specimen. Furthermore, since curvature and friction effects are absent, 

large strain gradients can be avoided in the in-plane test, allowing forming limits to be 

accurately defined. 

 Nakazima et al.’s (1968) out-of-plane test (dome), which uses a hemispherical punch. As 

this test deformation is not frictionless, lubricants are used. The necessary strain paths can 

be obtained by stretching different width specimens. 

The sheets are stretched until the first perceptible neck is observed. Surface strain is 

measured by comparing the grid marked on the sheet surface before and after the forming 

operation. The strain value of circles totally or partially in the neck are considered ‘failed’ while 

the strains in the circles one or more diameters away from it are considered ‘safe’. 

The most common approach to determine FLCs is the out-of-plane technique (Fig. 21a), 

which involves varying the specimen width so the lateral constraint (i.e., the amount of material 

allowed to draw into the die cavity in the width direction) can be varied to achieve different 

failure modes (Fig. 21b). Some characteristics of out-of-plane punch stretching include the 

following: (a) the deformation is constrained by tooling geometry and failure is forced to occur at 

specific locations in the specimen; (b) bending strains are imposed on the sheet sample, the 

magnitude of which depend on sheet thickness and punch radius; and (c) large strain gradients 

are produced because of the presence of friction and curvature.  
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Figure 21 – Out-of-plane FLC test [34] 

a) Schematic diagram showing the tooling geometry. 

b) Typical specimens before and after deformation. 

 

There are some theoretical models for determining FLD’s which are based on necking 

theory, based on sheet non-homogeneity and based on the incorporation of damage evolution. 

These methods are strain and stress-based which FLD’s are quite different as shown in 

Figure 22. A number of analytical models to predict FLD’s have been summarized by Paul 

(2013). Paul uses the FLD data available in the literature to validate the predictive capabilities of 

the existing models. The examination of different materials provided the reader various options 

on the model to use. For an aluminium alloy (AA3105) the model that should be used is not one 

but two, because in the range of 0 ≤ 𝛼 ≤ 1 the Storen-Rice bifurcation criterion predicts 

relatively well but over predict in the range of −0.5 ≤ 𝛼 ≤ 0 so it was used the Hill local necking 

criterion.  

 
Figure 22 – Aluminium Alloy 3105 [31] 

a) Strain-based FLC. 

b) Stress-based FLC. 

 

In Safari (2011) we find FLD and forming limit stress diagram (FLSD) for AA3105 

considering various ductile fracture criteria’s (Fig. 23). 

 



20 
 

 

Figure 23 – Aluminium Alloy 3105 [35] 

a) Comparison between experimental and numerical results for FLD. 

b) Comparison between experimental and numerical results for FLSD. 

 

Fang (2012) realized a theoretical analysis and numerical simulation to compute FLD 

and FLSD for aluminium alloy AA1060. The calculation of FLSD was based on experimental 

FLD using the method proposed by Stoughton, which criterion was based on the state of stress 

rather than the state of strain, while the FLD was determined with bulge tests. This investigation 

confirmed that the FLSD is not sensitive to the strain paths of aluminium alloy 1060. Therefore, 

the FLSD should be considered to apply in the forming limit analysis of multi stage sheet metal 

forming. For this reason, FLSDs are not suitable for EMF but the FLDs are.  

Regarding some factors that influence the FLCs, in the conventional forming processes 

there are often limits - forming window - due to problems like wrinkling, springback and low 

formability of materials. Thin sheets are particularly difficult to form via the conventional route, 

but over the past several years it has been shown that the formability of metals improves 

dramatically at high velocities methods. Clearly there is a crucial issue that influences this and it 

is the growth of material ductility at high velocity, which is referred to as ‘hyperplasticity’. This 

increase of ductility has been attributed to constitutional and inertial effects. Constitutional 

effects are introduced by the so-called high strain rate behavior of materials, while inertial 

effects involve the effects caused by the velocity and velocity gradients within the parts being 

formed and the rapid decelerations during contact with rigid tooling. 

At high strain rates, some materials exhibit an increase in flow stress and ductility. 

Although aluminium shows hardly any strain rate sensitivity in the strain rates involved in typical 

forming operations, at high strain rates, some aluminium alloys show strain rate dependence, as 

is shown next. 

This strain rate effect on the flow stress (𝜎) can be incorporated into the constitutive 

model for the material by including a strain rate (휀̇) term and strain rate sensitivity (m) exponent 

into the power hardening law of the material: 

𝜎 = 𝐶휀𝑛휀̇𝑚           (12) 
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where C is the strength coefficient and n is the strain hardening exponent. The C, m and n 

values are material parameters and therefore affected by parameters such as alloying 

elements. For example, Lindholm et al. (1971) compare strain rate sensitivity parameters of 

pure aluminium as well as several aluminium alloys with the results of different scientists. A 

summary is given in Figure 24. The diagram shows that the strain rate dependency decreases 

with decreasing purity and alloy strength. Note that these tests were conducted at strain rates 

on the order of 1 s−
1
, which are significantly less than those observed in electromagnetic 

forming. 

 

Figure 24 – Strain rate sensitivity of different aluminium alloys [37]. 

 

Flow stress and elongation data for material AA1050 and other aluminium alloys, 

reported by Higashi et al. (1991) are shown in Figures 25 - 26. All alloys were fully annealed 

and subject to tensile tests made at room temperature (300K). The flow stress of the AA1050 

shows constant strain rate sensitivity up to approximately 1000 s
-1

, and then increases with the 

final flow stress being approximately 50% larger than the quasi-static value. It is obvious that 

better aluminium alloys have large flow stress, while AA1050 being the purest aluminium alloy 

has the lowest flow stress. In contrast, the elongation to failure of AA1050 is the highest and it 

also increases with strain rate. 

Data also presented by Higashi et al. (1991) shows, in Figure 27, that AA1050 has a big 

strain rate dependency and so, a great case study chosen for the present work. 
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Figure 25 – Relationship between the maximum flow stress and the strain rate [38]. 

 
Figure 26 – Relationship between the elongation in failure and strain rates [38]. 

 
Figure 27 – Typical stress-strain curve [38]. 
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Concerning the inertial effects, many authors reported that these effects increase 

ductility in addition to any rate sensitivity of the material. In some studies it has been reported 

that inertial effects increase ductility by delaying the onset of necking in both uniaxial tensile [39] 

and ring expansion [45] tests. Inertia enhances ductility because inertial forces that are not 

present in quasi-static deformation can act to diffuse deformation throughout the specimen, 

leading to stabilization against neck growth. As result, the specimen can receive additional 

elongation. 

The improvement of ductility due to velocity changes generally varies with material 

parameters, n and m [39]. In conventional forming, also the most influence property is the strain 

hardening coefficient and normal anisotropy, which influences directly the FLD0 value [46]. 

Another inertial aspect is what happens when sheet makes contact with the die. Initially 

stress increases owing to the tension imposed by bending from the magnetic pressure; then, as 

the sheet comes into contact with the die, the stresses decrease dramatically because of the 

straightening of the sheet. The fluctuations are attributed to the unbending that occurs during 

deformation. Substantial stresses occur at the time of impact through thickness. This large and 

localized application of through thickness stress may play an important role in enhancing 

formability because it changes the stress state and suppresses damage in the region of the 

deformed sheet that comes into contact with the die. 
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4. Materials and Experimental Procedures 

In the first part of this chapter, it is presented the material properties and the 

equipment/tools used in the research work. The second part will explain all experimental 

procedures and techniques used to obtain fundamental results. 

4.1 Materials 

Among several issues, in this session all materials, tools and machines directly involved 

in the experimental work will be addressed. 

4.1.1 Aluminium alloy 

As previously mentioned, FLC is normally chosen to evaluate a strain-based limit before 

necking, because it describe necking/failure limit for conventional sheet forming process and 

also for electromagnetic forming. Many parameters such as yield stress, young modulus, 

ultimate tensile stress, elongation at break and the most important one, the experimental FLC, 

which appear in some results, are determined through tensile and bulge tests.  

The material chosen for this thesis was Aluminium Alloy 1050 with 1 mm thickness and 

two different heat treatments: H111 temper designation and O fully annealed designation.  

Aluminium Alloy 1050 is composed of many elements according to Table 1, but the 

most outstanding element is aluminium, 99.5 %. This means that this alloy is almost pure 

aluminium. 

Table 1 – Elements composition of AA1050 

Element Al Si Fe Cu Mn Mg Zn Ti 
Others 
each 

Weight % 

99.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Min  

Max  0.25 0.4 0.05 0.05 0.05 0.07 0.05 0.03 

 

Material characteristic of AA1050-H111 and AA1050-O are compared in terms of 

physical and mechanical properties as shown in Table 2 and Table 3. 

Table 2 – Physical Properties of AA1050-H111 and AA1050-O 

Material Properties AA1050-H111 AA1050-O 

Density 2.71𝑔/𝑚3 2.71𝑔/𝑚3 

Melting Point 650℃ 650℃ 

Thermal Expansion 23.1 × 10−61/𝐾 24 × 10−61/𝐾 

Thermal Conductivity 230𝑊/𝑚.𝐾 222𝑊/𝑚.𝐾 

Electrical Resistivity 28.2 × 10−9Ω.𝑚
 

28.2 × 10−9Ω.𝑚 

Modulus of Elasticity 69𝐺𝑃𝑎 71𝐺𝑃𝑎 

 

The tensile and the bulge tests results are presented according Silva (2008). The tensile 

tests investigated the anisotropy of the metal sheets (at 0, 45 and 90 degrees to the rolling 
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direction), while the bulge tests were executed in circular (∅ = 100𝑚𝑚) and elliptical (100/80 

and 100/63) blank sheets. The main results for these tests are presented next in Table 3.  

Table 3 - Mechanical Properties of AA1050-H111 and AA1050-O according [42, 44] 

Material 
Properties 

Yield Strength 

(𝝈𝒚) 

[MPa] 

Ultimate 
Tensile 

Strength (𝝈𝑼𝑻𝑺) 
[MPa] 

Elongation 
at Break (𝑨) 

[%] 

Toughness 
(𝑼𝑻) 

[MPa] 

Young 
Module 

(𝑬) 
[GPa] 

AA1050-
H111 

119 - 120 120 - 121 7 - 10 9 - 10 70 - 72 

AA1050-O 28 - 68 70 - 90 10 - 45 9 - 24 67 - 71 

 

4.1.2 EM machine and tool 

For the EMF experimental part, SMU 1500LC (Fig. 28) a commercial EMF machine 

made by Poynting GmbH manufacturer was used. The machine has a power and control 

section and a work area where the tool coil is fixed. The control section has a panel which 

allows the adjustment of the discharging energy on the tool coil. More details about the machine 

parameters and characteristics are provided in Table 4 and in Appendix B. 

 

Figure 28 – EMF machine: SMU 1500LC. 

Table 4 – Technical sheet of SMU 1500LC 

Parameter Value 

Maximum energy 1500𝐽 

Capacitance 60𝜇𝐹 

Charging voltage 7.1𝑘𝑉 

Maximum current ≈ 80𝑘𝐴 

Short circuit frequency ≈ 60𝑘𝐻𝑍 

Charging rate 0.6𝑘𝐽/𝑠 

Charging delay  < 1𝑠 

Charging energy adjustment  𝑠𝑡𝑒𝑝𝑠𝑜𝑓20𝐽 

Switch 𝑠𝑝𝑎𝑟𝑘𝑔𝑎𝑝 

Dimensions (HxWxL) 444 × 400 × 800𝑚𝑚 

Weight 80𝑘𝑔 
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A flat single spiral coil (Fig. 29a) made of cooper was used and so the dead spot occurs 

at the center of it. The main parameters of the coil are summarized in Table 5. 

Table 5 – Tool coil parameters 

 Parameter Value 

Flat spiral coil 

Number of turns(𝑘) 6 

Outer diameter (𝐷0) 66.25 mm 

Pitch (𝑃) 5.5 mm 

Cross section (𝐴) 20 mm
2
 

 

The profile of the coil was machined into a reinforcing and insulating block of nylon, 

which had a spiral groove cut into it to ensure even spacing for the cooper wire and furthermore, 

a thin layer of molded epoxy was placed over for insulation purpose as it prevent short circuits 

from damaging the tool coil (as shown in Fig. 29b). During testing a renew layer of epoxy and 

some coil maintenance was needed due to the high energy applied. 

  

Figure 29 – Tool coil 

a) Without epoxy. 

b) With epoxy cover layer. 

 

As the present work was chosen to be in free forming, a die with a free cavity for the 

sheet deformation was used (Fig. 30). A constraining system of 12 pins (∅ = 4𝑚𝑚) was 

adopted to ensure that the initial diameter of the circular sheets was kept the same as the 

process ended (Fig. 31a). 
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Figure 30 – Dimensions in mm of the die. 

To clamp the metal sheets between the die and the tool coil, a system of 4 screws with 

springs was used as shown in Figure 31b.  

  

Figure 31 – Constraining systems  

a) 12 pins attached within the sheet.  

b) Complete constraining system. 

 

a b 
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4.1.3 Experimental apparatus 

The conventional forming experiments were carried out in a hydraulic press (Fig. 32). It 

was used rubber as punch so it would adjust to any form. This process required careful 

attention; because the puncture axial displacement was manually controlled so it meant that a 

limit value had to be avoided for not damaging the sheet supports.  

The heat treatment of aluminium AA1050 was carried out in the Hobersal oven 

(Fig. 36). Sheets were heated at 440 °C for 1 hour and then cooled at room temperature to 

obtain the annealed state, AA1050-O. 

While the manufacture of the different die molds for the conventional forming were 

made in the DMU50 EcoLine a 5 axes CNC machine center as shown in Figure 32c.  

   

Figure 32 – Machines used 

a) Hydraulic press from MAQUIDRAL – Máquinas e Equipamentos Hidráulicos S.A.R.L.  

b) Hobersal oven. 

c) CNC machine center: DMU50 EcoLine. 

 

4.2 Experimental procedures 

 

4.2.1 Metal sheets preparation 

Initially, a large sheet of the aluminium was cut in several smaller sheets to provide 

enough samples for experiment. After cutting and properly machined into circular form 

(Fig. 33a), the metal sheets were kept safe avoid having any defect on the surface. The fact that 

this aluminium alloy is easily deformed and scratched could result in deficient measurements 

from an irregular sheet surface.  
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Figure 33 – Circular metal sheet of aluminium AA1050. 

a) Sheet blank. 

 b) Electrochemical etching.  

c) Thermal transfer etching. 

 

Then grid marking was performed. It is the process of printing a line or circular patterns 

on to a surface area of the sheet. Grid marking is done in order to measure local deformation 

after the forming process, allowing obtaining strain paths which lead to material FLCs. 

In the experiments done, two diameter sizes were chosen. In the first one, 110 mm of 

diameter, a circular grid of Ø = 2.553 mm (Fig. 33b) was printed on aluminium alloy 1050 with 

electrochemical etching method.  

This method is one of the most applicable methods for grid marking on sheet metal 

forming. It’s because its application is simple and cost effective, it does not cause any distortion 

and is durable during forming. 

In the experiments done with the other sheet diameter, of 160 mm, a circular grid of 

Ø = 2.542 mm was printed on aluminium alloy 1050 with a different method. For these sheets, a 

thermal transfer method was used (Fig. 33c). 

This method is commonly used to make printed circuit boards, so it was a challenge to 

do it in the aluminium blank sheets. Nonetheless, it was quite simple etching the grid pattern. 

After the grid marking, sheet holes were made with a 4.1 mm drill to ensure that no 

material would flow through the die cavity and the initial diameter was kept the same. It was 

used a drilling mill to perform the holes and a wooden base was made as sheet support and to 

avoid spring back effects.  

 

4.2.2 Strains measurement 

In the matter of measurements, the grid pattern circles will change the shape due to 

sheet metal deformation and each circle will deformed differently depending on subjected 

stress, as shown in Figure 34 

. 

a b c 
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Figure 34 - Schematic of several major strain/minor strain combinations in FLD [45]. 

 

Most circles will deform into ellipses unless deformation by equi-biaxial stretching as 

seen in Figure 34. The longest dimension of the ellipse represents the major strain (휀1) and 

perpendicular to it, the minor strain (휀2). 

Concerning the construction of the FLCs, measuring the circle grid is the most important 

task of the all experiment. Average value of several measures showed to have good results. 

Applying Equation 13, the major and minor strain, respectively 휀1 and 휀2 can be 

determined. 

휀1,2 = 𝑙𝑛 (
∅𝑓𝑖𝑛𝑎𝑙

∅𝑖𝑛𝑖𝑐𝑖𝑎𝑙
)        (13) 

The thickness strain 휀3 can be calculated by Equation 14 or using the incompressibility 

equation (Eq. 15). 

휀3 = 𝑙𝑛 (
𝑡𝑓𝑖𝑛𝑎𝑙

𝑡𝑖𝑛𝑖𝑐𝑖𝑎𝑙
)         (14) 

휀1 + 휀2 + 휀3 = 0         (15) 

To measure the grid, a 3Com HomeConnect Digital USB Camera was used for careful 

and rigorous measurements. The most important aspect in the measures was to assure the 

perpendicularity of the photo taken (Fig. 35b) to withdraw the correct value of the deformed 

circle. 
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Figure 35 – Grid measurement system 

a) Apparatus. 

b) Camera perpendicular to surface. 

c) Line of measurements through the tip. 

 

4.2.3 Geometry profiles based on high speed camera 

In order to have a comparison between EMF metal sheet process and conventional 

forming, a multi stage forming was adopted. In EMF, different sheet profiles are evident in the 

process evolution as mentioned in section 3.4, so different dies can be made out from those 

stages. In the present work, using a high speed camera during a 1500 Joules experiment it was 

possible to record the sheet states evolution.  

The use of the video images, frame by frame, allowed withdrawing the different profiles. 

The first step was to choose with careful attention the most suitable line and defining a specific 

point in which circle throughout the line. Then, using Photron Fastcam Viewer 3 was possible to 

set the coordinates for which corresponding point in every frame (Fig. 36). 

  

Figure 36 – Measurement configuration 

a) Measurement sample. 

b) Initial frame. 

c) Final frame. 
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With resource to all measurements, the profiles were withdrawn as shown in Figure 37. 

Choosing with some coherency, 5 of those stages/profiles, then they were inverted and drawn 

in a CAD software (Solidworks) to make the shapes of the die molds for the conventional 

forming (Fig. 38 and Fig. 39).  

 

Figure 37 – Shapes of a 1500 J experiment of AA1050-O. 

 

 

Figure 38 – High speed photographs during deformation. 

 

 

Figure 39 – CAD shapes of five stages. 

 

A similar CNC program code for all shapes was made in Mastercam X6 program. IGES 

files of Solidwork’s geometry were uploaded to Mastercam X6 and set suitable tool path 

parameters. 

The definition of the tool path is essential for a good surface quality. So the final shape, 

while advancing through the different stages in the conventional forming experiments, it 

achieves the same final shape as in the EMF process.  

The die molds were made of the same nylon plastic as the die used in the EMF, and 

fixed in a support base, as shown in Figure 40. 
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Figure 40 – Schematic drawing from the setup of conventional forming dimensions in mm: 1 – support base; 2 – sheet; 
3 – free form die; 4 - mold 

 

4.3 Plan of experiments 

The experimental work was designed in order to investigate the influence of the 

discharge energy, heat treatment of the material and the influence that different diameters (a 

smaller and a larger) would have on the specimens with the specified constraining system.  This 

choice of different diameters was because, in the small ones, the constraining system of pins 

was right at the end of the stamp and so it could influence the deformation. For that reason, a 

bigger diameter was chosen to take that influence into account.  

The experiments list are presented below in Table 6 and Table 7, more details are in 

Appendix A. 

Table 6 – Plan of experiments for the EMF process. 

Test Discharge Energy 
Geometry / 

Constraining 

Amount of pieces 

AA1050-
H111 

AA1050-
O 

EMF 

1 kJ 

 
∅ = 110𝑚𝑚 

2 2 

1.5 kJ 2 2 

1.7 kJ 1 1 

1.9 kJ 1* 0 

1.7 kJ 

 

 
∅ = 160𝑚𝑚 

With pins 

Without pins 

1 0 

1.9 kJ 

 
 
 
 

1* 

 
 
 
 
0 

1 0 

* The edge area, outer the pins, was glued 
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Table 7 – Plan of experiments for the conventional forming. 

Test Experiment Type 
Geometry / 

Constraining 

Amount of pieces 

AA1050-
H111 

AA1050-
O 

Conventional 
Forming 

Direct (just final stage) 

 
∅ = 110𝑚𝑚 

1 1 

Multi stages 1 1 

Direct (just final stage) 

 
∅ = 160𝑚𝑚 

0 1 

Multi stages 0 1 

 

Material limitation was a handicap, so the plan of experiments lack in some 

experiments, which would provide proper comparisons between the results. 
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5. Results and Discussion 

In this chapter, firstly using the EMF process, FLCs are presented and an analysis of 

the discharge energy is conducted according the two different heat treatments and sheet 

diameter sizes. Secondly, using the simulative conventional forming, a comparison between the 

strains paths evolutions of aluminium AA1050-H111 and AA1050-O is made, also for both 

diameters.  

Next to the EM experiments, analyses for the conventional forming were carried out; 

again regarding the two aluminiums, the two diameters and two different conventional 

experiments: a multi staged and a direct stage to the final shape. Finally, a comparison between 

the strains paths evolution for both processes, EMF and the conventional forming, are 

presented.  

 

5.1 Strain distribution 

In terms of specimens, several analyses were made for both aluminium types: 

AA1050-H111 and AA1050-O; and two different diameters were investigated: 110 mm and 

160 mm.  

The discharge energy used to deform the sheets varies from 1 kJ to 1.9 kJ. Although 

the maximum energy of the EM machine was 1.5 kJ, it was possible to achieve higher values 

bypassing some machine details. Security was assured for all experiments, but undesired 

fractures and consequent projection of the dome happened. The cases of high discharge 

energy lead to improvements in the die geometry and in the plan of experiments, in order to 

avoid wasting specimens. 

Figure 41 shows the difference of dome heights between the lowest and the highest 

energy used in the present work.  

  

Figure 41 – Experimental samples from material AA1050-H111 and small size. 

a) 1 kJ experiment. 

 b) 1.9 kJ experiment. 

 

a b 
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  Despite only the odd numbers being featured all points in the circular line pattern were 

measured from both sides of all specimens. This path was chosen according the most suitable 

perpendicular line through the rolling direction of the sheet and that crossed the tip of the dome. 

 

5.1.1 Small specimens 

The experiments for this diameter were performed in AA1050-H111: 1 kJ, 1.5 kJ, 1.7 kJ 

and 1.9 kJ; and AA1050-O: 1 kJ, 1.5 kJ and 1.7 kJ.  

There is an evident increase of the FLCs for the different energies in the graphic of 

Figure 42 and Figure 43. It is observed that the material AA1050-O has higher values in 

comparison to the respective discharge energy in material AA1050-H111. This is consistent with 

both material properties.  

 

Figure 42 – FLD from Ø = 110 mm of AA1050-H111 containing the FLCs of different discharge energies and the 

experimental FLC according [42]. 

 

The 1.9 kJ experiment was not done for material AA1050-O, because it would not reach 

the neck initiation, as it was slightly obtained for material AA1050-H111. But it was expected 

that the results would be higher than the experimental FLC [42], at least in the necking area 

(area B delimited in Fig. 44), because of the points that already exists above it from the1.7 kJ 

AA1050-O experiment. 

Figure 44 shows three different areas from a 1.7 kJ AA1050-O experiment when 

necking has not occurred. The largest strains are from the area near the tip (area B in Fig. 44), 

where the neck will form at higher discharge energies and further, the fracture will occur.  
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Figure 43 – FLD from Ø = 110 mm of AA1050-O containing the FLCs of different discharge energies and the 

experimental FLC according [42]. 

 

 

 
Figure 44 – 1.7 kJ experiment of AA1050-O. 

a) Free-form specimen.  
b) FLD with experimental FLC according [42]. 
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According the points in area A, they are between plane strain and bi-axial strain, while 

points in area B have the tendency of necking so they are formed in the bi-axial strain path. 

Points in area C are mainly formed in the equal-biaxial strain path, so the tip of the dome will 

have big circular grid patterns. 

Comparing both materials, for example the 1.5 kJ experiment for AA1050-O had almost 

the same results as the 1.9 kJ experiment for AA1050-H111 (Fig. 45). In fact it had 

approximately superior values in all dome sections, with the exception of the marked point.  

 
Figure 45 – Comparison between AA1050-H111 and AA1050-O from Ø = 110 mm experiments 

 

This marked point, quite above the experimental FLC (marked point in Fig. 42 and 

Fig. 45) was observed because of neck initiation. As shown in the small specimen from 

Figure 45, this result was expected because the neck occurs in the area right below the tip. 

Imbert et al. (2005) showed great results in their experiments (Fig. 46) and what it would be 

achieved in the present work, however machine and material limitations did not allowed us to 

get those results.  

  

Figure 46 – 1mm diameter AA5754 specimens according [10]. 

a) Necked region. 

b) Typical fracture in free form. 
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The fracture in our samples was obtained in the region of contact with the die, as shown 

in Figure 47. This occurred due to the small radius of fillet in the die and because of the pin 

constraining system. 

  

Figure 47 – Damage specimens from 1.9 kJ AA1050-H111 experiments. 

a) First attempt. 

 b) Second attempt. 

 

Even after adjusting the fillet radius, the rupture of the material initiated but the overall 

dome was not affected from it (Fig. 47b). The measured grid line was uninfluenced by this small 

crack. 

 

5.1.2 Large specimens 

The experiments for the 160 mm diameter were only performed in AA1050-H111 with 

the highest energies: 1.7 kJ and 1.9 kJ (Fig. 48).  

 

Figure 48 – FLD from Ø = 160 mm of AA1050-H111 containing the FLCs of two discharge energies and the 

experimental FLC according [42]. 
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As before, it is observed the characteristic area B in the graphic of Figure 48. It is 

important to mention the 1.9 kJ results in this graphic were obtained without the constraining 

system of pins. The reason was the first experiment with that energy ruptured in the fillet area of 

the die, as shown in Figure 49a. So without the pins, it was tried to achieve the expected 

rupture of material. Unfortunately no rupture was verified but, as shown in Figure 49b, the neck 

initiation was verified. Without the pins constraining system, it was expected that lower strains 

were achieved by the 1.9 kJ specimen when comparing with the 1.7 kJ, Although it happened in 

the tip area (area C in Fig 48) it is clear that in the necking area (area B in Fig. 48) the strains 

are quite similar, because the neck initiation in the 1.9 kJ specimen lead to higher strains and so 

similar to the 1.7 kJ strains.  

 

  

Figure 49  – Specimens from 1.9 kJ experiments. 

a) Fractured. 

 b) Without pins. 

 

5.2 Strain paths evolution 

Here, the points characterizing the different areas of the dome will be presented and 

placed in the same graphic in order to analyze the strains paths of both aluminiums and for the 

AA1050-H111 the evolution of both specimen sizes. 

 

5.2.1 Metallurgical condition 

Figure 50 compares the difference between materials AA1050-H111 and AA1050-O for 

the smaller diameter experiments. 

Observing the results plotted and remembering that the strain paths numeration are 

according Figure 41a, it’s obvious that higher formability is obtained with the annealed material 

(dashed lines in Fig. 50). The only path that material AA1050-H111 has higher strains is in point 

11, which is already a known strain path included in area B – neck initiation.  

b a 
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Figure 50 – Strain paths evolution according the discharge energies from Ø=110 mm experiments: comparison between 

materials AA1050-H111 and AA1050-O. 

 

5.2.2 Specimens size 

Regarding the two diameters, Figure 51 compares the 1.7 kJ and 1.9 kJ experiments for 

both sizes of material AA1050-H111. As expected the strains paths for the large diameter has 

lower strains comparing to the small one, because of material quantity involved in the forming 

process. 

 

Figure 51 – Strain paths evolution according the discharge energies of material AA1050-H111 experiments: comparison 

between the diameters of 110 mm and 160 mm. 
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In this case, only strain path 9 has a smaller increment of strain, but approximately all 

the other results are in agreement, so increasing specimens’ size will decrease strains. 

Referring that grid patterns size are different for both sizes so strain path 1 was omitted 

for better correlation between the other paths.  

From the analysis of the 1.7 kJ specimens (Fig. 52) it is observed the quantity of 

material dragged into the dome from both size experiments. 

  

Figure 52 – Specimens from 1.7 kJ experiment.  

a) Ø=110 mm. 

b)  Ø=160 mm. 

 

 The dragged material ratio between case A and case B is quite different, as observed 

in Figure 52. Meaning that, with bigger specimens lower holes will be created, because the 

dragged material ratio reduces with the diameter rise.  

 

5.3 Simulative strain distribution 

A conventional forming experiment was performed in order to try to replicate the EM 

process. The performance of this common used process was investigated and compared with 

the EM process in terms of strains distribution. The main objective, once again, was to compare 

both aluminiums and analyze the differences when used different diameter sizes.  

One important aspect of these results is that the dies manufactured for the different 

stages were modeled from an AA1050-O experiment, which should lead to deficient results for 

material AA1050-H111.  

In this part of the investigation, two types of experiment were performed: i) multi staged, 

which subjected sheets through the five stages and, ii) direct to final stage, which used just the 

last molded stage die to achieve the final shape. 

 

 

A B 
b a 
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5.3.1 Small specimens 

First experiments were performed in AA1050-H111 and the results were much better 

than expected. Figure 53 shows both experiment types and the respective FLCs. Also two 

measures were made for those experiments when fracture occurred. As always, the first 

measurement was in a perpendicular line through the rolling direction and the second 

measurement perpendicular to it.  

 
Figure 53 – FLD from Ø = 110 mm of AA1050-H111 containing the two different types of experiment, two measurements 

for each type and the experimental FLC according [42]. 

 

The final shapes from these experiments are presented in Figure 54 and as shown, 

both resulted in fracture. 

  

Figure 54 – Final shape for the two types of experiments with material AA1050-H111.  

a) Multi stages: stages 1, 2, 3 and 4. 

b) Direct: stage 5.  
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Regarding the grid measurement, because of fractures the circles damage from it are 

unmeasurable. Another point is that the multi stage experience (Fig. 54a) only reached stage 4, 

fracturing before the last stage.   

From the analysis of the FLCs in Figure 53, it’s observed that both experiment types are 

in good agreement to each other. This means that both experiment types lead to approximately 

the same result. In Figure 54 we observe that the fractures are on the tip of the dome. This 

happens because it’s a mechanical punch and so fracture occurs in the area where stress 

focus, as it is in the tip. Despite fracture, the area bellows it still is over the experimental FLC 

[42] so better formability was achieved with the multi staged forming. 

The experimental results for material AA1050-O are shown in Figure 55 and the final 

shapes presented in Figure 56. 

 
Figure 55 – FLD from Ø = 110 mm of AA1050-O containing the two different types of experiment and the experimental 

FLC according [42]. 

 

   

Figure 56 – Final shape for the two types of experiments with material AA1050-O.  

a) Multi stages: stages 1, 2, 3, 4 and 5. 

b) Direct: stage 5.  
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The experiments from conventional forming of material AA1050-O did not fracture like in 

case of material AA1050-H111. From Figure 55 we can observe higher formability from 

AA1050-O compared to the experimental FLC [42]. Area A (in Fig. 55 and Fig. 56) confining the 

tip and the area right below it, shows higher strain even equi-biaxial strains over 0.4.  

One negative aspect is that there’s approximately no negative strains for material 

AA1050-O, this fact was investigated and concluded to be because of divergences between the 

manufactured final stage die and the specimen used in the video. If the final stage diverges the 

other stages must also differ. These cumulative differences provided a more severe 

conventional forming compared to the EMF so even the lowest points in the dome suffered 

higher deformation. 

 

5.3.2 Large specimens 

The experiments for the 160 mm diameter size were only performed in the annealed 

aluminium but subjected to both experiment modes (Fig. 57). Figure 58 shows the final shapes 

of these experiments. 

From Figure 58 we observe that for each experiment mode fracture occurred. The multi 

stages experiment was able to get through all stages (Fig. 58a) and, when fractured at stage 5, 

the fracture was more like the expected from EMF. Nonetheless it appeared more on the tip 

then in the necking area as supposed in EMF. 

Analyzing Figure 57 we see again no negative strains in any FLC and the area bellow 

fracture achieved strains higher than the experimental FLC [42].  

 
Figure 57 – FLD from Ø = 160 mm of AA1050-O containing the two different types of experiment, two measurements for 

each type and the experimental FLC according [42]. 
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Figure 58– Final shape for the two types of experiments with material AA1050-O. 

a) Multi stages: stages 1, 2, 3, 4 and 5. 

b) Direct: stage 5.  

 

5.4 Simulative strain paths evolution 

Strain paths characterization and respective areas in the dome will be presented next. 

For this, strains paths of both conventional experiment types are placed together in the same 

graphic and analyzed. Also, it is made a comparison for both aluminiums according the EM and 

conventional processes. 

 

5.4.1 Specimens size 

Taking into account both diameter sizes evolution, an analysis comparing the multi and 

direct stage experiments for material AA1050-O was done (Fig. 59).  

Firstly, an interesting aspect of strains paths 1 and 3 (area A in Fig. 58a) must be 

referred: the right aggression of the curves indicate that from the small diameter through the big 

one, the major strains approximately maintained while the minor strains increased substantially. 

However, in the areas above this area A the strains increase as expected. 

Secondly, in almost all strains paths, the multi stages experiments exhibit higher strains 

over the direct type. This was expected, because successive deformations lead to smaller 

aggression to the material like what happens in Incremental Forming [42].  

b a 

A 
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Figure 59 – Strain paths evolution from Ø=110 mm through Ø=160 mm of material AA1050-O experiments: comparison 

between Multi stage and Direct stage types. 

 

Referring that the strain path through the tip, 13, of the Ø=160 mm experiment fractured 

(Fig. 58b) so it was impossible to compare with the Ø=110 mm experiment; thus, the conclusion 

that the direct mode does more damage to the metal sheet instead of increasing formability is 

confirmed.  

 

5.4.2 Comparison of EM and simulated conventional processes 

For last analysis, it was combined the evolution from EMF 1.5 kJ experiment through 

the Multi stages experiment. In this matter, from Figure 60, it is observed a positive evolution 

from all strain paths except 3 and 5 for material AA1050-H111; meaning that, in the EMF the 

initial strain paths suffer higher deformation than in the simulated conventional forming. 

Nonetheless, it is observed that clearly the simulated conventional process achieved higher 

strains than the EMF process. 

Another observation is that material AA1050-H111 obtained much lower strains than the 

annealed aluminium; as expected from previous analysis but, remembering that the simulation 

was according the annealed material, it makes it harder for AA1050-H11 to be able to form 

under the die design.  
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Figure 60 – Strains paths evolution from 1.5 kJ through Multi stages of Ø=110 mm experiments: comparison between 

materials AA1050-H111 and AA1050-O. 
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6. Conclusions and Future Work 

The research work developed in this project was aimed to analyze the formability limits 

of aluminium metal sheets during EMF process. For that some tests with different discharging 

energies were performed, also changing the diameters of the sheets and even conventional 

forming tests were carried out. 

The main obstacle for this research was the lack of previous experience, so this lead on 

a trial and error method to achieve a clear fracture and with some normal limitations while 

researching, insufficient data was collected for a better work.  

Nonetheless, in what concerns the EMF process, the experimental work performed in 

this thesis allowed to conclude that material formability increases when applied EM forces. In 

fact, an increase of charging energy caused a higher magnetic pressure maximum, which lead 

to a higher dome height and to a higher velocity during the forming process as well. 

The experimental results from the EMF, in terms of comparing materials, showed that 

the fully annealed aluminium (AA1050-O) had constantly better results than material 

AA1050-H111. This means that, heat treatment influences directly material formability and that 

lower mechanical properties promote higher strains and respective higher deformation at lower 

discharging energies (as shown in Fig.45). In terms of diameter size influence, as expected, the 

larger diameter of 160 mm had lower formability than the 110 mm diameter. The reason is, as 

larger as the surrounding edge constrained in the die gets, more material needs to be dragged 

and so higher energies are needed to achieve the same deformation of the smaller diameter. 

The first aspect of the conventional forming experiments, is the better results achieved 

when compared to the experimental FLCs, according [42]. The set of dies were made from an 

EMF experiment with material AA1050-O, so when aluminium AA1050-H111 was tested, 

evidently as this material gets more severe deformations, all deformed sheets fractured. But 

higher strains were also achieved and they got similar FLCs from both, multi and direct stages, 

experiments. Regarding material AA1050-O, from the small diameter experiments no fractures 

occur and much higher strains were achieved when compared to AA1050-H111 (0.4 equi-

biaxial strain for AA1050-O while AA1050-H111 achieved biaxial strains: 0.3 for the major and 

0.2 for the minor strains). On the other hand, the larger diameter experiments with material 

AA1050-O fractured but the same 0.4 equi-biaxial strains values were reached. Meaning that, 

despite the specimen size, no difference will be noticed in strains, except that the large 

specimens will fracture. 

Improving the different die molds for a better comparison between EMF and 

conventional forming, would be a great future work. Different constraining systems should be 

researched in order to approach to a real industrial manufacturing process.  
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Appendix A: Experimental specimen details 
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Experiment 
number 

Experiment 
type 

Heat 
treatment 

Ø (mm) Glue Rupture Observations 

1 EMF 1000 J O 110 No No 
 

2 EMF 1500 J O 110 No No 
 

3 EMF 1900 J O 110 No No 
Sheet full rupture in 

the edge 

4 EMF 1000 J H 110 No No 
 

5 EMF 1000 J H 110 No No 
 

6 EMF 1000 J O 110 No No 
 

7 EMF 1000 J O 110 No No 
 

8 EMF 1500 J H 110 No No 
 

9 EMF 1500 J H 110 No No 
 

10 EMF 1500 J O 110 No No 
 

11 EMF 1500 J O 110 No No 
 

12 EMF 1700 J O 110 No No 
 

13 EMF 1700 J H 110 No No 
 

14 EMF 1900 J H 110 Yes No 
Neck initiation, 

small crack in the 
edge 

15 EMF 1900 J H 160 Yes No 
Sheet full rupture in 

the edge 

16 EMF 1700 J H 160 No No 
 

17 EMF 1900 J H 160 No No 
Neck initiation, no 
pins constraining 

18 
Multi S. 
1+2+3+4 

H 110 No Yes 
 

19 Direct 5 H 110 No Yes 
 

20 Direct 5 O 110 No No 
 

21 
Multi S. 

1+2+3+4+5 
O 110 No No 

 

22 Direct 5 O 160 No Yes 
 

23 
Multi S. 

1+2+3+4+5 
O 160 No Yes 
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Appendix B: Etching methods 
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Electrochemical etching 

The basic principle of this method is shown in Figure A.1. It requires a low voltage 

power supply, a stencil, a felt pad and an etching solution, electrolyte, as an apparatus. The 

steps to achieve the grid can be described as follows:  

1. Connect power source with electrode and sheet. Carefully placed stencil grid pattern 

on the blank; sheet surface must be cleaned with alcohol before stencil is placed. 

2. Wet the felt pad with etching solution and placed onto the surface; avoid wrinkling 

during placing process. Each etching solution is dependent on material type so it is really 

necessary to choose the right solution suitable to each material. 

3. Roll the electrode roller wheel attached with the power source on the felt pad 

constantly and tries to cover with the roll all stencil. 

As a result of voltage placed across electrode wheel and blank surface, grid pattern 

from stencil is etched on the sheet surface automatically [43]. After etching, sheet should be 

washed with neutralizing solution, neutralizer, in order to wash out the etching solution away. 

 

Figure A.1 – Electrochemical grid marking set up [44]. 

 

Thermal etching 

1. Print the grid pattern in transparent acetate paper using a laser printer so the etching 

process works. 

2. Clean the sheet from impurities and place the acetate paper with the printed side 

directly into the sheet, then put a shred on top of it.  

3. Use an iron to heat the surface through the shred.  Don't move the iron the first 10 

seconds to avoid moving the acetate paper, then keep it pressed for about 2 minutes and make 

sure to iron all spots. Remember to set the iron as hot as possible. Ironing may be done on top 

of a piece of wood. 

4. Remove the acetate paper carefully and wait till the metal sheet colds down and it is 

ready. 
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Appendix C: Electromagnetic machine 
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Procedure for the use of electromagnetic machine SMU-1500 
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Warning signals created 

 

 

 


