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I N T R O D U C TO RY N O T E

Universities and research institutes are seen as key organizations in the innovation
of national industry. Universities and industry have been collaborating for over a
century, however, the rise of global competitiveness has intensified the need for
strategic partnerships. Increased direct interactions between universities and industry are leading to a new model of PhD thesis. In fact, several institutions are
now promoting and financing PhD studentships in industry, aiming to consolidate the bridge between industry-university through discovery-oriented research,
allowing a truly collaborative approach, providing tangible benefits to all partners
(both universities and industry).
INEGI is an interface institution between university and industry, oriented to the
activities of research and development, innovation and technology transfer. It was
founded in 1986, as an organization to strengthen the liaison between the Department of Mechanical Engineering (DEMEC) of the university of Porto and industry.
This strong link to DEMEC is still maintained today, being one of the institute’s
main knowledge sources with its large range of scientific and technological competences. During its 30 years of existence so far, it has developed and consolidated its
position as an honored industry partner, through its participation in R&D projects,
so that nowadays projects with companies account for more than 50% of the institute’s turnover. Being a non-profit private association and recognized as being of
public utility, INEGI is currently considered an active agent playing a significant
role in the development of the Portuguese industry, and in the transformation of its
competitive model. INEGI aims to contribute to the increase of the competitiveness
of the national industry, through research and development, technology transfer
and training, in the fields of engineering design, materials, production technology,
energy and environment and industrial management and to be recognized as a
national reference institution in technology based innovation.
This dissertation, conducted within the academic/industrial environment, is an
effort to explore the magnetic pulse technology as tool for the assembly of similar
and dissimilar material structures. It is intended to contribute for the future integration of electromagnetic based technology in manufacturing routes, enabling the
production of hybrid structures with improved performance. The main goal is to
demonstrate the technical viability of the advanced electromagnetic pulse joining
processes and show that this process can successfully overcome difficulties inherent to combining materials of dissimilar type. For such purpose, industrial and
benchmark case studies are explored. Scientific engineering tools such as numerical modeling, simulation or mechanical and metallographic characterization, will
be used to meet the challenges inherent to each case study.
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ABSTRACT

The need for tubular lightweight structures becomes more and more evident. New
material systems, with improved properties, reduced thicknesses and new material combinations are being designed, leading to significant changes in assembly
operations. The development of efficient joining methods is necessary to overcome the metallurgical and thermal incompatibility of dissimilar materials such as
aluminum-copper or aluminum-fiber-reinforced plastic combinations. Electromagnetic Pulse Technology (EMPT) is a contactless impulse process with great potential to join dissimilar materials. The technique uses pulsed electromagnetic fields to
form and join highly conductive metals such as aluminum or copper. The process
enables form-fit and interference-fit joints by compression or expansion of profiles
with a closed cross section as well as metallurgical welds. Despite on the process
advantages and potential, only modest incorporation into industrial applications
has been found. The present dissertation intends to expose the industrial interest
and applicability of EMPT on different subsectors of the transport manufacturing
industry, pushing for light-weight engineered components. To demonstrate the feasibility of the advanced joining/forming process to overcome difficulties inherent
to combining materials of dissimilar type and thicknesses, different case studies
were explored. A comprehensive understanding of interference-fit, form-fit and
welded connections manufactured by electromagnetic pulse technology is developed in this thesis.
Based on numerical and experimental studies, copper-copper and copper-aluminum
cable-to-terminal electrical connections are produced by electromagnetic pulse crimping. The major parameters are identified and their influence on the joining process
and the achievable joint strength is analyzed. Particular attention is devoted to
the development of electromagnetic actuators. Different designs are presented and
assessed. For the numerical investigations a simplified simulation approach is presented. This non-coupled approach successfully enables process and joint design
for electromagnetic pulse crimping.
Furthermore, the weldability criteria which should be met to achieve good welds
is experimentally determined for aluminum–copper joints. The influence of several
process parameters, namely discharge energy, gap and standoff distance is evaluated by destructive testing. Different welding parameters originate different interface morphologies, with different mechanical strengths. The influence of mandrel’s
surface on the quality of the joint is also assessed.
Finally, conclusions and design guidelines for the manufacturing of joints by
electromagnetic compression are given.
Keywords: Joining, Impact Welding, Electromagnetic Pulse Crimping, Magnetic
Pulse Welding, Numerical Modeling, Joint Design, Bond Formation.
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RESUMO

A necessidade de estruturas tubulares leves é cada vez mais evidente. Novos
componentes, com propriedades melhoradas, espessuras reduzidas e novas combinações de materiais têm vindo a ser projetados, causando mudanças significativas nas operações de montagem e/ou ligação. Torna-se por isso imperativo o
desenvolvimento de métodos de união eficientes, que permitam que incompatibilidades metalúrgicas e térmicas entre materiais dissimilares sejam ultrapassadas. A
tecnologia de impulsos eletromagnéticos (EMPT) é um processo de fabrico por impacto, sem contacto, com grande potencial para unir materiais dissimilares. A tecnologia baseia-se num campo eletromagnético transiente e de elevada intensidade
para deformar e unir materiais com elevada condutividade elétrica. O processo
permite não só a soldadura entre metais dissimilares, mas também a união por
cravação de forma ou atrito, através da expansão ou compressão de perfis tubulares. Apesar das vantagens do processo e do seu potencial, atualmente poucas
aplicações industriais são encontradas. A presente dissertação pretende expor o
interesse industrial e a aplicabilidade da tecnologia na indústria automóvel, revelando o seu potencial de aplicação no contexto do lightweight design. Para demonstrar a viabilidade técnica deste processo avançado de deformação/união, bem
como a sua capacidade de superar as dificuldades inerentes à combinação de materiais de diferente tipos e espessuras, são apresentados casos de estudo, visando
não só a cravação por forças eletromagnéticas, mas também, a obtenção de ligações
metalúrgicas. Com base em estudos numéricos e experimentais, cravações de cobrecobre e cobre-alumínio são produzidas por compressão causada por forças eletromagnéticas. Os principais parâmetros do processo são identificados e a sua influência nas propriedades mecânicas e elétricas das uniões, analisada. É dedicada especial atenção ao desenvolvimento de atuadores eletromagnéticos, sendo explorados
e avaliados diferentes conceitos. Para o estudo numérico, é apresentada uma abordagem de simulação simplificada e de baixo custo computacional. O modelo nãoacoplado permite, com sucesso, apoiar o processo de desenvolvimento de processo,
o design de atuadores eletromagnéticos e de junta, bem como estimar os parâmetros do processo. As uniões soldadas são também alvo de estudo. Os parâmetros
de processo que deverão ser utilizados com vista à obtenção de soldadura entre cobre e alumínio são experimentalmente determinados. A influência de fatores como
a energia e parâmetros geométricos são avaliados através de ensaios destrutivos.
Diferentes combinações de parâmetros originam juntas com diferentes interfaces e
diferentes resistências mecânicas. A influência das propriedades da superfície do
mandril na qualidade da junta é também avaliada. Finalmente, são apresentadas
conclusões e diretrizes para o fabrico de uniões por forças eletromagnéticas.

xi

Palavras-Chave: União, Soldadura por Impacto, Cravação por Forças Eletromagnéticas, Soldadura por Forças Electromagnéticas, Modelação Numérica e Simulação, Design de Juntas.

xii

RESUMÉ

La nécessité pour des structures tubulaires de bas poids devient de plus en plus
évidente. Des nouveaux systèmes de matériaux, avec des propriétés améliorées,
épaisseurs diminués et nouvelles combinassions de matériaux sont en train d’être
développés, provocant des modifications importantes dans les opérations d’assemblage.
Le développement des méthodes d’adhésion efficients est nécessaire pour surpasser l’incompatibilité métallurgique et thermique entre matériaux dissimilaires
come le aluminium-cuivre ou la combinaison de l’aluminium renforcé avec avec
des fibres en plastique. La Technologie de Impulsion Électromagnétique (IEM)
est un procès de impulse sans contact avec un énorme potentiel pour joindre
matériaux dissimilaires. La technologie utilise des champs de pulses électromagnétiques pour déformer et joindre des matériaux extrêmement conducteurs comme
l’aluminium or le cuivre. Le procès permet des joins form-fit and interference-fit par
la compression ou expansion des profils à section fermée ou encore des soudures
métallurgiques. Même avec les avantages et le potentiel du procès, seulement des
modestes applications industrielles ont étés trouvées. Cette dissertation à l’intention
d’exposer l’intérêt industriel et l’applicabilité de l’IEM dans les différents soussecteurs de l’industrie des fabrications pour le secteur des transports, qui en demandent des components à poids léger. Pour démontrer la plausibilité de ce procès
de joindre/déformer surpasser les difficultés inhérentes de la combinaison de
matériaux de type et épaisseur différents, des différents cas d’études ont été explorées. Une compréhension extensive de interference-fit, form-fit et de soudures
manufacturés par la technologie d’impulsion électromagnétique son développées
dans cette dissertation.
Fondé par des études numériques et expérimentales, de liassions entre cuivrecuivre et cuivre-aluminium entre câble et terminal électrique ont été produits par
le sertissage à l’impulsion électromagnétique.
Les principaux paramètres sont identifiés et leur influence dans le procès d’union
et dans la robustesse résultante est analysée. Une attention spéciale est dédiée
au développement des actuateurs électromagnétiques. Des différents dessins sont
présentés et analysés. Pour les analyses numériques, un modèle simplifié est utilisé.
Cet abordage non couplée permet procès et dessin de joint pour le sertissage à
l’impulsion électromagnétique.
Par ailleurs, le critère de soudabilité qui devrait être compris pour permettre d’atteindre des soudures de bonne qualité est expérimentalement déterminé
pour des liaisons aluminium-cuivre. L’influence de plusieurs paramètres de procès,
comme l’énergie de décharge, écart et distance de confrontation est évaluée par des
essais destructifs. Différents paramètres de soudage origine différentes morpholo-
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gies d’interface. L’influence de la surface du mandrin dans la qualité du joint est
aussi adressée.
Finalement, les conclusions et les lignes directrices pour le dessin pour la fabrication de joints par compression électromagnétique sont données.
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INTRODUCTION

1.1

motivation and goals

The combination of dissimilar materials, with different key properties, allows modern industrial designers to create products and to transform into reality concepts
that would not be possible through the adoption of single material solutions [196].
High performance products can leverage on the opportunities unlocked by new
materials and their combined application within a single technological solution.
The recent trends towards lightweight and tailored engineered construction has led
to increased exploitation of lightweight metallic and non-metallic materials. Low
density materials such as aluminum, magnesium, titanium or other lightweight
metals, and more recently polymers or reinforced polymer composites are being
combined and employed in the most diverse areas, from consumer goods, energy, medical, electrical and sports to high technology applications in aerospace,
aeronautical and automotive transportation [39, 77, 159, 105]. In fact, the use of
polymeric based materials in engineering applications is growing because of benefits accruing from their high strength-to-weight ratio, high elastic modulus, design flexibility, corrosion and erosion resistance, high-temperature strength and
reduced manufacturing costs [212, 165]. However, the further use of these new
multi-material concepts is limited by the joining technologies available to manufacture these structures. Technologies currently established to join multi-material
structures (such as composite/metal, metal/metal, polymer/metal or metal/ceramics) are either too expensive, limited in technical performance or environmentally detrimental.
Fusion welding is one of the most used manufacturing processes to permanently
join components or parts. Fusion welding involves the application of a heat source
to melt the edges of two surfaces, with or without the help of an addition material [176]. The mixing of molten material from the workpiece and molten material
from the filler creates a weld pool, which when solidifies, forms a joint between
the two components. Fusion welding significantly affects the microstructure in the
region next to the weld metal. Three distinct zones can be distinguished: weld
bead/fusion zone (FZ), heat affected zone (HAZ) and unaffected base metal [25].
The method by which heat is generated in order to fuse the base metal and filler
material defines the nature of the fusion welding process. Various techniques are
currently in use including Tungsten Inert Gas (TIG) welding, Metal Inert Gas (MIG)
welding, Plasma welding, Laser beam and Electron beam welding [227]. The choice
of a particular process depends largely upon the application of the component to
be welded, material of the component, process parameters, cost, residual distortions, etc. Processes with lower costs are usually associated to slower speeds, lower
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penetrations and higher HAZ and consequently, higher levels of deformation. The
physical and mechanical properties, availability, and cost of the final welded component are decisive in the use of a specific welding process.
Despite of the technical and economic advantages, traditional fusion welding
processes may fail in joining dissimilar materials. The physical properties mismatch, its affinity to create intermetallics and the poor properties of the heat affected zone are limiting the use of fusion welding methods.
Mechanical fastening and adhesive bonding are also widely used for joining
components within industry. Nevertheless, mechanical fastening implies the use of
additional elements such as screws or rivets, representing an increase of structures
weight and production costs. The use of adhesives as joining method in structural
applications is limited by process restrictions such as the need of surface preparation and long cure times. Furthermore, the useful life of the adhesive joint highly
depends on the environment to which it is exposed (temperature, humidity, etc.).
Alternative joining processes, based on plastic deformation of at least one joining partner, promise great potential to surpass such limitations. The joining mechanism consists in the creation of a weld or fit by plastic deformation, without any
chemical bonding or fasteners. The deformation required for the joining operation
may be generated mechanically, electromagnetically or by an explosion[93].
Recently, advantages inherent to high velocity processing, revealed by the development of High Velocity Metal Forming (HVMF) processes, are encouraging their
further application for joining operations. Electromagnetic based processes are, together with explosive processes (using explosives and mixtures of combustible
gases as energy sources), framed in the category of high velocity metal forming,
joining and welding techniques. These non-contact methods were intensively developed between 1955 and 1970, however, due to many technical limitations (lack
of high-performance components, proper materials and fast computers), the Electromagnetic Pulse Technology (EMPT) was abandoned [179].
Currently, there is a renewed interest in electromagnetic based technologies, as
high performance components and simulation tools became available. Additionally, the industry is continuously looking for more efficient and competitive processes [38]. EMPT makes use of a transient magnetic field, generated by a very high
current pulse (≈100kA) passing through a coil, to deform and/or join different material components at speed rates far beyond those normally met in conventional
manufacturing technologies (e.g. 100 m/s, and in some special variations even over
500 m/s). EMPT areas of interest include forming, welding, cutting and crimping
[179, 205]. The use of the EM impulse may offer advantages such as increased material formability, reduction of spring-back and wrinkling, excellent repeatability,
ability to join dissimilar materials, increased energy efficiency and reduced tooling.
Although initially developed for metal processing, electromagnetic-based technology is recently becoming of interest for joining metal to other materials such as
polymer or fiber reinforced composites.
Despite the advantages demonstrated, the implementation of electromagnetic
pulse technology in manufacturing routes has been limited. As the literature review shows, most of the papers are limited to describing the process principle
and listing potential process advantages, without real applications. Up to now, no
real breakthrough of the technology in industrial production has been achieved.

1.2 structure of the thesis

Few demonstrators that convincingly prove the potential of this high velocity, noncontact technology in the joining of dissimilar materials are available [179].
The absence of guidelines for joint design is a possible reason for the delay in
technology transfer to the industrial market. The creation of adaptable and robust
tooling concepts, favoring their availability, lifetime and cost is also pointed out as
a challenge. Furthermore, the lack of understanding regarding the bonding mechanisms, the influence of process’ key parameters and their interaction with the
design and quality of the joint are also constraining the application of the EMPT
process in industrial mass production.
This thesis aims to new advances to the established know-how on multi-material
impact joining, as well as to enable the creation of more practical manufacturing
strategies, thus promoting the industrialization of EMPT. For such purpose, the following specific goals have been identified: i) to further develop and demonstrate
the feasibility of MPW and EMPC processes by joining currently available commercial materials and industrial case studies; ii) to understand the bonding mechanisms and investigate the influence of process parameters on joint microstructure,
interface and mechanical properties; iii) to provide a simple, fast and fairly accurate numerical tool for process and tooling optimization.

1.2

structure of the thesis

This dissertation is divided in 5 chapters. After this introduction, a general review of the existing literature is presented - Chapter 2. This chapter has different
objectives. One is to provide adequate context and background for research. Another objective is to provide support from the literature for the current research
motivation. A short review of joining by forming methods is presented. The electromagnetic pulse technology (EMPT) is compared to those processes, describing
their drawbacks and advantages. Basic concepts of electromagnetic pulse technology are studied providing a comprehensive understanding of the phenomena that
governs the process. Additionally, Chapter 2 includes a review of the experimental and numerical studies developed in the context of the electromagnetic pulse
crimping (EMPC). Details of experimental studies comprising both form-fit as well
as interference-fit joining approaches are reported. Existing numerical methods
for the simulation of EMPC are briefly explored. The last section of this chapter
deals with the magnetic pulse welding (MPW). An examination of the various
phenomena and mechanisms related to impact bonding is presented. Jet and wave
formation, localized melting and welding window concept are examples of topics
explored.
In Chapter 3, experimental and numerical studies on EMPC process are presented. This chapter is divided in 3 sections. The first section deals with the numerical modelling and simulation of electromagnetic pulse crimping process. A
simplified simulation approach is presented. The section begins with a comprehensive explanation of the problem, the guidelines for the selected approach and a
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clear identification of the simplifying assumptions. To evaluate the performance of
the proposed approach, the results from numerical simulation are compared with
an experimental study proposed in literature. The robustness and accuracy of the
proposed model are assessed.
The second section of Chapter 3 focus on process development for copper wiring
harness. EMPC process is explored and its applicability for the crimping of electrical terminals to wires is demonstrated by the use of case studies from automotive
industry. Particular attention is devoted to the development of electromagnetic actuators. A customized design, specially developed for the crimp of a wide range of
electrical connections, is presented. To evaluate the performance of the proposed
tool, several numerical and experimental studies are conducted. As a final point,
extensive joint characterization is performed trough pull-out, electrical testing and
metallographic analysis.
The high quality of the joints achieved by EMPC impelled the development of
EMPC for Copper-Aluminum electrical connections – third section of the Chapter
3. Following the previous approach and the lessons learned, the EMPC process is
developed and optimized specifically for Copper-Aluminum electrical connections.
The work presented here focuses on the development of a new electromagnetic actuator. The mechanical and electrical properties of Cu-Al joints crimped by electromagnetic forces are assessed by standard testing techniques. In addition, the long
term behavior of the joints is investigated by accelerated ageing under corrosive
environmental conditions.
Experimental studies on magnetic pulse welding are presented in Chapter 4.
The MPW process is explored as an alternative to weld Aluminum to Copper. In
first place, an extensive design of experiments is planned. The goal is to experimentally determined the limits of the weldability window regarding the effect
of three main monitorable parameters, namely the charging voltage, the air gap
width and overlap distance. The mechanical properties of the joints are assessed
by compression testing. The morphology and composition of the AL/Cu interface
is examined using SEM, EDS and XRD for samples with increasing energy. An 3D
welding window, based on the mechanical performance of the joints, is presented.
The influence of the surface preparation is other aspect addressed in this chapter.
Finally, in the Chapter 5, a concisely summary of all topics addressed and the
main conclusions are presented. Suggestions and considerations for future studies
are also reported.

2

S TAT E O F T H E A R T

2.1

joining by plastic deformation

The ability to join dissimilar materials, even metallic and non-metallic pairs, is the
major advantage of using plastic deformation as a joining process. Less distortion,
embrittlement and residual stress are additional benefits, results from the absence
of heat during the joining operation [160]. Nevertheless, only overlap assemblies
are possible. Joint maintenance and repair are also challenging. Typically, joining
by forming produces non-detachable assemblies [160, 224].
Despite the drawbacks, important advantages are impelling the further use of
plastic deformation as a tool for material joining. Processes for joining by plastic
deformation are commonly divided into two categories: Mechanical and Metallurgical joining.
In mechanical joining, a controlled plastic deformation is used to create an
Interference-Fit or Form-Fit joint.

Figure 2.1: Principle of a) Interference-Fit joining and b) Form-Fit joining manufactured by
hydroforming [85].

In Form-Fit joints, one of the parts to be joined is subjected to pre-processing operations where geometrical features, such as grooves, are shaped. The deformation
of the other part into these geometrical shapes creates a mechanical interlocking
and consequently, a joint- Fig. 2.1. Joint strength is directly dependent on groove
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geometry and number. According to Buhler and Finckenstein [41], for rectangular
grooves, an increase of the groove depth and a decrease of the width lead to a
higher push-out strength. Golovashchenko et al. [88] showed that narrower and
deeper grooves lead to higher joint strength when using circular grooves. Park et
al. [172] on the other hand, shows that strength of the joint can decrease if the
groove is too deep as a consequence of the shearing at the edges of the groove.
Additionally, higher values of deformation are required to fill the groove. Park et
al. [172] demonstrate the importance of optimizing the groove radius. They further
state that each groove depth has an optimal groove radius. Joint strength is also
improved by increasing the number of grooves [172]. Weddeling C. et al. [226] suggests that the joints produced using rectangular grooves are stronger than the ones
produced with triangular or circular grooves. A knurled or threaded joining zone
instead of a continuously revolved groove can also be used as a Form-Fit technique
[147].

Forming Direction

Energy Input

6

Expansion

Compression

Mechanical

Joining by Rolling

Mechanical Crimping

Hydraulical

Joining by Die-Less
Hydroforming

Hydraulical Crimping

Electromagnetic
Expansion

Electromagnetic
Compression

Electromagnetic

Table 2.1: Classification of joining by forming processes for tubular workpieces [224].

Interference-Fit joints provide tight intimate contact between mating parts held
permanently by the difference in the elastic recovery after deformation [112, 160].
Interference-Fit can be used to assemble tubular parts either by expansion or compression forming operations. In Fig. 2.1 a) is shown an example of Interference-Fit
joining by hydroforming. In this case, the inner tube is expanded against the outer
ring. When the applied pressure exceeds the yield strength of the tube’s material,
the deformation occurs, closing the gap between the two joining partners. When
the gap is completely closed, the tube pushes the ring. The two parts are then
deformed together. When the forming pressure is released, both parts recover elastically. The tube prevents the complete recovery of the ring, creating an interference
pressure at the interface between the joining partners.
Among others, mechanical joining includes processes as Mechanical and Hydraulic Crimping, Joining by Rolling, Joining by Die-Less Hydroforming and
Electromagnetic Pulse Crimping - Tab. 2.1.
In Mechanical Crimping, the two partners to be assembled are overlapped and
positioned inside the crimping tool - Fig. 2.2. Typically, the crimping tool, also
called crimping die, is composed by a set of segments (four, six, eight, or even
ten) which are driven by hydraulic energy. The tool segments, moving in a radial
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direction, apply the necessary forming pressure to the outer workpiece. Mechanical crimping can produce both form or Interference-Fit joints, depending on the
geometry of the parts to be joined. The assembly of hoses and hoses couplings for
pneumatic and hydraulic tubes, as well as wire harnesses are the most common
applications.
Zhmurkin et al. [246] studied the mechanics of the crimping process applied
to wiring harnesses. The numerical study of an open-barrel crimping process suggests that the elastic springback of the crimp, upon release of the tool pressure, is
an essential design parameter. Optimized crimp designs should focus on minimizing the springback effect. The use of mechanical crimping for power steering hose,
composed of metals and rubbers, is studied in [44]. Noticeable springback was also
observed when the tool was released. As a result, the interference pressure between
the joining partners decreased significantly due to stress relaxation of the hose [44].
Reduction of interference pressure leads to a decrease of pull-out strength and connection tightness. Interference-Fit mechanical crimping of metallic and composite
mating parts is addressed in [64]. A numerical parametric study was conducted
aiming to study three main parameters: the effect of the clearance between the two
parts, the roughness and the hardness of the metallic part. It is suggested that the
roughness is the most sensible parameter implied in the crimping process. Moreover, the ultimate tensile strength tends to decrease with an increase of clearance
[64].
If, instead of the traditional crimping tool, an elastomer is used to apply the
required forming pressure, the process is called Hydraulic Crimping [224]. In this
crimping operation, the overlapped parts, an outer tube and an inner rod for example, are deformed by the action of a hydraulically pressurized rubber crimper [200].
The crimper pushes the tube into the grooves previously machined on the inner
rod. Compared to the mechanical crimping, the use of an elastomer as a tool results
in a more uniform pressure distribution over the circumference of the outer joining
part. Additionally, the same elastomer can be used for different groove geometries,
while, in the mechanical crimping, each die fits a specific groove geometry.

Figure 2.2: Process principle of mechanical crimping [44].

When the assembly process implies the expansion of the mating parts, Joining
by Rolling can be used. In this process(Fig.2.3), rolls, driven by a conical man-
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drel are positioned inside the inner tube. By pre-adjusting the rolling oversize,
the roller-bodies are radially pushed towards the tube. If the pressure produced
by the rolls is beyond the yield stress of the material, a plastic deformation occurs
[125]. The tube is then expanded by the rolling tool, elastically deforming the outer
partner. The plastic deformation of the inner joint partner along with the elastic recovery of the outer joint partner leads to an Interference-Fit between them. In [97]
the possibility to manufacture lightweight shaft-to-collar connections by rolling in
investigated. Practically every metallic tube can be joined by this method [94]. Copper, copper-nickel, carbon steel, stainless steel, brass, titanium, inconel and other
high-strength materials have been successfully joined to fittings by this cold rolling
process [94]. Joining by external rolling is also possible, but not widely used.

Figure 2.3: Process principle of joining by rolling [97].

Die-Less Hydroforming (DHF) process, also known as hydraulic expansion, relies on the use of a pressurized hydraulic fluid to mechanically join two parts. Both
interference and form fit joint can be generated, depending on the existence of a
grooved or knurled surface. In this process, the tubular parts to be joined are coaxially aligned with an initial air gap (few millimeters) [160, 92]. The hydro-probe is
positioned inside the inner joining part, in an axial direction consistent with the
joining area. The deformation occurs when the pressurized fluid (e.g. water and
oil) is applied to the joining area, which is sealed in the axial direction, meaning
that the fluid pressure is localized near the area of interest. Similar to other joining
by forming methods, when the gap between parts is closed, the parts start to deform together. When the pressure is released, the parts recover elastically creating
the Interference-Fit or Form-Fit joint [160, 92].
Besides the advantages inherent to the “joining by forming “, i.e., the ability to
produce multi-material connections, DHF is considered a very simple process and
no additional process steps after joining are required to ensure the joint strength.
Process stability, easy monitoring and short process times (few seconds) are other
mentioned advantages.
Analytical models to describe joint strength and the forming pressure required
to achieve this strength are developed in [134] and [81]. Both models show very
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similar results and a good agreement with experimental results [150]. Later, Marré
et al. [150] and Gies et al. [84] developed more sophisticated models with improved
prediction capability. According to Gies et al. [84], for a Form-Fit joint, the pressure
required to attain a certain joint strength, depends on the groove’s geometry (with
and depth), the yield stress, diameter and thickness of the inner joining partner.
Heat exchangers is one of the first applications of DHF [134]. Brandes [34] suggests the use of DHF to produce camshafts with weight savings around 50% when
compared with the traditional forged camshaft. Homberg et al. [108] studied the
use of DHF for lightweight frame structures made of extruded aluminum and magnesium profiles. Marré et al. [146] shown the potential use of DHF for the joining
of non-circular cross sections.
Metallurgical joining processes also known as solid-state welding processes, involve the use of severe plastic deformation to produce high-quality welded joints.
Solid state welding processes produce coalescence at temperatures below the melting temperature of the base metals, without the addition of brazing or solder filler
metal. Solid state welding requires that the workpieces to be welded become sufficiently close to allow the atoms of both workpieces to interact and permitting
inter-atomic forces to bond the interface [62, 243, 242]. Nevertheless, as the metal
surfaces are rough on an atomic scale, under low pressures, only a few peaks of
the metal surfaces are in contact. Additionally, for solid state welding to occur, the
layer of oxides that typically is encountered on metal surfaces must be removed
[142, 243, 242]. According to [206] pressure and time to achieve solid state welding depend on the materials involved, the workpieces nature as well as the facility and the technique being employed. The bond strength of metallurgical joints
achieved by plastic deformation depends on factors as, e.g. surface conditions, state
of stress, temperature, material properties, surface enlargement, processing time,
relative movement and recovery [242, 243]. Friction Stir Welding (FSW), Hybrid
Friction-Diffusion Bonding (HFDB), Explosion Welding (EXW) and Magnetic
Pulse Welding (MPW) are examples of solid state welding processes [108, 92].
Introduced by The Welding Institute U.K. (TWI) in 1991 [217], Friction Stir Welding is already a mature fully automated process for the cold solid-state joining of
metals, intended to be used in large linear joints, as it cannot be applied easily to
tight geometries such as closures or dome ends. Process variations such as Friction Stir Spot Welding (FSSW) can effectively substitute joining processes such
as riveting or clinching [67]. The process uses a non-consumable tool or one of
the joining partners to generate heat through friction, leading the materials to a
plasticized-viscous state, which are then stirred and forged behind the rotating
tool and pressed against the joining area, where it consolidates and cools down
to form the weld - Fig. 2.4 [154]. FSW is a well-established joining process for aluminum and other low melting temperature metals, such as magnesium, copper
and zinc [56]. Recent developments in tool materials and design have extended the
capability of FSW into the joining of steels (including stainless steel of all grades),
Ni alloys, Ti alloys, etc [139, 209]. In the last decade, it was also found suitable to
join a multitude of dissimilar materials such as PM and ABS polymers, Zr based
Bulk Metallic Glass (BMG), BMG-Al or BMG Cu and a large number of metal
combinations such as NiCu-steel, Al-Mg, etc. [43, 174, 191].
As a cold solid-state joining technique [143], it produces welds that are nearly
flawless at lower cost than conventional fusion welds. Providing the components
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are adequately restrained, a high quality solid phase weld is formed following considerable hot working of the material at the joint. Besides minimizing defects, such
as porosities, alloy segregation, softening of the heat affected zone (HAZ) and hot
cracking, the technique produces joints with low distortion and residual stresses
and good surface finish with no need to post-weld cleaning, thus adding to the
increase of the technique’s demand. Other benefits of this technology include: no
need for consumables, absence of fusion, multiple position capability and energy
efficiency [143, 154, 156].

Figure 2.4: Process principle of FSW.

Hybrid Friction-Diffusion Bonding (HFDB) was developed and patented by
Helmholtz–Zentrum Geesthacht GmbH (HZG) [187] and enables the bonding of
similar and dissimilar materials based on combined friction and diffusion processes [186]. A friction-based heat generation on the surface of the workpieces
accompanied by a certain degree of deformation leads to the activation of diffusion processes over the contact surface of the materials to be joined, thus a metallic
bond is achieved - Fig. 2.5. Similar to FSW, HFDB also uses a non-consumable tool
to generate heat and apply a consolidating force onto the elements to be joined.
HFDB has been employed to produce joints made of several material combinations
(Ti/Al, Al/Steel, Ti/Steel, etc.) [186].
Ability to join dissimilar materials, robustness and efficiency are presented as
main advantages [60, 187, 186]. However, as shown in [60] the process produces
joints with a clear heated affect zone. The process has been used to produce 100%
sealed, tube-to-tube joints in coil-wound heat exchangers, for low temperature applications such as the liquefaction of natural gas (LNG) [60].

2.1 joining by plastic deformation

Figure 2.5: Process principle of HFDB.

Explosive Welding (EXW) is a technique patented by Cowan et al. in 1964 [49]
that allows joining two materials, achieving a stable and durable bond, without
external heating and large-scale melting.
In EXW, a flyer workpiece is accelerated against a base plate through a small
stand-off distance (few millimeters), driven by the expansion of detonation gases,
resulting from a controlled explosion - see Fig. 2.6. The impact of the flying plate
against the base material causes local plastic deformation and solid state bonding
[42]. For a successful weld, it is necessary that a fast traveling jet of both the parent
plate and the flyer plate develops, which removes the surface oxide layers and
allows for metallic bonding of the plates [30].
According to Borchers et al. [30], three types of bonds are typically observed:
i) a flat direct bond, where a stable jet has enabled metallic bonding as described
above, ii) a flat bond containing a layer of solidified melt considered to be caused
by entrapment of the jet between the plates, and iii) a wavy interface containing
pools of solidified melt resulting from an oscillation of the jet flow [30, 161].
It is suggested that a wavy interface is stronger than a flat one [42, 50, 110, 185].
Amplitude and length of waves increase with the increase of the explosive-to-flyerplate mass ratio [95]. The wavy interfaces also increase with increasing stand-off
distance [6]. Parameters such as thickness and velocity of the flyer, stand-off distance, collision angle, the type and amount of explosive affect the joint characteristics [155].
EXW is becoming increasingly popular method of joining because of advantages
such as high bond strength and the ability to join metal, unweldable or difficult
to weld by other methods [79]. Additionally, EXW allows to combine materials
with different thicknesses saving their properties after the weld operation. EXW
has been used with success to join dissimilar materials such as stainless steel to
carbon steel, copper to stainless steel, titanium to stainless steel, Al/Cu and Al/Fe
[63]. However, the process is restricted to simple geometries. The level of the noise
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and the vibrations arising during the process are high and the metals which are
joined must demonstrate enough resistance to impact and ductility [79].

Figure 2.6: Process principle of EWX: 1) initial Setup; 2) during the process.

Electromagnetic Pulse Technology (EMPT) can provide robust joining between
dissimilar metal pairs by conformal interference fit, form fits or even a solid-state
weld. This technology has potential advantages over conventional joining by forming methods. In comparison to other quasi-static processes, like mechanical crimping, the joints produced by electromagnetic impulses are very homogenous in their
characteristics. This is the result of the uniform pressure distribution produced by
the electromagnetic field generated by the coil. Additionally, the forming limits
can be increased during electromagnetic forming as a result of the high strain
rates of deformation. Working with high deformation velocities permits the material to be stretched without fracture, a phenomenon called as hyperplasticity. This
means that, in the case of Form-Fit joints, deeper undercuts can be filled without
damaging the deformed joining partner, thus increasing joint strength.
Controllability, flexibility and repeatability are advantages of EMPT over other
impulse technologies such as explosive joining. The applied energy can be accurately controlled by changing the discharge energy. By changing the geometry of
the coil or the relative position between the coil and the parts, the deformation
zone can be easy controlled. Additionally, EMPT can easily be applied in a standard workshop. The safety concerns associated to the use of explosives and the
fact that the process requires highly experienced and skilled workforce promote
the interest in alternative impulse processes, such as the electromagnetic-based
ones.
Further details regarding electromagnetic pulse technology and its use for joining similar and dissimilar materials can be found in the following sections.

2.2

electromagnetic pulse technology

Electromagnetic Pulse Technology (EMPT) is a high strain-rate process that can
be a flexible and cost-effective complement or alternative to the conventional sheet
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metal forming or joining processes. This non-contact technique uses pulsed magnetic fields to apply forces to the metal workpiece, preferably made of a material
of high electrical conductivity [21, 179]. The principle is based on physical effects
described by Maxwell, i.e. a temporarily varying magnetic field induces electrical
currents in nearby conductors and additionally exerts forces (the so-called Lorentz
forces) to these conductors [179, 167, 118, 117].

Figure 2.7: Electromagnetic phenomena representation (adapted from [205]).

The energy required to the process is stored in the capacitor bank (with a total
capacitance C), charged at an initial voltage V0 . This energy is then discharged as
current I (t) that flows through a coil (flat spiral, helical, etc.) using high speed
switching ignitrons. As result of this current discharge, which is a highly damped
sinusoidal wave, a transient magnetic field B0 is produced in the coil that penetrates into the workpiece placed in the vicinity of the coil. This transient magnetic
field B0 induces Eddy currents in the workpiece, which are responsible for limiting
the penetration of the magnetic field B0 into the workpiece and for creating its own
induced magnetic field, B1 in the opposite direction to the one generated in the coil,
B0 - see Fig. 2.7. The repulsive magnetic fields B0 and B1 interact resulting in body
forces on the workpiece, called Lorentz forces. These forces produce a magnetic
pressure applied on the workpiece. If this magnetic pressure is higher than the
yield strength of the workpiece, the dynamic deformation of the workpiece takes
place [205, 179].
Depending on the setup, Electromagnetic Pulse Technology (EMPT) can be used
for forming, welding, cutting and crimping [179, 205] - Fig. 2.8.

Electromagnetic Pulse Forming (EMF) is a process in which the workpiece deformation is the result of the Lorentz forces acting on the part, consequence of
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Figure 2.8: Electromagnetic Pulse Forming (courtesy of the Ohio State University).

the repulsive interaction between a transient magnetic field produced in a coil by
transient currents and a magnetic field created in the workpiece [198]. If a die is
placed in the vicinity, the metallic sheet will impact against and acquire its shape.
Depending on the setup configuration and the geometry of the coil and workpiece,
tubes can be compressed, expanded or flat sheets can be deformed into 3D shapes
[118]. Using a special die, perforation operations can also be performed - Electromagnetic Pulse Cutting [218, 89]. Electromagnetic Pulse Cutting (Fig. 2.9) is
a process that differs from the conventional cutting processes; in electromagnetic
pulse cutting the workpiece is not cropped between two mechanical tools. The
current inductor replaces one half of the conventional cutting tool. During the process, parts of the workpiece are accelerated, so that deformation takes place and
the separation of the material occurs [116].

Figure 2.9: Electromagnetic pulse cutting [89].

Electromagnetic Pulse Crimping (EMPC) is very similar to both EMF of cylindrical tubes and MPW, with the exception that the inner part of the assembly
replaces the die typically used in EMF and no atomic-level bonding is expected
[69, 218]. The crimping version of the EMPT targets the axial form fit of tubes or
the creation of form fit mechanical joints over knurled or specially designed surfaces or groove geometries [55, 205, 232, 27]. Figure 2.10 shows the process used to
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crimp an aluminum cable terminal over copper wire. Here the magnetic forces are
generated concentrically towards the center of a ring shaped coil. The two connecting partners are placed within the coil. As a result of the discharge of the current,
which generates the forces required to collapse the tubular end of the connector, a
mechanical based interlocking between the materials is attained [55].

Figure 2.10: Working principle of magnetic pulse crimping: a) material partner input; b)
electric discharge and magnetic forces deform the outer part onto the inner
one; c) finished part removal.

Electromagnetic Pulse Welding (MPW) is a cold solid-state welding process, accomplished by the magnetically driven, high-speed and low-angle impact between
two metal surfaces [129, 114, 54]. It has the same working principle of Explosive
Welding (EXW), i.e. is based on the collision of the flyer at high impact speed, in
this case propelled by electromagnetic force. In the setup shown in Fig. 2.11, the
external tubular part is accelerated inward, away from the coil, with increasing
high speed, pushing the metal well beyond its yield strength and into its plastic
region. If the conditions are proper, i.e., tube velocity and collision point angle, as
function of the initial gap distance between the mating surfaces and overlap distance between the coil and the part, jetting of the surface layers, at the collision
point between the two bonded surfaces, occurs by the impact force acting upon
them resulting in an effective weld. At impact, the naturally oxidized surfaces are
stripped off and ejected by the closing angle of impact and the very high velocities
(> 200 m/s) [16, 17]. The surfaces, which then become viscoplastic, are pressed
into intimate contact by the magnetic pressure, allowing valence electron sharing
and atomic-level bonding. This effect would enable to permanently bond widely
dissimilar metals. It is to be noted that, for MPW, the pressures at the collision
point between the mating surfaces are of the order of 1 GPa (induction joining
of composites uses pressures of around 1MPA) [244, 199]. This process has been
demonstrated in the joining of tubular configurations of a variety of metals and
alloys, and is usually performed on tube weld geometries for components such
as fuel filters, high pressure capsules, drive shafts to name a few. The benefits of
MPW include: the production of a metallurgical bond without any resulting HAZ;
excellent weld quality in terms of material coupling (for many types of dissimilar
metals) to the level where corrosion problems at the joint location can be improved.
All of these resulting in superior joint strength [132, 182].
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Figure 2.11: Working principle of solid state cold welding for the joining of dissimilar
metal joining partners [93].

2.2.1 Phenomenon Description
The basic idea underlying the electromagnetic based processes is that a strong
magnetic field induces electric currents in viscoplastic electric conductors, and, as
a result, Lorentz forces are generated, resulting in their deformation. The electromagnetic metal working processes can be described by time-harmonic magnetic
Maxwell’s formulation.
By demonstrating that electric currents can influence the needle of a compass,
Oersted (1820) proved that electric and magnetic fields are two dependent physical
occurrences. Later, Ampère, Faraday and Gauss developed mathematical models
to describe electromagnetic phenomena, which are the foundation for the unified
theory of electrodynamics, elaborated by James Clerk Maxwell.
Maxwell’s first equation is based on the work presented by Faraday in which is
shown that a time-varying magnetic field, B, is always accompanied by a spatiallyvarying, non-conservative electric field, E, and vice-versa:
∂B
(2.1)
∂t
where t represents time and the symbol ∇ represents the curl operator.
Gauss’ law for electricity, more commonly known as the Maxwell’s second equation, states that the electric flux density D through any closed surface is proportional to the enclosed electric charge Q. If the charge Q is distributed continuously
through a volume, Gauss’s law is given by the follow equation:

∇×E =

∇·D = ρ

(2.2)

where ρ is the charge density (coulombs per cubic meter).
The main idea of Ampère-Maxwell law, Maxwell’s third equation, is that an electric current or a changing electric flux through a surface produces a circulating
magnetic field around any path that bounds that surface. In other words, Maxwell
corrected the Ampère law saying that the magnetic fields can be generated in two
ways: by electrical current (this was the original "Ampère’s law") and by chang-
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ing electric fields (Maxwell’s correction). Maxwell’s modification to Ampère’s law
is very important: it shows that not only does a changing magnetic field induce
an electric field but also a changing electric field induces a magnetic field. The
differential equation attributed to Ampère-Maxwell is given by:

∇×H = J

(2.3)

where H is the magnetic field intensity and J the electrical current density.
Maxwell’s fourth equation is related with magnetic flux properties. Magnetic
poles occur in nature always as equal and opposite pairs. The sources for a magnetic field are currents or moving charges. In fact, it is possible to state that the
electric charge is the primary source for electric and magnetic fields; consequently,
the magnetism is the result of electrically charged particles. Since no magnetic
charges exist, the magnetic flux lines must be closed lines. All lines entering a
closed surface must also leave it. This postulate leads to the formulation of the
fourth Maxwell’s equation, which can be expressed as:

∇·B = 0

(2.4)

Electromagnetic based processes can be considered time-harmonic magnetic problems, i.e. are based on the induction of eddy currents in materials with a non-zero
conductivity by a time-varying magnetic field. As a result, the current density
obeys to:
J = σ·E

(2.5)

considering that the flux density and the vector potential A can be related by:
B = ∇×A

(2.6)

∇ × E = −∇ × Ȧ

(2.7)

substituting in equation 2.1:

Considering a 2-D problem, by integration, the previous equation can be written:
E = −Ȧ−∇V

(2.8)

J = −œȦ − œ∇V

(2.9)

substituting in equation 2.5:

Considering that the flux density can also be given by:


1
∇×
∇×A = J
µ(B)
substituting equation 2.9 in equation 2.10:


1
∇ × A = −œȦ + Jsrc − œ∇V
∇×
µ(B)

(2.10)

(2.11)

Jsrc represents the applied current sources. The ∇V term is an additional voltage
gradient that, in 2-D problems, is constant over the conducting body. Considering
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that the field is oscillating at one fixed frequency, a phasor transformation yields a
steady-state equation that is solved for the amplitude and phase of A. This transformation is given by the following equations, where a is a complex number.
h
i
A = Re [ a(cosωt + jsinωt)] = Re ae jωt
(2.12)
Substituting into equation 12 and dividing out the complex term, it is possible to
obtain the equation that is solves time-harmonic magnetic problems, considering
that the permeability μ is constant for harmonic problems:


1
∇×
∇ × a = −j!œa + Ĵsrc − œ∇V
(2.13)
µ(B)
Knowing the eddy current density and magnetic flux, the Lorentz force density
acting on the workpiece can then be calculated using the Lorentz law:
F = J×B

(2.14)

Note that the resolution of such set of partial differential equations implies the
knowledge of several circuit and material properties. The input current and frequency can be both computed or measured. For the calculus, assume that the
electromagnetic pulse system can be described by an equivalent electrical circuit.
It consists of a primary RLC circuit coupled with a secondary RL circuit, as represented in Fig. 2.12. The equivalent RLC circuit can be described by the following
differential equations:

( L1 + L c )

dI1 (t)
dI2 (t)
1
+M
+ ( R1 + Rc ) + I1 (t) +
dt
dt
C

Z

I1 (t)dt = 0

d( L2 I2 ) d( MI1 )
+
+ R2 I2 = 0
dt
dt

(2.15)

(2.16)

Figure 2.12: Equivalent RLC circuit of electromagnetic pulse technology.

where C is the capacitance value of capacitor bank (provided data), I1 (t) and I2 (t)
are the coil current and the induced Eddy current in the workpiece, respectively, L1
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and R1 are the coil inductance and resistance, L2 and R2 are the workpiece inductance and resistance, Lc and Rc are the connecting wire inductance and resistance,
and M is the total mutual inductance between the coil and the workpiece. These
equations are important to obtain the discharging coil current (I1 (t)) and the induced Eddy current (I2 (t)) that flows through the workpiece [11, 13, 38]. Equation
2.15 and 2.16 can be solved using initial conditions, given by:
I1 = 0, ( L1 + Lc )

dI1 (t)
= V0
dt

I2 = 0

(2.17)
(2.18)

Where V0 is the discharge voltage. Parameters, such as the coil inductance and
resistance, can be mathematically calculated by knowing its geometry and raw
material.
The discharged current I1 (t) flowing in the coil can approximately described by
the following equation:
t

I1 (t) = I0 e− τ sinωt

(2.19)

with I0 being the maximum current intensity, ω the current frequency and τ the
damping factor, which characterizes the exponential decay of the discharge current.
Such parameters can be computed by:
s
C
I0 = V0
(2.20)
Lt
τ=
s
ω=

2.2.1.1

√

2Lt
Rt

1
Lt C

2

(2.21)
 2
1
+
τ

(2.22)

Tooling for Electromagnetic Pulse Joining Processes

The coil is the tool in electromagnetic-based joining processes. The tool coil is
responsible for conducting the current and consequently establishing a temporary
local distribution of the magnetic field and pressure.
There are disposable and permanent coils [241]. Disposable coils are windings
made by copper wires for experimental work or for feasibility trials. Disposable
coils vaporize by large current flow during the discharge of the capacitors meaning
they can only be used once. Permanent coils are required for repeated production
in industrial applications. The design and material selection for permanent coils
are far more complex than that of disposable coils.
According to [179], the coil must provide a high conversion coefficient of the
capacitor bank energy to the work of the workpiece deformation, high mechanical
resistance, optimal frequency of the discharging current, resistance to electrical
over-voltages, a reliable connection to the machine and a simple design.
During electromagnetic pulse experiments, the tool coil is exposed to extreme
loading conditions. The Lorentz forces developed for workpiece deformation act,

19

20

state of the art

as so-called reaction forces, on the coil. The electromagnetic actuator has to absorb
these opposite reaction forces as well as the forces between the turns of the winding, without any deformation. Additionally, as a result of the high current pulses,
the coil has to withstand electrical and thermal loads.
Furth et al. [80] specify four different types of cylindrical coils: single-layer
single-turn coils, single layer multi-turn coils, multi-layer multi-turn coils and
multi-layer single-turn coils (spiral). As EMPC is related to the compression or
expansion of tubes, cylindrical coils are typically used. The use of single layer
multi-turn coils is widely reported [224, 226, 86]. Number of turns, distance between windings, windings cross-section and geometry, gap between the coil and
the part and coil length are crucial parameters for both electrical performance and
mechanical strength [179].
Fischer [75] suggests that the distance between windings should not be smaller
than 2 mm. A minimum width of 5 mm is recommended by [88] for winding crosssection. Additional design guidelines are given by Belyy et al. [15]. Coils produced
to expand rings with a diameter smaller than 40 presented insufficient mechanical
strength and reduced lifetime [15]. Bauer et al. [14] and Henselek et al. [104] state
that there is a minimum number of turns to guaranty the adequate balance in
terms of resistance, inductance and consequently process efficiency. The multi-turn
coils are typically reinforced with polymeric materials. The goal is not only to
increase the tooling stiffness but also to guarantee efficient electrical insulation
between the single turns of the winding. Lavsan, ftoroplast and polymid films,
mica, glasstextolite, epoxies and composites such as glass fiber reinforced epoxy
are some of the reported insulators/reinforcement materials [179].
When the joining operation involves the compression of the joining partner, a
fieldshaper can be used. This additional component, placed inside the coil, is used
to protect the main coil from high repulsion forces and to focus the widely spread
current. Fieldshapers can also homogenize and significantly increase the magnetic
pressure in the work zone [220]. Geometry and material are the main parameters
to be considered in fieldshaper design. The geometry is restrained by the desired
size and shape of the work zone and should promote high stiffness, minimize the
mechanical and thermal stress and optimize energy coupling efficiency [220, 179].
According to Dietz et al. [61], the concentration area should not be too short in
order to avoid magnetic field penetration. The working length should be higher
than three times the skin depth. Moreover, the fieldshaper should not be longer or
shorter than the coil length. A fieldshaper much longer than the winding will result
the reduction of process efficiency as a result of the decrease in energy transfer
[220]. A fieldshaper length smaller than the winding may cause an inhomogeneous
loading of the coil, lead to premature failure of the windings.
The efficiency of a multi-turn coil is typically higher when compared to a singleturn concept [104]. Nevertheless, due to the high robustness, single-layer singleturn coils are widely used for EMPC operations, when the target is tubular compression.
In terms of material, a good electrical conductivity and a high mechanical endurance against pulse loads and thermal shocks is required no matter the geometry of the coil. Copper beryllium alloys, zirconium and cadmium coppers, tungsten
molybdenum and even steel are being used to manufacture electromagnetic tools
[179].

2.2 electromagnetic pulse technology

2.2.2

Electromagnetic Pulse Crimping

Industrial applications of EMPC process are reported from different fields - Fig.
2.13. Early investigations focus on using electromagnetic pulses for joining copper
tubes to coaxial cables [24], leak-proof high pressure hoses [111], metal-ceramic
insulators, air brake hoses and the joining of high voltage cables [189]. In Belyy
et al. [15] it is stated that the electrical contact resistance between cables joined
by electromagnetic compression can be 1.5-2 times less than the joint produced by
using a conventional hydraulic press. Similar results were found by [192] and [201].
Automotive and electrical industries are the fields with more works reported and
more potential of application [179, 247, 193, 194].
Joint and process design are key topics in producing reliable joints by electromagnetic crimping. Existing process and joint design strategies for Form-Fit and
Interference-Fit joints are reviewed in the following paragraphs.

Figure 2.13: Examples of joints made by electromagnetic pulse crimping.

2.2.2.1

Design Principles for Form-Fit and Interference-Fit Joints in Electromagnetic
Pulse Crimping

The influence of groove characteristics on the strength of Form-Fit joints achieved
by electromagnetic compression (see Fig. 2.14) is probably one of the most studied
topics. In general, the highest strengths of electromagnetically joined connections
are achieved by crimped Form-Fit joints [224]. Form-Fit lead to joint strengths high
enough to cause a failure in the base material and not in the joining zone [224].

Buhler and von Finckenstein [41] studied the variation of joint strength regarding the dimensions of rectangular grooves. Higher deformation of the joining partner into the geometric features lead to higher push-out forces, meaning that higher
levels of pulse energy may increase joint strength. The charging energy should be
adjusted in such manner that the tube inner wall touches the bottom of the groove.
The authors suggest that decreasing the groove width and increasing the groove
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Figure 2.14: Process principle of Form-Fit and Interference-Fit joining by electromagnetic
pulse compression [147].

depth, the push-out force may be improved. However, it is stated that the optimum groove width may depend on the tube wall thickness, hardness as well as
the available output energy [41]. Similar results were found by [88] for circular
grooves.
Experimental and numerical studies were conducted by Park et al. [171] to analyze the influence of groove design on joint strength. Different groove configurations should be considered for axial and torsion loading - Fig. 2.15. For an axial joint, the authors suggest that two or more grooves, with different dimensions,
must be used to obtain full strength. According to this study, the load supported by
the first groove is only about 30% of the full strength, being the rest 70% strength
supported by the other grooves. The dimensions of the first groove must be defined in such way that the material thickness does not change during loading. For
torsion joints, instead of a continuous groove, the authors suggest six grooves with
optimized width, depth and radius [171]. In another study presented by Park et al.
[172], the influence of width and depth on the joint strength of rectangular grooves
was assessed. For constant values of forming energy, the authors found that when
the groove depth exceeds a critical value, the joint strength starts to decrease. The
reduction of the tubes’ wall thickness and shearing at the groove edges may be the
cause for this decrease [172].
According to the authors [172], the groove depth should be higher than the
wall thickness of the tube to provide room for the material yield. On the other
hand, depth should be smaller than 0.05 times the average tube diameter in order
to avoid wrinkling. Regarding the groove edge radius, it is recommended to be
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smaller than half the groove depth and higher than the wall thickness of the tube
to prevent wall thickness reduction or shearing at the groove edge.

Figure 2.15: Types of Form-Fit joints for different types of loading [224].

Further design guidelines are given by P. Vanhulsel et al. [220]. Rectangular
shaped grooves should be used for axial loading. From the three shapes tested
(triangular, circular and rectangular grooves) the authors found that triangular
grooves lead to weaker joints. It is suggested that the level of deformation of the
tube into the groove, which is function of the groove angle, is determinant for the
pull-out strength. Just like in Park et al [172], the use of a second grove is recommended. The experiments on a double grooved mandrel confirmed the assumption
that an optimized groove design consists of a first groove which is less deep and
wider than the second groove [220]. Similar results are presented in [225]. Besides
showing that the joint strength increases with deeper and narrow grooves, the authors show that electromagnetic pulse technology can be used to create Form-Fit
joints using both solid mandrels and hollow inner joining partners.
Statistical tools, such as design of experiments, have been widely used to optimize the groove design. Several authors are still exploring this topic for different
metal-metal combinations [28, 226]. According to [179], joining of dissimilar materials including material combinations of metals and glass, polymers, composites or
different metals is possible by Form-Fit joining. However, information regarding
metal-ceramic and metal-composite/polymer is limited or not available.
Joint and process design for interference or force-fit joints is different from FormFit. The electromagnetic pressure is used to plastically compress the metallic tube
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against an inner mandrel or tube, in a way that the inside joining partner elastically
deforms. When the compression stops, both tube and inside joining partner recuperate elastically. If the residual stresses are high enough, an interference force will
remain. This normal interference force acts as static friction normal force preventing the inside and outside partners to separate unless sufficient force is provided .
The strength of the Interference-Fit produced by electromagnetic pulses is strongly
dependent on the contact area, the friction coefficient and the interference stress
along the contact interface between the joining partners. Such parameters are directly dependent on geometry characteristics of the joining partners, surface and
material properties such as the yield stress, the elasticity modulus and stiffness.
The interference stress on the contact interface is dependent on the impact velocity
and mass of the flyer tube, which are dependent of the charging energy and initial
gap between the outer tube and the inner part.
In an early study conducted by Buhler and von Finckenstein [40] the influence
of the mandrel stiffness on the joint strength is investigated. Copper tubes and
steel mandrels are used in order to produce different stiffness’s. The stiffness is
characterized by the ratio Q of inner diameter dm and outer diameter Dm of the
inner part. According to this model, a ratio Q= 0 represents a solid mandrel of
high stiffness while a value of Q≈1 represents an extremely thin-walled mandrel
of very low stiffness. Buhler and von Finckenstein [40] state that, as a result of
the poor deformation of the inner joining partner, the high stiffness leads to weak
joints. Increasing the ratio Q, i.e., using a hollow tube with a certain thickness,
the strength of the joint can be improved. However, if Q exceeds a critical value
the push-out force decreases drastically. The deformation of the mandrel is now
elastic plastic and no longer merely elastic. On the other hand, Kleiner et al. [125]
recommends the use of solid mandrels instead of tubular parts. According to the
authors, higher yield strength as well as higher stiffness of the mandrel lead to
stronger joints. Similar results were found by Geier et al. [83].
The surface of the samples to be joined has been the target of several studies. Eguia et al. [55] showed that texturizing the surface, by the shaping of screw
threads and knurled surfaces, can significantly increase the joint strength to both
torsion and axial loading. According to their experimental findings, fine knurled
surfaces should be used instead of coarse ones. The increased mechanical interlocking is pointed out as the reason for the strength improvement when using
fine structures [55]. In Marré et al. [147] electromagnetic pulse crimping was used
to join reinforced extruded aluminum profiles. To improve the mechanical performance of the joint, a knurled surface was machined into the inner joining partner.
By using knurled surfaces, the authors were able to achieve joint strengths within
the range of the yield strength of the weakest joining partner [147].
Hammers et al. [99] shows that the pull-out force of electromagnetically crimped
joints can be improved by shot peening of the mandrels. However, better results
are achieved when structuring the mandrel’s surface through milling. The authors
state that the increase of the surface roughness as well as a surface hardening
increases the pull-out force of the joint.
The mechanical properties of Interference-Fit joints produced by electromagnetic
pulses also depend on the impact velocity and the impact pressure of the tube onto
the mandrel. In Kleiner et al. [124] it is shown that higher impact velocities lead to
an increased joint strength. The impact velocity can be increased by both discharge
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energy and gap distance between the joining partners. It is now well known that,
during electromagnetic pulse crimping, the part is first accelerated up to a certain
maximum velocity and afterwards it decelerates. In order to achieve the highest
joint strength, the gap between the workpieces should be chosen considering the
displacement at which the maximum velocity is reached [224]. A too small gap
will result in insufficient joint strength due to low impact velocity. On the other
hand, an excessive gap may lead to some rebound effect, decreasing joint strength
[125].
2.2.2.2

Numerical Modelling and Simulation of Electromagnetic Pulse Crimping

As result of the growing globalization and competition, shorter lead times and
more cost effective solutions are required. Accordingly, the numerical modelling
and simulation has become a widespread tool in engineering practice, used for
many purposes, that goes from stress and strain analysis, prediction of defects and
failures and final part geometry up to reduction of time and costly experimental
try-outs. Nevertheless, an accurate simulation requires reliable numerical models
and constitutive equations, capable of describing the underlying physics of the
involved processes. During the last decades, significant efforts have been employed
to understand and accurately model the electromagnetic based processes. This
topic is broadly reviewed by [219, 205, 179].
The early attempts to model and simulate the electromagnetic forming process
are attributed to well-known authors (e.g. Gourdin [90] and Takatsu et al. [213]).
The work presented by Takatsu et al., [213] is the first complete model capable to
describe the influence of the change of shape of the workpiece during the electromagnetic forming process on the magnetic field and the force it exerts on the workpiece. A popular approach is presented by Fenton and Daehn [72]. A computercode called CALE, based on the so-called “arbitrary Lagrangian Eulerian” (ALE),
was used to numerically simulate electromagnetic forming process with complete
electromagnetic-mechanical coupling. Few years after the two dimensional simulations presented by Fenton and Daehn [72], a three-dimensional fully coupled
magneto-mechanical model was presented by Schinnerl et al. [195]. Commercial
codes such as ANSYS/EMAG and LS-DYN were combined by Oliveira and Worswick [168] targeting the 2-D and 3-D simulation of the flat forming process.
L’Eplattenier et al. [141] developed and implemented a fully coupled module in
LS-DYNA capable to simulate all the aspects of the electromagnetic metalworking
processes. This tool has been used in several investigations [113, 103]. Despite the
accuracy, several authors are still dedicating efforts to develop more simple approaches. For example, Siddiqui [205] and Unger [219] developed their own codes
aiming a lower computational cost method for electromagnetic forming.
Three different approaches for numerical modeling of EMPT are mentioned in
literature [205] the non-coupled approach, loosely-coupled approach and fully coupled approach. In a non-coupled approach, the Lorentz forces are calculated without taking into account the workpiece deformation and velocity. These forces are
the input loads for the mechanical simulation, which is carried out in only one step.
This strategy neglects the forces evolution during the process due to the geometry changes. Although this is the less accurate method, it is considered the most
efficient one since it takes less computation time and is the most simple method.
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In the loosely-coupled approach, each time interval, called macro-time step, the
induced Lorentz forces in the workpiece are calculated with the electromagnetic
model and then automatically transferred as input loads to the mechanical model.
In this methodology, the workpiece deformation is calculated and the geometry
updated in order to transfer it again to the electromagnetic model. The Lorentz
forces are again calculated and the iterative process is repeated until the forces are
insignificant. This approach has been increasingly adopted by researchers since it
gives accurate results in a low computational time (when compared to the fully
coupled approach). Although this methodology allows more accuracy, it still neglects the thermal effects. In fully coupled approach, the electromagnetic, mechanical and thermal problems are solved simultaneously in each element at every
time step, i.e., all the degrees of freedom are computed at the same time. This
approach is the more accurate but at the same time, extremely complex and time
consuming. According to recent works [224], despite the number of models and approaches available for the numerical modelling and simulation of electromagneticbased metalworking processes, the prediction of the joining process parameters,
still requires either complex numerical simulations or experimental investigations.
Both approaches are cost and time-consuming. Numerical determinations typically
require a very profound knowledge of coupling electromagnetic with impulse mechanical calculations. The lack of commercially available and user-friendly finiteelement-software for modelling and simulation of electromagnetic based processes
is one of the aspects that hamper the application of EMPT in the industrial field.
The existing software’s are expensive and require extremely long calculation times
[170, 179]. There is, therefore, room for improvement in this field.
A simple, low cost and low time consuming approach, capable to fairly predict
the behavior of the joining partners during EMPC should be developed.
2.2.3 Magnetic Pulse Welding
2.2.3.1 Theories of Jet and Wave Formation in Impact welding
The phenomenon of impact welding was first discovered after world War I when
bomb shrapnel was found to have been cold-welded to metal surfaces of tanks and
artillery.
During impact collision of metal plates, a high velocity forward jet is formed in
between, if the collision angle and velocity are in the range required for bonding.
The surface of the joining partners, typically containing nonmetallic films such as
oxides and impurities that are detrimental to the establishment of a metallurgical
bond, are swept away in the jet. The metal plates, cleaned of any surface films by
the jet action, are joined at an internal point under the influence of a very high
pressure. This high pressure causes considerable local plastic deformation of the
metals in the bond zone area. The bond is metallurgical in nature and usually as
strong or stronger than the weaker parent metal [50]. The so-called reentrant jet, or
simply, jet is, therefore, a material flow that is separated from the base materials,
rotated, and ejected by the high pressure of the collision- Fig. 2.16. According to
Robinson [184], to describe this phenomenon, two regimes of fluid behavior of
metals must be considered. In a range of strain rates between 104 and 107 s-1 ,
metals behave as viscous fluids, and above 107 s-1 as inviscid fluids. Typically, the
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threshold is when the strain rate equals the critical strength for slipping between
adjacent planes in the crystal structure divided by the coefficient of viscosity.

Figure 2.16: Schematic view of phenomena occurring in the collision point during impact
welding [20].

Figure 2.17: Impact of plates (a), jet flow (b) and impact point velocities (c) [123]

The method of molecular dynamics (MMD) has been used to model the jet formation during a high-velocity oblique impact of metal plates [123]. During the
collision of two plates of thickness δ, aligned at an angle γ and with a velocity
equal to vn , a jet, with a front velocity of W, will be formed. As shown in Fig. 2.17,
the rear front of the jet rests on the impact point propagating with a velocity U
given by [123]:
U = vn /sin(γ/2)

(2.23)

Considering the fluid as ideal, the velocity W and thickness h of the jet can be
given by [123]:
W = U (1 + cos(γ/2))

(2.24)
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h = δ(1−cosγ)/2

(2.25)

It is suggested by [123] that jet velocity depends on the following parameters: W
= Φ(γ, δ, U, ρ, η, α, c, ct , cp ,T,Y0 ), where ρ, η, α, c, ct , cp , T , and Y0 are the density,
viscosity, surface tension, longitudinal and transverse velocities of sound, specific
heat, temperature, and yield stress [123]. Considering that the plate material can be
described by an elastoplastic model such as σt = Y0 + η ė, where σvt is the tangential
(shear) stress and ė is the strain rate, and that the effects of thermal conductivity
are ignored and setting that δ, U, ρ, and cp are constants, the dimensionless jet
velocity can be given by [123]:


W
α
c ct c p T Y0
,
(2.26)
= f γ, Re,
, , ,
U
ρU 2 δ U U U 2 ρU 2
where Re is the Reynolds number:
ρUδsin2 (γ/2)
(2.27)
η (1 − sin(γ/2))
In this model, the parts to be welded are considered rectangular parallelepiped
ribs filled with atoms of the designed metal, which are arranged according to the
lattice structure of the material (BCC, FCC or HCP) [123]. According to Kisele et
al. [123], the motion of this atoms can be determined by using molecular dynamics
(MMD) theory, which accurately describes the main experimental features of the
jet formation in impact welding. It was shown that, due to material properties
such as compressibility, strength, and viscosity, not all the combinations of impact
velocity and angle promote jet formation. According to Kisele et al. [123], in the
absence of contaminating films during oblique collision of plates, the jet starts to
form for a critical value of the Reynolds number (Re ≈ 2).
In [59] it is established the existence of three different regimes for jet formation:
1) subsonic flow W<c; 2) supersonic flow at angles exceeding the critical angles γ
> γcr ; 3) supersonic flow at angles γ < γcr . In the first two regimes the jet is formed,
while the third corresponds to a jetless configuration. The determination of the
critical angles is assessed in [51].
It is mentioned in [203] that jet can be solid and dispersed, i.e., it can be a
stream of individual particles. In studies performed for explosive welding [248],
aluminum particles with an average size of 0.5 μm were observed when welding
aluminum to steel plates. The authors suggest that the ejection of the aluminum
particles cleaned and heated both aluminum and steel plates, creating an high
strength joint [248]. The results obtained in different studies indicate that impact
welding causes surfaces to clean themselves through jet formation [6, 20, 42, 110].
The generation of particle stream in an oblique collision is assumed to be a necessary condition for impact welding to occur.
Re =

Impact welded materials very often show a wavy bond zone interface. Despite
the specific successes achieved by researchers studying wave formation, no standard theory of this phenomenon exists, and the question of the origin of waves at
the interface of metals remains open.
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Figure 2.18: Photographs of fluid flow behind cylinders at increasing values of the
Reynolds number [50].

Uniform wavelength and wave amplitude with deformed areas, similar to vortexs, between the top and the bottom of the wave, can be found in impact welds.
The existence of this vortexs-like regions has sustained the Vortex Shedding Mechanism, also known as von Karman vortex street theory [50]. In this approach, fluid
flow analogy is considered. Fig. 2.18 shows photographs of fluid flow behind cylinders at increasing values of the Reynolds number. Cowan et al. [50] compared the
fluid flow with metallographic images of bond interfaces of nickel (Grade A) to
steel (Grade 1008) welded at different collision velocities. As the Reynolds number increases, there is a transition from smooth flow to a wavy one, with a welldeveloped von Karman vortex street and vortex shedding showing up. Similar
configuration is observed for the explosive welds shown in Fig. 2.19.
Von Karman street theory assumes that, during fluid flow at a certain velocity,
vortex streets develop behind an obstacle, when it interacts with the stream [50].
According to Kowalick and Hay (1971) [133], the jet emerging from the collapse
between the flyer and the parent plate is analogous to a traverse obstacle in a
fluid stream. At low stream velocities, i.e., low Reynolds number, a laminar flow
occurs around the obstacle. When the stream velocity increases, the stream lines are
divided and forced to surround the obstacle, leaving a cavity on the downstream
side of the obstacle in which fluid velocity arises- see Fig. 2.20. Beyond the range
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(a)

(b)

(c)

Figure 2.19: Bond zones of nickel (Grade A) on steel (Grade 1008) welds made at different collision velocities. (a) Vc = approx 1600 m/s; (b) Vc =1900 m/s; (c) Vc
=approx 2500 m/s [9].

of stability of the vortex street, turbulence leads to disorder wake which can cause
a molten layer [133].

Figure 2.20: Vortex generation according to the Von Karman street theory [133] .

Flow Instability Mechanism, proposed by Hunt [110], is based on a shear instability of the high strain-rate metal flow near the interface. Most researchers believe
that this theory is the most suitable to explain the interface waviness [245, 17].
According to the Kelvin-Helmholtz (KH) principle, instabilities can appear between two fluids in contact when moving in parallel with different tangential velocities. Kelvin-Helmholtz instabilities can be observed, for example, as wave ripples
when wind blows over water or in clouds formed in windy days - see Fig. 2.21.
Hunt [110], and other followers of this theory [102, 230, 17], believe that the instabilities created by jet interaction with a moving plate and a parent plate are
governed by flow instabilities of the same type as Kelvin-Helmholtz in fluid mechanics [110, 102]. In this approach, the metals are defined as viscous solids.
During impact, the instabilities cause mass flow, typically from the higher density material to the lower one - see Fig. 2.22. It is proposed in [17] that, the instability has a direction and a certain velocity which defines waviness directionally
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and shape. According to this theory, the waves are the result of the movement of
material from one side of the interface to the other, and, in order to promote the
equilibrium of the system, the movement of material from the other side back [17].
Studies performed by Robinson [185] also sustain a mechanism for wave formation based on K-H instabilities. Nevertheless, and despite the same theoretical
bases, Robinson [185] and Hunt [110] collide in one point. In the version presented
by Robinson[185], the waves are created behind the collision point as a result of a
velocity discontinuity across the interface between the base plate and the salient jet.
Hunt, on the other hand, states that waves are created ahead of the collision point.
Additionally, Robinson [185] suggests that wave formation depends on the critical
strain rate, impact velocity, impact angle between the plates, and the thickness of
the impacting plates.

Figure 2.21: Examples of Kelvin–Helmholtz instabilities observed in cloud formations.

Figure 2.22: Kelvin–Helmholtz instability principle (from left to right and u1 > u2 ) [17].

According to the literature available, Abrahamson [2] was the first investigator
suggesting that the formation of the jet is a necessary condition for the formation
of waves on impact welding. Abrahamson [2] and Bahrani et al. [9] postulated that
the waviness of the welded interface is caused by the indentation action on the
parent plate surface, created by the jet. This action forms a “hump” ahead of the
stagnation point and due to the instability of this region and momentary change
in velocity of the metals, the stagnation point “jumps” over the “hump”, and a
new “hump” is then formed - see Fig 2.23. According to this theory, the interaction between the “hump” and the jet traps the ejected material and is, therefore,
responsible for the formation of vortexs and periodic waves. This theory is known
as Jet Indentation Mechanism [164, 2, 9].
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Figure 2.23: Jet indentation mechanism for wave formation [9].

Stress Wave Mechanism of wave formation was proposed by El-Sobky and
Blazynski [66] to explain the occurrence of waviness in the surface of two metals impacted against each other, but where no welding or jet has occurred. This
mechanism proposes that the wavy interface is formed by the interaction of the
compressive shock waves emanating from the stagnation point as the impact and
rarefaction waves generated by the shock wave reflection at the free surface.
Despite the amount of mechanisms available, to explain the formation of these
waves, there is no consensus to date as to the mechanism responsible. It is believed
that some of these mechanisms may occur at the same time and dominate over the
others at different welding conditions[164].
2.2.3.2 Local Melting
Local melting of the adjacent metals surfaces is often observed in the form of
continuous layers Fig 2.24 or small melted pockets Fig. 2.25.
The dissipation of the kinetic energy at the interface may be a source of heat
sufficient high to cause bilateral melting across the interface and diffusion within
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the molten layers. When the local temperature is above the melting temperature,
local melting occurs on the welded surface.
Melted pockets are likely formed by intense local heating, melting, mixing and
rapid solidification in wave vortices. Trapped jet is possibly other cause of local
melting, particularly when the formation of waves and vortices occurs. As explained above, the jet action may form a vortex. If the trapping of the jets occurs,
the kinetic energy of the jet is not able to escape from the vortex. The dissipation
of this kinetic energy may generate localized heat, increasing the temperature of
the vortex, which may cause rapid melting and solidification.
The intense friction between the jet layer and contact surfaces may also increase
the interfacial temperature above the melting point of materials.
These molten and solidified areas might contain solidification defects or intermetallic compounds, dropping the strength of the joint or preventing the formation
of any bond at all.

(a)

(b)

(c)

Figure 2.24: a) intermetallic layer observed in a copper-brass welded by MPW; b) and c)
detail of the cracks. [7]

An example of this occurrence is shown by Faes et al. [7]. Intermetallic layers
were noted in the interface of copper and brass, welded by MPW. As can be seen
in Fig. 2.24 in some welds, cracks in the intermetallic layers were observed which,
according to the authors, are the result of local melting and rapid solidification.
The presence of pores was also noted. Besides the rapid solidification and shrinkage, the authors suggest that the turbulent jet may also cause the significant amount
of voids.
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Figure 2.25: Optical micrograph of interface of a weld between commercially pure titanium
and copper 110 alloy achieved by rapid vaporization of thin conductors VFA
[222]. Note the molten pockets.

(a)

(b)

Figure 2.26: Optical microscopy image of interface layer for MPW joints [210]. Note the
change of the size of the Vickers indentations across interface [245]. The harness of the intermetallic zone is higher than in the base materials.

The existence of local melting and intermetallic layer also results in fine grained
microstructure and the interfacial hardness increase [245]. This can be seen in Fig.
2.26 where is clear the change of the size of the Vickers indentations across interface. The harness of the intermetallic zone is higher than in the base materials.
Faes et al. [7] believe that the jet is the main source for heating of the materials,
apart from the heating due to the collision itself. This means that the temperature
of the interface will increase due to the jet action, 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
[7].
2.2.3.3 Weldability Window
The first attempt to define theoretical boundaries for bond formation is attributed
to Cowan et al. [50]. The authors suggested that the wavy shape of the welded
interface is a joint formation criterion for impact welding processes. The limits of
the theoretical welding range were represented regarding the wave formation as
function of the impact angle and collision velocity. As can be seen in Fig. 2.27 a) ,
few points are defined by Cowan et al. [50].
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By using an inviscid fluid model to estimate the jet mass as function of the
collision velocity and angle Robinson [184] estimated the domains for successful
weld. Instead of using wave/no-wave interface as a criterion, the author proposes
jet/no-jet occurrence- see Fig. 2.27b).
Numerous theoretical and experimental studies have been conducted to determine the welding limits according to the relationship between the collision angle
and the collision velocity, depending on the material and geometrical properties of
the parts to be joined [109, 54, 181].

(a)

(b)

Figure 2.27: Welding windows proposed by a) Cowan et al. [50] and b) [184].

Figure 2.28: Generic weldability window for impact welding [224].

Currently, the welding window is defined by four main boundaries - see Fig.
2.28. The right boundary corresponds to the formation of a jet at the collision point
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which is required for materials bonding. Jetting and consequently welding occur
on the left side of this boundary. This right boundary is limited by the maximum
velocity admissible at the collision point. According to Walsh et al. [223] the velocity at the collision point should be smaller than the sound velocity of the joining
materials (Cb ) and according to Wylie et al. [234] smaller than 1.25Cb . Abrahamson
[2], on the other hand, proposes that the maximum velocity is dependent on the
collision angle β:
β
+ 5.5
(2.28)
10
The left boundary is related to the velocity at which the waves are still formed
in the interface between the materials. Cowan et al. [50]suggests that this limit can
be given by:
vc =


vc =

2Re ( Hv,p + Hv, f )
ρp + ρ f

1/2
(2.29)

where ρp and ρf are the density of the parent and flyer plates, Hv.p and Hv,f the
Vickers hardness and Re the critical Reynolds number. For asymmetric explosive
welding configuration , Cowan et al. [50] states that the Reynolds number can take
values between 8.0 and 13.0.
It is supposed by some authors [183] that, such as the right boundary, the minimum velocity for wave formation also depends on the impact angle, meaning that,
it should not be a straight vertical line. However, in the most of the approaches,
this dependence is neglected [50, 109].
According to Hoseini and Tolaminejad [109] the lower boundary should be defined in a way that the achieved impact pressure at the collision point exceeds the
yield stress of the materials in order to promote plastic deformation and wave formation. This limit can be determined by the relation below, where constant k takes
values between 0.6 for plates with clean surfaces and 1.2 for imperfectly cleaned
surfaces.
s
Hv
sinβ = k
(2.30)
ρVc2
Blazynski et al. [66] proposes a different equation for the same boundary:
s
vp
Hv
  , v p = 1.14
vc =
(2.31)
β
ρ
2sin
2

Regarding the upper limit of welding window, it is accepted by Wittman [231]
that it corresponds to the maximum impact velocity which avoids the formation of
an interfacial melted layer and can be given by:
 

1
1
1 ( Tm C0 ) /2 KC p Cb /4
β
=
sin
2
2N
Vc2
ρh

(2.32)

As the mechanisms for jet and wave formation are not completely clear, the real
welding limits, attained by experimental testing, may not match the theoretical
boundaries computed by the proposed approaches.
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2.2.3.4

Studies on Magnetic Pulse Welding

Figure 2.29: Research publications related with MPW and EXW [119].

Most of the studies and theories presented above were developed for explosive
welding. In fact, as can be seen in Fig. 2.29, in the past, most of the research publications on impact welding are related to EXW. Fig. 2.29 also shows that, recently, this
tendency has been changing in last years. Due to process benefits, MPW has been
intensively studied. Still, as MPW and EXW are both impact welding processes,
the mechanisms for bond formation are considered similar, meaning that most of
the theories developed for EXW are considered valid for MPW.
Similar to EXW, to achieve a successful weld, the design of the velocity of impact and angle are crucial. The impact velocity is related to both pressure and
kinetic energy used to accelerate the outer material. The angle between the materials can be determined based on the geometry of the materials. Yet, while the
EXW depends on the explosive type and ratio, MPW depends on parameters such
as charged electrical energy, frequency of discharge current, inductance of the coil
and electrical conductivity of the flyer.
The use of magnetic forces to join tubes and sheets was first patented by Lysenko et al. (1970) [5]. The electromagnetically driven welding has been applied to
a variety of material combinations and setup configurations. A summary of material combinations welded by MPW is shown in Fig. 2.30. Due to the ease in both
setup configuration and controlling the magnetic field, the electromagnetic pulse
technique has been widely used for tube welding [241, 245, 211, 202]. Successful application of MPW of flat sheets has also been proven by many researchers
[166, 4].

37

38

state of the art

One of the first studies on the use of electromagnetic forces to weld tubular parts
is attributed to Masumoto et al. [151]. Aluminum tubes were successfully welded
to cores made of steel, cast iron, copper, phosphor bronze, titanium, molybdenum
as well as aluminum. Wavy patterns were detected in the weld seam. Intermetallic compounds were also noted. The authors highlighted that without clearance
between parts, no weld can be obtained.
The existence of an intermediate layer was observed along the wavy interface
between the mating members by Lee et al. [136] when welding aluminum to steel.
Despite the multi-phase intermediate layer and grain-refined bonding strength was
quite high and failed at the parent plate. Aluminum-to-steel joints stronger than
the weaker metal were also produced by Aizawa et al. [4]. Unlike Lee et al. [136],
the authors suggest that it is possible to weld several aluminum alloys to steel
plates without intermetallic phases. By using numerical simulation, Hisashi et al.
[197] showed that the increase of temperature at the joint interface is not enough
to melt Al or Fe for a specific range of collision velocity and angle. Kore et al.
[131] and Ben-Artz et al. [211] found contradictory results regarding the interface
of aluminum-magnesium dissimilar joints. The results presented by Ben-Artz et al.
[211] revealed intensive solidification cavities and metastable intermetallic phases.
Kore et al. [131], on the other hand, obtained defect free wavy interfaces, with complete metal continuity. Different process conditions may lead to different interfaces.
Identical conclusion can be taken from the study presented by Psyk et al. [8]. The
authors successfully weld aluminum tubes to titanium rods, nevertheless, due to
the variation of the energy level, the interfaces went from flat to wavy and the
thickness of the intermetallic layer has changed [8].
According to Tamaki and Kojima [215] electromagnetic welding is affected by
the inductance of the coil, by the gap distance between the outer tube and the
inner core, the hardness and thickness of the core when a tubular part is used. By
evaluating the weld length of aluminum-aluminum tube-to-tube or tube-to-rod,
the authors found that a tubular core can be used if its thickness is over 6 mm. In
terms of hardness, as the softer is the outer tube, easier will be to achieved a weld
[215]. Similar results were obtained by Hokari et al. [106]. When the outer material
is more suitable to deformation, the bond can be achieved for a wide range of
clearances.
Aluminum is widely used as a flyer. Besides the interest in lightweight applications, the high electrical conductivity makes it suitable for electromagnetic-based
processes. When the material has inferior electrical conductive, a driver, made of
a conductive material, such as copper or aluminum, can be used. Kore et al. [?
]used an aluminum sheet to drive stainless steel against aluminum. Trough the optimization of some process parameters, namely coil geometry, stand-off distance
and energy, high strength and intermetallic free joints were attained.
Literature reporting the effect of discharge energy, frequency, inductance, gap
and stand-off distance on the quality of the MPW joints can be easily found
[130, 16, 122]. Experimental and numerical welding windows were determined for
electromagnetic pulse welds made of different material combinations [182, 180, 54].
The research on the influence of surface preparation on electromagnetic impact
welding has not been extensively documented. As mentioned above, it is suggested
by several authors that no surface preparation is required when welding by impact.
Nevertheless, it is stated by Zhang [241] that the velocities and absolute energies
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observed in MPW are typically much less than in EXW. As a result, the MPW process may be more prone to problems related to removing surface contamination.
Hokari et al. [106] are the first authors recommending the degreasing of the weld
surfaces immediately before the weld operation.
In the most of the practical applications the metallic parts are surface-treated,
i.e., are coated with nickel or other metals in order to increase resistance against
corrosion. For that reason, Itoi et al. [115] studied the feasibility of lap joining Nicoated Cu sheet and an Al sheet by MPW. The authors show that a good weld can
be achieved between Al and Ni-coated Cu. A wavy morphology and an intermediate layer along the weld interface were observed. Wu et al. [233] investigated the
effect of surface scratches and contamination on the establishment of welding between aluminum and copper tubes. It has been shown that surface contamination
may prevent bond formation. Additionally, the existence of surface scratches, premachined in proper directions, may improve bond strength. However, the effect of
surface characteristics on wavy and bond formation is not clear.

Figure 2.30: Summary of material combinations welded by MPW. Adapted from [37] .

2.3

summary and outlook

Based on the literature available, the further use of electromagnetic pulse technology as a tool for multi-material joining has been restricted by different open
questions, which demonstrate the need for further research work:
- In order to increase the applicability of the electromagnetic pulse process, further theoretical and application-oriented research is required [68]. Case studies
and details about specific joining process parameters, part designs, joint geometry,
costs, and overall performance benefits are almost always missing.
- To demonstrate the feasibility of the advanced joining process to overcome
difficulties inherent to combining materials of dissimilar type (metal/composite,
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ferrous/non-ferrous metal) is still needed to provide in-depth analysis of all critical process-steps, for real case studies: i) the joint design for relevant combinations
of materials’ type; ii) the creation of adaptable and robust tooling concepts, favoring their availability, lifetime and cost; iii) the influence of electromagnetic related
joining process’ key parameters and their interaction with the joint design and
quality; iv) promoting trustworthy monitoring techniques for process control &
reproducibility, supported by detailed test and characterization of joint/product
quality & reliability.
- A review of the relevant literature in the field of hybrid joints revealed only a
few contributions involving metal and polymers, and even less in the field of fiber
reinforced composites;
- As shown in the previous section, when Hoseini and Tolaminejad [109] developed the model for the lower boundary of the weldability window, they predicted
different coefficients for plates with clean surfaces and for imperfectly cleaned
surfaces. Nevertheless, during last two decades, it has been suggested by several
authors that one of the main advantages of EXW and MPW process is that no additional surface preparation or cleaning is required. Recent studies are pointing out
in different direction [115, 233]. The surface preparation may play a key role on
MPW process. The clarification of this topic is of paramount importance in order
to define efficient and accurate guidelines for joint design in MPW.

3

E X P E R I M E N TA L A N D N U M E R I C A L S T U D I E S O N
ELECTROMAGNETIC PULSE CRIMPING

3.1

simplified simulation approach

The research for new ways to attain the increasingly challenging weight target is
shared by several industries [71]. Environmental concerns such as the reduction
of CO2 emissions, the minimization of scrap, as well as economic demands such
as the continuously increasing price of raw materials, together with the increasingly global competition, are pushing to find innovative, efficient and sustainable
technologies, with the potential for automated manufacturing [157]. Specifically tailored products are required in a wide variety of industries, such as aerospace, automotive or medical. Simultaneously, the components must be suited for aggressive
environments, providing high strength and gas tight joints or even good electrical
or thermal performance in a single component. The combination of the specific
and complementary properties of different materials, can be provided by multimaterial components, combining different metals or polymers and metals [135].
These multi-material components can entail locally tailored strength, adjusted ductility and increased physico-chemical resistance. However, in order to manufacture
multi-material components, appropriate joining technologies are needed. Since the
target is the low weight design, heavy or additional joining components, such as
screws, rivets or adhesives, should be avoided.
Metal forming processes are those in which a force is applied to a metallic workpiece, modifying its geometry. The applied force stresses the metal beyond its yield
limit, leading the material to plastically deform, allowing to obtain a prescribed
shape. By doing so, the raw material can be bent, extended or stretched into a
wide variety of complex shapes. It is applied in several industries such as household components, decorative elements, electric and electronic components, food
utensils and it is a fundamental technology in automotive and aerospace industries. However, the plastic deformation can be used as a joining mechanism for the
creation of a durable and reliable connection, without any chemical bonding or
fasteners [126, 92].
According to Mori et al. [160] processes for joining by plastic deformation can
be divided into two categories: metallurgical joining and mechanical joining [160].
Metallurgical joining by plastic deformation is also known as solid-state welding,
and include processes such as explosive, electromagnetic pulse welding or friction stir welding [11, 160]. The bonding is achieved by severe plastic deformation
which is simultaneously responsible for removing the oxide films and contaminants and for the high contact pressure which forces the surfaces into intimate
contact [160, 92]. In mechanical joining by plastic deformation no atomic-level
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bonding is achieved. The joint is achieved by interference stresses created by the
interaction between the plastic deformation of one of the joining partners and the
elastic response of the other [150, 160, 92]. The joint strength may be increased
by grooves or other surface preparation. Mechanical joining by plastic deformation includes processes such as self-pierce riveting; hemming, seaming, staking,
mechanical clinching; hydroforming and electromagnetic based technologies.
Electromagnetic based technologies include: Electromagnetic Pulse Forming (EMF),
Electromagnetic Pulse Crimping (EMPC), Electrohydraulic Forming (EHF), Magnetic Pulse Welding (MPW) and Vaporizing Foil Actuator (VFA). Electromagnetic
based technologies are framed in the category of high-speed metal forming and
welding techniques, together with explosive technologies [179, 204, 163]. These
non-contact techniques were intensively developed between 1955 and 1970, but
only recently this was restarted with the first process simulation tools and high
performance electrical/electronic components becoming available [247]. Such techniques use a capacitor bank discharge of a very high current pulse (~100kA) and
a suitably shaped coil to deform and/or join different material components at
speed rates far beyond those normally met in conventional manufacturing technologies (e.g. 100 m/s, and in some special variations, such VFA, even over 500
m/s) [179, 205]. The use of the EM impulses offer unique advantages over quasistatic process, related to the increased material formability, minimization of springback and wrinkling, excellent repeatability, increased energy efficiency and reduced tooling, as only a female mold is required, enabling a shorter time-to-market
[179].
Electromagnetic Pulse Crimping (EMPC) is one of the most advantageous variants of electromagnetic pulse technology. EMPC allows the effective manufacturing of multi-material joints, via interference-fit or form-fit, without additional connection elements [69, 232]. It is suitable for tubular parts made of high electrical
conductivity materials [179]. Depending of the configuration of the electromagnetic actuator, a joint can be obtained by electromagnetic expansion or compression. As example, in the compression version, the electromagnetic forces are generated concentrically towards the center of a cylindrical coil. The two partners
to be joined are placed within the coil during current discharge. This discharge
generates the forces required to collapse the tubular outer part against the inner
one, creating a mechanical interlocking between the materials [179]. The academic
and industrial interest in EMPC has been promoted by the high quality of the
joints. The uniform nature of the electromagnetic pressure generates joints with
very homogeneous characteristics [224]. Furthermore, as a result of the formability
increase and uniform nature of the pressure, deep grooves can be filled without
failure of the flyer part, allowing high strength joints. Optimizing the geometrical characteristics of the grooves it is possible to achieve joints tailored to resist
different types of loads (e.g. torsion, compression, tension, etc.) [85].
One of the major drawbacks of electromagnetic pulse crimping is the complex,
time consuming and expensive process design[224]. Over the past years, several
studies have been carried out for an efficient modeling and simulation of the electromagnetic pulse crimping in order to avoid expensive and time-consuming experimental studies not only for tooling design but also to determine the necessary
process parameters. Although the physics of the interaction of the involved phenomena are well understood, the proper numerical model to accurately simulate
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the highly dynamic process still represents a challenge. It encompasses the interaction of complex phenomenology such as electromagnetic, mechanical and thermal along with their direct influence in material’s behavior, namely temperature
and rate-dependent material response dependency. The multi-physical nature of
the electromagnetic based metalworking process can result in complex numerical
models. Their complexity and time consuming to find a convergent solution drives
the need for improvements [224]. The work presented in this section follows these
demands. The main objective is to contribute with a simplified approach for the
numerical modeling and simulation of EMPC process.
A non-coupled approach is here presented. The EMPC process has been divided
into two distinct problems: the electromagnetic problem and the mechanical one,
with the thermal effects neglected.
In first place, the Lorentz forces are calculated by the time-harmonic magnetic
formulation developed by Maxwell and implemented in FEMM by David Meeker
[153]. These forces are the input loads for the mechanical simulation, which is
carried out in only one step. The commercial finite element software ABAQUS/Explicit was used to solve the mechanical problem and compute the workpiece
deformation, being the Lorentz forces the bridge between the electromagnetic and
mechanical problems.
This strategy implies some simplifying assumptions, reducing its accuracy, but
also the computational cost. Details of the numerical model, its implementation
and validation are presented in the following sections.
3.1.1 Assumptions
In line with the requirements identified, several simplifying assumptions have to
be made in order to render a simpler mathematical model with a low computational cost. However, it is important that these simplifications and assumptions do
not compromise the accuracy of the results, i.e., the model should be capable to
predict and to reproduce the process. The hypothesis assumed include:
• The permeability of a material is a measure of the degree that the material
can be magnetized, or the ease with a magnetic field can be induced in the
presence of an external electrical field. Usually the permeability μ is a function of the flux density (B) (µ = B/H(B)). For simplification, it was assumed
that the permeability of the workpiece material is a constant;
• It is well known that the temperature influences several material properties
that can affect the workpiece performance during electromagnetic pulse processes. For example, the increase of the temperature decreases the electrical
conductivity of the materials. On the other hand, the formability of the workpiece can be increased with the temperature rise. However, the introduction
of the temperature variation and its effects will result in an significant increase of the complexity of the numerical model. As the goal of this model
is to be a simple approach towards solving the electromagnetic problem for
metal working process, the temperature is assumed as time invariant and
thermal effects are neglected. The velocity of deformation is considered high
enough to assume that the temperature increase and consequent effects can
be neglected;
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• As soon as the Eddy currents are induced in the workpiece, it starts moving away from the coil vicinity meaning that the magnetic field will change.
The magnetic field will also change due to variation of mutual inductance
between the coil and the workiepce. For simplification purposes, and taking
in to account that the deformation takes place in a few microseconds and
the velocity levels are below the values for which the velocity term may affect the magnetic field during the process, all these effects are assumed time
invariant.
• In addition, despite the 3D nature of the case study presented, the geometry
of both workpiece and tool is considered axisymmetry for the resolution of
the electromagnetic problem.
3.1.2 Implementation and Validation of the Electromagnetic Model
Despite the relative simplicity of the differential equations that govern the electromagnetic pulse crimping problem (see chapter 2), solving them for real geometries
is a complex task. As a result, such electromagnetic formulation is typically implemented by using finite element method. Finite Element Method Magnetics (FEMM)
is an open source, simple, accurate, and low computational cost freeware software
developed by David Meeker [153]. It has been developed to solve 2D planar and
3D axisymmetric linear and nonlinear harmonic magnetic, magnetostatic and linear electrostatic problems, always in the low frequency (LF) domains in which
displacement currents can be ignored (Meeker, 2004). FEMM package has been
applied in several areas such as electromagnetics [114], materials science [170], industry [229], medicine [188], experimental and particle physics [140], robotics [240],
astronomy [3], and space engineering [29]. FEMM advantages, such as reasonably
fast and accurate, user friendly, and freely distributed, made it the selected tool for
solving the electromagnetic problem and then achieve the value of the magnetic
pressure acting on the workpiece.
For validation purposes, the electromagnetic flat forming work presented by
Takatsu et al. [213] was replicated and the results compared. The goal is to assess
the level of accuracy of the presented approach. The work presented by Takatsu
et al. [213] was chosen because the author presents a significant amount of data,
such as magnetic field and deformation evolution, acquired from electromagnetic
experiments. This data will allow the comparison between the results achieved by
the developed model and experimental results.
The implementation of electromagnetic model implies the fulfillment of the steps
shown in the following flowchart of Fig 3.1.

The simulation setup consists in a sheet metal workpiece subjected to a magnetic
field generated by a flat spiral coil. Due to the axisymmetry of the workpiece,
axisymmetric boundary conditions were considered, simplifying the problem, thus
reducing the computational time. The region around the workpiece and coil was
considered to be air. The main material properties, geometrical parameters and
process conditions used in the simulation are presented in Fig. 3.2 and Tab. 3.1

3.1 simplified simulation approach

Figure 3.1: Steps for the resolution of the electromagnetic model using FEMM [153].

Figure 3.2: Geometric characteristics of the electromagnetic flat forming work presented
by Takatsu et al. [213].
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Workpice
Material

AA 1050

Electrical conductivity

σvw

36 MS/m

Diameter

d

110 mm

Thickness

h0

3 mm

Coil
Material

Copper

Electrical conductivity

σvcu

58 MS/m

Gap distance

g

2.9 mm

Wire diameter

ø

2 mm

Outer radius

r

32 mm

Windings itch

Pc

5.5 mm

Nº of windings

Nt

5

Air electrical conductivity

σvair

0 MS/m

Air permeability

μ0

4π×10-7 H/m

Capacitance

C0

40 µF

Total inductance

L

2.86 µH

Total resistance

R

28.5 mΩ

Charging voltage

V0

2 kV

Air

Circuit

Table 3.1: Material and geometrical properties presented by Takatsu et al. [213].
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Figure 3.3: Temporal evolution of discharge current calculated using the conditions defined in [213].

The resolution of an electromagnetic problem requires, as mentioned before, the
computation of the value of the maximum attained current and its frequency. These
parameters were calculated using the equations presented in the previous chapter.
The maximum value of current for the conditions presented by Takatsu et al. [213]
is 6880 A with a corresponding frequency of 14858 Hz. The temporal evolution of
discharge current calculated using the conditions presented by Takatsu et al. [213]
is shown in Fig. 3.3.

Finite Element Method Magnetics (FEMM) [153] has a built-in tool box (OctaveFEMM) which allows the operation of FEMM [153] via Matlab. This interface
allows to easily change the process parameters and the simplification of the postprocessing phase. For such propose, a set of Matlab scripts were developed. In
short, the scripts allow the automatic implementation of the geometrical model
and circuit parameters on FEMM [153], the mesh generation and the resolution of
Maxwell’s equations as well as the extraction and computation of electromagnetic
pressure acting on the workpiece.
A view of the model is presented in Fig. 3.4. It is important to understand that
since the problem domain is unbounded, some type of truncation must be considered. Hence, an outer cylindrical boundary surface and a planar surface that
is coincident with the plane Z=0 were chosen to truncate the domain. The outer
cylindrical truncation boundary has been defined enough far away from the setup,
in order to ensure that the magnitude of the magnetic vector potential can be considered near zero in the boundary line. The medium of this region was assumed
to have properties similar to a vacuum.
Concerning the model discretization, a triangular mesh has been considered using a total of 29204 nodes and 58128 elements. Different mesh size values were set
for each area, allowing a good definition of each component without compromising the computation time. As can be seen in Fig. 3.5, mesh density of the air region
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Figure 3.4: Finite element model in FEMM [153].

is higher near the coil and the workpiece in order to better capture the propagation
of the magnetic field created by the coil. As mentioned before, the problem can be
assumed as axisymmetric, meaning that a zero-potential boundary condition must
be employed along the axis of symmetry (z-axis).
The problem was then solved by the finite element method. The radial and axial distribution of magnetic field density and the corresponding radial and axial
components were extracted as well as the induced Eddy current density.

Figure 3.5: Finite Element Mesh in FEMM [153].

3.1 simplified simulation approach

Figure 3.6: Comparison between numerical and experimental magnetic field measured by
Takatsu et al. [213].

Comparing the results from simulation with the results achieved by Takatsu et
al. [213] it is possible to conclude that they are in good agreement with the experimental ones - see Fig. 3.6. The evolution of the magnetic field components along
the sheet length present the same tendency and very close values. Hence, the obtained results allow validating the electromagnetic model and its implementation
in FEMM [153]. Besides, these preliminary simulations also permit to observe that
the electromagnetic forming process is governed by the radial component of magnetic field , since the value of magnetic field axial component is significantly lower.

The magnetic field and induced Eddy current density extracted from the resolution of the electromagnetic problem are used for the calculus of the Lorentz
force density acting on the workpiece. The corresponding magnetic pressure can
be calculated by Lorentz force integration along the thickness (t) direction:
P=

Z z=t
z =0

F dz

(3.1)

3.1.3 Mechanical Model
The structural-mechanical component of the process is calculated in a subsequent
FEM mechanical simulation by solving the fundamental motion equation:


[ M] u00 + [ D ] u0 + [C ] {u} = { F (t)}

(3.2)
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were [M] is the mass matrix, [D] the damping matrix and [C] the stiffness matrix.
The node displacements are represented by the vector {u}, while {u ’} denotes the
node-velocity and {u ”} the node-acceleration vector, respectively. {F(t)} represents
the load vector.
The plastic deformation in conventional sheet metal forming or joining by forming processes is mainly governed by the load exerted by a punch or external dies.
In impulse processes, such as electromagnetic or explosive, on the other hand, the
inertial effects play a key role, being the applied force decomposed in plastic deformation and kinetic energy as shown in eq. 3.3. This means that after the impulse
loading, the deformation of the workpiece will continue driven by the inertia (3.4)
[208].
dW = dK + dU1

(3.3)

0 = dK + dU2

(3.4)

where dW is the increment of the power of the external force, dK the increment
of the kinetic energy, dU1 the energy increment of plastic deformation in the period
of pulse loading, dU2 the energy increment of plastic deformation after loading
[208]. Considering that τ1 is the time of load aplication and τ2 the total time of
deformation, it is possible to observe that the power of the applied force will be
converted in plastic deformation energy [208]:
Z τ2
0

dW =

Z τ1
0

dU1 +

Z τ2

dU2

(3.5)

τ1

In the range of high strain rates, the mechanical behavior of materials is characterized by strain rate sensitivity, as a result of the effects of mass inertia forces
mentioned above and by the adiabatic character of the deformation process [65].
The accurate numerical modelling and simulation under multiaxial dynamic loading, requires, therefore, constitutive equations valid over wide ranges of strain rate
and temperature [65].
3.1.4 Interface Between FEMM and ABAQUS
For the solution of the mechanical problem and within the finite element solution
procedures, there are two fundamental incremental methods for problem formulation and time integration. If inertial forces are neglected, then problem is said to
be quasi-static. If, on the other hand, inertial forces are considered in the equilibrium equations, the problem is said to be transient dynamic. For time integration,
the scheme can be called either implicit or explicit [101]. The difference between
these two schemes is mainly related with the time instant when the constitutive
model integration and the formulation of equilibrium equations are made. Any
combination between problem formulation and time integration is possible. Nevertheless, the two most widely used procedures in metal forming are the static
implicit (SI) and the dynamic explicit (DE) methods. There are several studies in
the literature that discusses the advantages and disadvantages of both methods
[121, 45]. For conventional forming and joining simulation, the choice between the
two procedures is far from being consensual; there are tenacious supporters for
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each strategy. But, taking in account the fact that the electromagnetic based processes are highly dynamic processes and, therefore, the inertial effects cannot be
neglected, a dynamic explicit approach was chosen. Hence, the commercial software ABAQUS/Explicit was used to implement the structural-mechanical problem. During the pre-processing stage, namely during geometry modelling and
numerical parameters definition, a parameterized Python script was developed.
This programming language allows to accomplish tasks in ABAQUS that usually
take long processing times or are practically impossible in the ABAQUS interface.
Using a parameterized script, it is possible to automate repetitive tasks, to change
input parameters during optimization procedures or to efficiently extract results
from large output databases. The script was developed taking in account all the
specific requirements needed to model the target electromagnetic pulse compression problem. This requirement includes the definition of several variables such as
the peak time, total step time; the geometry definition, the meshing control and
creation, the material characterization, the definition of sets of entities (nodes and
elements) for post-processing purposes; the definition of boundary conditions, the
interactions between the modelled instances, etc.
In order to input the non-uniform magnetic pressure distribution calculated in
the electromagnetic simulation, a user-defined subroutine named VDLOAD was
developed and implemented in ABAQUS. This external subroutine provides the
possibility to establish the spatial variation of magnetic pressure magnitude, since
the distribution load magnitude is calculated as a function of time, position or
velocity, for a specific group of points. As for the Python script, the VDLOAD subroutine was also developed to meet the problem requirements. Variables such as
the peak time and step time were defined, as well as the current coordinates of
each point for which the load is applied. The value of the magnetic pressure and
the correspondent coordinates were introduced in the problem by using an external database file. Basically, the magnetic pressure achieved by the integration of
the Lorentz force, for each point of the workpiece surface, was saved in an external database file during the post-processing of the solution of the electromagnetic
problem. The developed user-defined subroutine reads these values and delivers
to ABAQUS the corresponding magnetic pressure magnitude for each point.
Concerning the variation of the load magnitude with time, it was applied taking
into account the duration of the current action on the workpiece.
This step, the implementation of magnetic pressure in ABAQUS/Explicit via
VDLOAD, is the bridge between the electromagnetic and the mechanical problems,
since it allow us to transfer the output data between the two models.
3.1.5 Implementation and Validation of the Mechanical Model
Aiming the validation of the global approach, i.e., the link between the electromagnetic and the mechanical problem, a mechanical simulation was carried out.
As mentioned before, it was based on the experiments presented by Takatsu et al.
[213]. The authors proposed a free bulging sheet experiment as shown in the Fig.
3.7. The magnetic pressure, calculated using equation 3.1 is presented in Fig. 3.8.
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Figure 3.7: Experimental setup proposed by Takatsu et al. [213].

Figure 3.8: Magnetic pressure evolution along radius direction.

3.1 simplified simulation approach

The model implemented in ABAQUS/Explicit is depicted in Fig. 3.9. The blank
was modelled as an axisymmetric deformable body, while the die and the blank
holder were considered as analytical rigid surfaces. The blank was meshed by
using linear axisymmetric quadrilateral elements with reduced integration (C4X4R
from ABAQUS element library). In Fig. 3.10, it is shown a detail of the obtained
sheet discretization. A total number of 20 elements were considered along the
thickness direction while a total of 110 elements were set along the radial length.
The total step time was defined to be 350 µs and the peak time to be 16.5 µs, which
corresponds to the time where the maximum value of current is attained according
to the discharge current curve, being the instant at which the maximum value of
magnetic pressure is achieved.
Contact conditions were employed between the sheet and the die and blank
holder surfaces. The classical Coulomb friction law was considered to model these
contact conditions and a tangential behaviour was defined, subjected to a constant
friction coefficient of 0.01. Besides contact restrictions, other boundary conditions
were applied in the model. Both tools (die and holder) were considered fully constrained. A symmetry condition was applied to the sheet in the edge coincident
with the axial axis. The magnetic pressure magnitude resulted from the electromagnetic simulation was applied in the bottom surface of the sheet using the developed
user-defined subroutine VDLOAD. Concerning material modelling, the strain-rate
effect on the mechanical properties of the blank material was taken into account in
the model. Takatsu et al. [213] have proposed the following work-hardening law
that includes a logarithmic strain-rate dependency:
  n

σ0∗ ε pe f ...(0 ≤ ε̇ pe f ≤ ε̇ pe f 0
p
 n
 m


σe f =
(3.6)
ε̇
p
p

σ0∗ ε pe f + σ1∗ ε pe f
log ε̇ pe f ... ε̇ e f > ε̇ e f 0
ef 0

p
p
where σe f is effective stress, ε e f is the effective plastic strain, ε̇ e f is the effective plasp
tic strain rate and σ0∗ , n, m, ε̇ e f 0 are material constants, whose values are presented

in Tab. 3.2. The proposed hardening law was employed in ABAQUS/Explicit via
a user-defined subroutine VUHARD. To implement this subroutine, it was necessary to define the constant values, the flow stress equation as well as its derivative
with respect to the equivalent plastic strain and also with respect to the equivalent
plastic strain rate.

Fig. 3.11 shows the behaviour of the sheet during the EMF simulation in ABAQUS/Explicit. The evolution of the sheet profile allows us to understand how the sheet
deformation occurs during the EMF process. Initially, the deformation occurs mainly
in the working area of the spiral coil (between 10 to 32 mm radius) due to the magnetic pressure created by it. In the following stages, the sheet deformation is mostly
driven by the kinetic energy of the center of the sheet. The results achieved by the
developed numerical mechanical model are in agreement with the experimental
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Figure 3.9: Blank and tool geometry considered in the mechanical problem.

Figure 3.10: Sheet discretization detail.

Material constants

Value

σ0∗
p
ε̇ e f 0

118 MPa
15.7 MPa

n

0.27

m

0.54

Table 3.2: Material constants presented by Takatsu et al. [213].
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Figure 3.11: Sheet vertical deflection during the EMF process simulation.

results. The same shape evolution behaviour is observed (Fig. 3.13) as well as the
same final value of vertical displacement is achieved (Fig. 3.12). Therefore, the results allow to validate the electromagnetic model as well the mechanical model
and its implementation in ABAQUS/Explicit.

3.1.6

Conclusions

The work presented in this section had, as main goal, to contribute with a simple
and low computational cost numerical approach for the numerical simulation of
EMPC process. For such purpose, the basic concepts of EMPC process were firstly
introduced, establishing the basic knowledge and familiarity with this high speed
forming technique. From the numerical modelling point of view, it was considered
that electromagnetic based processes are mainly governed by two fundamental
phenomena: the electromagnetic and mechanical phenomenon. Maxwell’s timeharmonic magnetic formulation was used to describe the electromagnetic problem.
The mechanical problem, on the other hand, deals with the workpiece movement
and deformation during the process. A non-coupled strategy was used to implement the numerical model. First, the set of partial differential equations presented
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Figure 3.12: Numerical and experimental comparison of final sheet vertical deflection.

Figure 3.13: Profiles obtained by simulation and deformed sheets obtained by Takatsu et
al. [213] for different time instants.

3.1 simplified simulation approach

in Maxwell formulation were solved in order to calculate all the necessary parameters to the electromagnetic problem definition. Regarding the implementation, a
finite element package named FEMM (Finite element method magnetics) was used
for the resolution of the Maxwell’s equations. In this stage, the numerical values of
Eddy currents and magnetic field density are determined aiming the calculus of
the electromagnetic pressure. This magnetic pressure, which results from the electromagnetic solution, is used as input loads on the mechanical problem. The commercial finite element software ABAQUS/Explicit was used to solve the boundary
value problem and compute the workpiece deformation, being the magnetic pressure the bridge between the electromagnetic and mechanical problems, which is
introduced through a user-defined subroutine called VDLOAD. The comparison
between the developed model and experimental results presented in the literature
allows to state that the adopted non-coupled strategy can provide a satisfactory
prediction of the workpiece behavior during the EMPC process. The assumptions
and simplifications considered in this model can, in fact, be made without a significant accuracy loss.
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Mechanical crimping is the most widely used method to connect an electric wire
with a terminal in the automotive industry [1]. Automotive electronic systems have
growing in complexity. Furthermore, fully electric vehicles are already reality. As
a result, the number of circuits has been shown a remarkable increase. Cable-toterminal electrical connections are, therefore, the target of several investigations
[74, 175, 145]. This type of mechanical assembly must be resistant to a wide range
of electrical and environmental conditions such as current surges, corrosion and
vibration, in an extensive variety of applications [228]. Compression connectors
are usually made of copper or aluminum, being copper preferable for applications
where high levels of electrical conductivity are imperative [228, 35].
Mechanical crimping is one the most well-known "joining by forming" methods.
In the mechanical crimping of electrical connectors, part of the wire strands is
exposed out of the polymeric coating and placed inside the terminal. The terminal
is then compressed against the wire strands by using a specially designed crimping
tool [190, 52]. Crimping causes extensive plastic deformation of the conductor and
connector. In order to generate a reliable crimp connection, this deformation must
lead to a sufficiently large residual contact force between the connector terminal
and the conductor after the crimping tool is released. This residual contact force
is determined by the relative elastic springback of the deformed connector and
conductor on release of the crimping tool [74].
The quality of crimped wire connections is usually evaluated by visual investigation of joint cross-sections, the measurement of electrical resistance and by pullout testing [221]. Within the visual inspection is included the measurement of the
crimp height. It is an initial pre-production test to determine if the compression ratio meets the specifications. Crimp height is illustrated in Fig. 3.14. As a standard,
this measurement can be performed with a Vernier caliper fitted with appropriate
jaw modifications. Crimp height can be used to validate crimp regarding to the
original design, but not the quality of the crimp itself since, crimp height cannot
evaluate process variables such as wire and terminal variation [74].
For the validation of the crimp quality, the crimp height is typically combined
with pull-out testing. Pull-out is a destructive test to determine if the wire is properly connected to the terminal. However, pull-out tests results may not give a reliable indication of the crimp quality [33, 47]. A too tight crimp can be as bad as
one that is not tight enough. It is now well known that a loose crimp will result
in poor mechanical properties and poor electrical conduction as well. An excessive
compression may improve the electrical properties up to a point, but mechanical
properties will decrease [74, 221]. With too much plastic deformation, the wire
strands may get cut or the wire may start to undergo excessive plastic flow, leading to a reduction in crimp tensile strength or vibration resistance. An excessive
crimp will also reduce the cross-sectional area available for current flow, increasing
the electrical resistance of the joint.
The mechanical/electrical resistance curve is represented as a function of the
crimping height in Fig. 3.15. It reveals that the two properties (tensile and electrical
resistance) only optimize in a small range of crimping height. Both excessive and
poor compression can result in poor electrical and/or mechanical performance.
The optimum values of mechanical and electrical resistance do not match, meaning
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Figure 3.14: Crimp Height [221].

Figure 3.15: Mechanical/electrical vs. crimp height curve [47].

that a compromise is required, i.e. it is often necessary to sacrifice the mechanical
resistance in favor of the electrical resistance, here represented by the “Validated
Design Range” [47]. The measurement of the electrical resistance of the assembly is,
therefore, imperative for the evaluation of the crimp quality. Typically, a specified
current is applied to the sample and the voltage drop is measured. The electrical
resistance is then calculated, and the value must fulfill the specifications [47].

Despite all the standards and validation tests, it is mentioned in [221] that 25%
of all electrical failures in a car are due to bad crimps. As a result of the persistence of crimp quality problems, the manufacturers are integrating crimp cross
section analysis into their production processes. The metallographic analysis of
the crimp is very time consuming task which requires specialized lab techniques.
For example, Fig. 3.16 shows crimp cross sections produced at five different crimp
heights. Fig. 3.16a) and b) illustrate air between the strands, which decreases the
crimp quality. Fig. 3.16 c) shows the optimum quality of the crimp with deformed
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Figure 3.16: Crimp cross-sections of various crimp heights [74].

strands that fit perfectly on top of each other and to the wall of the contact. Fig.
3.16 d) displays an excessively crimped connection, with an increase burr height.
In Fig. 3.16 e), a connection has been excessively crimped, hence the increase of
the burr height at the lower contact part [74].

The tooling system is one of the keys for a proper compression and to guarantee
the required electrical and mechanical properties. Despite the quality of the joints
achieved by this process, each combination wire size and terminal requires a specific set of dies, specially designed and optimized to produce connections with the
required electrical and mechanical properties. As a result of the numerous tools
and dies needed, there is an interest in alternative processes which enable the production of joints with characteristics similar to the ones produced by conventional
crimping techniques, but with a smaller number of tools.
Among different technologies, High Velocity Metal Forming (HVMF) processes
are being explored as an alternative to conventional metal working methods. They
offer certain advantages over conventional metal forming processes that led to their
fast development. HVMF is the shaping of materials by the application of energy
during a short period of time [160, 92]. Such technologies derive its name from
the high velocities achieved by the workpiece throughout deformation. During the
process, the workpiece is quickly accelerated away from the energy source as it
acquires kinetic energy, which is dissipated as plastic work during metal deformation. HVMF techniques are distinguished according to the nature of the force
that causes the acceleration of the workpiece, such as explosive, electrohydraulic,
electrothermal or electromagnetic. While some of the methods were rapidly transferred to the industry, Electromagnetic Pulse Technology (EMPT) was abandoned
due to many technical limitations (lack of high-performance components, proper
materials and fast computers). In recent years, there is an increasing interest in
those technologies since high performance electric/electronic components became
available. Additionally, the industry is continuously searching for new processes,
with higher efficiency and lower costs.
Electromagnetic Pulse Forming (EMF), Electromagnetic Pulse Crimping (EMPC)
and Magnetic Pulse Welding (MPW) [179] are high velocity techniques which make
use of a pulsed magnetic field to create the required forces for workpiece deformation. Depending on the geometry and relative positioning of the tool coil and
workpiece, the process can be used for sheet metal forming, crimping by expansion or compression of profiles with closed sections to create form fit or interference fit joints or welding [118, 179, 247]. The repulsion of the electromagnetic
forces (Lorentz or sometimes also called Laplace forces) generated in both the stationary tool coil and the workpiece itself, propel the workpiece material into the
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die, or other workpiece, at speeds greater than 100 m/s [205]. The intensity of
these forces is greater for workpieces with greater electrical conductivity, meaning
that materials such as copper and aluminum, with an electrical conductivity of 58
and 36 MS/m respectively, are particularly good candidates for the process. Electromagnetic Pulse Crimping (EMPC) is related to the creation of interference fit or
form fit mechanical joints over knurled or specially designed surfaces or groove geometries [55, 232, 69]. In such process, the tubular workpiece is accelerated against
an inner part (tube or mandrel) by concentric electromagnetic forces, generated
by a ring shaped coil. The joint strength depends on the electromagnetic pressure
generated by the coil as well as on the material properties, the surface preparation or, in the case form fit joints, by the groove geometry in terms of size and
shape [179]. EMPC presents many advantages that can make it an appropriate
alternative to conventional mechanical crimping processes. Besides the ability to
compress almost any tubular cross-sections, a uniform crimp and a lower electrical
resistance can be achieved [193, 194]. In fact, Shribman and Tomer [202] mention
that electrical connections manufactured by electromagnetic forming have an electrical resistance 1.5–2 times lower than connections produced by a hydraulic press.
Enhanced formability, reduced wrinkling, absence of contact and minimization of
elastic springback are other prominent advantages. In addition, the same setup
can be used to join different workpieces, reducing the setup time and improving
tooling flexibility [232] . Given these advantages, several industrial applications of
EMPC have been described in literature, e.g. Ralph Shaefer [193] presented a study
in which three different applications of EMPC are reported: crimping of steel fittings onto rubber hoses, crimping of a steel truck wing holder, and crimping of dissimilar materials for lightweight seat structures of cars and aircraft. Another study
presented by Daehn et al [55] reports the production of high strength structural
joints with magnetic pulse crimping instead of electromagnetic pulse welding.
The work presented here focuses on using EMPC to create a conformal interference fit between copper terminals and co-axially aligned copper wires. The components are placed within the coil during current discharge which generates the
forces required to collapse the tubular end of the connector seamlessly over the
copper wiring creating a mechanical interlocking between the materials. The final goal is to assess the applicability of electromagnetic technology as a reliable
solution for the crimping of electrical connections.
3.2.1 Materials and Methods
Cable-to-terminal electrical connections typically employed in the automotive industry were used to demonstrate the potential of EMPC process. The terminals
consist in tin coated copper (Cu-b) tubular parts, compressed against a conductor
composed by 196 copper wires of 0.40 mm diameter, coated with a PVC layer. The
geometrical properties of the parts are summarized in Fig. 3.17. Critical functional
properties of the joints, based on real automotive industry requirements, were compiled. The requirements correspond to the minimum force under tensile conditions
(2940 N), the maximum electrical resistivity (0.120 mv/A) and the porosity level
accepted by the quality control (2%).
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All the tests performed in the context of this work were conducted in a 25 kJ-25
kV Magnetic Pulse System. The maximum energy possible to store is 25 kJ. The
maximum charging voltage and output current are 25 kV and 400 kA, respectively.
The system is equipped with two capacitor bank modules, with a capacitance of
40 μF each. The total inductance is 0.1 μH and the internal resistivity is 19 mΩ.

Figure 3.17: Geometrical dimensions of the terminal and wire used in the context of this
work.

3.2.2

Development of Electromagnetic Actuators

An electromagnetic actuator was developed. It includes 4 main components namely
a single-layer, 6-turn solenoid coil inductively coupled to the conical fieldshaper,
and two electrical insulators. The multi-turn coil is used to induce the magnetic
field required to the workpiece deformation. Coil geometry is crucial not only for
electromagnetic performance, but also for strength. In [179] it is mentioned that
the gap width between the single turns should be around 2 mm. Golovashchenko
et al. [88] recommends that the width of the turns should be at least 5 mm to
guarantee the required stiffness. The number of turns significantly influences the
resistance and the inductance of the coil. [179] suggests that the product of the
number of turns and the current flowing through the turns is a decisive parameter to achieved the required deformation. For coils with only a few turns, this
parameter is certainly relatively low. Based on the literature survey and previous
experience, as well as the geometry to be crimped, a winding with 6 turns, 1.5 mm
pitch and 7x5 mm cross-section was designed. The energy produced by the coil is
transmitted to the workpiece by using a so called fieldshaper. The fieldshaper is
used to concentrate the magnetic flux and focus the magnetic pressure to the de-
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sired area. It consists of an insert, made by a good electrically conductive material,
placed inside the coil. Despite the unavoidable losses associated to the dissipation
of the energy, the electromagnetic field produced by the fieldshaper in the zone
of deformation is stronger than the one produced by the primary coil. In addition, the fieldshaper allows extending the durability of the coil, by reducing the
repulsive forces acting on it and by increasing the total stiffness of the system. Its
design was mainly defined by geometric aspects, i.e. by the desired shape of the
work zone, determined by the diameter of the terminal as well as by the width
of the compression zone. This component has a length slit, essential to transfer
the induced Eddy current from the outer to the inner surface of the fieldshaper,
reaching the workpiece. The width of the slit must be as small as possible, and
should be insulated to prevent an electrical arc. Moreover, for this work, a conical shape was selected for this component. The decrease on the radial length will
favour the increase of the current density, allowing not only to make the magnetic
field more uniform, but also, to increase significantly the magnetic pressure on
the workpiece area. fieldshaper and coil materials should combine good electrical
conductivity with a strong mechanical endurance against pulse loads and strength
at elevated temperatures. Cu 18150 is an example of Cu alloy recommended for
EMPT tooling. For the insulators, G-10 laminated phenolic composite is typically
used. It guaranties electrical isolation in high voltage application as well as significant mechanical and thermal properties. The coil is externally reinforced with
ultra-high molecular weight polyethylene fiber composite, in order to enhance its
mechanical resistance during the EMPC processing. The coil and the terminal are
subjected to the same pressure (action-reaction effect), which can cause the expansion of the coil, leading to its rupture. This reinforcement prevents this expansion,
contributing to increase coil’s lifetime.
3.2.3 Estimation of Process Parameters
As mentioned before, the development of the tooling system was supported by
numerical tools. The goal was not only to observe the magnetic flux distribution
through the coil, and thus accurately predict the behavior during deformation, but
also to provide an early estimation of the process parameters. The numerical simulation was carried out by using a previously developed approach. The electromagnetic pulse crimping process simulation was divided into two distinct problems:
the electromagnetic and the mechanical one, with thermal effects neglected. A timeharmonic magnetic formulation was used to describe the electromagnetic problem.
The mechanical problem, on the other hand, deals with the workpiece movement
and deformation during the process. A non-coupled strategy was used, i.e., in first
place, the set of partial differential equations presented in Maxwell formulation
was solved in order to calculate the electromagnetic pressure. This pressure is then
used as input load for the mechanical problem.
As shown in Fig. 3.18, the geometry used for the electromagnetic simulation consists in a tin coated copper (Cu-b) terminal, subjected to a magnetic field generated
by a spiral coil and conducted through a fieldshaper. Despite the non-symmetry
of the model due to the fieldshaper slit, axisymmetric boundary conditions were
considered, simplifying the problem, thus reducing the computational time. The
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main material properties, geometrical parameters and process conditions used in
the simulation are presented in Tab. 3.3.

Figure 3.18: Geometry implemented in FEMM for the resolution of the electromagnetic
problem.

The resolution of an electromagnetic problem requires, as input, the value of the
current and its frequency. The Resistance-Inductance-Capacitance (RLC) characteristics of the magnetic pulse system used for the crimping experiments were calculated using the magnetic pulse system properties. The discharge current curves
calculated for different energy values are presented in Fig. 3.19. Obviously, higher
values of input energy result in higher values of discharge current. The maximum
value of current is achieved at approximately 5 μs.

The model was implemented in the open source finite element method magnetic
software (FEMM) by using a MatLab script as described in the previous chapter. A
view of the model implemented is presented in Fig. 3.20. As the problem domain is
unbounded, boundary conditions must be considered. An outer cylindrical boundary surface and a planar surface that is coincident with the plane were chosen to
restrict the domain. The outer cylindrical truncation boundary has been defined
far away from the setup, in order to ensure that the magnitude of the magnetic
vector potential can be considered zero near the boundary line. The medium of
this region was assumed to have properties similar to a vacuum. The fieldshaper is
equivalent to a transformer, responsible for transferring the electromagnetic energy
in the air gap between coil and fieldshaper into the air gap between the fieldshaper
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Terminal
Material

Cu-b

Electrical conductivity

σvCu

≈ 58 MS/m

Diameter

D

9.5

Thickness

h0

1.25

Coil
Material

Cu 18150

Electrical conductivity

σvCu

≈ 45 MS/m

Gap distance

g

1 mm

Cross Section

7x5 mm

Windings Pitch

Pc

1.5 mm

Nº of windings

Nt

6

Fieldshaper
Material

Cu 18150

Electrical conductivity

σvCu

≈ 45 MS/m

Gap distance

g

0.55 mm

Air electrical conductivity

σvair

0 MS/m

Air permeability

μ0

4πx10-7 H/m

Air

Table 3.3: Material and geometrical properties used in the numerical simulation.

and terminal. It is considered as a secondary electrical circuit, with a current source
of zero amplitude in the z direction. Impedance boundary conditions for the magnetic field in the vicinity of the surface of the terminal are used to model the Eddy
current induced in the surface of the field-shape.
Concerning the discretization, a triangular mesh has been considered using a total
of 45610 nodes and 90594 elements. Different mesh size values were set for each
area, allowing a good definition of each component without compromising the
computation time. The obtained finite element mesh is presented in Fig. 3.21.

The electromagnetic problem was solved for the four calculated currents. Fig.
3.22 shows, exemplary, the magnetic flux density distribution for 7.8 kJ. As it can
be seen, the magnetic flux density in the gap between terminal and fieldshaper has
much greater values compared to the remaining zones, even in the gap between
coil and fieldshaper. The values of the magnetic field density (B) and current density (J) were acquired from the solution by using post processing scripts, allowing
to calculate the Lorentz force acting on the terminal, by the relation F = J × B. Finally, the magnetic pressure (P) can be computed by the integration of the Lorentz
forces along the terminal’s thickness. The distribution of the magnetic pressure
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Figure 3.19: Current discharge curve calculated for different values of energy.

along the terminal length, for the four input currents, is shown in Fig. 3.23. Note
that the open end of the terminal corresponds to the length “zero”.

This magnetic pressure is further used as input pressure load on the mechanical
problem which was solved using ABAQUS/Explicit finite element software. The
magnetic pressure was applied on the external surface of the terminal, using a
developed user-defined subroutine VDLOAD. A view of the model implemented
on ABAQUS/Explicit is presented in the Fig. 3.24. It consists in a copper terminal
and a stranded wire, composed by 196 small wires. All the parts are considered
deformable bodies and meshed using C3D8R, an 8-node linear brick, reduced integration and hourglass control. The accuracy of a FE simulation largely depends on
the reliability of the input data, namely geometry, applied load, contact properties,
boundary conditions and material data. Specifically, the knowledge of the material
properties is of utmost importance to perform useful simulations. A correct material model requires not only an appropriate material constitutive law but also the
determination of its parameters at different conditions. As is now well known, the
plastic flow stresses and the ductility of materials can be strain-rate sensitive, i.e.,
the material behavior may depend on the deformation rates. Strain rates of 3500
s-1 and velocities of 100–300 m/s are easily achieved during the electromagnetic
based processes. Therefore, incorporating strain rate sensitivity is relevant. The
Johnson-Cook constitutive law was selected to describe the dynamic mechanical
behavior of the terminal material. The parameters of the considered constitutive
law were taken from the literature [107]. The hardening law was implemented in
ABAQUS/Explicit through a user-defined subroutine VUHARD.
Contact conditions were employed between the terminal inner surface and wires,
as well as between the different wires. The classical Coulomb friction law was considered to model these contact conditions and a tangential behavior was defined,
subjected to a constant friction coefficient of 0.15. In terms of boundary conditions,
terminal and wires were considered fully constrained in their ends.
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Figure 3.20: Finite element model implemented in FEMM.

The simulation results were extracted by using python script developed for this
purpose. The goal was to achieve and compare the final geometry of the terminal
for different energy values. The results are shown and analyzed in the following
section.

3.2.3.1 Results of the Numerical Simulation
In Fig. 3.26 the profiles of the compression zone deformed by using different values of discharge energy, are presented. As can be observed, higher values of energy
lead to higher level of compression, i.e., to higher deformation - Fig. 3.27. In addition, it is observed that the deformation of the terminal is more pronounced at
the open ends. This is due to the low thickness of this zone caused by the internal
geometrical chamfer. In fact, for 9 kJ, it is observed that the deformation is quite
high in the chamfer zone. This, together with the high velocity impact can lead to
the failure of the wire strands, leading to an increase of the electrical resistance and
decrease of the tensile resistance. As a result, and based on the compression/de-
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Figure 3.21: Finite element mesh implemented in FEMM.

formation levels achieved by simulation, values between 6-8 kJ were selected for
the following crimping tests.

3.2.4
3.2.4.1

Electromagnetic Pulse Crimping Experiments
Experimental Details

The work presented in this section aimed to investigate the performance of the
customized tool set. Three energy levels, chosen based on the simulation results,
were tested, namely: 6.76, 7.29 and 7.84 kJ. For statistical purposes, 11 samples
of each energy level were electromagnetically crimped. A total of 33 crimps were
made.
In order to assess the strength of the EMPC crimps, pull-out uni-axial tensile
tests were conducted by using an Instron model 4507 servo-electric universal testing machine (200 mm/min at room temperature). The load at the moment when
the wire strands broke or were pulled off of the crimped zone corresponds to the
maximum force that the joint can withstand.
Visual inspection of the crimping conductor was obtained by metallographic
preparation and analysis. The samples were embedded in resin, cut, polished and
subjected to an etching operation.
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Figure 3.22: Flux density of magnetic field [T].

Finally, the electrical resistance of the samples was evaluated. A specified current
is applied, being the voltage drop value measured.
3.2.4.2 Results of the Experiments and Discussion
From the tensile characterization results shown in Fig. 3.29, several points should
be highlighted. In first place, the increase of the discharge energy leads to an increase of the tensile resistance. Secondly, all the samples present a mechanical
resistance higher than the value specified for the traditional mechanical joints. In
addition, it should be noted the high repeatability of the joint strength. The standard deviation of the maximum force is quite low.
Similar results were found in terms of electrical resistivity. The electrical resistivity is considerable lower than the value of reference - see Fig. 3.28. The value
of electrical resistivity seems independent of the discharge energy for the values
tested. The values remain practically unaltered with the increase of the discharge
energy.
The visual analysis, presented in Fig. 3.30,3.31,3.32, reveals a void level higher
than the reference (around 2%). In fact, the analysis of porosity percentage reveals
percentages of 11%, 9% and 5% for the discharge energies of 6.76 kJ, 7.29 kJ and
7.84 kJ respectively. In the traditional mechanical crimping, the <2% voids typically
correspond to the optimum value of mechanical strength and electrical resistivity.
Yet, the electromagnetic pulse crimping enabled the production of joints with improved properties when compared with the traditional process, without the need
of high levels of compression.
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Figure 3.23: Magnetic pressure distribution.

Comparing the numerical and the experimental results, it is observed that the
results achieved by the developed model are in fair agreement with the experimental results. The final shape achieved by simulation is similar to the one obtained by
experimental testing. The slight differences may have multiple causes. First of all, it
is worth mentioning that although the numerical model developed follows the experimental trends, some physical phenomena were neglected, for instance the temperature effects during the EMPC process. Note that temperature may influences
both workpiece deformation and electrical resistivity. For example, the increase of
the temperature may lead to an increase of the electrical resistivity. Another field
that requires further attention is the material modeling. A more sophisticated approach in strain-rate and temperature behavior can improve numerical simulation
accuracy.
Moreover, the effects of geometrical simplifications made for both the terminal
and coil geometry (end plates, were also not considered) can contribute for the
slight disparities obtained. Nevertheless, the numerical simulation results are considered to be valid as they fairly predict the tool’s and terminal behavior.
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Figure 3.24: Geometry considered in the mechanical problem.

Figure 3.25: EMPC tool.

3.2.4.3 Complementary Study
The study of the feasibility of EMPC for the crimping of terminals/wires was complemented with the investigation of the range of diameters that the electromagnetic
actuator is capable to crimp. For such purpose, a new round of experiments was
conducted. The specification of the terminal and wire used in this round are shown
in Tab. 3.4. The new terminal is smaller than the previous one (8 mm of diameter
instead of 9.5 mm) meaning that there is a higher air gap between the terminal
and the fieldshaper, resulting in the decrease of the electromagnetic field acting on
the terminal.
The technical requirements of this smaller combination are 1750 N of minimum
tensile resistance, a maximum electrical resistance of 0.150 mv/A and a void level
less than 2%. The procedures described for the previous set of tests were replicated
for the new combination. A matrix of experiments was designed. Four different
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Figure 3.26: Final geometry of terminal as result of the electromagnetic compression for
different values of energy.

values of discharge energy were tested, namely 2.3 kJ, 2.6 kJ, 2.9 kJ and 3.5 kJ. 11
samples for each energy level were electromagnetically crimped and characterized
by mechanical, electrical and visual inspection.
The results are shown in Fig. 3.33 and 3.29. Similar to the previous combination, the electrical resistance is well less than the reference limit. However, energy
values above or equal to 2.9 kJ are required to obtain reliable EMPC crimps in
conformity with the strength criteria. Note that, despite the higher gap distance
between the fieldshaper these smaller terminals are also thinner than the previous
ones, meaning that less amount of energy is required to deform it. In addition, the
requirements for the 8 mm terminals are less demanding than the 9.5 mm case.
In short, it has been proved that a unique electromagnetic actuator is enable to
crimp electrical connections between 16 mm2 and 25 mm2 , 8 and 9.5 mm diameter
respectively.

Terminal

Wire

Diameter [mm]

Length [mm]

Thickness [mm]

Area [mm2]

8

32

1.20

16

Table 3.4: Terminal and wire specifications used for the study of the range of diameters
that the actuator is able to crimp.
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Figure 3.27: Equivalent plastic strain contour for different values of energy.

3.2.5 Lessons Learned
An extended experimental study was planned aiming at defining of a process/energy window for the EMPC of Cu/Cu electrical connections. However, this new
set of experiences was forced to be interrupted, due to an irreversible failure of the
tool. The coil windings were deformed in such a way that they crossed through
the reinforcement layer. The thermomechanical fatigue may have contributed to the
premature failure of the coil. Most likely, the excessive deformation of the winding
resulted from the continuous temperature increase, as a consequence of the high
values of electrical current passing through the coil, test after test. The temperature
increase is followed by a reduction in mechanical resistance of the resin used to
reinforce the coil. Consequently, the winding becomes more vulnerable to the high
values of magnetic pressure involved in the crimping process.
The increase of tool robustness is clearly a point to be studied. New solutions
both in terms of design and reinforcement should be explored.
3.2.6 Conclusions
The development of a customized electromagnetic crimping tool for electrical connectors is presented. Towards the validation of the tool concept, and in order to
understand the terminal’s behavior during deformation, the numerical simulation
of the EMPC process was performed. A previously developed model, based on a
non-coupled approach, was used. The EMPC process was divided into two submodels: an electromagnetic model, based on Maxwell’s equations, and a mechani-
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Figure 3.28: Results from electrical characterization.

cal model, related to the mechanics of the workpiece deformation. Both models are
solved separately using a finite element analysis, being the thermal effects, the deformation and the velocity of the workpiece neglected in the model. The numerical
predictions were lately compared with experimental ones. Satisfactory agreement
has been obtained: the simulations have suitably captured the general trends of
the experiments.
From the experimental point of view, EMPC crimps presenting tensile strength
and electrical conductivity values complying with minimum specifications have
been obtained. Despite the higher percentage of voids between the conductor’s
wires, even at the highest process energy values, both mechanical and electrical
performance requirements are fulfilled. This is considered a clear indication that
the levels of voiding typical assumed as optimum for mechanical crimping (<2%)
don’t need to be fulfilled, meaning that lower levels of compression ratio are required. A new generation coil design, addressing a higher robustness, must be
developed to allow industrial implementation.
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Figure 3.29: Results from mechanical characterization.

Figure 3.30: Cross-section images of the EMPC crimps at 6,8 kJ (magnification 42 x).

Figure 3.31: Cross-section images of the EMPC crimps at 7,3 kJ (magnification 42 x).
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Figure 3.32: Cross-section images of the EMPC crimps at 7,8 kJ (magnification 42 x).

Figure 3.33: Results from the electrical and mechanical characterization for the 8 mm electrical connection.
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Figure 3.34: Results from the electrical and mechanical characterization for the 8 mm electrical connection.

3.3 process development for aluminum-copper wiring harness

3.3

process development for aluminum-copper wiring harness

In order to meet the goals imposed by growing environmental protection and
economic demands, a call for lighter vehicles has been raised. Lighter metals, such
as aluminum or magnesium alloys are now being employed, reducing the overall
body weight and improving the fuel consumption. Aluminum wire harnesses are
one of the solutions for weight reduction, with particular importance in vehicles
in which the number of circuits is significant. However, the lower conductivity,
inferior strength, oxide layers generated on the wire surface and galvanic corrosion
are limiting the further use of this type of conductor. Furthermore, the crimping
tools are not yet fully optimized for Al/Cu electrical connections. Despite of the
shortcomings, there is an industrial interest in explore alternative processes for
the joining of Copper-Aluminum electrical connections due to potential weight
savings.
Previous work demonstrated the high quality of Cu-Cu joints produced by electromagnetic pulse crimping (EMPC). However, the durability of the coil was identified as a critical point. In EMPC, the actuator is used to transform the electrical
energy stored in the capacitor bank into both kinetic and deformation energies.
The characteristics of the coil significantly affects the process efficiency. Coil design should take into consideration the electrical properties, i.e. inductance and
resistance but also the mechanical characteristics, such as the strength and thermomechanical fatigue, which are mainly given by material and geometrical features.
Moreover, it should be taking into account the third Newton axiom “action = reaction”, meaning that the forces required to achieve the desired deformation of
the workpiece act also as so-called reaction forces on the tool coil in the opposite
direction. The tool coil has to absorb these reaction forces as well as forces between
the turns of the winding without any deformation.
With certain amount of input energy, an efficient design will supply maximum
force to accelerate the flyer workpiece, with much less energy waste in the form of
heating or expanding the actuator itself. However, the most efficient design may
be the less robust. Following the previous approach and the lessons learned, the
EMPC process was developed and optimized Copper-Aluminum electrical connections.
The work presented here focus on the development of a new electromagnetic
actuator. The mechanical and electrical properties of Cu-Al joints crimped by electromagnetic forces were assessed by standard testing techniques. In addition, the
long term behavior of the joints was investigated by accelerated ageing under corrosive environmental conditions.
3.3.1 Materials and Methods
The test samples used in the study consist in 50 mm2 copper connectors and aluminum conductors, these being standard components in automotive industry. The
copper (Cu-HCP) connector has an external diameter of 12.5 mm, 1.65 mm wall
thickness and a crimping length of 13 mm. The aluminum (99.7 %) conductor is
composed by 247 wires with a diameter of 0,52 mm. A minimum tensile strength
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Figure 3.35: 3D model of the new EMPC tool.

of 3000 N and a maximum of 0.08 mv/A electrical resistance must be fulfilled by
the joints.
3.3.2 Development of a New Electromagnetic Actuator
During the experimental tests performed within the previous work, the coil was
subjected to a severe thermo-mechanical fatigue which may have contributed to
the premature failure. As a consequence, the increase of EMPC tool robustness
was one of the actions recommended for the further exploration of the EMPC
technology in the scope of electrical connections. In accordance, a new coil concept
was considered. The new tool consists of a single turn coil suitable for crimping
cylindrical parts with an outer diameter smaller than 15 mm. Coil design was
constrained by mechanical strength and by the geometric aspects of the joint, i.e.
by the crimping zone, directly dependent of the diameter of the terminal as well as
by the length to be compressed. The coil has a longitudinal slit which defines the
path through which the current will flow. The width of the slit should be as small
as possible since, in this zone, the magnetic field is approximately zero. The 3D
representation of the new EMPC tool is presented in Fig. 3.35. Besides the tool itself,
3 electrical insulators and position components were designed. Their function is
to prevent the presence of electrical arcs between the coil and the terminal and
simultaneously to correctly position the terminal.
Regarding the tooling materials, it is important to remember that the coil material should combine a good electrical conductivity with a strong mechanical endurance against pulse loads and thermal shocks. Due to its favorable electrical
properties, Steel 40 CrMnNiMo 7 (FRAMADA) was selected for EMPT tooling. For
the insulators, polyamide 6.6 was used. It guaranties electrical isolation in high
voltage applications as well as significant mechanical and thermal properties.
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Figure 3.36: Structure of the simplified analytical model proposed by Bmax.

3.3.3
3.3.3.1

Estimation of Process Parameters
Preliminary Analytical Work

An analytical model is useful to gain insight regarding the parameters governing the EMPC process. Bmax, manufacturer of electromagnetic pulse equipment,
developed a relatively simple analytical model to estimate the value of the electromagnetic pulse welding parameters required to obtain a successful weld [26]. The
model developed by Bmax was adapted to the present EMPC case study. It should
be noted that, although the structure of the presented analytical model is correct,
the high number of simplifications may result in decreased accuracy of the model.
It is intended to be used as a tool for quickly determining the initial parameters,
useful not only for the experimental work when simulation tools are not available,
but also as an initial input for the numerical simulations. Furthermore, it should
be noted that the model only predicts the energy required for the plastic deformation of the terminal, i.e. does not give any information regarding the quality of the
crimp.
The structure of the simplified analytical model proposed by Bmax is schematically shown in Fig. 3.36.

The collision velocity can be calculated by:
v2c
(3.7)
2S
where a is the acceleration, vc is the impact velocity and S the stand-off distance,
i.e, length of air gap between the inner and the outer part. Equation 3.7 is based
on the assumption that the acceleration is constant in the theory of linear motion:
a=

2∆s

(∆t)

2

=

vc
F
=a=
∆t
m

(3.8)
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Figure 3.37: Thick-walled pressure Vessel: : Cylindrical pressure vessel with external pressure.

As a result, the process time (t) can be calculated by:
r
2∆S
t=
(3.9)
a
As mentioned before, the magnetic pressure exerted on the flyer tube both deforms and accelerates the tube against the inner part, therefore, the total pressure
required for the EMPC process can be given by the sum of these two pressures:
P = Pde f + Pdyn

(3.10)

with Pdef the pressure required for the deformation of the flyer tube and Pdyn
the pressure required for the acceleration of the flyer tube.
Bmax proposes the theory of thin walled pressure vessels for the calculus of
Pdef . However, in this case, this theory cannot be applied. The wall thickness of
the terminal is not much smaller than the characteristic radius, i.e., the condition
t = r0 − ri ≪ r0 , ri cannot be satisfied. As a result, the thick-walled pressure
Vessel was employed. As exemplified in Fig.3.37, a cylindrical vessel (in this case
the terminal) is subjected to and external pressure p0 . The pressure required for
plastic deformation can be calculated by using the following equation:

σout

p0 r 2
= − 2 02
r0 − r i



r2
1 + i2
r0


(3.11)

The pressure required to accelerate the terminal, is calculated based on the assumption that the movement of the terminal is linear and that no other forces act
on the tube. When a total force F acts on an object of mass m, this object will be
accelerated with acceleration a (in the direction of the total force). The mass of
the terminal that is accelerated is calculated as the product of the volume of the
tubular zone and the density of the terminal material. It is important to note that
the Lorentz forces only act on the overlap length, so it is assumed that only this
part of the terminal is accelerated.
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F = m.a = (2 π R l t ρ).a

(3.12)

where, F is the applied force, R the average flyer terminal radius, l the overlap
length, t the terminal thickness and ρ the density. As the force F is the result of the
magnetic pressure acting on the terminal’s outer surface A:
F
F
=
(3.13)
A
2π Rl
combining the two equations, the pressure required for the terminal motion is
given by:
Pdyn =

tρVc2
(3.14)
2S
The pressure exerted on the tube is a direct consequence of the magnetic field
and can be calculated by the following equation, where B is the magnetic field and
μ0 the magnetic permeability of free space = 4π×10−7 H/m.
Pdyn = −

Pmag =

B2
2µ0

(3.15)

The magnetic field required to deform and accelerate the terminal can therefore
be given by:
q
(3.16)
B = 2 µ0 Pmag
Substituting the required magnetic pressure, it is possible to write:
v



u
u
2
u
 tρVc
 1 σout 2

B=u
(r0 − ri2 )
t2 µ0 − 2S −  r2
ri2
0 1+

(3.17)

r02

According to Bmax [26] for a single turn setup, the magnetic field can be related
with the input current by the following equation, were k is a constant dependent
on the equipment characteristics:
B
(3.18)
k
The numerical value of the input current (I) can be determined by equations2.19
and 2.20. On the other hand, the energy and the associated voltage depends on the
equipment and coil frequency, given by:
I=

f =

1
√
2π L T CT
1
ηT

V= q

E=

CT
LT

1
CT V 2
2

(3.19)

(3.20)

(3.21)
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Property

Value

Units

Terminal Density, ρcu

8910

kg.m-3

Ultimate tensile strength, σvout

200

MPa

Resistivity, ηcu

1.72×10−8

Ω.m

Magnetic permeability of free space, µ0

4π×10−7

H/m

Terminal wall thickness, t

1.65×10−3

m

Terminal outer radius, r0

6.25×10−3

m

Terminal inner Radius, ri

4.6×10−3

m

Stand-off distance, S

1.0×10−3

m

Overlap distance (LWZ)

1.3×10−2

m

k

0.03

-

ηT

0.8

-

Table 3.5: Data required for the estimation of the energy required for the EMPC process.

Were CT is the capacitance of the capacitor bank, LT the total inductance of de
system and ηT the efficiency of the transformer built-in the workstation to be used
for the crimping operations.
In Tab. 3.5 is compiled all the data and respective units required for the calculation of the discharge energy needed to the plastic deformation and consequent
crimp of Cu terminals to Al electrical conductors.

By applying the modified Bmax approach we get that an electromagnetic field
of 12.4 T is needed to achieved a magnetic pressure high enough to workpiece
deformation and movement. Taking into account the magnetic pulse system and
coil parameters, a minimum discharge voltage of 16.6 kV should be employed,
meaning that 11 kJ is the minimum value of discharge energy. Remember that
several simplifications are assumed, meaning that this value is just a start point.
Later in this chapter, this value will be compared with the experimental results
and its validity properly evaluated.
3.3.3.2 Simulation
The numerical analysis for the electromagnetic pulse crimping of Cu-Al joints has
been performed by using the previously developed approach. The geometry implemented for the resolution of the electromagnetic problem and the respective finite
element mesh are shown in Fig. 3.38 and Fig. 3.39, respectively. The main process
parameters are listed in Tab. 3.6. Taking into account the results of the preliminary
analytical work, 4 different values of energy were tested, namely 11.5, 12.96, 14.4
and 16 kJ which corresponds to charging voltages of 17, 18, 19 and 20 kV. The pulse
of current flowing through the coil is the load of the electromagnetic problem and
was determined by the methodology presented in chapter 2. A maximum current
of 352.4, 373.1, 393.8 and 414.63 kA with a corresponding frequency of 51.7 kHz
was found for each energy value.
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Figure 3.38: Finite element model implemented in FEMM for the EMPC of Cu-Al joints.
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Figure 3.39: Finite element mesh implemented in FEMM for the EMPC of Cu-Al joints.

Figure 3.40: Analyzed area.

Concluded the resolution of the electromagnetic problem, the magnetic pressure
was applied to the mechanical problem, modeled as show in Fig. 3.40. In this case,
the model consists in a cooper terminal and a aluminum conductor with 247 wires.
All the 248 parts are considered deformable bodies and meshed using C3D8R,
an 8-node linear brick, reduced integration and hourglass control. Similar to the
case presented in the last section, this is a complex multi-body contact problem:
between the terminal and the 247 wires and between each combination of wires.
Coulomb friction is assumed between the individual wires and between the terminal and the wires. The general contact property assignment is used to assign the
appropriate friction coefficients to the various types of pairings.
The Johnson-Cook constitutive law was selected to describe the behavior of both
terminal and conductor. The parameters for both materials were taken from the
literature [107, 158]. The hardening law was implemented in ABAQUS/Explicit
through a user-defined subroutine VUHARD. As performed in the previous simulations, boundary conditions were defined. Terminal and wires were considered
fully constrained in their ends.
3.3.3.3 Results of the Numerical Simulation
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Terminal
Material

Copper

Electrical conductivity

σvCu

≈ 58 MS/m

Diameter

D

12.5

Thickness

h0

1.65

Coil
Material

Steel 40 CrMnNiMo 7

Electrical conductivity

σvSt

≈ 2 MS/m

Gap distance

g

1 mm

Crimp Lenght

l

16 mm

Nº of windings

Nt

1

Air electrical conductivity

σvair

0 MS/m

Air permeability

μ0

4πx10-7 H/m

Air

Table 3.6: Numerical conditions for the numerical simulation of EMPC of Cu-Al joints.

Figure 3.41: Terminal’s reduction in diameter as a function of discharge energy.
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Figure 3.42: View of the final deformed configuration for the wire-terminal assembly obtained for 16 kJ.

The final diameter of a certain zone of the terminal (Fig. 3.40) was extracted
from ABAQUS by using a python subroutine– see Fig. 3.41. As can be seen, the
reduction in diameter is higher for higher values of energy. Note that this reduction is limited by the deformation of the wire strands that are placed inside the
terminal. This means that when the diameter of the terminal reaches the diameter
of the wires, the terminal’s deformation is more difficult since the wires must be
deformed too. Fig. 3.42 shows the final shape of the assembly. This figure shows
that the originally round wires have been distorted during crimp formation. This
distortion is essential for the correct formation of the crimp joint. The wires are
typically covered by a thin layer of oxides. The goal of crimp forming is to break
this oxide layer and expose the surface of the wire to improve electrical contact.
Using the level of deformation of the wires as a criterion for the correct formation
of the crimp joint, three levels of energy were selected for the experimental testing
namely: 14.4, 16 and 17.6 kJ.
3.3.4

Electromagnetic Pulse Crimping Experiments

3.3.4.1 Experimental Details
Several parameters influence the impact velocity and impact angle during the process, and consequently the quality of the joint. These parameters are inherent to
the materials that are used, geometry of the terminals, properties of the coil and
to the magnetic pulse system. In the experiments performed here, with the exception of the machine parameters, all the remaining variables are held constant. Only
the discharge voltage (energy) was changed. As mentioned above, three levels of
energy were selected: 14.4, 16 and 17.6 kJ. 11 samples of each level were electromagnetically crimped, meaning that a total of 33 tests were conducted. Remember
that the experiments were performed in a MPS 25 kJ-25 kV whose characteristics
were presented in the previous section. The discharge curves of all the tests were
recorded for the identification of possible anomalies. In the 33 tests performed, no
irregularities were found.
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Figure 3.43: Identification of the analyzed area.

The quality of the joints was assessed by both destructive and non-destructive
means. The destructive tests conducted include microscopic examination and tensile testing. Microscopic examination requires a cross-sectioning of the assembly
for the crimp zone. This method was used to investigate the compression and the
void level. The mechanical testing was used to determine the strength of the crimp.
Electrical resistance measurements are in the category of non-destructive evaluation. This test was performed by applying a specified current to the sample and
measure the resultant voltage drop. Despite the advantages inherent to the use
of copper and aluminum in wire harness, the degradation rate of the properties
of the joint is still a concern. The galvanic corrosion and growth of Cu/Al intermetallic compounds (IMC) at the wire/wire or wire/terminal interfaces has been
study but is not yet fully understood. Excessive IMC would increase the contact
resistance and degrade the bond reliability. To evaluate this occurrence in EMPC
samples, ageing tests were performed. The samples were subjected to ageing at
120ºC x 120h followed by stabilization until room temperature. Afterwards, the
specified current was applied to the sample and the voltage drop measured.
3.3.4.2

Results of the Experiments and Discussion

Microstructural Features
Fig. 3.43 shows a copper terminal electromagnetically crimped to an aluminum
conductor, identifying the area subjected to analysis. Fig. 3.44, 3.45 and 3.46 present
a cross-sectional view of the joint for different values of energy. As can be seen,
higher values of energy lead to higher level of compaction. In fact, 16 and 17.6 kJ
lead to an excellent compaction of the wire strands. They are plastically deformed
and squeezed together almost without air gaps both between themselves and with
the terminal. In addition, it can be noted that higher values of energy lead to a
more uniform compression of the terminal. As mentioned, the coil has a slit for
current flow, where the magnetic field and consequently the magnetic pressure are
practically null, meaning that the zone of the terminal located near the slit will
be less compressed. Due to its dynamic nature, the magnetic pressure will result
in both plastic deformation and kinetic energy. Higher values of discharge energy
will result in increased kinetic energy. Enough kinetic energy will be able to push
the terminal walls against the inner conductor, leading to an practically uniform
radial deformation.
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Figure 3.44: Cross-section images of the EMPC crimps at 14.4 kJ (magnification 21 x).

Figure 3.45: Cross-section images of the EMPC crimps at 16 kJ (magnification 21 x).

Therefore, from the micrograph analysis, it is established that the joints produced by using 17.6 kJ are of high quality in terms of compression and void level.
Such characteristics are usually accompanied by low electrical resistance and high
pull-out strength. These features will be discussed in the next section.
Mechanical and Electrical Performance
The mechanical performance of the joints was evaluated by tensile loading. The
maximum loads obtained for the different values of energy are presented in Fig.3.47.
In line with the results from metallographic evaluation, the joints produced by 17.6
kJ present a pull out strength higher than the requirements. The samples crimped

Figure 3.46: Cross-section images of the EMPC crimps at 17.6 kJ (magnification 21 x).
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Figure 3.47: Results from the mechanical characterization.

with 16 kJ are near the 3000 N required, while 14 kJ produced joints presented a
mechanical performance lower than the specifications.
It is worth mentioning that, besides the differences in terms of strength, the
failure mode was also different. In the samples produced by 14 kJ, the conductor
slipped from the terminal’s walls. For 16 and 17.6 kJ the conductor was stretched
up to its failure. After the tensile test, the wires remained compressed inside the
terminal.
According to these results, values of energy higher than 16 kJ are required for a
proper connection in terms of mechanical performance. Nevertheless, contrasting
results were found in terms of electrical behavior. Higher values of discharge energy lead to a slightly increase of the electrical resistance - Fig. 3.48. Recalling the
mechanical/electrical vs. crimp height curve presented in the previous chapter, it
is possible to observe that these results are in line with the behavior observed in
the traditional mechanical crimping. An increase of the mechanical strength often
means an increase of the electrical resistivity. Still, the electrical resistance remains
far from the maximum admissible.
Accordingly, it is established that the samples were successfully joined. The crimpability window is probably around the 17.6 kJ for the present connector/conductor.
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Figure 3.48: Results from the electrical characterization.

Ageing
Fig. 3.53 shows a comparison of electrical resistance before and after ageing tests.
In first place, it should be highlighted the wide dispersion of the results achieved
after ageing. Still, as can be seen, the ageing conditions degraded the electrical
properties. This is probably the result of the oxidation or formation and growth
of intermetallic compounds at the interface. To confirm this occurrence, SEM and
EDS analysis were conducted. The interface between the terminal and wires and
the wires with itself was analyzed. In Fig. 3.49, 3.50, 3.51 and 3.52 are shown the
results for a sample crimped at 16 kJ. The results show the presence of aluminum
oxide not only between the terminal’s tin layer and the wires, but also between the
wires. Methods to minimize this effects are being widely investigated and can be
found elsewhere [76, 100, 96, 235]. Note that this problem is inherent to materials
nature, namely the affinity to generate galvanic corrosion and oxidation, and is not
related to the EMPC, which is the focus of the present work.
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Figure 3.49: Zones subjected to chemical analysis: Z1- Interface Tin/Aluminum Wire.

Figure 3.50: Z1 EDS spectrum. The presence of aluminum oxide and tin was noticed.
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Figure 3.51: Zones subjected to chemical analysis: Z2 -Interface between aluminum wires.

Figure 3.52: Z2 EDS spectrum. The presence of aluminum oxide is observed in the interface
between the wires.

3.3 process development for aluminum-copper wiring harness

Figure 3.53: Electrical resistance after ageingtests.

Analysis of Simulation and Preliminary Analytical Work Predictions
The numerical investigations carried out are in good agreement with experimental
results. Despite all the assumptions and simplifications, the presented approach
for the numerical simulation of EMPC process can provide both a better understanding on the electromagnetic deformation phenomenon as well as a reliable
capability of estimate the process parameters. The values of energy predicted by
the analytical model proposed by Bmax, on the other hand, are out of the range
from the values required to deform the terminal in a way that a crimp can be
produced. The simplifications decrease the ability to estimate the process parameters. The time-dependent nature of the electromagnetic-based process is neglected
in several equations. For example, in the Bmax analytical model, the acceleration
during the process is considered constant, which is not accurate. As the magnetic
pressure is the result of the action of a sinusoidal current, the magnetic pressure
is not constant in time. Furthermore, as the outer workpiece moves towards the inner part, the distance to the coil will increase, decreasing the value of the magnetic
pressure acting on the flyer. Inertial effects and deformation motion is also not
taking into account. While the magnetic pressure is inferior to the yield strength
of the material, only elastic deformation takes place. When this value is exceeded,
the plastic deformation starts. There is an initial resistance to deformation. As a
consequence, the velocity of the flyer may change during the process. Moreover,
the zone of the terminal subjected to the magnetic field may not impact the inner
part at the same time. Numerical works [70, 53] show that, depending on the geometrical parameters, namely gap and overlap distance, different impact evolution
can be found. For example, Cuq-Lelandais [53] shows the end of the tube impacting first. It is also noteworthy to mention that thick walled vessel theory, used to
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predict the pressure required to deformation, is only valid in elastic domain. In
EMPC, the radial pressure acts only on the overlap length and the deformation
is mainly plastic and at high-strain rates. In short, in order to be a useful tool to
predict the energy required to join two parts, the accuracy of the model should be
improved.
3.3.5 Conclusions
In this chapter, copper terminals are joined to aluminum conductors by using electromagnetic pulse technology. The following conclusions can be drawn from the
present numerical and experimental study:
• Reliable Cu-Al electrical connections can be produced by EMPC. Joints with
high level of compression, low void content, low electrical resistivity and
high mechanical strength can be obtained. The electromagnetically crimped
joints fulfill and surpass the specifications imposed by automotive industry;
• The one turn coil concept is suitable to join wire harnesses. The low efficiency
of this concept is compensated by the high strength, allowing higher values
of discharge energy;
• The proposed simulation approach fairly estimates the process parameters,
being a simple and useful tool to support not only tool development but also
experimental testing.
• The presented case studies contribute as a real break-through in magnetic
pulse technology, moving forward the applicability of electromagnetic forming technology in industrial production.

3.4 summary and outlook

3.4

summary and outlook

Beyond some niche-market applications, at the moment, real industrial applications of EMPC are still limited. The reasons for this are varied but mostly related to
the lack of proof of feasibility and applicability. The work presented in this chapter
contributes real industrial cases demonstrating the feasibility of EMPC as a technology capable of fulfilling the technical requirements of the automotive industry.
The advantages and limitations of the technology are exposed by the production
and characterization of electrical connections. Process development and joint design methodologies normally involve complex and sophisticated numerical tools
or expensive trial-error studies to achieve the desired results. In agreement, the
first part of this chapter is dedicated to the development of a simple and low computational cost numerical approach for the numerical simulation of EMPC process.
Based on the properties of the equipment and system components, the circuit parameters are calculated. The Maxwell’s equations are written without considering
the deformation and the velocity of the workpiece during the process. The solution of the Maxwell’s equations is performed using a numerical approach (FEM).
The Lorentz forces acting on the workpiece are next estimated. These forces are
then transferred as input data to the mechanical problem, in order to simulate the
deformation of the workpiece. Satisfactory results, in good agreement with experimental studies, are obtained.
The implemented approach was then used as a numerical tool to support process development, tooling and joint design aiming the creation of a conformal
interference fit between copper terminals and co-axially aligned copper wires. A
customized electromagnetic actuator, suitable for a wide range of electrical connections, is presented. To demonstrate the technology and evaluate the performance of
the proposed tool, experimental studies are carried out. The quality of the coppercopper joints obtained by EMPC is evaluated in terms of microstructure, electrical
and mechanical properties. Results show that reliable joints can be accomplished.
The electrical connections achieved by EMPC present a mechanical strength 1.6
times higher than the reference value, while the electrical resistivity is 6 times
lower, revealing that EMPC can be an effective technology for the electrical wire
industry. Additionally, it has been proved that the same tool can be used for the
crimping of a wide range of diameters. This is a significant advantage when compared to the traditional processes, where, for each terminal/wire size, a new set of
tools is needed.
Still, the need for tooling optimization is identified. The premature failure of
the coil, only after few rounds of tests, as a result of the severe thermomechanical fatigue, is critical. The industrialization of a manufacturing process generally
involves the production batches sizes that can have several millions parts per year,
meaning that the acceptance of any manufacturing process in the industrial field
depends not only on its technological benefits but principally on its economic viability. The robustness of the coil must be further improved in order to guarantee
production rates and batches compatible to mass production.
This action was considered during process development for aluminum-copper
wiring harness. A new coil concept was considered. A less efficient but stronger
design was considered. It is capable of producing joints with high level of compression, low void content, low electrical resistivity and high mechanical strength.
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The electromagnetically crimped joints exceed the specifications imposed by automotive industry.
The presented case studies contribute as a real break-through in magnetic pulse
technology, moving forward the applicability of electromagnetic forming technology in industrial production.

4

E X P E R I M E N TA L S T U D I E S O N M A G N E T I C P U L S E W E L D I N G

4.1

welding conditions for al/cu bimetallic dissimilar joints

Joining of dissimilar materials is becoming increasingly important in several industrial applications. Pioneering structures are requiring high performance components, combining high strength-to-weight ratio, high electrical/thermal conductivity, improved corrosion resistance or high temperature strength, which can only
be accomplished by the combination of dissimilar materials, with different key
properties. Aluminum (Al) and copper (Cu) are two engineering materials widely
used in the aerospace, transportation and electric power industries [144, 23]. Al/Cu
bimetallic dissimilar joints are lighter and cheaper than the Cu/Cu assemblies and
are especially suitable for electrical applications where the cross-section area of the
conductor must be large to support high current. However, due to the difficulties
in obtaining an electrically stable long-term bolted joint between these two dissimilar metals, on the last decade, efforts are being employed in enabling metallurgical
welding between them [138].
Several welding processes are currently available to join two or more parts of
similar and dissimilar materials, creating an assembled component with mechanical properties equal to the base materials. Still, fusion welding of dissimilar metals
is often limited by their physical properties mismatch or due to its affinity to create
intermetallics. For example, fusion bonding techniques such as laser spot welding
and brazing have been used for dissimilar Al/Cu connections without adequate
results, due to the formation of brittle phases in the weld[137, 46]. In fact, it is now
well known that at temperatures higher than 120º C the interaction between Al and
Cu will result in brittle, low strength and high electrically resistant intermetallic
compounds [138]. As a result, solid-state bonding processes have been experiencing a worldwide scientific and industrial interest and are being explored for the
production of Al/Cu joints.
Friction stir welding (FSW) is one of the most popular solid state processes. It
uses a non-consumable tool or one of the joining partners to generate heat through
friction, leading the materials to a plasticized-viscous state, which are then stirred
and forged behind the rotating tool pressed against the joining area, where it consolidates and cools down to form the weld. Despite the popularity of FSW due to
its several advantages, it has been demonstrated by some authors [236, 169] that in
FSW, the intermetallic compounds are still a problem. These works [236, 169] mention the existence of a relation between the properties of joints and the brittle intermetallic compounds and the time available for the formation of the compounds.
Therefore, the formation of brittle intermetallic compounds can be minimized by
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the reduction of the time available for the interaction between the materials and
minimizing the heat from the welding process [236, 169].
High-speed welding technologies such as explosive welding (EXW), magnetic
pulse welding (MPW) or Vaporizing Foil Actuator Welding (VFA) are, therefore,
promising alternatives. In explosive welding process, a flyer workpiece is accelerated against a fixed workpiece by the energy resulting from a controlled explosion.
When the moving workpiece collides with the fixed component at a proper angle,
complex mechanical and metallurgical actions occur, and a weld may take place.
The collision velocity and angle are therefore the main key parameters. For welding to occur, a jetting action is required at the collision interface. The jet is the
product of two angled surfaces colliding at high speed and is responsible for cleaning the metal surfaces and allows to pure metallic surfaces to join under extremely
high pressure (in the order of GPa).
Magnetic Pulse Welding is a solid state welding process similar to EXW. Typically, the MPW system employs an electrical pulse power supply, capable to store
electrical energy (1-100 kJ). During the discharge operation, a high-current pulse
is released by the capacitor bank flowing through the cables to the welding coil,
placed in a well-insulated workstation. Inside the tool coil, the parts to be welded
are placed in lap joint configuration. The transient current flowing into the coil
produces a magnetic field which, in turn, induces Eddy currents in the moving
part, called flyer. The Eddy currents induced in the workpiece are responsible for
limiting the penetration of the magnetic field into the workpiece and for creating
its own induced magnetic field, opposite to the one generated in the coil. The interaction between the repulsive magnetic fields generates the so called Lorentz forces.
These forces produce a magnetic pressure applied on the surface of the moving
part. If this magnetic pressure is higher than the yield strength of the workpiece,
the dynamic deformation of the flyer takes place.
Similar to EXW, under precisely controlled conditions, a high-pressure collision
is created between the two surfaces of the metals to be bonded. The quality of the
MPW joints is then dependent on the impact angle and velocity during joining.
The impact velocity is related with the kinetic energy that is transformed to the
energy used for bonding of the two materials meaning that is directly associated
to the pressure that is responsible to move and deform the flyer workpiece. Insufficient velocity may result in not enough pressure to bond the materials, on the other
hand, when the velocity is too high excessive heat can be generated. This excessive
heat may lead to partial fusion of the materials, leading to thick intermetallic layers, with decreased properties. The impact velocity is mainly determined by the
discharge energy, while the impact angle is function of geometrical properties such
as gap or overlap distance. The weld point velocity is function of both flyer velocity
and initial angle.
Bonding occurs when two clean metal surfaces, stripped of their oxide layers,
are forced together into close contact. According to Stern et al. [211], the ability
to generate atomic bonds depends on the compatibility at several levels such as,
matching crystal structures, lattice parameters, and/or crystallographic orientations at the interface, electronic properties of the two metals, interface alloying
and interface segregation of alloying elements or other diffusion effects [211]. If
the compatibility between metals is guaranteed, the decrease in the system energy
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caused by the elimination of the two free surface energies is normally enough to
cause bonding between the metals [211].
Various mechanisms have been introduced to describe the MPW bonding process. Authors claim that impact welding processes, such as EXW or MPW, can be
classified as pressure weld operations which cause solid-state mechanical mixing
between the materials, as a result of the severe plastic deformations at the interface.
According to Stern et al. [211] and Ben-Artzy et. al [17], this theory is sustained
by observed deformation microstructure features, such as structure refinement,
equiaxed or elongated dislocation cells, slip bands and local recrystallization. Another reference [16] holds that, in MPW, the bonds occur as a consequence of the
local melting and solidification on a submicron scale. A. Ben-Artzy et. al [16] suggests that, during the MPW process, the kinetic energy of the flyer can be converted
in to heat by two mechanisms: the massive plastic deformation of the metals due
to the impact and interface wave creation, and the severe deformation of the metal
surfaces during the creation of the jet. This may cause local melting of the metal
in the interface. In some cases, the melted layer is restricted to local pockets along
the interface, while in others, a continuous layer of melted material and consequently intermetallic compound can be found. Frequently, both mechanisms can
be identified in a single joint [211, 17, 16, 22].
Frequently, a wavy interface morphology is observed in impact welding processes. Different theories have been suggested to explain the interface wave creation in both EXW and MPW joints: Jet Indentation Mechanism, flow instability
mechanism, vortex shedding mechanism and stress wave mechanism [109, 17].
Jet Indentation Mechanism [50]relies on the formation of waves by the re-reentrance
of the jet on the steady workpiece, which forms a protuberance ahead of the stagnation point. As a result of the instability generated at this this region together with
the abrupt change in the velocity of the metals, the stagnation point “jumps” over
the protuberance, causing the formation of a new protuberance. According to this
theory, as this occurs periodically, a wavy interface is generated [17, 109]. Flow instability mechanism also known as Kelvin–Helmholtz instability, states that when
two fluids with different velocities interact, instabilities will occur at the interface
[17, 16, 211]. According to some authors [185, 110],this principle can be applied to
EXW or MPW as a result of the velocity discontinuity between the steady plate
and the jet. Vortex shedding mechanism explains that the waves on the weld interface are formed by the existence of vortices in the material flow developed at a
point where the fluid velocity is zero [109, 17]. On the other hand, the Stress Wave
Mechanism claims that the waves result from the successive wave reflections in
the flying and stationary plates. Despite the attempts to clarify the wave formation
mechanism for MPW, no consensus has been found.
Several researchers have examined metallurgical and geometrical aspects of Al/Cu
EXW and MP welds [87, 233, 181]. The wave and intermetallic phase formation,
pockets and films of molten and re-solidified material and inclusions of oxides are
the most studied features. The formation of cracks, voids and pores, incomplete
welding zones, strong plastic deformation as well as recrystallization zones, are
also discussed is the literature.
Despite the existing knowledge, the lack of consensus regarding magnetic pulse
welding (MPW) of Al/Cu dissimilar joints leave room to further investigations. The
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present contribution is an attempt to clarify the influence of process parameters on
the joint strength and interface morphology for Al-Cu pairs.
4.1.1 Materials and Methods
In this study, tubes were electromagnetically propelled against inner cylindrical
rods in order to obtain a welded interface. The material of the flyer tube is the
AA6063-T5 aluminum alloy while the rod is made of EN CW004A R290 copper
alloy. Welding experiments were carried out using a 25/25 Magnetic Pulse System
(i.e. maximum stored energy of 25 kJ, and maximum working voltage of 25V). The
bank of capacitors with a total capacitance of 80 µF, total inductance of 0.1 µH and
internal resistivity is 19 mK provides a current up to 400 kA.
The tool consists of a steel (40 CrMnNiMo 7) single turn coil which is suitable
for welding cylindrical parts with an outer diameter of 20 mm.
The tubular parts to be welded are positioned in an overlap configuration as
illustrated in figure 4.1 a). The length of the tube inserted inside the workzone of
the coil (LWZ) will be changed as well as the gap distance between the tube and
the inner copper part. As shown in figure 4.1 b), the tube has an external diameter
of 20 mm, 1 mm thickness and 40 mm length. The diameter of the copper rod is
adjusted in order to test different air gaps.
The weldability window was investigated regarding the effect of three main
monitorable parameters, namely the charging voltage, the air gap width (S) and
overlap distance (LWZ). In order to promote and test different air gaps, four internal rods were considered, with distinctive diameters: 13, 14, 15 and 16 mm. For
each rod diameter, five discharge energies were applied: 5.76, 7.84, 10.24, 12.96 and
16 kJ corresponding to a charging voltage of 12, 14, 16, 18 and 20 kV, respectively.
Furthermore, aiming to vary the initial impact angle by using the relation between
the rod diameter and the overlap distance (LWZ), three distinctive overlaps were
considered for each discharge energy value: 8, 10 and 11 mm.
A full factorial experimental matrix, taking into account all the possible combinations between parameters, was designed, containing a total of 60 assemblies. For
statistical purposes, all the tests were conducted twice, meaning that a total of 120
experiments were performed.

(a)

(b)

Figure 4.1: a) dimensions of the flyer tube; b) illustration of the assembly before welding.
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(a)

(b)

(c)

Figure 4.2: a) Example of force-displacement curves recorded during the compression tests;
b) Samples in which the inner rod separated from the outer tube; c) Samples in
which the weld withstood an axial force larger than the buckling resistance of
the tube.

The welding quality was evaluated by compression test and by interface microstructure examination.
The quasi-static compression experiments were conducted at room temperature
and 2 mm/min using an Instron model 4507 servo-electric universal testing machine.
Scanning electron microscopy (SEM) was used for the characterization of the
welding interface. The analyses were carried out at a 15 kV acceleration voltage
in secondary and backscattered electron modes using a FEI QUANTA 400F highresolution SEM equipped with a field emission gun.
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The chemical composition of the interface was assessed by energy dispersive Xray spectroscopy (EDS). The phases present at the intermetallic layer were studied
trough X-ray Diffraction by using synchrotron radiation at the Materials Research
station of the Rossendorf beam line (ROBL) at the European Synchrotron Radiation
Facility (ESRF) in Grenoble. For this analysis, slices of 1 mm thick were cut from
the welded samples. Six different zones of the interface (with 100 µm x 100 µm)
were subjected to analysis. Zone one corresponds to copper, zone six corresponds
to aluminum and the remaining zones (2,3,4,5) refer to the weld interface. The
incident X-ray beam was monochromatized to 11.5 keV (λ = 0.1078nm).
4.1.2 Results of the experiments and discussion
4.1.2.1 Mechanical Characterization
The static response of AA6063-T5 and EN CW004A R290 copper dissimilar joints
welded by electromagnetic pulses was acquired for the 120 welded samples. Figure 4.2 shows the two behaviors identified during the compression tests. In figure
4.2 a) it is possible to observe that, after the compression test, the copper rod
slipped out of the aluminum tube, i.e., the inner rod is physically separated from
the outer tube. In figure4.2 b), on the other hand, is possible to observe the failure of the tube, meaning that the weld withstood an axial force larger than the
buckling resistance of the aluminum. These results are in line with the respective
force-displacement curves. Figure 4.2 a) shows an example of force-displacement
graph measured during the compression test on samples in which the inner rod
slipped out of the tube. The graph clearly shows a linear relationship between the
force and displacement, indicating the development of elastic shear stresses. At a
force of approximately 9 kN, the weld sheared and the copper part is physically
disjointed from the aluminum tube as seen in figure 4.2 b) presents an example of
a curve recorded during the compression test on samples in which the copper and
the aluminum remain attached. As can be seen, the compression force increased
linearly with displacement (elastic deformation). At a force of 10.5 kN the aluminum tube started to buckle. Besides, it is noteworthy to mention that there is no
sudden force decrease after the maximum force is reached. This sloped progression of the force-displacement curve can be explained by the fact that the weld
does not fail and a significant amount of force is still required to further deform
the outer tube. Summing up, the fact that the aluminum part fails before the weld
when subjected to an axial force indicates that weld strength exceeds the buckling
resistance of tube. The joint has a mechanical resistance higher than the base material. The samples that remained joined after the compression test, in other words,
the ones where the bulking of the aluminum tube was observed, were considered
as “welded”. 17 of the 60 samples presented a behavior indicative of an effective
weld.
The results of the compression tests were used to define the weldability window,
which give us an indication of the welding range, based on the values of discharge
energy, gap and overlap distance - Figure 4.3. The experimental conditions that
lead to successful welds are contained by the two surfaces. It can be seen from
the figure that the combination of different gap and overlap distances can lead to
successful welds, if the selected energy leads to an appropriate impact velocity.
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Still, it should be noted that this welding window only indicates the presence
or absence of weld under a given set of input parameters; it does not quantify the
strength of the weld. By the set of compression tests is possible to affirm that the
samples present a resistance higher than the aluminum tube, but the real strength
of the samples is not quantified. Different mechanical testing, such as peel tests,
should be conducted in future analysis in order to it give a real indication regarding the strength of the welds.

Figure 4.3: Illustration of the weldability window of AA6063-T5/ EN CW004A R290 for
MPW with selected parameters.

4.1.2.2

Interfacial features of Al/Cu welds

The interfaces of four samples, welded by using different values of energy were
examined by SEM analysis. Figure 4.4 shows an overview of the weld interface and
figure 4.5 an detailled view of the same zone. The Al/Cu interfaces reveal various
morphologies when increasing the discharge energy. The formation of intermetallic phases rises with increasing pulse energies, leading to a less wavy and more
irregular interface between aluminum and copper. The thickness of the nearly continuous intermetallic layer can be above 80µm for the higher level of discharge
energy - figure 4.4 a) .
This probably means that, for the higher electromagnetic pulses, there is enough
energy at the interface zone to melt the materials, creating a continuous intermetallic layer by the rapid solidification of the molten material. In fact, some authors
[245, 211] state that most of the kinetic energy from the flyer is converted into
Joule heat during the collision. The spatial and temporal temperature distribution
during the impact weld determines if melting will occur, and therefore, if intermetallic compounds will form.
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According to A. Ben-Artzy et al. [211] as a result of the collision and shock waves
that shear and stir the two metals to be welded, the temperature at the interface
can go up to 400º. In addition, the jetting action which is responsible for removing
the surface oxide form the surfaces to be welded, could increase the interfacial
temperature near the melting temperature of the metals, due to severe shearing
deformation. Furthermore, if the impact angle is too small for the input discharge
energy, the jet may be unable to escape, trapping the hot ejecta inside the interface.
The combination of these phenomena will possibly generate enough temperature
increase to melt a layer of both materials at the interface zone.
For low pulse energies, a periodic wavy interface with a relatively thin intermetallic phase was found. A maximum thickness of 6 µm of intermetallic layer
was found for the lower electromagnetic pulses. In these cases, the intermetallic
compounds are mainly concentrate in so called “melt pockets”, typically located
at the crests of the interface waves. The pockets of intermetallics are likely formed
by intense local heating, melting, mixing and rapid solidification in wave vortices.
Note that discontinuous pockets are found, but the most of the welded region is
free from intermetallic phases. Furthermore, high volume of pores can be found in
thicker intermetallic layers. The spherical voids at the interface can possible be the
result of local melting and solidification shrinkage cavities at the Al/Cu interface.

4.1 welding conditions for al/cu bimetallic dissimilar joints

(a) 16 kJ

(b) 12.96 kJ

(c) 10.24 kJ

(d) 7.84 kJ

Figure 4.4: SEM micrographs of AA6063-T5/EN CW004A R290 MP welded interfaces for
different values of discharge energy (magnification 100x).
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(a) 16 kJ

(b) 12.96 kJ

(c) 10.24 kJ

(d) 7.84 kJ

Figure 4.5: SEM micrographs of AA6063-T5/EN CW004A R290 MP welded interfaces for
different values of discharge energy (magnification 1500x).

Figure 4.6: EDS study on MPW welded Al-Cu interface-zones.

4.1 welding conditions for al/cu bimetallic dissimilar joints

Zone

At (%)

Possible Phase

Z1

Cu

-

Z2

40 % Al - 60 %Cu

ε2 or σv

Z3

65 % Al- 35 % Cu

θ - Al2 Cu

Z4

Al

(a) 16 kJ

Zone

At (%)

Possible Phase

Z1

Cu

-

Z2

50 % Al - 50 %Cu

η1 ,η2 or π

Z3

65 % Al- 35 % Cu

θ- Al2 Cu

Z4

Al

-

(b) 10.24 kJ

Zone

At (%)

Possible Phase

Z1

Cu

-

Z2

65 % Al- 35 % Cu

θ- Al2 Cu

(c) 7.84 kJ

Table 4.1: EDS study on MPW welded Al-Cu interface-zones.

Figure 4.7: XRD patterns of the Al/Cu interface.
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Figure 4.8: Al–Cu phase diagram.

Figure 4.9: Zones subjected to XRD analysis.

Other study [239] mentions that the voids might be the result of air in the initial
gap which cannot escape in time during the MPW process, remaining trapped at
the weld interface. The pores are potentially the initiators of the cracks observed
for the higher values of discharge energy. The cause of the cracks is not clear. They
can be the result of the shear stress during the compression testing (note that these

4.1 welding conditions for al/cu bimetallic dissimilar joints

samples were subjected to mechanical testing) or caused by residual stress during
rapid solidification of the molten material.
The chemical composition of the intermetallic layer was assessed for three samples by EDS. The chemical composition changes cross the interface were studied by
EDS from different locations as shown in Fig. 4.6. Quantitative analysis pinpoints
that the intermetallic layer has different portions of aluminum and copper, meaning that different intermetallic phases can be found. For 16 kJ for example, zone 2
has 40 Wt. % of Al and 60 Wt. % Cu while zone 3 revealed 65 Wt. % of Al and 35
Wt. % Cu.
According to Al–Cu phase diagram (Fig. 4.8), the equilibrium solidification of
these compound may result in the creation of the phases shown in table 4.1.
To further confirm the phase identification at the interface, XRD was employed.
The in situ study using synchrotron radiation was effective in resolving phase formation. Figure 4.7 shows the XRD data obtained. As can be seen, two intermetallic
phases Al2 Cu3 and Al2 Cu , coexist at Al/Cu interface. Several studies [216, 245]
show that the presence of such phases cause a significant increase in hardness at
the Al/Cu interfaces, embrittling the joint.
4.1.3 Conclusions
The weld of Al/Cu dissimilar pair was investigated. Successful welds can be
achieved by MPW with the combination of different process parameters. The strength
of the Al/Cu welds was investigated by compression testing. The results from this
test allow us to distinct the samples welded from the not welded ones, allowing
the definition of the welding window. The zone contained by the limiting surfaces
comprises the parameter combination that successful welds. The morphology and
composition of the Al/Cu interface was examined using SEM, EDS and XRD for
samples with increasing energy. Evidences of melting at the interface zone was
found, especially for the samples processed by higher values of discharge energy.
The melting and rapid solidification of interface material is the possible cause
of the formation of intermetallic compounds and voids as well. The thickness, the
composition and the geometry of the intermetallic layer is influenced by the pulse
energy. Higher values of discharge energy seem to lead to a less wavy interface,
thicker intermetallic layer and higher porosity level. For low pulse energies a periodic wavy interface with relatively thin intermetallic phase film seems be formed.
In samples with a highly wavy interface, the intermetallics appear mainly concentrate in so called “melt pockets”. For less wavy interfaces, the intermetallics can be
found as continuous layer with, a thickness dependent on process parameters.
The relationship between energy increase and melting is possibly related to multiple sources of heating. Higher values of pulse energy are associated with higher
induced currents in the part, meaning that more Joule heating will be generated.
In addition, more energy means higher flyer velocity, the air existing in the gap
between the parts to be welded is expelled, this aerodynamic drag (fluid friction)
is proportional to the square of the velocity, further contributing to the generation
of heat.
As the kinetic energy also increases with the square of velocity, the dissipation
of this energy trough plastic work and jet generation also will contributes to an
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increase in temperature. To reduce intermetallic phases, porosity and melt pockets,
pulse energy should be minimized. The remaining process parameters such as gap
and overlap distance should be optimized allowing the use of low values of discharge energy. It is worth noting here that in the future, further static mechanical
testing should be carried out on welded joints, in order to confirm the quality of
the weld.

4.2 influence of mandrel’s surface

4.2

influence of mandrel’s surface

Traditional welding and other joining techniques require surface preparation prior
to processing to achieve better seam quality, increased process stability and an improved state for surface adhesion. Without proper groundwork, seams and joints
are susceptible to increased wear, degradation and, in some cases, catastrophic failure. As a consequence, surface preparation is one of the major parcels of the total
cost and time consumption in welding operations.
Solid state welding is based on the extremely close contact between two mating
surfaces, within the range of mutually attractive forces. However, due to microscopic roughening and surface contaminants such as oxide films, the contact at an
atomic level is very difficult. It is widely accepted that impact welding processes,
such as explosive or electromagnetic pulse welding, have no restriction on surface
cleanliness. The jet action and the large plastic deformation caused by the strong
impact are supposed to be enough to clean the surfaces. This is pointed out as one
of the major advantages of impact welding processes. Nevertheless, other studies
point out in a different direction. In early investigations, Hoseini and Tolaminejad [109] predicted different coefficients for plates with clean surfaces and for imperfectly cleaned surfaces when defining the lower boundary of the weldability
window. Zhang [245] advises that the velocities and absolute energies observed in
MPW are typically much less than in EXW, meaning that MPW may be more prone
to problems related to removing surface contamination. In agreement, Hokari et
al. [106] recommend the degreasing of the weld surfaces immediately before the
weld operation. Wu et al. [233] investigated the effect of surface scratches and contamination on the establishment of welding between aluminum and copper tubes.
It has been shown that surface contamination may prevent bond formation and
that the existence of surface scratches, pre-machined in proper directions, may improve bond strength. Furthermore, and as mentioned before, the wavy surfaces
have been widely reported in other MPW studies. Based on Ben-Artzy et al. [211],
the wavy interface formation in MPW was explained by Kelvin–Helmholtz instability mechanism: under the MP force the reflected shock waves interact with the
welding collision point at the interface, where interferences are the source for the
wave initiation [210, 211]. Based on this mechanism, it is believed that the initial
surface topology may serve as the initiator of wave formation [211, 233].
Different manufacturing methods create different surface roughnesses, as shown
in Fig. 4.10. As the surface preparation may play a key role on MPW process, the
clarification of this topic is of paramount importance in order to define efficient
and accurate guidelines for joint design. So far, however, there has been little discussion about the effect of the surface roughness in MPW. The research to date has
tended to focus on optimizing process parameters more than on surface preparation. The idea of this investigation is to gain an insight which surface conditions
are favorable or unfavorable for MPW weld quality. For such purpose, MPW of
Cu/Al tube is further studied with the focus on the effect of initial surface conditions (surface topology and contamination) on the joint establishment. The welded
interfaces were mechanically and metallographically characterized, and the interface analyzed. The mechanisms of MPW and the means of process improvement
are discussed.
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Figure 4.10: Typical surface roughness created using different manufacturing methods [57].

4.2.1 Materials and Methods
As aforementioned, the magnetic pulse system used for this study is a MPS 25/25
made by Bmax. It consists of a capacitor bank and a high voltage cabinet for charging the capacitors, capable of generating 25kJ at a charging voltage of 25 kV. The
electromagnetic actuator consists of a steel one turn coil in connection with the
magnetic pulse system. As-received tubes of aluminum alloy AA6063-T5 were
welded to copper EN CW004A R290 rods, machined by lathe. The Al tube has
1.0 mm wall thickness and an outer diameter of 20 mm. The diameter of the copper rod was defined based on the gap distance that produced the best results in
the previous tests (gap= 1mm, diameter=16 mm) - see Fig. 4.11. In accordance, the
discharge energy was adjusted to 10,24 kJ.

4.2 influence of mandrel’s surface

(a)

(b)

(c)

(d)

Figure 4.11: a) Geometry and dimensions of the flyer Al tube; b) geometry and dimensions
of the Cu rod; c) magnetic pulse welding setup; d) as-machined Al and Cu
samples before welding.

Six initial copper surface conditions were prepared for investigating their effects
on welding:
• Surface condition-A: The as-machined surface, produced by lathe and cleaned
with acetone;
• Surface condition-B: After the lathe turning, additional sandblasting was
performed. The goal was to replace the original lathe scratches by a new
surface topology;
• Surface condition-C: The samples were subjected to manual polishing, with
1200-grit sandpaper, aiming to remove the lathe marks;
• Surface condition-D: The machined samples were subjected to chemical etching. The specimens were introduced in solution made with 50 ml HNO3 , 10
ml H2 O2 and 50 ml H2 O, during 90 seconds;
• Surface condition-E: After the lathe turning a high-viscosity lubricant oil
was applied over the welding zone surfaces. The goal was to produce an
artificially and exaggerated contaminated interface aiming to investigate if
the jet can effectively remove the contamination layer and establish a weld;
• Surface condition-F: After the lathe turning, additional machining operation
was performed in order to produce a threaded surface with 1 mm pitch.
Al the samples were subjected to ultrasonic cleaning with acetone. For each surface
condition, three samples were prepared, meaning that a total of 18 samples were
electromagnetically welded.
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Before welding, the surface roughness of the different surface conditions was
measured using an optical non-contact profiler.
The welding quality was evaluated by tensile testing and by interface microstructure examination. Two samples were used for the mechanical testing and one for
microstructure examination. The tensile tests were performed according to the standard methods and definitions for cylindrical parts (ASTM A370). For microstructure examination, the samples were sectioned and polished through standard metallurgical procedures. These cross sections were then examined by an optical microscope (OM). Additional examinations on microstructures was performed under a scanning electron microscopy (SEM). The chemical composition distribution
across the interfaces was analyzed with an EDS probe, and the obtained chemical
compositions were compared with the equilibrium Cu–Al binary phase diagram.
4.2.2 Results and discussion
4.2.2.1 Mechanical Characterization
Welded samples were investigated using a standard tensile testing machine (Instron model 4507 ) at a test rate of 5 mm/min . The test results are shown in Fig.
4.12. The tensile experiments were repeated on two samples and the results are
considered reasonably consistent. The overall load to pull the jointed parts apart
was only few kN, which indicate the Cu/Al joint was, in general, weak. Furthermore, with the exception of the samples with threaded surface (surface condition
F) all of the joints failed on the welded region.
The average maximum loads that the MPW joints withstood is shown in Tab 4.2.
For the oil contaminated sample (surface condition E), very weak bonding strength
was obtained. Interface bonding may not be established due to the excessive contamination. The as-machined tube surface (A) and the machining + sandblasting
(B) present very similar maximum forces indicating that the additional sandblasting operation may not promote any improvements regarding the bond strength.
Polishing seems to slightly increase the maximum force that the joint can withstand, as well the chemical etching. The strongest joint is achieved for the surface
condition F (machining + threading). Still, the joint produced using a threading
surface should not be considered a weld, but a mechanical crimp.
It seems that, for metallurgical bonding, the tested surface topologies don’t have
a relevant effect on mechanical strength. The results in terms of maximum force
are so similar (12,1 kN; 13,1kN; 14,3 kN) that no conclusion can be drawn from
the tests. No evident relation with surface roughness can be identified, i.e., with
these results, cannot be stated that increasing the surface roughness the bonding
strength may be increased or vice-versa.
Besides surface roughness, some authors suggest that scratch orientation is of
paramount importance for wave formation. According to [233] the direction of the
surface features affects the properties of the waves (wavelength, amplitude, etc.)
formed in the interface of MPW joints, and consequently the mechanical behavior
of the joint. Still, in terms of tensile strength, the obtained results do not support
that idea. For example, surface conditions A and B present different scratch orientation (Fig. 4.13) but similar tensile resistance.

4.2 influence of mandrel’s surface

Figure 4.12: Load displacement results for the different surface conditions.

Surface Roughness
(Ra) [µm]

Average Maximum
Force [kN]

Machining - A

1,5

12,1

Machining + Sandblasting - B

4,8

12,1

Machining + Polishing - C

0,6

13,1

Machined + Chemical Etching - D

2,1

14,3

Machining + Oil Contamination- E

equal to machined

6,9

-

19,7

Surface Condition

Machining + Threading - F

Table 4.2: Surface roughness and average maximum bond strengths for different surface
conditions.
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(a)

(b)

Figure 4.13: Surface topology and scratch orientation of a) surface condition A; b) surface
condition B.

4.2.2.2 Interfacial features
Instead of the expected defect free interface, the SEM analysis revealed, for all
the surface conditions, a random boundary, highly discontinuous, with a thick
intermetallic layer full of pores and fractures – see Fig 4.14. In fact, as can be seen
on the overview of the interface (Fig. 4.14) or in the details shown in Fig. 4.15, there
is considerable damage of the joint.
It can be noted in Fig. 4.15 a) that, for the as-machined surface, the parts were
bonded first and separated again during the joining process. The aspect of the interfaces and the presence of intermetallic compounds, which composition is shown
in Tab. 4.3, suggests the existence of local melting. Probably, the dissipation of the
kinetic energy at the interface was a source of heat sufficiently high to cause bilateral melting across the interface and diffusion within the molten layers. This
means that the local temperature is above the melting temperature of both materials and high enough to form certain intermetallic phases. A parallelism with traditional fusion welding processes can, therefore, be made. During welding, temperature variations have important effects on material characteristics, residual stresses,
dimensional and shape accuracy. Although called a “cold welding” process, the
results indicate that, during MPW, the metallic parts have experienced heating,
melting and solidification in a localized fusion zone. The heat source, in this case,
instead of a welding torch, the kinetic energy resultant from impact and the jet
action, is causing non uniform temperature distribution across the interface. The
thermal expansion and contraction during heating and subsequent cooling as well
as material plastic deformation at elevated temperatures result in inevitable distortions and residual stresses. These, in turn, are the probable cause of the observed
separation of the interface. Fractures or macrocracks are observed mainly in the
axial direction and appear like a thick continuous void layer that exhibits regular
or irregular gaps.
Similar macrocrack can be observed for Surface Condition B - Fig. 4.15 b). However, in this case, the intermetallic zone is full of spherical voids, indicating that,
when compared with the as-machined sample, different phenomena may have
occurred. The spherical voids may result from gases that failed to escape from
the molten material before solidification. This porosity may result from the jet entrapped in the fusion zone. As aforementioned, it is suggested by several authors
that scratch orientation may influence wave formation and, perhaps, jet ejection.
The surface topology may create opposition to jet output, resulting in porosity.

4.2 influence of mandrel’s surface

The interfaces produced by surface conditions C and D (polishing and chemical
etching) are very similar to the one presented by the as-machined condition. Still,
the air gap between copper and aluminum interfaces is smaller.
On the other hand, the samples with exaggerated contamination (Surface conditionE) do not present intermetallic phases, waviness or any other indication of bonding. Appears that the jet was not enough to clean the amount of lubricant at the
interface, preventing the atoms to be in close contact, precluding the bond.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.14: SEM micrographs of the interface regions for the different surface conditions
(magnification 100x): a) Surface condition A; b) Surface condition B; c) Surface condition C; d) Surface condition D; d) Surface condition E; e) Surface
condition E; f) Surface condition F.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.15: SEM micrographs witth details of the interface regions for the different surface
conditions (magnification 500x): a) Surface condition A; b) Surface condition
B; c) Surface condition C; d) Surface condition D; d) Surface condition E; e)
Surface condition E; f) Surface condition F.
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(a)

(b)

(d)

(e)

(c)

(f)

Figure 4.16: EDS study on MPW welded Al-Cu interface-zones for different surface preparations: a) Surface condition A; b) Surface condition B; c) Surface condition
C; d) Surface condition D; d) Surface condition E; e) Surface condition E; f)
Surface condition F.
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Zone

Al (At%)

Cu (At%)

Others (At%)

Z1

63

37

-

Z2

72

28

-

Z3

62

38

-

Z4

66

34

-

Z5

70

30

-

Z6

67

33

-

Z7

65

35

-

Z8

1.5

26

72.5

Z9

93

-

7

Z10

17

3

80

Z11

-

68

32

Z12

-

90

10

Table 4.3: EDS study on MPW welded Al-Cu interface-zones for different surface conditions.

Additional considerations regarding interface should be made. Similarity between surface condition-A and the results achieved in the previous section for the
same process parameters (1mm gap, 8 mm overlap and 10.24 kJ) was expected.
Yet, the obtained interfaces are dissimilar. The new round of experiments resulted
in, as mentioned, a wavy but fractured interface. In the specific case of surface
condition-A, the only parameter that was modified between experiments was samples length. Both tube and rod were increased from 45 to 100 mm length for tensile
characterization. This points out that length may influence joint formation.
Impact welding introduces shock waves at the joining partners. Elastic and plastic compression waves produced in both the flyer and target materials propagate
and reflect from respective free surfaces. Intersection of the reflected waves may
cause the fracture of the welded interface. The travel time of the waves in both
joining partners determines the superposition zone. The travel times depends not
only on the materials properties but also on the geometric properties of the samples. In this case, the superposition zone may be coincident with the weld zone,
causing the joint damage. This can probably mean that, changing samples length,
the welding parameters must be re-optimized.
4.2.3 Conclusions
The work presented in this section investigates the influence of surface preparation
on the weld characteristics of tubular parts. Welding tests were performed using
six different surface preparations with fixed gap, standoff distance and energy.
Interface morphology is noticeably affected by surface preparation. Additionally, it
was found that specimens’ length plays a key role on joint formation meaning that,
probably, the welding window must be optimized function of materials proprieties,
but also of geometrical characteristics of the parts.

4.3 summary and outlook

4.3

summary and outlook

In this chapter, a process of electromagnetic impact welding of aluminum tubes to
copper rods has been successfully established. The effects of variation in process
parameters, namely gap, standoff distance and energy, on the welding process have
been investigated. The following inferences can be drawn from the comprehensive
experimental work:
• Aluminum tubes of 1 mm thickness can be successfully welded to copper
rods by electromagnetic impact welding using a bank of capacitors capable
to supply energies among 8 kJ and 16 kJ;
• The formation of intermetallic phases cannot be completely avoided in the
weld of Al/Cu dissimilar pair by MPW. Depending on the process parameters, the intermetallic compounds can appear as continuous layer or small
pockets;
• The thickness and the composition of the intermetallic layer depend on the
process parameters. Different intermetallic phases can be identified. This
means that different temperature-time regimes can occur during the process;
• There is different “optimum” combinations of process parameters. For example, for a given value of discharge energy and gap distance, there is an
optimum range of standoff distance that gives the maximum strength of the
weld. This probably happens because the flyer tube attains its maximum
velocity and kinetic energy at a given range of standoff distance. Below or
above this value, the tube will not impact with maximum velocity. Values of
standoff distance below the optimum range will result in a premature impact,
meaning that the collision will take place before the flyer attain the maximum
velocity. On the other, higher values of standoff distance will result in a late
impact;
• Lower pulse energies are preferred. The relationship between energy increase
and melting is possibly related to multiple sources of heating. Higher values of pulse energy are associated with higher induced currents in the part,
meaning that more Joule heating will be generated. In addition, more energy
means higher flyer velocity, the air existing in the gap between the parts to be
welded is expelled, this aerodynamic drag (fluid friction) is proportional to
the square of the velocity, further contributing to the generation of heat. As
the kinetic energy also increases with the square of velocity, the dissipation
of this energy trough plastic work and jet generation also will contributes to
an increase in temperature. To reduce intermetallic phases, porosity and melt
pockets, pulse energy should be minimized;
• The bond formation is affected not only by the gap, standoff distance and energy, but also by the mandrel’s surface conditions. No correlation was clearly
identified between surface roughness/scratch orientation and joint strength.
Nevertheless, the aspect of the interface (thickness of the intermetallic layer,
porosity, presence of macro/microcracks) is clearly affected by the surface
topology;
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• Welding was not established on oil contaminated surfaces meaning that the
jet action is not enough to completely clean the surface;
• Surface topography has a significant importance on bond formation and interface morphology;
• Specimens’ length plays a key role on joint formation meaning that the welding window must be optimized as function of the geometrical characteristics
of the parts;
• Strong connections can be achieved without metallurgical bonding. Crimped
joints may present a resistance superior to the base materials, meaning that
a metallurgical bond may be unnecessary. In MPW, an “optimum” metallurgical bond is achieved only for a small range of processing parameters,
typically determined by exhaustive experimental work. Therefore, the need
of a metallurgical bond must be evaluated and deliberated.

5

CONCLUSIONS AND FUTURE WORK

5.1

general conclusion

The creation of scientific knowledge and technical expertise in advanced manufacturing processes, targeting the introduction of new or advanced joining technologies into current manufacturing chains, is a priority well identified in the 2020
Roadmap, prepared by the European Factories of the Future Research Association
(EFFRA). The document points out, as the main challenge/opportunity, the manufacture of future products with sustainability (economic, social and environmental), made possible by key enablers such as advanced technologies, manufacturing
strategies, process modelling, simulation and forecasting. The H2020 program, entitled “Industrial technologies for advanced joining and assembly processes for
multi-materials”, addresses all the topics related to the development, experimental proof-of-concept and implementation of new joining technologies in current
manufacturing routes. The 2020 Roadmap highlights that traditional joining leads
to loss of performance that materials offer in their final product, due to modifications in composition and properties or geometric distortion. Improved, new or
hybrid joining and assembly processes are therefore needed to be developed for
specific combinations of designs and materials, in combination with flexible and
automated non-destructive inspection technologies, in order to overcome the mentioned limitations.
In this context, joining technologies based on plastic deformation have been
widely explored as alternative to the conventional fusion, mechanical and adhesive
bonding processes. Electromagnetic pulse technology is one of the technologies
framed in this category. It is based on Faraday’s law of electromagnetic induction,
resulting in repulsive Lorentz body forces between two electrically conductive bodies carrying opposed currents. In this process, a brief but intense current pulse is
delivered from a capacitor bank into an actuator (typically a solenoid coil made
of copper windings). If a metallic object is present nearby, an opposing current is
then induced in the object, caused by the transient magnetic field developed by the
current in the actuator. The actuator is generally stationary, while the workpiece
is repelled at a very high speed. A variety of joining operations can be performed,
including form-fit, interference-fit and welding.
Despite of the advantages demonstrated, the implementation of electromagnetic
pulse technology as a tool for multi-material joining has been restricted by different open questions, resulting in a lack of advancements towards industrialization. The absence of guidelines for joint design, the lack of long-lasting actuators,
paucity of experimental proof-of-concept, poor understanding regarding not only
the bonding mechanisms but also the influence of process’ key parameters and
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their interaction with the design and quality of the joint are delaying the further
application of the EMPT process in industrial mass production.
In agreement with the 2020 Roadmap and the obstacles constraining the integration of EMPT in industrial assembly operations, this dissertation targeted the
technical demonstration of EMPT as a tool for multi-material joining. Both electromagnetic pulse crimping (EMPC) and magnetic pulse welding (MPW) were
explored.
EMPC is considered one of the most advantageous variants of electromagnetic
pulse technology. This process allows the production of multi-material joints, via
interference-fit or form-fit, without additional connection elements. The academic
and industrial interest in EMPC has been promoted by the high quality of the joints.
The uniform nature of the electromagnetic pressure generates joints with very
homogeneous characteristics. Still, joint design is a time consuming and expensive process, involving exhaustive experimental trials or complex simulation tools.
This motivates the establishment of a simplified approach for process modelling
and simulation. The EMPC process requires the solution of a multi-field problem
with electro-magneto-thermo-mechanical interactions. In an effort to increase the
simplicity of the model, it was assumed that most of the material deformation occurs after the electromagnetic pulse and the thermal effects can be neglected. This
assumption resulted in the separation of the electromagnetic and mechanical response parts of the problem. The electromagnetic problem was approached using
the finite element method for the resolution of time-harmonic magnetic Maxwell’s
formulation. The mechanical problem, dealing with workpiece deformation, was
resolved using the commercial finite element code ABAQUS. The two problems
were linked together using a user-defined sub-routine VDLOAD. The electromagnetic pressure, calculated from the electromagnetic problem, was used as input
load for the mechanical problem. Validation results show that the approach can be
applied with relative accuracy to industrial applications with relatively low computational cost and time.
The development of electromagnetic pulse crimping process for copper-copper
terminal -to- cable crimps, targeting the experimental process feasibility, was performed. The implemented and validated numerical approach was used for the
development of crimping tools and estimation of process parameters. From the
experimental point of view, despite the high percentage of voids between the conductor’s wires, even at the highest process energy values, both mechanical and
electrical performance requirements are fulfilled and even exceeded. The electrical
resistance between the cables joined by electromagnetic compression was 6 times
less than the reference value. The pull out resistance was around 1.5-2 times higher.
Although the joints present a good technical quality, the premature degradation
of the electromagnetic actuator prevented further process optimization and led to
the stagnation of interest in process industrialization. Efforts have been made to
build a coil capable to withstand the mechanical and the thermal loads originated
during the process. It is believed that the use of a fieldshaper allows extension
of the durability of the coil by reducing the repulsive forces acting on it and by
increasing the total stiffness of the system. As a result, a concept “multi-turn coil+
field shaper” was designed. Additionally, the multi-turn coil was externally reinforced with ultra-high molecular weight polyethylene fiber composite in order to
enhance its mechanical resistance. Even with these improvements, the coil failed
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after less than one hundred tests. The development of efficient and long-lasting
actuators is an obstacle difficult to overcome.
One turn coils (OTC), despite less efficient than other designs, are among the
strongest concepts for electromagnetic tube compression. This concept was optimized for the production of copper-aluminum electrical connections. Joints with
high level of compression, low void content, low electrical resistivity and high
mechanical strength were achieved, meaning that the OTC design is an effective
solution for tooling design.
With the presented case studies, it has been proved that electromagnetic pulse
technology can be an effective solution for crimping operations. Besides the high
quality of the joints, the technology allows, with the same tool, the compression
of a wide range of diameters, by increasing the processing energy. In certain industries this may represent a significant improvement. The tooling reduction may
result in significant savings in terms of cost and storage.
When the appropriate velocity and impact angle are guaranteed, instead of a
crimped joint, a metallurgical bond may be achieved. In magnetic pulse welding,
during impact, the so called jetting effect – a self-cleaning of the surfaces by ejecting
a small surface layer – occurs, enabling the intimate contact between the matting
surfaces. MPW has been considered a promising alternative to the conventional
welding processes and advantageous when compared to other impact processes.
Nevertheless, MPW current applications are mostly academic. Despite the existing knowledge, the lack of consensus regarding several aspects of the process call
for further investigation. As a result, the mechanical resistance, morphology and
structure of the weld interface in MPW of Al/Cu dissimilar pair were investigated.
The effect of process parameters, namely gap, standoff distance and energy, were
studied. It was shown that welding only takes place if the process parameters are
within an optimal range. Additionally, the formation of intermetallic phases cannot
be completely avoided in the weld of Al/Cu dissimilar pair by MPW. Depending
on the process parameters, the intermetallic compounds can appear as continuous layer or small pockets. The thickness and the composition of the intermetallic
layer depends on the processing parameters. Different intermetallic phases can be
identified, meaning that different temperature-time regimes can occur during the
process.
It is also concluded that lower pulse energies are preferred. The relationship
between energy increase and melting is possibly related to multiple sources of
heating. Higher values of pulse energy are associated with higher induced currents
in the part, meaning that more Joule heating will be generated. In addition, more
energy means higher flyer velocity, the air existing in the gap between the parts to
be welded is expelled, and this aerodynamic drag (fluid friction) is proportional
to the square of the velocity, further contributing to the generation of heat. As the
kinetic energy also increases with the square of velocity, the dissipation of this
energy through plastic work and jet generation will also contribute to an increase
in temperature. To reduce intermetallic phases, porosity and melt pockets, pulse
energy should be minimized.
The bond formation is affected not only by the gap, standoff distance and energy,
but also by the mandrel’s surface conditions. No correlation was clearly identified
between surface roughness/scratch orientation and joint strength. Nevertheless,
the aspect of the interface (thickness of the intermetallic layer, porosity, presence
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of macro/microcracks) is clearly affected by the surface topology. Welding was not
established on oil contaminated surfaces, meaning that the jet action is not enough
to completely clean the surface.
Furthermore, strong connections can be achieved without metallurgical bonding.
Crimped joints may present a resistance superior to the base materials, meaning
that a metallurgical bond may be unnecessary. Since the weld is achieved only
for a small range of processing parameters, typically determined by exhaustive
experimental work, the need of a metallurgical bond must be carefully evaluated.
It is considered that MPW may not be the most favorable variant of electromagnetic pulse technology. First of all, MPW is only applicable to materials with high
electrical conductivity. Secondly, the problems associated to the electromagnetic
actuators are even worse than in EMPC, since higher values of electromagnetic
pressure and temperature are involved. Moreover, the tight weldability window
associated to the small weld lengths brings long-term challenges for process development and implementation.
According to the present findings, EMPC is more prone to industrialization than
MPW. In the near future, EMPC can be an effective solution not only for operations
that cannot (or are difficult) be executed by other methods but also as an alternative
to conventional processing technologies.

5.2 future work

5.2

future work

This work has provided new insights for the industrialization of electromagnetic
pulse technology. Still, there are questions that need to be addressed before this
process can be effectively implemented. In first place, the demonstration of technical viability making use of more industrial case studies is imperative. Most of the
current publications focus on benchmark parts, yet, to promote electromagnetic
crimping in industrial applications it is indispensable to show that the process enables parts that are impossible or hardly achieved by other joining technologies.
Or, that EMPC can replace conventional processing technologies, by producing
similar workpieces, with lower costs. In any case, economically oriented research
is fundamental. The real cost per part is currently unknown and depends on several factors, for example, equipment costs and properties (efficiency, components
durability, etc.), energy required for the operation, which in turn depends on the
parts (geometry, material etc.) to be joined and coil durability. Tool lifetime is perhaps the most critical question. Tooling design strategies have to be improved
to increase durability without efficiency loss. In parallel, accurate numerical approaches for determining coil lifetime are also required. Current methods resort to
time consuming and costly experimental trials. Finally, the introduction of EMPC
into production lines for dissimilar joining requires the design and manufacture an
automatic system not only for process loading and unloading, but also for process
monitoring techniques.
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