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Abstract 

Crimping of the terminal to wire strand is a crucial process for electrical power transmission 

connections. Poor crimping technique increases the resistance of current flow through 

terminal causing problems like power losses, spark, and heating in the joint. To overcome 

these problems caused by conventional crimping process a new method has been proposed 

using Electro-Magnetic (EM) forming process. The EM crimping process is a high-velocity 

metal crimping technique suitable for aluminum material as it increases its formability. EM 

crimping makes use of current pulse discharged from the capacitor, which passes through 

the coil generating very high EM force for the workpiece deformation. Initial experiments 

were carried out on finding the feasibility of electromagnetic terminal-wire crimping process 

and compared it with conventional terminal-wire crimping process. Work was extended to 

numerical and experimental approach. Numerical simulations were carried out on aluminum 

terminal over aluminum wire strands using three different types of helical coil cross-sections 

(CS) like circular, rectangular and trapezoidal, consisting of five number of turns. For the 

comparison CS area of the coil, and length was kept constant. Experiments were carried out 

using optimized value of discharge voltages to find the most suitable coil among the three 

coils for an effective crimping. Besides directly acting compression coils, field shapers are 

suitable tools for the manufacturing of electromagnetically crimped connections. A field-

shaper is typically an axisymmetric component machined of an electrically conductive 

material in which the current density and the resulting field strength increases. Overall, the 

coil lifetime can be increased by a field-shaper since the mechanical loading of the coil can 

be significantly reduced. Also, the force between the field-shaper and the workpiece are 

considerably higher than the forces acting between field-shaper and the tool coil. So 

numerical and experiments were carried out on three different types of field-shapers (single 

step, double step, and tapered geometry) to find the most efficient field-shaper by varying 

discharge voltage. Tests like radial deformation, pull out, hardness over the CS and terminal 

surface, the contact resistance were carried over the crimped samples. Post-processing 

reveals that in a helical coil, trapezoidal CS geometry gives the maximum deformation as 

compared to rectangular and circular CS coil. While in field shapers, single step field-shaper 

was found to be more optimal design over double step and tapered field shaper, giving a 

uniform and higher deformation on the same discharge energy. 
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Chapter 1 

1 Introduction 

1.1 Terminal–Wire Crimping 

Terminal-wire crimping is a process where the cable is stripped, and the strands of wire 

are placed into a metal terminal. The terminal is then compressed around the wire strands 

to ensure good electrical connectivity and mechanical strength across joints as shown in 

Figure 1.1. Crimping of wires to achieve a durable joint is one of the most critical 

challenges for electricity boards, automobiles, aviation, satellite, and communication. 

Modern automobiles contain several thousand crimp joints (Bergmann et al., 2013).  

Terminal Insulation sleeveWire strands
Mechanical pressure

Crimped connection

Crimping length

(a) Before (a) After
 

Figure 1.1 Illustration of an electrical crimp connection 

There is a vast range of terminal crimping tools available to the industrial user. Still, 

producing a reliable, efficient, and long-lasting joint is a major challenge. Terminal-wire 

crimping machines are classified into three types, which are manual crimping tool, 

battery-powered tool and hydraulic tool as shown in Figure 1.2. 

a. Manual crimping tool 

Handheld tools are portable, inexpensive, and efficient. They typically have 

interchangeable die-sets. In manual crimping process, the wires are placed inside the 

terminal and squeezed with the help of lever mechanism manually. The manual crimping 

tool is a most widely used crimping tool for compression of the aluminium terminal.  

b. Battery powered tool 

To achieve a consistent crimping force over the terminal, battery-powered crimping tools 

are preferred. Battery powered tool uses an electronic control with lock function to 
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monitor complete compression of the terminal and retracting of the dies when the 

crimping is complete. It is ergonomically designed to reduce operator fatigue for use at 

the bench, on the line or in the field. 

Modular crimp 

head

Hand crimp 

(Lever mechanism)

Battery power 

crimp adapter

Battery powered tool

Air power 

crimp adapter

Air power tool

(a) Hand crimp tool (b) Battery powered tool (c) Air powered tool

Crimping die

 

Figure 1.2 Different type of terminal-wire crimping tools 

c. Air powered tool 

Mostly these tools are used to crimp on site, to achieve better output. Air powered tool 

can produce number of connections compared to manual and battery powered tool, but is 

expensive and require a careful handling to avoid leakage issues. Like battery powered 

tool it also has a manual return that brings the dies back to starting position by making 

use of pneumatic pressure. Careful adjustment of pressure is essential in the pneumatic 

crimping tool as less pressure leads to reduced deformation of the terminal while 

excessive pressure leads to over compression of terminal leading to cracks and failure of 

terminals. 

Crimped terminals are exposed to various types of vibrations, different electrical 

environment, temperature gradient and the least concerned area even though most of the 

60 % electrical failures take place in connector junctions (Gissila, 2013). Compression of 

the terminal over the wire strands using conventional crimping tool deteriorates the 
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material due to relaxation or partial release. Crimping of larger diameter terminals is 

always a problem due to spring back of material in industries when carried out using 

conventional crimping tool due to reduced strength and poor surface finish, which results 

in damaging and making cracks in crimp terminals (Rhodes, 1946). To overcome these 

problems caused by conventional crimping process a new contactless method has been 

proposed in this thesis using high strain rate Electromagnetic (EM) forming process. In 

comparison to other widely used joining techniques, like conventional mechanical 

crimping, EM crimping shows interesting characteristics which result in uniform forming 

pressure distribution (Weddeling et al., 2015). The advantage of EM process also includes 

no contact, low mould cost, no lubrication and less spring back making it a highly suitable 

tool for materials that are difficult to form (Psyk et al., 2011).   

1.2 High Strain-Rate Metal Forming Process 

Compared to the conventional metal forming process, high strain rate metal forming 

process are different as the workpiece is accelerated to a very high kinetic energy, 

resulting in plastic deformation of the material. Typically, a strain rate of 103 s-1 is 

achieved in this kind of processes. Some examples where high strain rate forming process 

are achieved are explosive forming, electrohydraulic forming, and EM forming. Due to 

the increased formability and reduced spring-back phenomena, in recent years, these 

methods are getting adapted in the industries. 

a. Explosive forming 

The explosive metal forming process is a high strain rate forming process used since last 

100 years, in which chemical energy of explosives is used. Specially used for the 

manufacturing of aerospace components like complex corrugated panels, exhaust tubes 

of engines and fuel filters. In this process, the explosive is placed at some standoff 

distance from the workpiece as shown in Figure 1.3. Shock waves of very high-intensity 

pressure waves are generated and strike the workpiece. The deformed workpiece takes 

the shape of the die. Some commonly used explosives are trinitrotoluene, cyclonite, and 

pentolite. Explosive forming requires long setup preparation time, and it is suitable for 

the production of unique, low volume products (Hustad and Lindland, 2014). 
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Figure 1.3 Explosive forming process 

b. Electrohydraulic forming 

The electrohydraulic forming process is a complicated process in which a very high 

voltage electric current is passed through a liquid. Electrical energy stored in a capacitor 

bank is rapidly discharged through the electrode in a liquid filled chamber, in which a 

high-temperature plasma channel is generated between the tips of the electrode (Gillard 

et al., 2013). The shockwave inside the liquid is initiated and propagate towards the tube 

at a high velocity, which deforms the tube into the shape of the die as shown in Figure 

1.4. 
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Figure 1.4 Electrohydraulic forming process 
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c. Electromagnetic forming 

In electromagnetic (EM) forming process, a metal workpiece is accelerated into a die or 

can be free formed by a transient magnetic pressure. EM crimping process is a high 

energy system that can discharge its energy within a very short period. The system 

consists of a capacitor bank (Cc), an inductor (L) and a resistor (R) which is connected in 

series with the coil as shown Figure 1.5. The circuit parameters like R, L, and Cc are 

selected such that it operates in an over-damped condition (Mamalis et al., 2004). A 

transient magnetic field is produced by passing a sinusoidal damped electric current 

through the coil. The transient magnetic field generated by the coil induces an eddy 

current in the workpiece. The magnetic field of the workpiece is of opposite nature as 

produced by the coil. The opposing Lorentz forces between the two magnetic fields cause 

the acceleration of the workpieces away from each other. Depending on the geometrical 

configuration and process parameter, crimp joint is obtained. 

Trigger 

switch

R

L

C

Coil

Tube before 

EM

Forming system Tube expansion

I

Tube after 

EM

Power

 supply

Main 

switch

 

Figure 1.5 Schematic diagram of EM tube expansion process 

For EM forming process, strain rate effect on the flow stress (𝜎) can be incorporated into 

the constitutive model for the material by including a strain rate (ε) term and strain rate 

sensitivity (m) exponent into the power hardening law of the material as shown in 

equation (1.1): 

 𝜎 = 𝐾𝜀𝑛𝜀̇𝑚 (1.1) 

where K is the strength coefficient, and n is the strain hardening exponent. The values K, 

n and m are the material parameters which depend on the material alloying elements. 
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For high strain rate process, for materials like aluminium, increase in the final flow stress 

is 50 % larger than the conventional quasi-static process. The value strain rate sensitivity 

(m) increases with the inertial effect. It was reported that inertial effect increases ductility 

that is not present in quasi-static deformation (Santinho and Martins, 2014). Spring-back 

of material it is the elastic recovery of the material after the stress is removed. Higher 

deformation velocity in high strain rate forming process leads to a reduction in spring-

back phenomena (Padmanabhan, 1997).  

Advantages of this process compared to conventional mechanical crimping processes are:  

 When the material is deformed, it is stretched both plastically and elastically. 

After the removal of the deforming force, the elastic part of the strain is recovered 

causing a change in the shape of the product which is called spring-back 

phenomena. Spring-back has a significant effect on the product accuracy. It 

reduces the strength of mechanically joined products. Electromagnetically formed 

products show less spring-back compared to conventional formed products, thus 

creating products with a better accuracy. 

 The workpiece forming velocities are much higher compared to conventional 

forming processes. Forming at high velocities, the failure strain is significantly 

increased and an increased formability can be obtained.  

 In tube compression process, wrinkling is caused by the non‐uniform 

compression. Forming at high velocities reduces wrinkling. The tendency for 

wrinkling gets reduced as the discharge energy of the capacitor bank increases. In 

other words, high velocities tend to suppress wrinkling. 

Some other advantages of EM terminal-wire crimping process are: 

 A workpiece surface finish can be executed before forming since there is no 

mechanical contact during the process. 

 The system requires low maintenance and short setup times. 

 A significant amount of energy is released very quickly. 

 The workpiece surface does not need to be machined to tight tolerances before 

crimping. 
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 The process is environmentally friendly. 

 Improved surface roughness due to contactless process. 

 Improved surface hardness due to EM peening effect.  

1.3 Motivation 

Crimping is the most used technique in the terminal - wire interconnections in different 

fields like automotive, aerospace, power transmission sectors, battery units and many 

more. Even after many research in this area for years some important problems like spring 

back of the terminal, higher contact resistance, non-uniform deformation of the terminal, 

flash out of material, cracks over the terminal, poor durability, etc. are yet to be resolved. 

Its working principle is not however mastered, and the leading parameters involved in the 

crimping operations are yet to be defined properly. 

The modern vehicles are equipped with highly sophisticated equipment which controls 

some essential safety features like airbags, seat belts, etc. thus increasing the necessity of 

the durable and reliable interconnections. In power sectors with the increase in demand 

in power consumption with the increase in population, it is important to transmit power 

from source to the consumer with minimum losses. Either a medium or high power 

transmission lines, it is reported that 60 % of the electrical failures take place in the 

connector junctions.  These failures cannot be related to a specific kind of problems; there 

are multiple parameters which need to be mastered to avoid this type of circumstances.  

There are industrial units which work on optimizing the crimping tool for making 

effective dies for crimping, taking into the prospect of different materials like copper, 

aluminium, steel or coated tin, but the problem remains the same. Still, the design of tools 

which are available till now for an effective terminal-wire crimping is a contact die-

terminal crimping process. There are very few research papers on an aspect of crimp. The 

most of being about tool design, modelling using finite element analysis using 2D or 3D 

modelling taking into account of punch surface friction coefficient, and presented results 

of the influence of the tool surface finishing, crimp height to achieve required terminal 

deformation on the wire strands.  
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After carrying out the literature review, it was found that there can be one effective way 

of crimping that can resolve all these problems which are faced till decades using EM 

forming process. This process can effectively tackle all these issues very efficient and 

effective manner. None of the research work was carried out on electrical cable crimping 

using EM forming process. Because of the advantage of this process like contactless high 

strain rate forming process, EM forming can play a significant role in wire crimping in 

the years to come to make high durable electrical connections. 

1.4 Objectives 

The objectives of this dissertation are to provide an alternative method to conventional 

crimping process. Some of the objectives are summarised as follows: 

 Acquiring a deep understanding of conventional and EM terminal-wire crimping 

process and making a comparison of both mechanical and electrical parameters. 

 Numerical simulation for understanding the physics of EM crimping process and 

using its result for carrying out experiments on the different terminal profile. With 

an objective to improve the mechanical and electrical properties.  

 Extending the numerical simulation work, on finding the suitable helical coil by 

comparing different types of cross-section profile, to get maximum deformation 

and contact length at lower energies level. Results to be used for carrying out 

experiments on the optimised helical coil geometry and discharge voltages to 

minimise the errors. 

 Design and implementation of different types of field-shaper to increase the coil 

working life. Numerical simulations to find a suitable design for field-shapers for 

efficient terminal compression over the wire strands at lower energies. Numerical 

simulation results to be used for the fabrication of field-shapers to carry out 

experiments.  

Overall, the objective is to develop a new technique for terminal-wire crimping process, 

which can provide required mechanical strength with lesser resistance at the contact 

interface to minimize the power losses and failure rates, so that it can benefit the industries 
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to produce reliable, efficient and long lasting crimp joint where cable connections are 

used in large numbers. 

1.5 Organization of the Thesis 

The thesis consist of six chapters, which are organized as follows: 

 The current chapter provides the introduction along with the primary objectives 

and organization of the thesis. 

 Chapter 2 presents a review of the literature on conventional terminal-wire 

crimping process, and the work carried out using experimental and numerical 

studies on EM forming process followed by the field shapers, and the important 

equations involved in the process. The inference from the literature review and 

detailed objectives of the present thesis have been outlined. 

 Chapter 3 presents EM terminal-wire crimping which is carried out with different 

parameters and compared with conventional crimping process.  With an aim to 

develop a new method for terminal-wire crimping that can be an alternative option 

for existing conventional terminal-wire crimping method in terms uniform 

terminal deformation, minimum electrical resistance, high pullout strength, good 

surface finish, increased hardness number and improved thermal property. 

 In chapter 4, the simulation was carried out in the EM module of LS-DYNA 

software. Simulations were carried out to find suitable coil dimensions which act 

as a crimping tool in this process and to find the required discharge voltage for 

uniform deformation of the aluminium terminal over the copper wire strands. 

Results of the simulations were used to fabricate the coil. Experiments were 

carried out on the plain and threaded terminal for comparison. Results like 

terminal deformation, contact resistance, cross-section analysis, hardness along 

the terminal thickness and pull-out test were carried out and discussed in detail.  

 Chapter 5 deals with the numerical simulations on three different types of helical 

coils with different cross-section (CS) geometry keeping the cross-section area 

constant carried out using LS-DYNA software. For comparison number of turns 

and the total length of coil remains same so that the total inductance of the coil 
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remains same of all the three cases. Results of the simulations were used to 

fabricate the coil for carrying out the experiments. 

 In Chapter 6 the effects of three field-shaper geometry, like a single-step, a 

double-step and a tapered on the EM terminal- wire crimping were studied. As, 

no numerical and experimental comparison of three types of field-shaper with 

geometries like single-step, double-step, and tapered field-shaper has been 

reported yet. The comparison was carried out by keeping the total field-shaper 

length and effective working area of the field-shaper constant. As the slit in the 

field-shaper plays an essential role because it affects the performance, so slit width 

was also kept constant.  The simulation on EM terminal-terminal-wire crimping 

process was carried out on LS-DYNA software, and the experimental work was 

carried out by comparing the results obtained from the simulations. 

 Conclusions and scope of future work are presented in Chapter 7 followed by 

references and list of publications. 
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Chapter 2 

2 Literature Review 

2.1 Introduction 

Application of electromagnetic (EM) processing like welding, forming, crimping and 

cladding came into existence between 1960 and 1970, with a great interest in the research 

field. This process restricted to providing principles involving in this process. But in 

recent years due to the development of promising efficient tools in the area of EM forming 

process, a new scope has emerged which is slowly finding its place in the industries 

(Siddiqui, 2009). The EM forming process is a non-contact, high-speed forming 

technique, using a very high magnitude of force which is created by the pure EM 

interaction taking place between the tool coil and the conductive workpiece. Compared 

to other existing conventional quasi-static forming process, EM forming process shows 

many advantages. The EM forming process has potentially improved the formability of 

aluminium alloys, such as increased forming limit, reduced spring-back and wrinkling, 

and thus, it has recently attracted much attention in the field of modern manufacturing 

industry (Psyk et al., 2011). 

Many researchers have worked till now in the area of EM crimping showing the 

advantages of this process over the conventional crimping process. In EM crimping, 

typically it uses a ring-shaped coil placed over the tubular workpiece. The forces 

generated by the two opposite magnetic fields result in a repelling force between the coil 

and the tube. As a consequence, the tube collapses onto the internal workpiece, creating 

a crimp joint. This process was used to develop form-fit crimp joints with a single groove 

and a double groove design, which subjects to an axial load (Faes et al., 2012). Weddeling 

et al. reported that the strength of the crimped connections could drastically increase 

compared to existing conventional process by using EM crimping process. The EM crimp 

connections can lead to strength high enough to cause failure in the base material and not 

in the joining zone (Weddeling et al., 2015).  

This EM crimping process also demonstrated the capability of compressing high strength 

steel tubes by merely using a helical coil, showing the tremendous amount of pressure it 
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can generate for deformation, also increasing the forming limit which is not possible by 

any other existing process (Vivek et al., 2011). 

Usually, connector terminals are loaded only to 50 % of their rating. The primary cause 

of failures takes place due to heat-related problems because of internal arching, which 

severely affects the connector terminals resistance stability and durability (Zhmurkin et 

al., 2008). Power cables either overhead or underground are the most essential and they 

are critical part of electricity transmission. Transmission through overhead wire 

sometimes causes wildfires causing a problem in the distribution in the power lines, which 

results in thermal expansion of connector terminal leading to loosening the strength 

constraining the wire strands and eventually failure (Tohidi et al., 2017). Most hand 

operated and hydraulic compressors with electric motors are used for crimping of 

terminals and cables. However, this equipment uses non-uniform pressure in the 

circumferential direction for crimping. So, the crimping part of the terminal with the inner 

wire will often have many defects (Prin et al., 2002). When the terminal connects to 

electrical equipment, a low crimping force causes the terminal to separate from the inner 

wire, and a low wire density in the terminal often leads to fire due to overheating. 

Moreover, compressed defect causes wear due to high temperature and electrical 

corrosion, which shortens the lifespan of the connection terminal. Therefore, these defects 

drive up manufacturing costs of the complete product. In particular, overheating in the 

terminal crimping not only interrupts the current  supply resulting in a decrease in 

manufacturing production efficiency but also causes sparks on electrical equipment, 

thereby threatening workers safety. However, the development of crimping process for 

producing the high- durability terminal has been carried out by very few researchers 

(Shim et al., 2016). 

Therefore, it is crucial to develop a new technique for wire crimping which can provide 

required mechanical strength with minimal resistance at the contact interface, which will 

minimize the power losses and failure rates. So, that it can benefit the industries to 

produce reliable, efficient and long lasting crimp joint where cable connections are used 

in large numbers. In this literature review Chapter, concisely literature survey is carried 

on conventional terminal-wire crimping process and the problems which are faced by 

using the traditional crimping tools. Work carried out by researchers and industry on 
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experimental and numerical studies on EM tube forming and crimping followed by the 

field-shaper is reviewed. At the end of this chapter important equations involved in EM 

forming is discussed followed by the research plan in the form of flowchart. 

2.2 Conventional Wire Crimping Process 

Electrical connectors play a vital role in the control system. The numbers, types, and 

complexity of electrical network systems in a commercial vehicle are continuously 

increasing, and the number of electrical contact points increases as well.  Within this 

circumstance, the demand for lifespan and reliability of electrical components are 

increasing. The electrical connections are often a weak point in the electrical systems 

(Williams et al., 2015).  

Crimping of terminal is one of the fastest and most reliable interconnection methods. 

However, if the terminals are not crimped properly onto the wire strands, it severely 

affects the integrity of the electrical connectivity and mechanical strength. Compression 

using conventional crimping tool deteriorates the material due to relaxation or partial 

release.  Nevertheless, a specific care should be considered. Faulty crimps can lead to 

considerable damages and in the worst case can cause a fire (Soulinaris et al., 2014).  

Some important and most widely used applications of terminal-wire interconnections are 

shown in Figure 2.1 (a) overhead power transmission, (b) underground power 

transmission, (c) connectors connected to bus bars for high voltage application, (d) 

industries circuit connection for high power transmission, (e) battery connection of in 

aerospace application, (f) crimped connections in a cockpit of jet plane, (g) electrical 

power transmission of an automobile, (h) battery connections and, (i) power transmission 

system in buildings.  

A proper terminal-wire crimping mechanism which can properly execute a crimp 

connection to make electrical reliable and mechanically strong connections in a single 

operation is still a significant challenge in the electrical industry. Crimping tool is a 

critical part for a quality crimp. Crimping takes advantage of the properties of metals to 

achieve electrically and mechanically sound connections. Metals used in crimp 

connectors, like copper, brass, aluminium, or bronze, are both ductile and malleable. 
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Figure 2.1 Different application of connector terminals 

A metals ductility is the degree to which it can deform under tension, while malleability 

is a measure of how metal deforms under compression. Crimping involves applying 

significant compressive forces onto the crimp connector terminal and the wire, so the 

malleability of each element is an important factor in crimp quality. But ductility plays a 

role too as both connector and wire undergo significant stretching during the crimping 

process. As more pressure applies to the connection, metal in the wire strands begins to 

stretch and flow which loosens and increases contact resistance (Prin et al., 2002). 

There are many terminal-wire crimping tools patents (Hashimoto and Kaneko, 2005; 

Katou, 2017; Mc Caughey, 1973; Theiler, 1980). But in every patent, there is one standard 

part that is a “crimping die”, which deforms or squeezes the terminal onto the wire strands 

to take the shape of the crimping dies when force is applied by using a lever or electrical 

motorised. Traditional crimping tools not only leaves the marks of the dies over the 

terminal surface but excessive pressure sometimes leads to the crack formation leading 

to mechanical fracture. 

A properly executed crimp connection is electrically safe, reliable and mechanically 

robust. Some critical challenges which are faced by cable industries are: 

 Improper deformation of wire strands resulting in voids. 

 Excessive pressure leads to crack over the terminal. 

 The improper pressure of the crimping tool leads to flash and burrs. 
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 An excessive pressure is leading to fractures over the terminal. 

 Non-uniform deformation of the terminal. 

 Uneven deformation of wires and a high percentage of voids which affects the 

pull force results and electrical performance. 

As shown in Figure 2.2, executed crimp cross-section showing defects consisting of wire 

strands and terminal. The most important problem faced by wire crimping industry is the 

spring back of terminal on tool relaxation which generates a gap between wire strands 

and terminal contact interface. This increases resistivity and high amount of losses in 

wiring system (Weddeling et al., 2015). 

  

Figure 2.2 Cross-section of terminal crimped over the copper wire strands 

As such electrical connector terminals work at different operating circumstances such as 

vibration, temperature gradient and different electrical environments that cause fretting 

corrosion/wear and relaxation of the contact forces. The most common failure 

mechanisms are surface film formation due to unsealed terminals, relaxation of the 

contact force due to high temperatures and wear or fretting corrosion due to mechanical 

or thermal micromotions. Vibrations are often the parameters which limit the lifespan of 

electrical contacts, but how large the damages become depends among other things on 

the electrical environments; current, voltage and inductance (Shim et al., 2016).  

Therefore, it is essential to develop a new technique for wire crimping which can provide 

required mechanical strength with minor resistance at the contact interface to minimise 

the power losses and failure rates. So, that it can benefit the industries to produce reliable, 
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efficient and long lasting crimp joint. In comparison to conventional crimping tools which 

are most widely used in industries, EM crimping shows many advantageous like uniform 

pressure distribution, contactless process, low mold cost, lesser spring back of the 

material, minimum wrinkling, improved formability, no lubrication, few seconds for 

process completion, no tool deterioration, improved hardening due to shock pressure 

waves and good repeatability (Golovashchenko, 2007; Psyk et al., 2011).   

2.3 Different Types of EM Forming process 

In EM forming process different applications of forming can be achieved by making use 

of varying coil and workpiece arrangements. Figure 2.3 below shows compression of the 

tube, expansion of tubes and sheet metal forming for the different type of coil variant in 

EM forming process. 

Tube

Compression coil
Expansion coil

Tube

Spiral  coil

Sheet

(a) Helical coil tube compression (b) Helical coil tube expansion

(c) Spiral coil sheet forming  

Figure 2.3 Different types of EM forming process 
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a) Tube forming 

The EM forming process is being used widely for axisymmetric components, which are 

used extensively in industrial applications. In EM forming of the tube, the cylindrical tube 

is uniformly expanded or compresses by the application of magnetic pressure (Haiping 

and Chunfeng, 2009).  

b) Sheet metal forming 

In EM sheet forming process workpiece is a flat sheet. It is the simplest one where rigid 

flat spiral pancake coil, is placed below the metal sheet which needs to be formed on the 

application of magnetic pressure. The deformed sheet can take the shape of the die or can 

be a free bulged. By this means, there is a drastic improvement in forming limit of metal 

sheet, which is not possible by the conventional quasi-static process (Doley and Kore, 

2017). 

c) Hybrid system 

In hybrid systems, the conventional forming operation is replaced with EM effects. In 

hybrid process, one or more coils are installed to obtain the deformation of the sheet inside 

a die which consists of complex geometry. Deformation is achieved by making use of 

localized force using tailoring the coil to get required magnetic pressure in the desired 

location, which is not possible by any other conventional process (Vivek et al., 2013). 

2.4 Experimental Work Carried Out on EM Forming 

2.4.1 Tube Forming 

An EM tube forming is a high-speed forming process by using Lorentz force created by 

the pulsed magnetic system to deform conductive material without any mechanical 

contact. In EM tube expansion process the coil is placed inside the axisymmetric metal 

workpiece as shown in Figure 2.4. Upon discharging the capacitor, time-varying currents 

flows through the coil and generates a transient magnetic field, which induced an eddy 

current in the workpiece and generates an opposing transient magnetic field. The 

interaction of these two magnetic fields created large repulsive Lorentz body forces to 

drive a rapid plastic deformation of workpiece. The repulsive Lorentz force developed 
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due to the interaction between the coil and the workpiece can easily overcome the yield 

strength of the workpiece causing permanent deformation. 
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Current direction
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Figure 2.4 Schematic diagram of EM forming process 

The metal forming process occurs within microseconds, and because of the large forces, 

portions of the workpiece undergo high acceleration. Some important research work 

carried out in the field of EM tube expansion is discussed. 

Lee et al. studied the distribution of magnetic pressure as the relative coil workpiece axial 

position is varied. A 14 kJ EMF system and aluminium as the tube material were used to 

carry out the experiments.  They stated that a variety of tube shapes could be produced 

due to the change in magnetic pressure distribution as the relative coil-workpiece axial 

position is varied (Lee, 2015). Various effect of coil parameters like the number of turns, 

height to diameter ratio and the cross-section geometry were studied. After carrying out 

many experiments, Song et al. concluded that the two main factors contributing the 

magnetic intensity between workpiece and coil are coil parameters and relative position 

of coil and workpiece (Song et al., 2004). 

Zhang et al. found that magnetic field intensity between the workpiece and the coil is 

proportional to magnetic inductance developed between the coil and the workpiece 

(Zhang et al., 1995). Authors Kim et al. found similar results obtained by Zhang et al. like 

the magnetic field intensity in the space between the workpiece and coil is proportional 

to magnetic inductance developed between the coil and the workpiece (Kim and Shang, 

2012). The Lorentz force distribution can be adjusted by changing the relative position of 
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coil and workpiece, which affects the shape of the workpiece deformation as shown in 

Figure 2.5 (a) tube length is larger than coil length, (b) tube length is equal to coil length 

and, (c) tube length is shorter than coil length. 

 

Figure 2.5 Sketch of the experimental installation of the workpiece 

Suzuki et al. performed experiments on EM tube bulging. The tube bulging can be seen 

in Figure 2.6 for different coil and workpiece axial position. They concluded that with the 

help of a combination of coil geometry and charged energy in the capacitor bank, an 

approximate prediction of the final shape of bulged could be possible (Suzuki et al., 

1987).  

Coil length < Tube length Coil length = Tube length Coil length > Tube length

(a) (b) (c)

Un-deformed tube

Deformed 

tube

Deformed tube

Un-deformed tube Un-deformed tube

Tube expansion

 

Figure 2.6 Typical shapes of bulged tubes 

 

Workpiece

Coil winding

(a) (b) (c)
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The EM process in the ring expansion was comprehensively studied by Huang et al. at 

various discharge voltage as shown in Figure 2.7.  The formability and the hardness of 

the aluminium alloy ring at different discharge voltages were investigated. They found 

that the hardness of the ring increases with the increase of the discharge voltage. 

Especially, the hardness has a drastic rise when the discharge voltage changes from 5 kV 

to 6 kV and the hardness changes irregularly when the discharge voltage is higher than 8 

kV. An increase of 46 % hardness value was achieved compared to the ring without 

expansion (Huang et al., 2014).  

Ring expansion

Initial ring

9 kV 8 kV 7 kV

 

Figure 2.7 Initial ring and the expanded rings with different discharge voltages 

2.4.2 Electromagnetic Crimping 

EM crimping is a forming process mostly used to join or connect extruded metal tubes to 

achieve lightweight frame structures. It is not necessary to use an additional material such 

as screws, rivets, adhesives or auxiliary wire. With EM crimping process a high-quality 

joint can be achieved or manufactured to get interference fit, form fits or a combination 

of these two types.  

The physics in the process remains the same as discussed in EM tube forming. The only 

change is the placement of the coil over the workpiece (or tube) as shown in Figure 2.8.  

A metal tube is placed coaxially inside a solenoid coil, which is connected to a capacitor 

by a high voltage switch. The capacitor is charged to an initial voltage, and when the 

switch is closed to complete the circuit, a sinusoidal damped current is produced. This 

current generates a transient alternating magnetic field about the coil; consequently, this 

field induces an eddy current in the flyer tube (Faraday’s Law). The current in the coil 

and the workpiece flow in opposite directions obeying Lenz’s law and repel each other 

(Weddeling et al., 2015). 
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Figure 2.8 Schematic diagram of an EM crimping process 

The EM forming process which is used most frequently in the industry is joining by EM 

compression of the tubular workpieces. Joints manufactured by EM forming can be 

classified into two categories and also shown in Figure 2.9.  

(a) Crimping of tube over rod (b) Single rectangular groove

(c) Double rectangular groove

Tube

Rod

Crimp length

Groove

 

Figure 2.9 Different samples crimped out using EM crimping process 

 Interference fits results by a plastic deformation of one and an elastic deformation 

of the other joining partner. As a result, interference stresses between both joining 

partners are generated. 

 Form fits by forming one joining partners material into an undercut (e.g., a 

groove) of the other joining partner so that the joint is locked against an external 

load. 

TH-1753_136103016



  Literature Review 

 

22 

 

The major challenge in the manufacturing of any frame structure for a high strength joint 

especially from aluminium extruded profiles is joining of tubular hollow profiles. While 

joining by EM forming is a possible alternative to conventional welding and riveting 

processes since the achievable joint strength is within the range of the yield strength of 

the weakest joining partner. 

Akbar et al. studied free compression of an Aluminium tube inside a solenoid coil. The 

most significant mechanical as well as EM time-varying or spatially distributed 

parameters of the process figured efficiently (Akbar et al., 2015). They concluded that 

only the first half of the pulse is responsible for deformation rest of the pulse does not 

have sufficient energy to deform the workpiece and similar conclusions were drawn by 

Haiping and Chunfeng (Haiping and Chunfeng, 2009). Significant deformation EM 

compression of steel tube was also reported by Vivek et al. They demonstrated the 

capability of the helical coil deformation of steel tube by using nine turn coil, 

demonstrating it as a versatile tool in metal forming (Vivek et al., 2011). 

  

α 

Mandrel Tube

Groove base

Rectangular Groove Triangular Groove Circular Groove

(a) (b) (c)  

Figure 2.10 Types of groove geometry over the rod for EM crimping process 

As proposed by Weddeling et al. groove characteristics have a significant influence on 

the possible strength of a form-fit joint. They reported the influence on the joint strength 

of those parameters concerning different groove geometries. Among the results gained it 

was possible to develop joining strategies and general design principles for the joining 

zone in form-fit joints. The goal of forming in groove filling was to apply the minimum 

amount of magnetic pressure that was required to cause contact between the tube and the 

bottom of the groove. The form-fit joints created by forming the tubes into grooves of 

three different shapes: rectangular, circular and triangular. For these shapes, the 

dimensions were varied to investigate their effects on the joint pull-out strength 
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(Weddeling et al., 2015). The triangular groove was found to be the weakest groove 

geometry due to the larger resulting angle, compared to the rectangular and circular 

grooves with equivalent dimensions as shown in Figure 2.10. Increasing charging energy 

for a groove of given dimensions decreased the resulting angle while creating an 

interference-fit between the tube and the mandrel (Faes et al., 2012). 

The use of deeper or narrower grooves resulted in higher deformation of the tube and 

providing higher stiffness. At the same time the resulting angle, decreases and the chances 

for partial shearing of the tube at the groove edge increase. Rectangular grooves were 

found to be the providing highest strength, due to the presence of minimum tube shearing 

at the groove edges. This shearing locked the tubes into place, requiring a larger pull-out 

force to cause failure. Weddeling as reported in his thesis work that a significant joint 

strength increase can achieve by the application of multiple grooves to the joining zone. 

The disadvantage of this design is the additional mass resulting from the increased joining 

zone length (Weddeling, 2014). Wonterghem and Vanhulsel  reported a similar 

observation that a significant joint strength increase could be achieved by the application 

of multiple grooves to the joining zone (Wonterghem and Vanhulsel, 2011). 

A method for reducing wrinkles and springback produced after the EM compression of 

the tube by using mandrels was analyzed and introduced with the help of an impact 

contact algorithm by Padmanabhan. It was reported that the number of wrinkles has a 

linear relationship with the ratio of radii to the thickness of the tubes. It was stated that 

spring-back is the elastic recovery of the material after the stress is removed. Spring-back 

is caused by the elastic portion of the strain, and any factor that decreases the ratio of 

elastic to plastic reduces the spring-back. Due to higher compressive stress generated due 

to higher velocity deformation leads to a reduction in spring-back phenomena. For a 

higher effective deformation of the tube over the mandrel, a reduced spring-back is an 

important criterion. Besides this, it was also stated that in axisymmetric tube compression 

yield strength of the material, the ultimate tensile strength of the material, the thickness 

of tube and energy required to compress the tube are some important parameters affecting 

spring-back (Padmanabhan, 1997).  
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2.5 Numerical Studies 

Nowadays, with the increase of calculus capacity of the computers, numerical simulation 

is becoming a major tool to predict the mechanical behaviour of the modelled parts. 

Carrying out the numerical simulation portion in EM forming is a difficult part due to the 

requirement of simultaneous modelling of interacting EM and mechanical part. Even 

though the physics about this part was well understood since 1950’s but researchers were 

unable to carry out an accurate model due to a very complex dynamic process. The 

problem becomes more difficult when thermal phenomena are taken into consideration in 

EM forming process. Difficulty level also increases with the strong dependence of the 

circuit parameters on the workpiece deformation.  Three approaches are developed to 

simulate the EM forming process. These are no coupling, loose coupling, and strong 

coupling. These approaches are briefly described in the below sections. 

2.5.1 Non-Coupled Approach 

A non-coupled approach is the simplest approach among the three. The circuit parameters 

are calculated based on the EM processing equipment. The calculation of the software is 

carried out using Maxwell’s equation, without considering the workpiece deformation 

and velocity of forming.  Analytically the Lorentz force is calculated and given as an 

input data to the mechanical problem for deformation of the workpiece.  

Some initial work was carried in 1960’s by Nassiri et al. on EM numerical analysis 

(Nassiri et al., 2015).  They analytically determined the magnetic pressure distributions 

caused by different coils on flat conductive plates. Several simple geometries were 

analysed which led to the expression of the magnetic field intensity and the pressure 

distribution produced by a spiral coil. 

2.5.2 Loosely Coupled Approach 

In this approach, the developed Lorentz forces are calculated at each time step increment 

in the EM model. Then the forces as input load are transferred in the mechanical model 

automatically.  In the mechanical analysis, the deformation undergone by the workpiece 

is calculated, and the geometry of the workpiece is updated as shown in Figure 2.11. The 

new updated geometry from the mechanical model is used to calculate the EM forces for 

the next time increments. 
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Yes No End
 

Figure 2.11 Flow chart of loosely coupled approach 

This process is repeated iteratively until the end of the process time as formulated by 

Haiping et al. This strategy comes into use because it gives accurate results with a weak 

computational time.  Limitation of this process is the assumption of the adiabatic 

condition, which is a big limitation of this process in which thermal conditions are 

neglected (Haiping et al., 2009). 

 

2.5.3 Fully Coupled Approach 

In a fully coupled procedure, the effects of the coupled EM, mechanical and thermal fields 

are calculated in each element of the forming system. The mathematical description of 

the complete EM-mechanical equations is very complicated to solve in a compact 

environment. The main disadvantage of this procedure is the difficulty found in obtaining 

a converging solution, due to the very high computational cost for solving the inter-related 

equations. A simple flow chart of this process can be seen in Figure 2.12.  In this process, 

it considers the effect of EM, mechanical and thermal fields, which are numerically 

calculated in each element. This process involves a complicated EM-mechanical 

equation, to solve a problem efficiently at every time step over each element in the 

forming system (L 'Eplattenier et al., 2008).  

Yu et al. studied the effect of coil length during tube compression. They investigated the 

effect of coil length on magnetic pressure and tube deformation (Yu et al., 2005). Whereas 

Haiping and Chunfeng examined the influence of frequency on EM tube compression 

using the sequential coupling numerical simulation. There is a particular range around the 

optimum frequency, where the higher deformation of the workpiece is achieved which 

corresponds to the relative skin depth is between 0.61 and 0.70 (Haiping and Chunfeng, 
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2009). It was stated that only the first period of the current is considered to be responsible 

for the tube compression or can be said that in EM forming process, the work of the first 

pulse of magnetic pressure to the tube contributes to the deformation and movement, 

including the kinetic energy and the plastic strain energy of the tube. 
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Figure 2.12 Flow chart of fully coupled approach 

Haiping et al. also carried work on sequential coupling simulation for EM–mechanical 

tube compression by finite element analysis using FEM 2D axisymmetric model EM 

model. They proposed for the calculation of magnetic field and magnetic forces to 

calculate the dynamic plastic deformation of the tube in the mechanical model (Haiping 

et al., 2009). They stated that the tube compression has larger resistance to deform 

compared with tube expansion for its poor dimensional stability, especially when the 

plastic deformation is minimal, the fluctuation in velocity and displacement still exists in 

the calculation after plastic deformation for the elastic oscillation of tube.  

Yu and Li analysed the work on the effect of the coil length on the tube compression in 

EM forming. They found that with the increase in the coil length, a decrease in the value 

of the current waveform and the current frequency was observed. While the peak value 

of the magnetic pressure is inversely proportional to the coil length. The distribution of 

the magnetic force acting over the workpiece was found to be inhomogeneous when the 

tube is longer than the coil. Whereas the shortened coil length increases the maximum 

deformation and energy efficiency (Haiping and Chunfeng, 2007).  

Li et al. carried out the work on Multiphysics simulation (Loose coupling) on EM peening 

of predrilled holes using COMSOL Multiphysics software (Li and Cheng, 2009). They 

reported that by adjusting the parameters of the EM field as well as the position of the 

hole, compressive residual stress could be introduced along the surface of the hole to get 
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peening effects. In the following, this treatment is called EM peening. EM peening can 

be used to introduce compressive stress and work hardening around the hole surface and 

improve the mechanical property of the drilled hole, such as fatigue life and fracture 

toughness. 

However, in all the finite element approaches presented in this section, the different 

physical phenomena are treated separately. In most of the preliminary models, the EM 

problem and mechanical problem are treated individually without any linkage. These 

models are simpler but do not provide the true description of the process. Mostly, 

Maxwell’s equations are resolved analytically, and the EM pressure is obtained which is 

then introduced into the mechanical problem. The deformation of the workpiece is not 

taken into account for the calculation of the EM pressure. 

Then, more recently the loosely-coupled techniques are presented, which are very 

accurate and rather uncomplicated. The EM problem calculates the basic EM parameters, 

which are then introduced into the mechanical problem. The coupling between the two 

problems is carried out; the parameters are then recalculated at each time step taking into 

account the new deformed geometry of the workpiece. Furthermore, the fully coupled 

models are moreover an extension of the loosely-coupled approach.  

2.6 Field-Shaper 

In the EM crimping process, a very important tool is the field-shaper (FS), and its purpose 

is to concentrate the magnetic field into the required region to achieve an efficient and 

higher deformation of the workpiece placed in the vicinity of the effective working length 

(Bahmani et al., 2009). The designing of FS is more economical and quicker than 

manufacturing special coils. One of the main characteristic of the FS in providing efficient 

magnetic field strength is its design (Cui et al., 2012). 

2.6.1 Working Principle and Modeling 

An EM wire crimping process system consists of an electrical pulsed power circuit 

responsible for the generation of the pulse current flowing through the work coil. 

Although field-shapers seem to be a mechanical part, it plays an vital role modifying the 

magnetic field distribution generated on the work-piece as stated by Suzuki et al. (Suzuki 
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et al., 1987). In this process, the electrical energy stored in the capacitor bank discharges 

into the coil when the trigger switch closes, which allows the pulsed current to flow 

through the coil as shown in Figure 2.13.  

Capacitor bank

x

x

x

Induced current

Current direction

 

Figure 2.13 Schematic diagram of a working field-shaper 

The current in the primary coil will induce a secondary current in the field-shaper. This 

secondary current will flow through the field-shapers outer surface to the inner surface, 

thus inducing another secondary current in the adjacent terminal. As a result of the 

interaction of the induced currents in the surface of the workpiece with the applied field, 

a magnetic pressure is exerted on the workpiece (tube), and it consequently helps in 

effective crimping operations. In actual, FS is a practical tool which helps to concentrate 

the magnetic flux and efficiently prolong the service life of the coil. 

The principle behind the FS is similar to designing of a tool coil. In this process, the major 

task is to concentrate the magnetic pressure at the desired required location. The main 

purpose of the field-shaper is to withstands/bear high mechanical load to increase the 

lifetime.  

Different field-shapers used for EM forming operations are shown in Figure 2.14. Most 

of the FS used in the research work are symmetric, so force acts uniformly when it is used 

for compression or expansion of tubes (Psyk et al., 2011). But especially in case of 

asymmetric field-shapers, where concentration area or effective working zone is not 

located at the center is highly affected by the repulsive pressure. So, for asymmetric FS, 

high strength material is chosen but without compromising the material conductivity. 
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More the conductivity higher the working efficiency of the process. Frequently used 

materials are copper and copper alloys, aluminium and aluminium alloys, brass and 

bronze. 

Designs

Compression

Expansion

Tapered symmetric     Cylindrical symmetric      Tapered asymmetric   Cylindrical symmetric

Features
 High strength

 Poor effieciency

 Lower strength

 High efficiency

 Very sensitive 

to deformation

 High efficiency

 Very sensitive 

to deformation

 Poor efficiency

(a) (b) (c) (d)

(e) (f) (g) (h)

 

Figure 2.14 Different types of field-shaper (Psyk et al., 2011) 

While designing a field-shaper, it should be considered that the coil length should be of 

the same length as the total length of the field-shaper. In case if the coil length is larger 

than the field-shaper, due to inhomogeneous loading coil lifetime decreases. While lower 

coil length results in a decrease in the working efficiency. It should also be noted that 

effective working length should not be too small, nor the magnetic field will penetrate it, 

and the required magnetic pressure cannot be built up. The length should not fall below a 

value of three times the skin depth (Cui et al., 2016). 

Compared to direct acting tool coil, field-shaper concentration area leads to a more 

uniform distribution of magnetic pressure. It is also observed that field concentration can 

easily be shifted by shifting the concentration area in the desired location. Even a small 

modification will lead to a change in magnetic pressure so, in case of manufacturing, it’s 

essential to make it with precision (Yu et al., 2005).  Even though for tube compression 

and expansion work has been carried out numerically and experimentally to make field-
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shaper as a more reliable tool, still designing a field-shaper in a proper manner with 

standard parameters are yet to be developed (Chaharmiri and Arezoodar, 2016).  

Like in field-shaper slit feature plays an important role in the change in induced current 

direction, but this also controls the magnetic pressure and varying the Lorentz force.  It’s 

been reported by Chu and Lee, workpiece below the slit feature receives less Lorentz 

force than the other part around the end region of the slit Hence, an optimal slit width 

must be determined by considering the interaction between EM repulsion and the Lorentz 

force distribution. The Lorentz force will be concentrated at the end region around the slit 

feature. Hereafter, the slit feature design will control the distribution of the Lorentz force. 

The eddy current flowing on the opposite side of the slit is in a reversed direction, leading 

to EM repulsion between each component of the field-shaper. As a result, the wider slit 

feature reduces energy loss (Chu and Lee, 2013). 

Even some work was carried out numerically by magnetic field distribution using field 

shaper, showing the distribution of magnetic flux density. Some major important 

conclusions were drawn are (Yu et al., 2005): 

 The bigger the effective area of FS is, the longer the uniform force area of the tube 

is, where the radial magnetic pressure decreases. 

 Effect of relative diameter of field-shaper on magnetic pressure: the ratio of outer 

diameter and the inner diameter is set as the relative diameter of FS. It is shown 

that the radial magnetic pressure decreases with the increase of relative diameter. 

However, in consideration of strength, the relative diameter of FS is unsuitable to 

be undersized. 

This literature of field-shaper was based on tube compression, and important research 

papers and their contributions are discussed. Even though there can be different field-

shaper design with even more efficiency and rigidity, which can sustain a higher repulsive 

load, but designing with proper parameters is still a major hurdle.  

2.7 Analysis of EM Forming Process 

Metals with high electrical conductivity and of low mechanical strength can be formed 

using pulsed magnetic field produced by the sudden current discharge from the capacitor 
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bank. In actual, this technique is more suitable for compression of tubes using 

compression coil. For example tubular coil surrounded by cylindrical helical coils. 

Practical applications are joining of the tube to tube, tube rod, etc. by deforming tube over 

the shaped part or insulators.  To achieve a high efficiency in compression of the tube, it 

is essential to consider all the variables like the capacitor bank, the coil, and the 

workpiece. In this section important equations are written in a simplified manner for a 

better understanding. More importance is given to the equations involved in tube 

compression by EM forming process. 

This section is divided into three parts, 

I. Analytical calculations involved in finding the induced current in the tubular 

workpiece. 

II. Finding out the magnetic pressure developed over the tubular workpiece and 

showing the significance of skin depth in EM forming process.  

III. These equations help to design an EM forming coil and to understand the inner 

mechanism of the process. Maxwell equations which define all the laws, which 

are applied to EM forming process. Fully coupled EM mechanical module used 

in LSDYNA software, which is used for carried out simulations in this thesis is 

discussed in Chapter 4, Section 4.3 in detail. 

I. Analytical calculation of the current I1 in the capacitor bank and of the I2 in 

the induced workpiece 

The EM is forming machine consist of a capacitor bank Cc, circuit resistance Rc and the 

inductance Lc. The forming coil consists of I1, L1, and R1, surrounding the workpiece I2, 

L2, and R2. The equivalent circuit diagram is shown in Figure 2.15.  

The discharge current through the capacitor of an equivalent RLC circuit is given by the 

differential equation as shown below as given by equation (2.1) and equation (2.2) 

(Siddiqui, 2009) 

 (𝐿1 + 𝐿𝑐)
𝑑𝐼1(𝑡)

𝑑𝑡
+ 𝑀

𝑑𝐼2(𝑡)

𝑑𝑡
+ (𝑅1 + 𝑅2)𝐼1(𝑡) +

1

𝑐
∫ 𝐼1(𝑡)𝑑𝑡 = 0 (2.1) 

 
𝑑(𝐿2𝐼2)

𝑑𝑡
+
𝑑(𝑀𝐼1)

𝑑𝑡
+ 𝑅2𝐼2 = 0 (2.2) 
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Taking some assumptions and neglecting the variations of parameters L2, M, R2, during 

the forming process, the approximate solution is given as, 

 
𝐼1(𝑡) =

𝑈𝑜
𝜔𝐿𝐸

(𝑒−𝛿𝑡𝑠𝑖𝑛𝜔𝑡) 

 

(2.3) 

 

𝐼2(𝑡) =
𝑈𝑜𝑀

𝐿1𝐿2(𝜔
2 + (𝛼 − 𝛿)2)

{
𝜔2𝛿(𝛼 − 𝛿)

𝛿
𝑒𝛿𝑡𝑠𝑖𝑛𝜔𝑡

+  𝜔𝑒−𝛿𝑡𝑐𝑜𝑠𝜔𝑡 −  𝜔𝑒−𝛿𝑡} 

(2.4) 

Rc R1Lc

C

Uo

L1 L2
R2

M

 

Figure 2.15 Equivalent circuit of the EM forming system 

where,  

 
𝜔2 =

1

𝐿𝐸𝐶𝑐
− (

𝑅𝐸
2𝐿𝐸

)
2

 

 

(2.5) 

 
𝛿 =

𝑅𝐸
2𝐿𝐸

 

 

(2.6) 

 𝛼 =
𝑅2
𝐿2

 (2.7) 

 
𝐿𝐸 = 𝐿𝑐 + 𝐿1 −

𝑀2

𝐿2
 

 

(2.8) 

 𝑅𝐸 = 𝑅𝑐 + 𝑅1 + (
𝑀2𝑅2

𝐿2
2 ) (2.9) 
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LE  is equivalent system inductance and RE is equivalent system resistance. It can be seen 

clearly that, primary current I1, is a sinusoidal damped current pulse. The current I2 in the 

workpiece shows a phase shift and an additional attenuation.  

II. Calculation of magnetic pressure 

From the equation (2.1) and (2.3) of the discharge current and the energy balance: 

 

𝐸𝑜 =
1

2
𝐶𝑐𝑈𝑜

2 =
1

2
(𝐿𝑐 + 𝐿1)𝐼1

2 +
1

2
𝐿2𝐼2

2 −𝑀𝐼1𝐼2

+ ∫ ((𝑅𝑐 + 𝑅1)𝐼1
2 + 𝑅2𝐼2

2)𝑑𝑡 
1

0

+
1

2
(
𝐼1
2

𝐶𝑐
) + 𝐸𝑚𝑒𝑐 

(2.10) 

Here Eo is the stored energy of the charged capacitor, while Emec is the mechanical energy 

taken from the discharge circuit, which is given as, 

 𝐸𝑚𝑒𝑐 = ∫ (
1

2

𝑑𝐿2
𝑑𝑟

𝑟

𝑟0

𝐼2
2 −

𝑑𝑀

𝑑𝑟
𝐼1𝐼2)𝑑𝑟 (2.11) 

With some assumptions like during forming process, only the radius of the workpiece 

will change, irrespective of its length lo. The geometry of the coil and tubular workpiece 

is shown in Figure 2.16. 

1 (Coil)

2 (Tube)

d

r1

r2

l0  

Figure 2.16 Geometry of coil (1) and the tubular workpiece (2) 

With the skin depth S (S1 and S2 for coil and workpiece) of the electric current, effective 

radii is defined as, 

 𝑅 = 𝑟1 +
𝑆1
2

 (2.12) 
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 𝑟 = 𝑟2 −
𝑆2
2

 (2.13) 

If S2 >d0, we replace S2 by d0. 

So, the mechanical work done by a magnetic pressure p, acting on the workpiece surface 

can be given as, 

 𝐸𝑚𝑒𝑐 = ∫ (2𝜋𝑙0)𝑝𝑑𝑟
𝑟

𝑟𝑜

 (2.14) 

Thus we get the magnetic pressure, 

 𝑃 =

1
2
𝑑𝐿2
𝑑𝑟

𝐼2
2 −

𝑑𝑀
𝑑𝑟

𝐼1𝐼2

2𝜋𝑟𝑙𝑜
 (2.15) 

By assuming, ideal arrangement of coil and the workpiece, 

 𝐿2 =
𝜇𝜋𝑟2

𝑙𝑜
 (2.16) 

 𝑀 = 𝜔𝐿2 (2.17) 

So, the pressure P can also be written as, 

 

𝑃(𝑡) =
𝜇

2

𝑈𝑜
2𝑛2

𝜔2𝐿𝐸
2 𝑙𝑜

 

{
 
 

 
 

𝑒2𝛿𝑡 sin2𝜔𝑡 −

[
 
 
 
 

𝛼

𝜔 (1 + (
𝛿
𝑤 −

𝛼
𝜔)

2

)
]
 
 
 
 
2

[(
𝛼

𝜔

−
𝛿

𝜔
) 𝑒𝛿𝑡𝑠𝑖𝑛𝜔𝑡 − 𝑒−𝛿𝑡𝑠𝑖𝑛𝜔𝑡 − 𝑒−𝛿𝑡𝑐𝑜𝑠𝜔𝑡 + 𝑒𝛼𝑡]

2

}
 
 

 
 

  

(2.18) 

It can be seen that the important parameter which significantly affects the pressure is α/ω. 

So, for maximum pressure, 

 
𝛼

𝜔
≪ 1 (2.19) 

To be more simplified, 

 
𝛼

𝜔
=
𝑅2
𝜔𝐿2

=
2

𝜔𝜇𝜎𝑑0𝑟𝑜
= 𝑆2

2/𝑟𝑜𝑑𝑜 (2.20) 
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 𝑆2 = √
2

𝜎𝜇𝜔
 (2.21) 

where S2 is the skin depth. So, considering the conductivity as one of the most important 

parameter, copper and aluminium will be the most suited materials for EM forming. So, 

the important second conclusion was drawn that, for the maximum pressure C need to be 

as large as possible. Also the number of turns per unit length n/lo need to be higher, and 

a low inductance and resistance of machine unit will be the important criteria. 

2.8 Gaps in literature 

Till now, none of the researchers has attempted to provide an alternative contactless 

terminal-wire crimping process. Even though work has been reported in EM forming, but 

no attempt was carried out in this field of terminal-wire crimping process. Some 

challenging issues are as follows: 

 It is important to design a suitable EM crimping helical coil to achieve a uniform 

deformation of the terminal, higher pull-out strength, minimum contact resistance, 

higher contact length between the terminal and the wire strands to reduce voids. 

 Selection of parameters like the coil length, the coil wire diameter, the coil pitch, 

the inner coil diameter for stand-off distance for designing of the helical coil.  

 Comparison using numerical simulation and experiment on different types of the 

helical coil for finding the best suitable coil for crimping while keeping the 

parameters like coil length and coil cross-section is a complicated process. The 

numerical simulation takes more time as it involves a large number of contact 

properties and EM-structural coupled analysis.   

 Comparison of different type of field-shapers using the numerical and 

experimental approach on geometries like the single step, double step, and tapered 

geometries by keeping the total length, the effective working area and the slit 

width is a challenging task. Due to the double mutual interaction between the 

primary coil-field shaper and field shaper- workpiece, numerical simulation 

becomes difficult. 

The research plan is shown in Figure 2.17. 
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Figure 2.17 Research plan in the form of flow chart 
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Chapter 3 

3 Experiment on EM and Conventional Terminal-Wire 

Crimping 

3.1 Materials and Experiment 

In the previous chapter, a literature review was carried out on EM tube expansion, EM 

tube crimping, Field-shapers, and conventional wire crimping process. This chapter will 

explain experimental procedures, the equipment used for the post-processing and 

experiment on EM and conventional terminal-wire crimping process.  

3.1.1 Materials 

In this section, all the material, machine and equipment directly involved throughout the 

research work will be addressed. The workpiece material chosen for this thesis work was 

aluminium alloy AA1050 of different diameter terminals while the coil material was of 

Copper. The composition of the material AA1050 is composed of many elements as 

shown in Table 3-1. Material characteristic of AA1050 and Copper is shown in Table 3-2.  

Table 3-1 Material composition of AA1050 (Alves et al., 2010) 

Element Al Si Fe Cu Mn Mg Zn Ti Others 

Weight % 99.5 0-0.25 0-0.4 0-0.05 0-0.05 0-0.05 0-0.07 0-0.05 0-0.03 

 

Table 3-2 Material properties of workpiece and coil (Jeanson et al., 2016)  

Materials  Density Thermal Expansion Conductivity Poisson’s Ratio 

AA1050 2.71 g/cm3 23.1 × 10-6 K-1 3.68 × 107 S/m 0.35 

Copper 8.96 g/cm3 16.7 × 10-6 K-1 5.96 × 107 S/m 0.36 

 

Before carrying out experiments, it was essential to find the composition and material 

properties of the terminal. For uniformity in the research work, all the terminals were 

purchased from the same manufacturing industry. Electron Discharge X-ray (EDX) over 

the terminal was carried out for the confirmation of the material property and was found 

to be AA1050 as shown in Figure 3.1.  
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EDX over the terminal surface Chemical composition  

Figure 3.1 EDX and chemical composition of the terminal 

3.1.2 EM Machine and Equipment for Post-Processing 

For carrying out EM crimping experiments EM processing machine was used. Control 

panel was HMI controlled, which allows the variation of the discharge voltage through 

the EM processing machine. The experimental setup is shown in Figure 3.2. Machine 

parameters are provided in Table 3-3. 

Working table

Control unit

CRO for current 

measurement

Energy storage unit

Connection 

terminal

 

Figure 3.2 EM forming system available at IIT Guwahati 

Table 3-3 EM machine parameters 

Circuit 

Capacitor bank 

Maximum energy 

Maximum voltage 

Circuit inductance 

Circuit resistance 

90 µF 

10 kJ 

15 kV 

0.7 µH 

12.5 mΩ 
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For measurement and carrying out post-processing of the samples, different types of 

equipment are used as shown in Figure 3.3, which were calibrated before taking the 

readings to avoid any error. 

(a) Oscilloscope for current measurement  (b) RLC measuring equipment

(c) Optical microscope (d) Digital microscope 

(e) Universal testing machine (f) Vicker hardness testing machine  

Figure 3.3 Testing equipments used for post-processing 
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3.2 Experimental Procedure 

In this chapter, EM terminal-wire crimping is carried out with different parameters and 

analyzed with conventional crimping process.  A new method of crimping is developed 

for terminal-wire crimping that can be an alternative option for existing traditional 

crimping of wire. The experiment aims to give advantages in uniform terminal 

deformation, minimum electrical contact resistance, high pull-out strength, excellent 

surface finish, increased hardness number and improved thermal property. 

3.2.1 EM Terminal-Wire Crimping Coil 

The EM wire crimping process utilizes a helical coil of copper material to concentrate the 

magnetic field. For carrying out the experiments, dimensions of the workpiece are 

included in Table 3-4, and machine specification as listed in Table 3-3. A standoff 

distance (SOD) was varied for the deformation process. A SOD is a distance kept between 

the coil and workpiece, where mutual interaction develops the magnetic pressure. 

Table 3-4 Workpiece dimensions 

Workpiece 

Outer diameter of terminal connector 

Inner diameter of terminal connector 

Length of terminal connector 

12 mm 

10 mm 

27 mm 

Table 3-5 Variation done in coil geometry for finding the suitable coil for crimping 

 

Coil 

Crossection 

Diameter 

(mm) 

No. 

of 

turns 

Gap 

(mm) 

SOD 

(mm) 

Total 

length 

(mm) 

Inner 

diameter 

of coil 

(mm) 

Terminal 

deformation 

(mm) 

Remarks 

Coil 1 4 4 1 0.5 20 13 3.0 
Non 

uniform 

Coil 2 4 5 0.8 0.6 24 13 3.1 
Non 

uniform 

Coil 3 5 4 1 0.6 25 13 2.9 

Less 

deformation 

and non 

uniform 

Coil 4 5 5 0.8 0.5 29 13 3.2 

Uniform 

and 

maximum 

deformation 

It was important to predict the suitable parameters of the helical crimping coil. Parameters 

like pitch, coil length, number of turns and diameter of the cross-section of copper wire 
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used are included in Table 3-5. Different coils used for the EM wire crimping process are 

shown in Figure 3.4. Experiments were conducted using four different coil geometries as 

shown in Figure 3.5. It was found that the coil 4 produced the maximum deformation with 

uniformity along the axis. Hence, coil four which provided the best results was used to 

carry out further experiments and compared to conventional crimped samples.   

 

Figure 3.4 Different types of experimental coil used for the crimping process 

 

Figure 3.5 Change in radial deformation for different types of the helical coil 
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After obtaining the most suitable coil, experiments were carried out at various discharge 

energy to study the influence of EM high strain rate deformation process on terminal-wire 

crimping applications on multiple parameters which are discussed in subsequent section. 

3.3 Experimental Work Carried out on the Optimized Coil 

A five-turn solenoidal copper coil four was used to carry out the experiments. The 

isometric view of coil cross-section with an aluminium terminal and copper wire strands 

can be seen in Figure 3.6. Experiments were carried out at different voltages from 8.1 kV 

to 9.6 kV for crimping the samples. The standoff distance of 0.5 mm between the coil and 

the terminal connectors was kept constant for different iterations of the experiment.  

Copper coil

Aluminum terminal

Copper wire strands  

Figure 3.6 Modelled cross-sectional view of the assembly 

Discharge energy for various discharge voltages is calculated and shown in Figure 3.7, 

and crimped samples are shown in Figure 3.8. 

 

Figure 3.7 Variation in discharge energy for different discharge voltage 
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Figure 3.8 EM crimped samples at various discharge energy 

With the increase in discharge voltage deformation of terminal kept increasing due to 

increase in magnetic pressure. At discharge energy of 4.1 kJ maximum radial deformation 

of 3.4 mm was obtained and as per the standard of crimping of 35 mm2  a deformation of 

3.34 mm is required to avoid damage inside the terminal (“Connectivity TE,” n.d.). 

Variation of current with time was obtained from a Rogowski coil as shown in Figure 3.9. 

The current waveform measures different parameters such as amplitude, frequency, rise 

time and time interval. Frequency was calculated to be 20 kHz which remained constant 

throughout the experiments and value of current was found to be 127 kA for discharge 

energy of 2.8 kJ. 

 

Figure 3.9 Damped current graph obtained in experiments for 2.8 kJ energy 
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3.4 Conventional Crimping 

The commonly used crimp shape for cable terminal connector is the hexagonally shaped 

crimp as this crimp profile is best suitable for copper and aluminium conductors. The 

advantage of a hexagonally shaped crimp is the uniformity of radial forces which are 

applied consistently from all directions and over a whole area during the crimping 

operation. Due to the uniform compression, the hexagonal shaped crimp is used for 

medium and high voltage applications (“Klauke,” n.d.).  

(a) Conventional crimping tool (b) Conventional crimped samples
 

Figure 3.10 Samples crimped using conventional crimping tool 

Hence, EM terminal-wire crimping process is compared with the standard hexagonal 

shaped crimping conventional tool. Crimped samples for both methods were of same 

materials. Crimping tool and samples crimped using traditional crimping tool are shown 

in Figure 3.10  

3.5 Result and Discussion 

3.5.1 Cross-Section Analysis 

Comparison of the cross-section of EM and traditional terminal-wire crimping process 

was carried out using upright optical microscope at 20X.  Images of the cross-section are 

shown Figure 3.11, Where (a) compressed wire strands of conventional crimped sample 

(b) conventional sample (c) gap between wire strands and a compressed terminal of the 

conventional sample (d) compressed wire strands of EM crimped sample (e) EM sample 

(f) gap between wire strands and a compressed terminal of EM sample. 
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Figure 3.11 Cross-section of crimped samples under an optical microscope 

It was found that compression done using EM process was more effective than 

conventional crimping process as compression of wire strands was higher, giving denser 

compaction of wire strands where the minimum gap was observed. A gap of 50 µm 

between the copper wire strand and the aluminium terminal exists for EM crimping 

process, while in traditional crimping, a gap of 174 µm was observed. It was also found 

that due to uniform pressure generated by a helical coil in EM process a consistent, 

uniform deformation of the aluminium terminal was obtained compared to a conventional 

method. 

3.5.2 Electrical Characterization 

In terminal-wire crimping process, it is essential to know the value of contact resistance. 

The electrical resistance of the samples was measured using Hewlett Packard 4263B LCR 

meter as illustrated in Figure 3.12. The probe used was initially calibrated to avoid any 

error. While measuring all the crimped sample length of 50 mm was cut for comparison. 

Insulation over the wire strands was carefully removed for connecting probe. As shown 

in Figure 3.13, it was found that EM crimped samples gave lower resistance value by 4.4 

µΩ compared to conventional crimped samples. With the increase in the discharge 

energy, resistance value kept decreasing and became constant after 4.0 kJ due to the 

maximum compaction of copper wire strands. 
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Terminal Cable
Contact resistance

Connecting probes

Bare wire

 

Figure 3.12 Contact resistance measuring setup 

 

Figure 3.13 Comparison of resistance value for EM and conventionally crimped 

samples 

The effect of high impact velocity may result in the cleaning of the oxide layer and 

moisture content between the contact surfaces. While in conventional crimped samples a 

higher value of resistance was found. Which also shows that a complete compression of 

wire strands using a hexagonal crimp or standard crimping die is not possible which is a 

highly used tool for compression of the aluminium terminal over the copper wire strands 

in industry. As the moisture and oxides always remain between the terminal and wire due 

to quasi-static die compression process in conventional crimping process, this results in 

increase in the contact resistance. 
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3.5.3 Mechanical Pull-Out Testing 

Comparison of pull out load value between EM and conventional crimping was carried 

out. The arrangement of the pull-out process of a wire crimped sample is shown in Figure 

3.14. 

 

Figure 3.14 Configuration of pull-out test for terminal crimped over cables 

Standard procedure for cable pull-out test was carried out where a transverse speed of 50 

mm/min was maintained (Use, 2003). For holding wire at one end, insulation over the 

wire was stripped for effective gripping to prevent any slip (where a: 165 mm, b: 15 mm). 

 

Figure 3.15 Comparison of pull out value between EM and conventionally crimped 

sample 

Pull-out load for EM crimped, and conventional crimped samples are shown in Figure 

3.15. Pull out load of 685 N, 750 N and 913 N was observed for samples crimped at 2.9 

kJ, 3.0 kJ and 3.2 kJ. These values are below the load value of 980 N, which was obtained 
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by conventional crimping process. As per the standard minimum, pull-out value for 35 

mm2 crimped sample is 801 N (“Quality C Rimping,” n.d.). As the discharge energy was 

increased above 3.4 kJ to 4.1 kJ, the value of pull-out exceed the conventional crimped 

sample for the terminal deformation value of 3.34 mm.  

 

Figure 3.16 Comparison of deformation of a terminal in EM and conventional crimped 

The maximum value obtained for 4.1 kJ was found to be 1958 N which is 978 N more 

than the conventional crimped sample, which is due to the increase in deformation with 

the rise in discharge energy and uniform radial compaction as illustrated in Figure 3.16. 

While in conventional crimping process only terminal coming in contact with die to get 

crimp resulting in lesser pull-out strength. 

3.5.4 Surface Roughness 

The surface roughness was measured on the outer surface of the terminals which was 

deformed on the application of magnetic pressure and conventional tool die pressure in 

crimping process. It was measured using a surface profilo meter as illustrated in Figure 

3.17. As shown Figure 3.18, an average roughness value of 0.8 µm on EM crimped 

samples while the value of 2.4 µm on the conventional sample was found. It was found 

that traditional process of crimping leads to increases in surface roughness due to contact 

between crimping tool and the terminal connector. EM crimping process being 

contactless crimping process uses generated Lorentz force resulting to a smoother surface 

with a lower value of the average surface number of 0.8 µm. 
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Figure 3.17 Surface roughness measurement over the crimped samples 

 

Figure 3.18 Surface roughness of the area exposed to crimping (a) EM crimped, and (b) 

Conventional crimped 

3.5.5 Hardness Analysis 

By adjusting the parameters of the EM field, compressive residual stress can be 

introduced along the surface to get peening effects (Golowin et al., 2007). This 

compressive residual stresses due to EM peening keeps varying with the thickness of the 

workpiece. The Vickers hardness test was carried across the cross-sectioned sample of 

EM and conventional crimped sample on different locations as shown in Figure 3.19. For 

testing, the 100 gram force was chosen. It can be seen from Figure 3.20, in EM crimped 

sample the hardness of connector terminal increases with the increase of the discharge 

energy. The hardness has a drastic rise moving away from the contact surface. The most 

substantial value of 47 was obtained for 4.14 kJ of discharge energy.  
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Figure 3.19 Cross-section area for measuring Vickers hardness test 

 

Figure 3.20 Vickers hardness value carried over the crimped samples 

While in conventional crimping process a maximum value of 39.6 was obtained. Increase 

in hardness along the thickness is due to more compressive residual stresses developed 

by EM process compared to conventional crimping process.  To find the compressive 

residual stresses X-ray diffraction (XRD) technique was used.  Residual stress analysis is 

determined where only the peak shift occurs. As shown in Figure 3.21 any change in the 

lattice spacing, results in a corresponding change in the diffraction angle 2θ. Measuring 

the difference in the angular position of the diffraction peak provides the data for 

calculation of residual stress of the sample lying in the plane of diffraction, which contains 

the incident and diffracted X-ray beams. 
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Figure 3.21 XRD analysis of EM and conventional crimped sample 

Williamson Hall method was used to calculate the induced strain utilizing the equation 

(3.1): 

 𝛽𝑐𝑜𝑠𝜃 = (
𝑘𝜆

𝑑
) + (4𝜂𝑠𝑖𝑛𝜃) (3.1) 

where d is the lattice spacing, λ is the wavelength of radiation, κ is constant with a value 

of 0.94, β is the peak width, η is strain induced due to crystal distortion, and θ is peak 

position. Here residual strain was given by Y-intercept, and the value of EM crimped 

sample and the conventional crimped sample was found to be 0.00184 and 0.00162. 

 

Figure 3.22 Stress calculation from the slope obtained from the peak points from XRD 

data for (a) EM crimped sample and (b) Conventionally crimped sample 
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Applying Hooke’s law approximations residual stress was calculated using the equation 

(3.2): 

 𝛽𝑐𝑜𝑠𝜃 = (
𝑘𝜆

𝑑
) + (

4𝜎𝑠𝑖𝑛𝜃

𝑌
) (3.2) 

Where σ is the stress of the crystal and Y is the modulus of elasticity.  This equation slope 

represents residual stress as shown in Figure 3.22. Value of residual stresses for EM 

crimped sample and the conventional crimped sample was calculated to be 3.972 MPa 

and 3.029 MPa. This increases in compressive residual stresses Due to the higher 

compressive residual stress along the thickness in EM crimping process resulted in the 

improvement of the mechanical property compared to conventional crimped samples. 

3.5.6 Temperature Measurement 

In a circuit, the too high electrical current passage can cause overheated. This additional 

heat is detrimental to the integrity of the termination means, conductor insulation and 

even the overcurrent protective device which transfers into the devices through the 

terminals. 

 

Figure 3.23 EM crimped and a conventional crimped terminal connected to a high 

power consumption unit 

Excess heat could cause integrity issues. If there were loose terminal connections, then: 

a) The terminal might overheat, and the insulation might break down, which could 

lead to a fault, typically line to ground. Conductors of different potential were 
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touching, the insulation of both may deteriorate, and a phase-to-neutral or phase-

to-phase fault might occur. 

b) Arcing could occur between the terminal and wire strands. 

The test was carried on EM crimped terminal and conventional crimped terminal, where 

both the terminals were connected to a high power consumption device as shown in 

Figure 3.23. The test was carried out for 12 hours where the temperature of the terminals 

was measured periodically after 30 minutes using an infrared thermometer with a 

precision of 0.5 ℃. 

The experiment was carried at controlled room temperature of 25 ℃. It was observed that 

temperature rise in both the terminal took place as shown in Figure 3.24. Near room 

temperature the electrical resistance of the material increased linearly with rising 

temperature and the resistance equation (3.3) is given by, 

 𝑅 = 𝑅0 (1+∝ (∆𝑇)) (3.3) 

Where Ro is the initial resistance of the metal, ∝ is temperature coefficient of resistance 

(for Aluminium it is 3.9×10-3 /℃), and ΔT is the temperature change. 

 

Figure 3.24 Temperature reading of EM and conventional crimped terminal 

It was found that after 12 hours, the conventionally crimped terminal connector surface 

temperature of 35 oC was observed and for EM crimped sample it was observed to be 31 

℃.  As the resistance value was higher for the conventionally crimped sample, it resulted 
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in higher heat (𝐻𝑟) dissipation compared to EM crimped sample with lower resistance 

value using. The heat produces in the circuit is given by equation (3.4).  

 𝐻𝑟 = 𝐼
2𝑅𝑡 (3.4) 

where I is the current passing through wire and R is the resistance. The rise in temperature 

even by 0.1 ℃ is vital in electronics, power consumption circuit as it may lead to fatal. 

Temperature over the EM crimped sample was found to be lower than the conventionally 

crimped sample due to the minimum change in resistance in the contact area and lower 

heat dissipation making it more attractive option to conventional crimping process. 

3.6 Summary 

In present chapter comparison of EM crimping and conventional crimping of the 

aluminium terminal to the copper wire was carried out. The main summarized points are: 

 Deformation of aluminium terminal increased with the increase in discharge 

voltage but after 9.6 kV it remained constant as copper strands restricted further 

radial deformation of the terminal. 

 With this method of EM terminal-wire crimping average gap was reduced by 70 

% compared to conventional crimping process. 

 The resistance of EM crimped samples decreased with the rise in discharge 

energy, and after 4.0 kJ, it remained constant as 8.1 µΩ, which was lower by 34 

% compared to conventional process. 

 The pull-out strength value increased with discharge energy. A maximum of 1.604 

kN was observed for 4.14 kJ discharge energy while conventionally crimped 

sample maximum value was found to be 0.995 kN. 

 The mean surface roughness value of 0.8 µm was obtained in EM crimped sample 

while in conventional process the value was more than 2.4 µm.  

 The hardness increased up to 47 HV0.5 for EM process while the conventional 

method it was 39 HV0.5. In traditional die crimping process, the area in die contact 

was hardened, whereas in EM crimping complete terminal exposed to EM   

pressure waves was hardened.  
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 Temperature over the EM crimped sample showed 30.5 ℃, which was lower than 

the conventionally crimped sample by 4 ℃ due to the minimum change in contact 

resistance.  

Overall, in this chapter, a comparison was carried out by comparing EM and conventional 

terminal-wire crimping process. Which shows that EM crimping process can be an 

alternative and advantageous to the existing traditional crimping process. As there is no 

mechanical contact between the tool coil and workpiece exists, subsequently no imprints 

occur on the workpiece surface which results in no cracks in the terminal as occurs in 

conventional crimping tool on excessive pressure. Since in EM crimping process, 

deformation of the terminal is easily controllable by simple adjustment of the discharge 

voltage. So, chances of under deformation and over deformation can easily be avoided in 

this process.  
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Chapter 4 

4 Numerical and Experimental Study on Variation in 

Terminal Profile 

4.1 Introduction  

Power cables either overhead or underground are the most essential and critical part of 

electricity transmission system. Transmission through overhead wire sometimes causes 

wildfires causing a problem in the distribution in the power lines, which results in thermal 

expansion of connector terminal leading to loosening the strength constraining the wire 

strands and eventually failure (Soulinaris et al., 2014; Tohidi et al., 2017).  

In the previous chapter 3, work was carried out on the comparison of EM terminal- wire 

crimping process and compared it to conventional wire crimping process, showing the 

advantage of EM crimping method. But no numerical simulations have been carried out 

yet for EM terminal-wire crimping process to understand the physics occurring during 

the process which takes microseconds for the completion of this process. 

This chapter shows the simulation carried out in the EM module of LS-DYNA module 

software. Simulations were carried out to find suitable coil dimensions which act as a 

crimping tool in EM crimping process and to find the required discharge voltage for the 

uniform deformation of the aluminium terminal over the copper wire strands. Results of 

the simulations were used for the fabrication of the coil. Experiments were carried out on 

the plain and threaded terminal for comparison. Results like terminal deformation, contact 

resistance, cross-section analysis, hardness along terminal thickness and pull-out test 

were carried out and discussed in subsequent sections.  

4.2 Methodology 

The schematic flowchart of the implemented method to achieve quality crimp joint is 

shown in Figure 4.1. The numerical simulations were carried out to find a suitable coil 

and to study parameters like current density, magnetic field, radial displacement and 

impact velocity which can provide required uniform deformation of the terminals. Coil 
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was fabricated using numerical simulations data to carry out the experiments on plain and 

threaded terminals.  

 

Figure 4.1 Flow chart of the implemented procedure 

4.3 Finite Element Analysis of Electromagnetic Crimping 

4.3.1 Fully coupled EM module in LSDYNA 

In this chapter, EM module under the LSDYNA is used to perform coupled EM – 

mechanical simulations. Flow chart of EM-mechanical structural coupling process is 

shown in Figure 4.2. The EM module allows to introduce electrical current inside the 

solid conductor, and to compute the associated magnetic field, electric field and induced 

current by using the governing Maxwell equations which is solved by FEM method. 

 

I. Circuit parameters 

Before running numerical simulations, the first step of the modeling is the determination 

of the electric current running through the coil. The system of EM crimping can be 

represented as a transformer since it is characterized by an electric energy transfer by 

electromagnetic induction between the pulse generator-coil unit (primary circuit) and the 

workpiece (secondary circuit). 
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Figure 4.2 Flowchart of the EM-mechanical structural coupling process 

These two circuits are coupled through a mutual inductance and are traveled by the 

discharge current and the induced current, respectively. Analytical portion is already 

discussed in Section 2.7. A damped pulsed current is the load during the EM forming 

process. Only initial part of the current is responsible for the plastic deformation. The 

current is given by equation (4.1): 

 𝐼 = 𝑈𝑜√
𝐶

𝐿
 𝑒−𝛿𝑡 sin𝜔𝑡 (4.1) 

where, Uo is the discharge voltage, C is the capacitance, L is the inductance, δ is the 

damping exponent, and ω is the angular frequency. The capacity and the charging voltage 

are the best known and controllable parameters.  

II. EM Governing equations 
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The EM model is governed by Maxwell’s equations (L Eplattenier et al., 2008): 

 𝛻⃗ × 𝐸⃗ =
−𝜕𝐵𝑚⃗⃗ ⃗⃗  ⃗

𝜕𝑡
 (4.2) 

 ∇⃗⃗ × (
𝐵𝑚⃗⃗ ⃗⃗  ⃗

𝜇
) =  𝐽  (4.3) 

 𝛻. 𝐵𝑚⃗⃗ ⃗⃗  ⃗  =  0 (4.4) 

 𝛻. 𝜀𝐸⃗  =  0 (4.5) 

 𝛻. 𝐽  =  0 (4.6) 

 𝐽  =  𝜎𝐸⃗  +  𝐽𝑠⃗⃗  (4.7) 

 𝛻⃗  ×  𝐻⃗⃗  =  𝐽 ⃗⃗ +  Ɛ
𝜕𝐸⃗ 

𝜕𝑡
 (4.8) 

 𝐵⃗ 𝑚  =  𝜇𝐻⃗⃗  (4.9) 

where, σ = electrical conductivity, µ = magnetic permeability, Ɛ = electrical permittivity,  

E = electric field, Bm = magnetic flux density, H = magnetic field intensity, ρ = total 

charge density, J = total current density, 𝐽𝑠 = source current density. The divergence 

condition in equation (4.4) allows writing the magnetic flux density as: 

 𝐵⃗ 𝑚  =  𝛻⃗⃗  ⃗ × 𝐴  (4.10) 

where,  A is the vector potential. Using equation (2.23) electric field is given by 

 𝐸⃗ =  −∇⃗⃗ ∅ −
𝜕𝐴 

𝜕𝑡
 (4.11) 

where, ∅ is the electric scalar potential. By using the gauge condition it allows the 

separation of the vector potential from the scalar potential. 

 ∇ ∙ 𝜎𝐴 = 0 (4.12) 

Using equation (4.6, 4.7, 4.11, and 4.12) we get, 

 ∇ ∙ 𝜎∇⃗⃗ ∅ = 0 (4.13) 

Using (4.3, 4.7, 4.10, and 4.11) the induced total current density 𝐽  over the workpiece can 

be expressed as get Maxwell equation in terms of potential as, 
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𝐽 =  𝛻⃗ ×

1

𝜇
(𝛻⃗ × 𝐴 ) + 𝜎

𝜕𝐴

𝜕𝑡
 + 𝜎𝛻⃗ ∅ 

(4.14) 

III. Boundary conditions 

 

The boundary condition is given by, 

 𝑛⃗ ∙ ∇⃗⃗ ∅ = 0 𝑜𝑛 Γ (4.15) 

 ∅ = ∅𝑐 𝑜𝑛 Γ𝑐 (4.16) 

 𝑛⃗ × ∇⃗⃗ × 𝐴 = 𝐴𝑐⃗⃗⃗⃗  𝑜𝑛 Γ (4.17) 

 𝑛⃗ × 𝐴 = 𝐴𝑐 𝑜𝑛 Γ𝑐 (4.18) 

where, Γ represents the surface of the coil and tube, Γ𝑐 represents the region where the 

coil is connected to the external current supply. Equation (4.15) states that the gradient of 

the electric potential is orthogonal to the surface normal 𝑛⃗ , while equation (4.16) shows 

that the potential at the coil current input surface is equal to the source potential i.e. 

connection of the conductor to a voltage source and equation (4.18) to the current source 

Meshing of the air which is a very complicated part in other software. In LSDYNA it is 

done by using Boundary Element Method (BEM) method. The BEM method need no 

meshing of air surrounding the conductor. It thus significantly avoids meshing problem 

when complicated conductor geometries are used. Another advantage of this process is 

that, it removes the introduction of artificial infinite boundary conditions. 

IV. Mechanical Solver 

 

Once the EM field has been computed, Lorentz force 𝑓  is evaluated at the nodes and 

added to the mechanical solver. According to Maxwell’s equation, the Lorentz force 𝑓  is 

expressed by 

 𝑓 =  𝐽 × 𝐵𝑚⃗⃗ ⃗⃗  ⃗ = (𝛻⃗ ×
𝐵𝑚⃗⃗ ⃗⃗  ⃗

𝜇
) × 𝐵𝑚⃗⃗ ⃗⃗  ⃗ (4.19) 

Both the electromagnetic and mechanical solver each have their own time step for 

computing. In LSDYNA, computing the mechanical structural portion time step, it is ten 

TH-1753_136103016



Numerical and Experimental Study on Variation in Terminal Profile  

62 

 

times smaller time compared to EM part. The explicit mechanical solver computes the 

deformation of the conductor and so the new geometry is used to compute the EM field 

in a Lagrangian way. In LSDYNA meshing is carried out using hexahedral element only 

for EM module. 

The Lorentz force calculated is then substituted to the transient dynamic equilibrium 

equation (4.20). Knowing that the workpiece in the forming process is plastically 

deformed, dynamic equilibrium equation is used to evaluate the exact deformation of the 

workpiece at each time increment. 

 𝑀𝑢̈ + 𝐶𝑢̇ + 𝐾𝑢 = 𝐹  (4.20) 

Where M represents the structural mass matrix, C is the structural damping matrix, u is 

the nodal displacement vector, K is the structural stiffness matrix, and F is the load vector. 

If the magnetic field is completely shielded, then the charging energy of the capacitors is 

transferred most efficiently into a desired course and distribution of the magnetic field in 

the gap. Then the magnetic field inside a solenoid is given as 

 Bm(t) =
𝑛

𝑙𝑜
I1(t) 

(4.21) 

The magnetic field B(t) depends on the coil current I1(t) and the number of turns per unit 

length n/lo. If the skin depth is small in comparison to the thickness of the workpiece, the 

penetrated magnetic field is frequently neglected, and then the magnetic pressure is given 

by simple equation, 

 
𝑃 =

1

2
𝜇 𝐻⃗⃗ 2 

(4.22) 

The highest velocity vector was observed at the collision point and the magnitude of the 

velocity vector reduced as the distance from the collision point increased. High velocities 

creates high plastic deformation and shear stress at the interface. Impact velocity Vi is 

given by (Psyk et al., 2011), 

 
𝑉𝑖 =

𝐵𝑚
2

2𝜇𝑜𝜌𝑠 
 𝑡 

(4.23) 

where,  𝜌, 𝑠 and 𝑡 are the workpiece density, thickness and time in seconds.  

TH-1753_136103016



Numerical and Experimental Study on Variation in Terminal Profile  

63 

 

4.4 Designing of EM Crimping Process 

EM crimping due to high strain rate forming process takes microseconds for completion 

of the process. EM crimping process requires coupling between mechanical and EM field 

for the numerical simulations to be carried out (Chaudhary and Kore, 2016). In the current 

work, EM wire crimping model was designed in the EM module of LS- DYNA software 

which involves good coupling between mechanical and EM process. 

4.4.1 Numerical Model 

One important objective of the numerical simulations was to find suitable dimensions of 

the coil which is a crucial component, which creates a transient magnetic field to produce 

magnetic force to deform the workpiece uniformly. The manufacturing of different coil 

with a different pitch, wire diameter and length is a time-consuming process and an 

entirely expensive process. Hence, the numerical simulations were carried out, to predict 

the suitable coil dimensions and optimum discharge voltage required for terminal 

deformation. 

4.4.2 Coil Modeling and Material Properties 

For crimping of the aluminium terminal over the copper wire strands, the helical 

solenoidal coil was modeled and designed considering workpiece geometrical dimensions 

as shown in Figure 4.3. The number of turns in the coil was decided based on the copper 

wire cross-section that makes the solenoid coil. The dimensions used for modeling are 

summarized in Table 4-1. Following boundary conditions were assumed while carrying 

out the simulations: 

 The copper helical coil is assumed to be rigid 

 The interaction coefficient of friction is assumed to be negligible between the wire 

strands 

 Electrical losses through Joule heating effect is not accounted in this study 

 Terminal material property is isotropic 
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Figure 4.3 Numerical simulation model developed in LS-DYNA 

Table 4-1 Dimensions of the coil and workpiece used in simulations 

Coil 

 

Material: Copper 

No. of turns: 05 

Cross-sectional area: 19.6 sq mm 

Inner diameter: 10.5 mm 

Outer diameter:15.5 mm 

Diameter of wire used: 5 mm 

Coil length: 27 mm 

Workpiece 

Terminal material: Aluminium  

Outer diameter: 9 mm 

Inner diameter: 7 mm 

Crimping length: 25 mm 

Wire strands material: Copper 

Diameter of wire strands: 5.7 mm  

No. of wire strands: 192 

In the numerical simulation for high strain rate deformation process, the Johnson-Cook 

(J-C) constitutive was used, to model the behaviour of deforming terminal (Sobolev and 

Radchenko, 2016). The J-C equation which is a combination of plastic strain and plastic 

strain rate can be described in Equation (4.24):           

 𝜎 = (𝐴 + 𝐵 𝜀𝑛) [ 1 + 𝐶 𝑙𝑛 (
𝜀̇

𝜀̇
)] [ 1 − (

𝑇 − 𝑇𝑟𝑜𝑜𝑚 
𝑇𝑚 − 𝑇𝑟𝑜𝑜𝑚

)
𝑚

] (4.24) 

This model considers the separated effects of strain hardening, strain rate and thermal 

softening. Where σ is the equivalent plastic stress (MPa), ε is the equivalent plastic strain,  

TH-1753_136103016



Numerical and Experimental Study on Variation in Terminal Profile  

65 

 

𝜀̇ is the equi valent plastic strain rate (s-1), 𝜀̇ is the reference equivalent plastic strain rate 

(s-1), T is the temperature (oC), Tm is the melting temperature, and Troom is the room 

temperature (oC). A, B, C, m, and n are material constants obtained using mechanical tests. 

The J-C material properties for AA 1050 and copper are shown in Table 4-2. 

Table 4-2 Johnson-Cook material constant parameter (Hustad and Lindland, 2014) 

Materials A (MPa) B (MPa) n C Tm (K) m 

1050AA 110 150 0.36 0.014 918 1 

Copper  90 292 0.31 0.025 1331 1.09 

 

Mechanical properties of AA 1050 and copper were listed in Table 3.2.  In EM crimping 

process, the input current is an important factor which was taken from the experimental 

EM setup for various discharge voltage as shown in Figure 4.4. The EM parameters of 

the machine are listed in Table 3.3.  

The input current obtained from the EM machine setup was transferred as a current time 

graph in the EM module of the software to analyze the dynamic plastic deformation of 

the terminal. In EM crimping process as the first period of the current is responsible for 

considerable deformation (Haiping and Chunfeng, 2009). Hence, results are discussed for 

16 µs and 39 µs of the current curve. FEM input conditions used for running simulations 

is listed in Table 4-3. CPU running time is the time taken for the server to run the 

simulation for single discharge voltage. Since, quadrilateral elements can be used for EM 

module of the software, so meshing of complicated geometries were carried out in 

Hypermesh software and imported in LSDYNA software for computing. 

Table 4-3 FEM input conditions for EM terminal wire crimping model 

Model 

elements 

No. of 

element 

EM 

time 

Mechanical 

time 

Time 

step 

Iteration CPU running 

time 

Quadrilateral 455160 39 µs 39 µs 1 µs 10000 198 hrs. 
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Figure 4.4 (a) Curve of the current waveform in the coil (b) First pulse of the current 

waveform 

4.5 Numerical Simulations Results 

Figure 4.5 shows the deformation of the aluminium terminal over the copper wire strands 

for 11.25 kV discharge voltage, where deformation of the terminal with a change in time 

could be seen.  

 

Figure 4.5 Sequential deformation of the aluminium terminal at 16 µs and 39 µs for 

11.25 kV discharge voltage 
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Figure 4.6 Current density vectors of the coil at 16 µs and 39 µs 

Figure 4.6, shows the cross-section side view of the current density vectors of the helical 

coil, during the EM crimping process.  The current density in the center of the helical coil 

is stronger than in the other areas and decreases the flow of current with the time due to 

damped current. The maximum value of current density was found to be 15.47 kA/mm2 

at 16 μs for 11.25 kV of discharge energy. The value of the current density reduced, as 

time passed. While at 39 μs the value was found to be 7.58 kA/mm2 and direction of 

current density also changed during the process, because the direction of input current 

changed as time passes.  The vectors of the magnetic field in the coil are shown in Figure 

4.7 Magnetic field density vectors of the coil at 16 µs and 39 µs. The maximum value of 

the magnetic field was 5.506 T (Wb/m2) at 16 μs, and its direction was inside the coil 

from the center. The value of the magnetic field was reduced to 4.565 T (Wb/m2) at 39 

μs, and its direction was also changed. The same as for the current density case the vector 

direction of magnetic field changed with the anti-clockwise and clockwise direction of 

the current.  

 

Figure 4.7 Magnetic field density vectors of the coil at 16 µs and 39 µs 
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Figure 4.8 Variation of the magnetic field with time for various discharge voltages 

Variation of the resultant magnetic field for different discharge voltages is shown in 

Figure 4.8. The magnetic field values of 5.5 T, 4.98 T, 4.44 T and 3.89 T for 11.25 kV, 

10.5 kV, 9.75 kV and 9 kV of discharge voltages were obtained in numerical simulations. 

The increase in a magnetic field is due to increase in current flowing through the coil 

which increases the discharge voltage. So, the value of the magnetic field was found to 

be increased with the increase of the discharge voltage.  

 

Figure 4.9 Current density of vectors on the workpiece for 16 µs and 39 µs 

Figure 4.9, shows the direction of the current density on the terminal is in the opposite 

direction, compared with the direction of the coil due to Faraday’s Law. As the magnetic 

field vectors are perpendicular to the current density vectors, thus Lorentz forces occurred 

to deform the connector terminal. As shown in Figure 4.10, the magnetic field acting over 

the workpiece with the increase in discharge voltage which leads to increase in Lorentz 

force and radial deformation. 
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Figure 4.10 Magnetic field density ( in Tesla) on the workpiece for 16 µs and 39 µs 

The value of magnetic pressure acting over the terminal is proportional to the magnetic 

field, where the value of skin depth was calculated to be 0.597 mm using equation (2.21). 

With the increase in discharge voltage, magnetic pressure tends to increase, and resulted 

in increased radial deformation as shown in Figure 4.11. Maximum radial deformation 

was found to be 2.2 mm for 11.25 kV discharge voltage.  It was also found that the plastic 

deformation was initiated in the surface of terminal placed in the mid of the coil where 

maximum current density was observed. Figure 4.12, shows the impact velocity of 

terminal deformation. It was observed that impact velocity increased with the increase in 

the discharge voltage and peak velocity were found to be 209.1 m/s for 11.25 kV 

discharge voltage at 16 µs, due to rise in magnetic pressure. 

 

Figure 4.11 Change in resultant radial displacement of the terminal 
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Figure 4.12 Variation in impact velocity of the terminal 

Using the simulation, the solenoid coil was designed and fabricated to carry out 

experiments. From the simulation, the required machine discharge voltage was found to 

be between 9 kV to 11.25 kV. So, the experiments were carried out in these discharge 

voltages to avoid trial and error.  

4.6 Experimental Work 

A five-turn solenoidal copper coil dimensions were obtained using the simulation results 

to carry out the experiments as shown in Figure 4.13. The workpiece dimensions are given 

in Table 4-4. 

 

Figure 4.13 Five turns solenoidal coil used for carrying out experiments 
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Figure 4.14 (a) 25 mm2  copper wire, (b) Internal threaded terminal, and (c) Plain 

terminal 

Internal threading inside the plain connector terminal was carried out using the tapping 

tool M8 to make thread pitch of 1.25 mm and thread height of 0.76 mm. Samples used 

for carrying out experiments are shown in Figure 4.14. 

Table 4-4 Geometry of workpiece 

Work 

Material 

Outer diameter of plain terminal 

Outer diameter of thread terminal 

Thickness of plain terminal 

Thread pitch (coarse) 

Thread height 

Diameter of wire strands  

Aluminium 

9 mm 

9 mm 

1 mm 

M8, 1.25 mm 

0.76 mm 

5.69 mm 

4.6.1 Results and Discussion 

 Experiments were carried out at different voltages from 9 kV to 11.25 kV for crimping 

of samples. The standoff distance between the coil and the terminal was kept constant 

(0.75 mm) for different iterations of the experiment. Crimped samples are shown in 

Figure 4.15.  Repetition of experiments on the same discharge voltages were carried to 

minimize the error.  
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Figure 4.15 EM crimped samples at various discharge energy (a) Plain crimped terminal 

(b) Threaded crimped terminal 

4.6.2 Terminal Radial Deformation 

The deformation of terminal increased, which kept increasing with the increase in the 

discharge voltage. Because the value of Lorentz force increased with increase in the 

discharge voltage (Equations (4.19, 4.21)).  So, for discharge voltage of 11.25 kV 

maximum radial deformation for the threaded terminal was found to be 2.2 mm and for 

the plain terminal, it was 2.1 mm terminal as shown in Figure 4.16.   

 

Figure 4.16 The effect of processed voltage on change in diameter for threaded and 

plain EM crimped terminal 
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At discharge voltage of 11.25 kV, maximum radial compression of the terminal was 

obtained. Further increase in energy will increase the deformation. But to avoid damage 

to the wire strands as per standard maximum deformation should not exceed 2.2 mm for 

25 mm2 wire strands (“TE Connectivity,” n.d.).The deformation of the threaded terminal 

was found to be more compared to the plain terminal. The internal threading was done 

using tapping tool, causing the removal of material inside the terminal to create threads. 

The magnetic pressure developed on the plain terminal and threaded terminal is same for 

a different thickness. Lesser the thickness more the deformation was found in the threaded 

terminal.  

4.6.3 Cross-Section Analysis 

Comparison of the cross-section of EM crimped samples was carried out using upright 

optical microscope at 5X magnification.  Images of the cross-section are shown Figure 

4.17. It was found that compression done for threaded terminals crimped showed more 

uniform and minimum voids between the wire strands and the terminal compared to the 

plain terminal.  As terminal deformation was more for the threaded crimped sample, it 

gave better compaction of wire strands where minimum voids were found comparatively. 

In plain terminal due to lesser compaction, a gap of 0.3 mm, 0.1 mm, and 0.4 mm was 

measured at the interface. While in the threaded sample that gap was covered up by the 

threads, and no such interface gap was observed. 

 

Figure 4.17 Cross-section images are taken under a digital microscope 

4.6.4 Electrical Characterization 

One important criterion of a contact terminal crimping process is electrical resistance. 

The crimped contact resistance was measured using LCR meter.  Lesser the contact area 
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resistance, less is the heat generated across the terminal and minimum is a loss of energy. 

An adequately crimped terminal should provide minimum contact resistance for a 

maximum flow of current through it. As shown in Figure 4.18, it was found that the 

threaded samples showed contact resistance of 23.5 mΩ while the plain crimped terminal 

it was 25.08 mΩ for 11.25 kV discharge voltage.  

 

Figure 4.18 Comparison of resistance value for crimped samples of plain and threaded 

terminal 

With the increase in the discharge energy, resistance value kept decreasing and became 

constant after 10.5 kV due to maximum compaction of copper wire. The threaded terminal 

provides more compaction and minimum contact gap at the interface, due to which 

resistance value of threaded crimped terminal was found to be lower compared to the 

plain samples by 1.58 µΩ. Further, it was observed that contact resistance value of both 

types of terminal becomes constant after 10.5 kV as further compaction of the terminal is 

restricted by the copper strands. So, a further increase in energy may not necessarily 

provide a lowering of contact resistance value. 

4.6.5 Mechanical Pull-Out Testing 

Comparison of pull out load value of EM crimped samples were carried out as shown in 

Figure 4.19 for various discharge voltages from 9 kV to 11.25 kV.  
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Figure 4.19 Pull-out strength of plain and threaded crimped samples 

Due to increase in the radial deformation, with the rise in the discharge voltage, pull-out 

strength was found to be increased for both the type of samples. The threaded samples, 

for 11.25 kV discharge voltage gave the maximum pull out value of 946 N compared to 

776 N for the plain terminal. Due to internal threads, threaded sample provided more 

gripping area and thus providing more barrier for the removal of wire strands compared 

to the plain crimped terminal. The pull out the strength of threaded terminals was found 

to be 170 N more than crimped plain terminals for 11.25 kV discharge voltage. This 

shows the advantage of making thread inside the terminal which increases mechanical 

strength. 

4.6.6 Hardness Analysis 

By adjusting the parameters of the EM field, compressive residual stress can be 

introduced along the surface to get peening effects (Gary and Cheng, 2009). This 

compressive residual stresses due to EM peening keep varying the thickness of the 

workpiece. The Vickers hardness test was carried across the cross-sectioned sample of 

plain and threaded terminals.  For testing, 100 gram force is chosen. As shown in Figure 

4.20, in the EM crimped sample the hardness of terminal increases with the increase of 

the discharge voltage.  
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Figure 4.20 Vickers hardness over the cross-section of plain and threaded crimped 

sample 

The increase in hardness is due to strain hardening and compressive residual stresses 

developed because of high-velocity impact which usually occurs in high strain rate 

forming operations. The maximum value of 52.4 HV0.1 was obtained for a threaded 

crimped sample at 11.25 kV of discharge voltage. While for the plain crimped sample 

maximum value of 49.6 HV0.1 was obtained. As the thickness of threaded terminal was 

lesser due to material removal in thread formation compared to the plain terminal, EM 

peening effect was found to be more in the threaded terminal. 

4.7 Summary 

In the present chapter, numerical simulations were carried out to find out a suitable coil 

for EM terminal-wire crimping process. Experiments were carried out to compare plain 

and threaded crimped terminals at various discharge voltages. The observations from this 

chapter could be summarized as follows: 

 Numerical simulations were carried out to find the suitable dimension of the coil 

and range of discharge voltage for uniform crimping of the aluminium terminal 

over the copper wire strands. 

 The magnitude of current density and magnetic field of the coil for maximum 

discharge voltage of 11.25 kV was found to be 15.47 kA/mm2 and 5.5 T. 
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 Maximum impact velocity of the aluminium terminal over the copper wire strands 

was found to be 209.1 m/s for 11.25 kV, where the maximum radial displacement 

of 2.2 mm was observed. 

 Deformation of the threaded crimped aluminium terminal was found to be more 

compared to the plain crimped aluminium terminal by 0.5 mm for maximum 

discharge voltage of 11.25 kV. 

 Voids between the wire strands in the threaded terminal were found to be minimal 

due to the presence of thread compared to the plain terminal. 

 Resistance value was observed to be 20 % lesser in threaded terminal compared 

to the plain terminal. 

 Pull out test value shows that value was increased by 17.89 % in 11.25 kV for 

threaded terminal compared to the plain terminal. 

 Hardness value reveals that by EM crimping process there is an increase in the 

hardness along the thickness due to peening effect. The value of hardness was 

found to be 8 % more in threaded profile. 

It was concluded that formation of thread inside the terminal could enhance the electrical 

and mechanical properties by using EM crimping process 
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Chapter 5 

5 Numerical and Experimental Studies on Different Coil 

Designs 

5.1 Introduction 

Compression using conventional crimping tool deteriorates the material due to relaxation 

or partial release which results in increasing resistivity and huge losses in the wiring 

system and battery power system. In previous two chapters, work was carried out on a 

comparison of EM wire crimping process to conventional crimping process and 

numerical simulation for understanding the inside physics of the EM terminal-wire 

crimping process. But, due to 198 contact properties and total mesh numbers exceeding 

more than 2.5 lakhs and increasing FEM and BEM timing, it was found difficult to run 

simulations with various parameters. 

So, in this chapter, numerical simulations were carried out on three different types of 

helical coils with different cross-section (CS) geometry keeping the CS area constant. For 

comparison number of turns and the total length of coil remains same so that the total 

inductance of the coil remains same of all the three cases.  The material of the terminal 

remains the same as in the previous chapter to maintain the uniformity of the work. For 

the validation, aluminium seven wire strands are taken under the examination for a proper 

understanding on the deformation of wire strands on various coil geometry and EM 

parameters. Results of the simulations were used to fabricate the coil for carrying out the 

experiments. This chapter aims to develop a new, different coil design for terminal- wire 

crimping that can be an alternative to existing coils in EM crimping process with many 

advantages.  

5.2 Numerical Analysis 

Coils with different CS geometry were modeled and simulated in LS-DYNA. In the 

numerical simulation, the EM and mechanical models were established respectively. A 

link between EM field and mechanical was used by the LS-DYNA EM module software 
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for finite element modeling of EM terminal-wire crimping process (Patel et al., 2017). 

During the solution, the first analysis solves for the EM loading on the conductor using 

EM field analysis. Then second analysis uses mechanical solver to solve the dynamic 

response of the terminal using the result from the first analysis. This coupling between 

the EM and mechanical solver was used in carrying out simulations. FEA involved in the 

software is already explained in previous Chapter 4, Section 4.3.  

5.2.1 Modelling Process 

The explicit general contact algorithm was used for this analysis. In the general contact, 

the software automatically defines all the surfaces used and is the simplest way to define 

contact in the model. A total of 8 contacting parts in the model, needs 18 contact pairs for 

all possible two surface combination. A seven wire strands with each having 1.5 mm 

diameter was used in the model.  

 

Figure 5.1 Sectional CS view of the assembly with different cross-section  (a) Circular 

(b) Rectangle and (c) Trapezoidal 

The deformable wires and the terminals were modelled with C3D8R, eight-node 

elements. The coil as the part was modeled using R3D4 elements. Modelled CS assembly 

for all the three types of variation in coil geometry is shown in Figure 5.1. For comparison 
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CS area, numbers of turn and length of all the coils were kept constant as summarized in 

Table 5-1 and geometry of the workpiece dimensions are shown in Table 5-2. In the finite 

element simulation, the Johnson-Cook (J-C) constitutive equation was used to model the 

behavior of deforming aluminium terminal. The J-C equation (as written in equation (4.1), 

Chapter 4) which is a combination of plastic strain and plastic strain rate material 

properties are listed in Table 4-2. The wire strands and terminals are made of AA 1050, 

where Johnson-Cook (J-C) material property was used, while coil material is assigned to 

be copper.  To be more precise in comparison, a total number of 3583 elements remains 

the same for all three types of models. FEM input conditions used for running simulations 

is listed in Table 5-3. 

Table 5-1 Designing of coil types 

Factors Coil 1 Coil 2 Coil 3 

Geometry type Trapezoidal Rectangular Circular 

CS area (mm2) 20 20 20 

Inner diameter of coil (mm) 10.5 10.5 10.5 

Length (mm) 27 27 27 

Dimensions of CS  (mm) Top : 4 

Base : 3 

Height : 5.7 

Length : 4 

Width : 5 

Dia : 5 

Table 5-2 Workpiece dimensions 

Workpiece 

Material 

Outer diameter of terminal 

Thickness of terminal 

Wire strands diameter 

Aluminium 

9.0 mm 

1.0 mm 

5.8 mm 

 

Table 5-3 FEM input conditions for EM terminal wire crimping model 

Model 

elements 

No. of 

element 

EM 

time 

Mechanical 

time 

Time 

step 

Iteration CPU running 

time 

Quadrilateral 4492 50 µs 50 µs 1 µs 10000 94 hrs. 

 

5.2.2 Analysis and Discussion 

In EM crimping process input current is an important factor which was taken from the 

experimental EMF setup for various discharge voltages as shown in Figure 5.2. This input 
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current was used as input current time graph in the software to analyze the dynamic plastic 

deformation of the terminal. As in EM process first period of the current is responsible 

for considerable deformation (Haiping and Chunfeng, 2009), so results are discussed for 

the first period of the current curve. 

 

Figure 5.2 Typical waveform of current  for various discharge voltages 

5.2.2.1 Current Density 

Figure 5.3 shows the value of peak current density on the terminal for different CS coils. 

The current density J is given by equation (5.1) as; 

 𝐽 = 𝑛
𝐼

𝐴
 (5.1) 

where n is the number of turns, and A is the CS area of the wire. 

It was observed that for trapezoidal, rectangular and circular CS coil, a current density 

magnitude of 25.31 kA mm-2, 23.28 kA mm-2, and 22.61 kA mm-2 was found for the 11.7 

kV discharge voltage. The trapezoidal CS coil geometry showed the maximum current 

density among the three different types of the coil. Because of generation of strong current 

peaks due to the more accumulation of current over the tapered zone. When compared to 

circular CS coil, rectangular CS coil showed more current density by 0.67 kA mm-2, due 

to the uniform gap which is maintained throughout its geometry while, in a circular, a gap 

is maintained just over the diameter section of the coil as explained in Figure 5.4.   
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Figure 5.3 Current density for different  CS (a) Circular (b) Rectangular  and (c) 

Trapezoidal 

 

Figure 5.4 Influence of coil CS geometry on current density (a) Circular (b) Rectangular  

and (c) trapezoidal CS 

TH-1753_136103016



Numerical and Experimental Studies on Different Coil Designs 

84 

 

5.2.2.2 Magnetic Field 

As shown in Figure 5.5, tapered CS coil generates the maximum value of a magnetic field 

of 8 T followed by a rectangle CS and circular CS coil with the value of 7.1 T and 6 T. In 

tapered CS coil magnetic flux due to tapered geometry, it generates a high current density 

peak around the narrowed portion increasing the magnitude of magnetic field. Followed 

by rectangular CS and circular CS coil, due to variation in the gap between the turns.  

 

Figure 5.5 Variation in a magnetic field for same discharge energy for different coil CS 

5.2.2.3 Radial Deformation 

It was found that change in diameter of the aluminium terminal increases which is in 

relation to the peak value of magnetic pressure (Equations 4.22).  

 

Figure 5.6 Effect of discharge energy of 11.7 kV on radial displacement for different 

coil CS 
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Figure 5.6, shows the variation of terminal deformation as the function of time for 

different coil CS geometry. The trapezoidal CS helical coil gives the maximum change 

in diameter, with a value of 2.4 mm, while the rectangular and the circular CS helical coil 

change in deformation were found to be 2.3 mm and 2.25 mm, for 11.7 kV discharge 

voltage.  

Even though the CS area and length of all the coil was same, it was observed that with a 

change in geometry like trapezoidal, square and circular, it significantly affects the radial 

displacement. As current density and magnetic field are higher for trapezoidal CS coil, so 

resultant radial displacement was found higher compared to other two coils. 

5.2.2.4  Impact Velocity 

The highest velocity vector was observed at the collision point and the magnitude of the 

velocity vector reduced as the distance from the collision point increased (Equation 4.23).  

 

Figure 5.7 Variation in impact velocity for different coil CS 

High velocities create high plastic deformation. As shown in Figure 5.7, resultant impact 

velocity of the terminal over the wire strands was found to be maximum for trapezoidal 

CS coil with a magnitude of  225 m/s, while for rectangular CS and circular CS coil the 

velocity was 207 m/s and 194 m/s. It can be seen clearly that maximum velocity was 

achieved in 17.19 µs which is in good agreement with the peak magnetic field and peak 

current density. 
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5.3 Experimental Work 

Five turn solenoidal copper coils were fabricated as per the dimensions used in the 

simulations to carry out the experiments as shown in Figure 5.8. Experiments were carried 

out at optimized discharge voltages varying from 9.4 kV to 11.7 kV, obtained from the 

simulation results to find the most suitable coil for a proper effective crimping to occur. 

Test like radial deformation, CS analysis, contact resistance, hardness and pull-out tests 

were carried over the crimped samples obtained from different coils. The standoff 

distance between the coil and the connector terminal was kept constant (0.5 mm) for 

different iterations of the experiment. Crimped samples are shown in Figure 5.9.  

Repetitive experiments were carried to avoid errors in post-processing. 

 

Figure 5.8 Different CS coil (a) Circular (b) Rectangular and (c) Trapezoidal CS 

 

Figure 5.9 Crimped samples for various discharge energy for different type of coil CS 
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5.3.1 Deformation Measurement in the Samples 

The deformation in crimped samples was measured. Radial deformation of all the coils 

was found to be increasing with the increase in discharge voltage, due to increase in the 

magnetic field inside the coil (Equation 4.19, 4.20, 4.21, and 4.22). As shown in Figure 

5.10, it was found that out of three coils, the trapezoidal CS coil gave the maximum 

deformation of 2.2 mm for 11.7 kV compared to 2.1 mm and 2.0 mm for the rectangular 

and the circular CS helical coil. Repetitive experimental data is listed in Table 5-4.  

Deformation at various discharge voltages for simulation and experiment is listed in Table 

6. Maximum deformation that can take place for this size of the terminal is 2.2 mm as per 

the conventional crimping standard [12]. The error in the results may be due to the losses 

in current at the contact terminal of the coil (inductor) which was connected to the EM 

machine or in the form of heat, which was not accounted in the simulation process.  The 

trapezoidal CS coil has been optimized in such a way that the trapezoidal CS concentrates 

the magnetic field on the workpiece more than the rectangular and the circular CS helical 

coil. 

 

Figure 5.10 Change in diameter for samples crimped using different coils, experimental 

and simulations results 
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Table 5-4 Repetitive experimental values for diameter deformation and contact length 

  

Diameter 

deformation 

(mm) 

 
Contact length  

(mm) 
 

(kV) CS 
Expt. 

1 

Expt. 

2 

Expt. 

3 
Average 

Expt. 

1 

Expt. 

2 

Expt. 

3 
Average 

9.4 

Trapezoidal 

Rectangular 

Circular 

1.36 

1.02 

1 

1.30 

1.04 

1.02 

1.24 

1.06 

1.04 

1.3 

1.04 

1.02 

7.3 

6.78 

6.36 

7.1 

6.8 

6.4 

6.9 

6.82 

6.44 

7.1 

6.8 

6.4 

10.1 

Trapezoidal 

Rectangular 

Circular 

1.60 

1.52 

1.30 

1.64 

1.46 

1.32 

1.70 

1.4 

1.34 

1.64 

1.46 

1.32 

7.54 

7.93 

7.59 

7.6 

7.9 

7.6 

7.66 

7.87 

7.61 

7.6 

7.9 

7.6 

10.9 

Trapezoidal 

Rectangular 

Circular 

1.98 

1.82 

1.71 

1.92 

1.82 

1.74 

1.86 

1.81 

1.77 

1.92 

1.82 

1.74 

8.68 

7.90 

7.51 

8.65 

7.9 

7.6 

8.62 

7.89 

7.69 

8.65 

7.9 

7.6 

11.7 

Trapezoidal 

Rectangular 

Circular 

2.16 

2.0 

1.98 

2.2 

2.1 

2.02 

2.2 

2.1 

2.06 

2.2 

2.1 

2.06 

9.79 

9.39 

9.15 

9.8 

9.4 

9.2 

9.81 

9.4 

9.25 

9.8 

9.4 

9.2 

 

Table 5-5 Variation of simulation and experimental values 

  Diameter deformation (mm) Contact length (mm) 

(kV) CS Simulation Experiment Error % Simulation Experiment Error % 

9.4 

Trapezoidal  

Rectangular 

Circular 

1.5 

1.24 

1.2 

1.3 

1.04 

1.02 

13.3 

16.1 

15 

8.1 

7.4 

7.28 

7.1 

6.8 

6.4 

12.3 

8.1 

11.6 

10.1 

Trapezoidal  

Rectangular 

Circular 

1.9 

1.76 

1.68 

1.64 

1.46 

1.32 

13.6 

17 

21.4 

8.9 

8.6 

8.5 

7.6 

7.9 

7.6 

14.6 

8.1 

10.5 

10.9 

Trapezoidal  

Rectangular 

Circular 

2.2 

2.02 

2 

1.92 

1.82 

1.74 

12.7 

9.9 

13 

9.4 

8.6 

8.5 

8.65 

7.9 

7.6 

7.9 

8.1 

10.5 

11.7 

Trapezoidal  

Rectangular 

Circular 

2.4 

2.3 

2.25 

2.2 

2.1 

2.02 

8.3 

8.6 

10.2 

10.6 

10.2 

10.1 

9.8 

9.4 

9.2 

7.5 

7.8 

8.9 
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5.3.2 Contact Length Measurement and CS Analysis 

In wire crimping process, the gap between the terminal and the wire strands is a crucial 

factor, because it determines the quality of the crimp joint and contact resistance. With 

the increase in discharge voltage, terminal deformation increases resulting in a decrease 

in gap and increase in contact length.  It was found that for all the three CS coils, the gap 

was reduced with the increase in the deformation of the terminal as shown in Figure 5.11, 

as it was difficult to measure the gap between the wire strands and terminal. So, contact 

length between the wire strands and the terminal was measured using an optical 

microscope. The maximum contact length of 9.8 mm was found for trapezoidal CS coil 

compared to 9 mm and 8.7 mm for rectangular CS and circular CS coil, respectively.  

 

Figure 5.11 Variation in contact length for different coil CS geometry, experimental and 

simulation results 

Maximum contact length was found to be for trapezoidal CS, followed by rectangular CS 

and circular CS. Simulation results also show the same pattern which is in 93 % 

agreement with the experimental results. Variation in the simulation and experimental 

results is shown in Table 5-5. In CS analysis similar deformation and contact, the pattern 

was observed in numerical simulation results as shown in Figure 5.12. 
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Figure 5.12 Experimental CS analysis for samples crimped at 11.14 kV 

The contact length was higher for trapezoidal CS coil compared to other two coils. The 

main advantage of this process is no spring back of terminal due to the advantage of high 

strain rate deformation process, which is a major issue in conventional crimping process. 

5.3.3 Contact Resistance of the Crimped Junction 

The contact resistance of the crimped region was measured using an LCR meter. The 

contact resistance for samples crimped using different CS coils is shown in Figure 5.13. 

Contact resistance is an important parameter for any wire crimped samples.  

It was found that samples crimped using trapezoidal CS coil shows a minimum resistance 

value of 14.5 mΩ contact resistance, while rectangular CS and circular CS coil shows 16 

mΩ and 18.94 mΩ contact resistance, respectively for maximum discharge voltage of 

11.41 kV. It was found that resistance kept on decreasing with the increase in discharge 

voltage, due to increase in deformation and contact length. Due to maximum contact 

length between the wire strands and terminal, a minimum contact resistance was observed 

for trapezoidal CS coil. It is because the tapered CS concentrates the magnetic field on 

the workpiece the most among all the three coils.  
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Figure 5.13 Variation of contact resistance for different helical coil geometry 

5.3.4 Hardness Analysis 

By adjusting the parameters of the EM field, compressive residual stress can be 

introduced along the surface to get peening effects (Li and Cheng, 2009) (Golowin et al., 

2007). This compressive residual stresses due to EM peening (EMP) keeps varying with 

the thickness of the workpiece.  

 

Figure 5.14 Variation of hardness with the discharge voltage 

The Vickers hardness test was carried across the cross-sectioned sample of the terminals, 

over the thickness. Hardness test was carried out at 100-gram load. As shown in Figure 

5.14, the value of hardness increased with the increase in the discharge voltage. The 
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maximum hardness value of 57 HV0.1 was observed for trapezoidal CS coil, compared to 

50 HV0.1 and 47 HV0.1 for rectangular CS and circular CS coil, respectively. There was an 

increase of 38 % in the hardness value compared to parent hardness value of 34 HV0.1. 

The reason for this increase in hardness is due to residual strain induced by the high-speed 

forming process. This adds advantage when compared to conventional crimping process. 

5.3.5 Pull-Out Test 

Comparison of the pull-out test was carried out using standard procedure (Use, 2003). 

Transverse speed was maintained at 50 mm/min. It was found that with an increase in 

discharge voltage pull-out value increases. The maximum pull-out value was found to be 

2237 N for trapezoidal CS coil as shown in Figure 5.15. For rectangular and circular CS 

coil value was found to be 1733 N and 1326 N. This is because the pull-out strength 

depends on the contact length of the plasticized crimped interface between the wire 

strands and terminal. The contact length increases with deformation which increases with 

the discharge voltage. Hence the pull-out strength increases with discharge voltage. For 

the same discharge voltage, the pull out strength was found to be maximum for tapered 

CS and least for circular CS coil. Due to maximum contact length in the crimped region 

for tapered CS coil, a higher pull out strength was observed compared to other two coils. 

 

Figure 5.15 Pull-out value for samples crimped with different CS coil for various 

discharge energy 

 

TH-1753_136103016



Numerical and Experimental Studies on Different Coil Designs 

93 

 

 

Figure 5.16 Terminal fracture at 11.7 kV discharge voltage for trapezoidal CS coil 

As shown in Figure 5.16, at 11.14 kV for trapezoidal CS coil, fracture of the crimped 

terminal was observed. This shows that the strength of the crimped sample was found to 

be more than the terminal fracture strength. It is also a good indication of highest strength 

which can be achieved by simply modifying the CS of the helical coil.  

5.4 Summary 

In present chapter, numerical simulations and experiments were carried out on modified 

cross-sections of the helical coil. Different types of the helical coil were used and 

compared to find the most suitable helical coil. Important conclusions of numerical 

simulations and experimental work are summarized below. 

 The current density was found to be 25.31 kA/mm2 for trapezoidal CS coil 

compared to 23.28 kA/mm2 and 22.61 kA/mm2 for rectangular CS and circular 

CS coil, respectively. 

 The magnetic field was found to be 8 Tesla for trapezoidal CS coil compared to 

7.1 Tesla and 6 Tesla for rectangular CS and circular CS coil, respectively. 

 The impact velocity was found to be 225 m/s for trapezoidal CS which is higher 

by 10 % and 15 % compared to rectangular CS and circular CS coil, respectively. 

 Radial deformation of terminal carried out by trapezoidal CS coil was found to be 

higher compared to rectangular CS and circular CS profile helical coil. Simulation 

deformation results are in 90 % agreement with the experimental results. 

 Contact length was found to be more in trapezoidal CS coil due to maximum 

terminal deformation. Simulations results are in 95 % in agreement with the 

experimental contact length. 
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 Contact resistance value of crimped samples were observed to be 24.13 % lesser 

for trapezoidal CS coil compared to circular CS coil and 10.3 % lesser compared 

to rectangular CS coil due to more area in contact. 

 Hardness value reveals that by EM crimping process there was an increase in the 

hardness over the thickness due to peening effect. Value of hardness was found to 

be 57 HV0.1 for samples carried out by trapezoidal CS coil, resulting in an increase 

in 38 % hardness value compared to parent value. 

 Pull out test value show increase in strength by 22.5 % for 11.25 kV discharge 

voltage for trapezoidal helical coil compared to rectangular CS coil and 40.7 % 

compared to circular CS coil. Fracture over the samples crimped using trapezoidal 

CS coil was observed, which shows the maximum strength that can be achieved 

in EM crimping process. 

The important prospect of this chapter was to find the most optimized coil to get a uniform 

radial crimping at minimum energy. From the simulation carried out in LS-DYNA and 

experimental work, trapezoidal CS coil was found to be the most suitable coil among 

rectangular CS and circular CS coil. 
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Chapter 6 

6 Numerical and Experimental Studies on Different Field-

Shapers 

6.1 Introduction 

The rise in temperature causes the thermal expansion of terminal connectors loosening 

the connection resulting in sparks and creating safety issues (Jiang et al., 2014). Metallic 

electrical terminals which are good conductors can easily be deformed through pressure 

generated by the intense transient magnetic field in EM crimping process (Correia et al., 

2008). Since the process takes place without any physical contact, it can produce highly 

durable connection terminal (Shim et al., 2016). There can be a significant improvement 

in the surface property of the material exposed to EM process due to peening effect (Li 

and Cheng, 2009), which can improve the fatigue life of the connection terminals which 

are exposed to wear and tear during connections. 

In the EM crimping process, a very important tool is a field-shaper (FS) and its purpose 

is to concentrate the magnetic field onto the required region to achieve an efficient and 

higher deformation of the workpiece placed in the vicinity of the effective working length 

(Bahmani et al., 2009). The advantage of using FS is to increase the life of the coil by 

increasing the efficiency for the same amount of current passed through the coil thus 

improving the flexibility of the process. The designing of FS is more economical and 

quicker than manufacturing special coils (Psyk et al., 2011). Working of FS is explained 

in Section 2.6. 

But, FS also comes with some disadvantages like, as it is not directly connected to the 

coil, there occur energy losses resulting in inefficient energy transfer. Moreover, the 

material of the field-shaper must be chosen such that it can bear high mechanical loads. 

One of the main characteristic of the field-shaper in providing efficient magnetic field 

strength is its design (Chaharmiri and Arezoodar, 2016). 

In this chapter, the effects of three FS geometry, single-step, double-step and tapered 

geometry on EM terminal-wire crimping process is studied. As, no numerical and 
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experimental comparison of three types of FS with geometries like single-step, double-

step, and tapered FS has been reported yet. The comparison was carried out by keeping 

the total FS total length and effective working area constant. As the slit in the FS plays 

an important role because it affects the performance, so slit width was also kept constant.  

The simulation on EM terminal-wire crimping process was carried out on LS-DYNA EM 

module software, and the experimental work was carried out by comparing the results 

obtained from the simulations. The general objective was to find the most suitable FS 

among single-step, double-step and tapered, for effective crimping of the terminal over 

the wire strands Validation of the simulation was done using terminal radial deformation 

and wire strands contact length. The results will be helpful in determining the geometry 

of the field-shapers for similar applications. Post-processing results like contact 

resistance, surface hardness, hardness along cross-section and pull-out tests were carried 

out and compared simultaneously. Finite Element Analysis involved in the LSDYNA is 

already explained in detail in Chapter 4, Section 4.3. 

6.2 Numerical Analysis 

The coupled EM and structural, mechanical numerical analysis for the wire crimping with 

different field-shaper geometry were carried out in LS-DYNA EM module. The solver 

computes the EM fields by solving Maxwell’s equations in the conductor, calculating the 

eddy current and Lorentz force using finite element method coupled with the boundary 

element method for the surrounding air (L Eplattenier, Cook, and Ashcraft, 2008). The 

simulation computes the EM field under each step of the time increment. A total of 8 

contacting parts in the model, needs 18 contact pairs for all possible two surface 

combination.  A seven wire strands were used in the model. The deformable wire strands 

and the terminals were modeled with C3D8R, eight-node elements. The field-shaper and 

the primary coil were modeled using R3D4 elements. For comparison, total FS length, 

the slit width and the effective working length were kept constant as shown in Figure 6.1. 

The wire strands and connection terminal were made of AA 1050, where Johnson-Cook 

(J-C) material property was used while working coil and field-shaper material is assigned 

to be copper. J-C material properties are listed in Table 4-2. The mechanical and electrical 

properties of the materials used in the simulation are listed in Table 6-1. 
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Figure 6.1 Cross-sectional view showing dimensions of (a) Single-step FS (b) Double-

step FS (c) Tapered FS 

Table 6-1 Material properties of the coil/FS and workpiece (Correia et al., 2008) 

Parameters Coil/FS Workpiece 

Material Copper AA 1050 

Conductivity (S/m) 5.96 x 10 7 3.68 x 10 7 

Density (Kg/m3) 8960 2700 

Poisson’s ratio 0.36 0.35 

 

The input circuit condition was obtained from the experimental setup, and the dimension 

of the workpiece is shown in Table 6-2. In EM crimping process, the input current is an 

important factor which was taken from the experimental EM forming setup for various 

discharge voltages as shown in Figure 6.2. This input current was used as loading curve 

in the software to analyze the dynamic plastic deformation of the terminal. As in EM 

process, the first period of the current is responsible for considerable deformation as 

stated by Haiping and Chunfeng. So, to reduce total FEM and BEM calculation time, the 
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simulation was carried out for the first pulse only. FEM input conditions used for running 

simulations is listed in Table 6-3. 

Table 6-2 Workpiece dimensions 

Workpiece 

Material 

Outer diameter of terminal 

Thickness of terminal 

Length 

Wire strands diameter 

Aluminium 

9.0 mm 

1.0 mm 

20 mm 

5.8 mm 

Table 6-3 FEM input conditions for field shaper models 

Model 
No. of 

element 

EM 

time 

Mechanical 

time 

Time 

step 
Iteration 

CPU running 

time 

Single step FS 

Double Step FS 

Tapered FS 

9588 

9772 

9841 

37 µs 37 µs 1 µs 10000 

84 hrs. 

91 hrs. 

96 hrs. 

 

 

Figure 6.2 Typical waveform showing the current values for various discharge voltages 
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6.2.1 Current Density 

As the voltage increases, the current amplitude increases and thus the induced current 

density on the conductor increases (Equation 4.1). From Figure 6.3, the current density 

obtained at 10 kV at the effective working zone of the field-shaper for single-step is 14.32 

kA/m2, whereas, for double-step, it is 13.45 kA/mm2 and for tapered it is 9.88 kA/mm2, 

respectively.  

 

Figure 6.3 Current density vs. Discharge voltage graph for different FS geometry 

It was found that, though the same amount of current is passed through the working coil 

around the different field-shapers, the current density induced in single step field-shaper 

was more compared to double step and tapered field-shaper. The fringe pattern for all the 

three field-shapers for 10 kV of discharge voltage is shown in Figure 6.4 

6.2.2 Magnetic Field  

It was found that magnetic field increases with the increase in current amplitude passed 

through the coil (Equation 4.21). As shown in Figure 6.5, it was found that the magnetic 

field induced over the terminal surface in case of single-step field-shaper was more than 

that of tapered and double-step field-shaper. The peak value of magnetic field obtained at 

10 kV discharge voltage is found to be 10.84 T in the case of single step field-shaper, 

whereas it was 10.76 T and 9.64 T for double step and tapered FS, respectively. 
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Figure 6.4 Fringe pattern of peak current density obtained for different FS (a) Single-

step (b) Double-step (c) Tapered  

 

Figure 6.5 Fringe pattern of peak magnetic field obtained for different FS 
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It is to be noted that, even though the field-shaper length and effective working length 

remains the same for all the three FS, the magnetic field was found to be maximum for 

single step FS compared to other two FS. The high value of magnetic field over the 

terminal surface in case of a single step is due to the more spatial distribution of magnetic 

field and flux. According to Maxwell equation, field gradient can be expressed in terms 

of current density. So, high value of current density in single step FS resulted in an 

increase in the magnetic field compared to double step and tapered FS. 

6.2.3 Lorentz Force 

Lorentz force, F is the result of combination of forces due to the electric and magnetic 

force, expressed as, 

 𝐹 = 𝑞𝐸 + (𝑞𝑣 × 𝐵) (6.1) 

where q is the charged particle, v is the velocity of the charged particle, E is the electric 

field and B is the magnetic field. The first term of the above equation is the force generated 

by the electric field and the second term is the force generated by the magnetic field. So, 

it can be seen that the Lorentz force is directly proportional to the electric field and the 

magnetic field.  

 

Figure 6.6 Lorentz force for different FS geometry 

As shown in Figure 6.6, the value of Lorentz force was found to increase with the increase 

in discharge voltage. It was found that for 10 kV of the discharge voltage maximum 
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Lorentz force of 199.3 N was obtained for single step FS, whereas the value of 188.2 N 

and 146.6 N was obtained for double step and tapered FS, respectively. Since the 

magnetic field and the current induced was more in the case of single step field-shaper 

than tapered and double step field-shaper, so the Lorentz force produced was more in the 

case of single step field-shaper than the other two field-shaper profiles from the above 

equation (6.1). 

6.2.4 Impact Velocity 

The peak amplitude of the impact velocity of the terminal over the wire strands was 

obtained. From the results, obtained, the value of impact velocity obtained using the 

single-step field-shaper was higher than the other two field-shaper geometry. In EM 

forming, the forming velocity is directly proportional to the square of magnetic flux 

density. 

 

Figure 6.7 Impact velocity of the terminal over the wire strands at 10 kV 

As shown in Figure 6.7, impact velocity of the terminal over the wire stands was found 

to increase with the increase in discharge voltage (Equation 4.23). It was found that for 

10 kV of discharge voltage, 179 m/s velocity was obtained for single step FS, whereas 

the value of 170 m/s and 141 m/s was obtained for double step and tapered FS, 

respectively. From the results of the magnetic field obtained above, it is clear that the 

magnetic field produced in case of single-step FS is higher than that produced in case of 

tapered and double step FS. 
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6.2.5 Effective Plastic Strain 

For crimping of the terminal to take place, the minimum value of effective plastic strain 

must be achieved. As the impact velocity of the terminal over the wire strands increases 

with increase in the current amplitude. As a result, higher plastic deformation takes place. 

The plastic strain, being directly proportional to the impact velocity, increases with 

increase in the impact velocity due to increase in current amplitude. 

 

Figure 6.8 Effective plastic strain over the terminal for different FS at 10 kV 

As shown in Figure 6.8, the maximum plastic strain of 0.344 was observed for single step 

FS, whereas 0.318 and 0.230 were observed for double step FS and tapered FS, 

respectively. 

6.3 Comparison between Experiment and Simulation 

Assembly consisting of the fixture, primary coil and field-shapers are shown in Figure 

6.9. All the three different types of field-shaper were manufactured as per the dimensions 

used in the simulation as shown in Figure 6.10. In all the FS, length of 80 mm, effective 

working length of 20 mm and slit width of 1 mm was made constant. Crimped samples 

carried out using different field-shaper are shown in Figure 6.11. 
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Figure 6.9 Assembly of different types of FS  (a) Single-step , (b) Double step  and (c) 

Tapered FS 

 

Figure 6.10 Schematic diagram and fabricated different FS  

6.3.1 Radial Deformation 

It was found that radial deformation increases with increase in magnetic flux density due 

to increase in discharge voltage. As shown in Figure 6.12, the change in radial 

deformation was found to increase with the increase in discharge voltage for all the three 

field-shapers because of increase in Lorentz force and the magnetic pressure on the 

workpiece. 
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Figure 6.11 Samples crimped at different types of FS 

6.3.2 Radial Deformation 

Maximum radial deformation as per conventional crimping process can be 1.7 mm for 

these dimensions of the terminal to avoid dielectric and neutral phase change (“TE 

Connectivity,” n.d.). So, the maximum change in deformation during compression was 

restricted to 1.70 mm.  

 

Figure 6.12 Variation of change in radial deformation for different FS geometry at 

different discharge voltages 
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The maximum radial deformation of 1.70 mm was observed for single step FS compared 

with 1.52 mm for double step FS and 1.44 mm for tapered FS respectively for 10 kV of 

discharge voltage The weight of field-shapers was measured, and it was found that single 

step FS has the minimum weight value of 297 gm. While double step FS and tapered FS 

has the weight of 435 gm and 534 gm. So, due to the lower value of mass, it resulted in 

lesser inductive losses. Therefore, more current density was observed over the effective 

working area for the single step FS compared to other two field shapers. So, higher 

deformation was observed for single step FS followed by double-step FS and least for 

tapered FS respectively. Variation of simulation and experimental data for the radial 

deformation with percentage error is shown in Table 6-4. 

6.3.3 Contact Length Analysis 

In terminal-wire crimping process, the gap between the terminal and the wire strands is a 

crucial factor because it determines the quality of the crimp joint and contact resistance 

as stated by Capelli et al. (2016). Cross-section analysis of the crimped samples showing 

radial deformation for various discharge voltages for different field-shapers are shown in 

Figure 6.13. 

 

Figure 6.13 Cross-section of EM wire crimped sample for different FS at peak discharge 

voltage (10 kV) 
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It was difficult to measure the gap between the wire strands and terminal, so contact 

length of all the seven wire strands and terminal in contact was measured as shown Figure 

6.14, by using an optical microscope. The maximum contact length of 10.45 mm was 

found for single step FS compared to 10.23 mm and 9.65 mm for double step FS and 

tapered FS, respectively. Variation of simulation and experimental data for the total 

contact length with percentage error is shown in Table 6-4 

 

Figure 6.14 Variation of contact length between seven wire strands and the terminal for 

different FS 

Table 6-4 Variation of simulation and experimental values 

  Radial deformation (mm) Contact length (mm) 

Voltage 

(kV) 

Field-

shapers 
Simulation Experiment 

Error 

% 
Simulation Experiment 

Error 

% 

10 

SS FS 

DS FS 

T FS 

1.78 

1.66 

1.56 

1.75 

1.52 

1.46 

1.71 

9.21 

6.84 

10.74 

10.34 

10 

10.45 

10.23 

9.65 

2.77 

1.02 

3.55 

9.5 

SS FS 

DS FS 

T FS 

1.72 

1.5 

1.39 

1.68 

1.4 

1.2 

2.38 

7.14 

9.83 

10.39 

10.1 

9.2 

10.23 

9.74 

8.97 

1.49 

3.69 

2.55 

9.0 

SS FS 

DS FS 

T FS 

1.64 

1.36 

1.2 

1.52 

1.34 

1.16 

7.89 

1.49 

3.44 

10.1 

9.6 

8 

9.89 

9.38 

7.74 

2.10 

2.31 

3.25 

8.5 

SS FS 

DS FS 

T FS 

1.51 

1.32 

1.0 

1.48 

1.28 

0.96 

2.02 

3.1 

4.16 

9.8 

8.2 

7.1 

8.52 

8.04 

6.82 

14.9 

1.87 

4.044 

SS: Single step, DS: Double step, T: Tapered 
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(e)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)
 

Figure 6.15 Cross-section of EM wire crimped sample carried out using different FS at 

various discharge voltages 

With the increase in discharge voltage, terminal deformation increases resulting in a 

decrease in gap and increase in contact length. Maximum contact length was found to be 

for single step FS, followed by double-step FS and tapered FS. The main advantage of 

EM crimping process is no spring back of terminal due to the advantage of high strain 

rate deformation, which is a major issue in conventional crimping process..In wire 

crimping process, the gap between the terminal and the wire strands is a crucial factor 

because it determines the quality of the crimp joint and contact resistance. Cross-section 

TH-1753_136103016



Numerical and Experimental Studies on Different Field-Shapers 

109 

 

analysis of the crimped samples for various discharge voltages for different FS is shown 

in Figure 6.15. Samples crimped using single step FS a uniform radial deformation was 

achieved, and the gap between the wire strands and the terminal was found to decrease 

with increase in discharge voltage. In Figure 6.15 (a) minimum gap was observed for 10 

kV discharge voltage.   

This gap was found to increase at lower discharge voltages as shown in Fig. 6.15 (b,c,d). 

Whereas for double step FS as shown in Fig. 6.15 (e,f,g,h) the gap was found to be more 

compared to single step FS crimped samples. For tapered field-shaper samples as shown 

in Fig. 6.15 (i,j,k,l)  gap between the terminal and wire strands can seen. The maximum 

contact length of 10.45 mm was obtained for single step FS compared to 10.07 mm and 

9.65 mm for double step FS and tapered FS, respectively for 10 kV discharge voltages. 

Some of the cross-section cut crimped samples at lower discharge voltages can be seen 

in Figure 6.16. These samples show that discharge voltage less than 8.5 kV (i.e., 8 kV 

and 7.5 kV) is not sufficient enough to provide sufficient deformation. A significant visual 

gap can be seen with a non-uniform deformation of the terminal over the wire strands.  

(a)

(b)

(c)

(d)

(e)

(f)

Discharge 
Voltage

Single step FS Double step FS Tapered FS

 

Figure 6.16 Improper crimping at lower discharge voltage 

6.3.4 Contact Resistance 

The Contact resistance of the crimped region was measured using an LCR meter. The 

contact resistance for samples crimped using different FS are shown in Figure 6.17. 
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Contact resistance is an important parameter for any wire crimped samples. On increasing 

the discharge voltage, the contact resistance of the crimped region decreases. It was found 

that samples crimped using single step FS showed a minimum resistance value of 13.4 

mΩ contact resistance, while double step FS and tapered showed 14 mΩ and 14.5 mΩ 

contact resistance, respectively for maximum discharge voltage of 10 kV. This is because 

the single step FS concentrates more magnetic field on the workpiece, the most among 

all the three field-shapers due to the lower inductance value and its optimized design. 

Hence the contact resistance for a particular discharge voltage was lower for single step 

FS and the least for tapered FS. 

 

Figure 6.17 Variation of resistance over the contact area for different FS 

6.3.5 Surface Hardness Analysis 

Apart from crimping operation, the EM pressure waves on the material can be beneficial 

in other ways. There is a significant change in material strength and hardness which is 

produced by EM shock waves as claimed by Golowin et al. (Golowin et al., 2007). In 

actual pressure waves in EM processing is assumed to induce shock hardening due to an 

increased rate of dislocation accumulation and strain hardening. The hardness over the 

crimped terminal surface was measured by using Vickers microhardness tester, where 

100-gram force was chosen as the test force in this study. As shown in Figure 6.18, the 

hardness values of 56 HV0.1, 53 HV0.1, and 48 HV0.1 were obtained for samples crimped 

using single step FS, double step FS and tapered FS respectively. This is due to the surface 
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hardening which occurs due to the compressing of surface exposed to the high strain rate 

forming process. Due to maximum magnetic field concentration, surface hardening was 

found to be maximum for single step FS, and least for the tapered FS. This shows the 

advantages of this process where surface hardening can also be done with EM crimping 

process.  

 

Figure 6.18 Variation of hardness over the surface for different FS 

6.3.6 Hardness along Cross-Section 

By adjusting the parameters of the EM field, compressive residual stress can be 

introduced along the surface to get peening effects as claimed by Golowin et al. (Golowin 

et al., 2007). This compressive residual stresses due to EM peening (EMP) keeps varying 

the thickness of the workpiece. Since the hardness is related to plastic deformation, the 

hardness along thickness increases with increase in discharge voltage. The variation of 

hardness along cross section was studied.  As shown in Figure 6.19, the value of hardness 

increased with the increased discharge voltage. The maximum hardness value of 61 HV0.1 

was observed for single step FS, compared to 56.4 HV0.1 and 51.2 HV0.1 for double step 

FS and tapered FS, respectively at 10 kV of discharge voltage. There was an increase of 

79.4 % in the hardness value compared to parent hardness value of 34 HV0.1. One of the 

reasons for this increase in hardness is due to residual strain induced by the high-speed 

forming process. 
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Figure 6.19 Variation of hardness over the surface for different FS along the cross-

section 

6.3.7 Pull-Out Strength 

Comparison of the pull-out test was carried out using standard procedure (Connectors, 

2006). Transverse speed was maintained at 50 mm/min. It was found that with an increase 

in discharge voltage pull-out value was found to increase as shown in Figure 6.20 

 

Figure 6.20 Variation in pull out strength for different discharge value for different FS 
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The maximum pull-out value was found to be 3.736 kN for single step FS, while for 

double step FS and tapered FS value was found to be 3.441 kN and 3.264 kN.. This is due 

to lower inductance value of single step FS which generates more concentration of 

magnetic field over the workpiece and more magnetic pressure leading to more 

deformation and contact length of the crimped junction. Since the pull out strength 

depends on the contact length, it was maximum in case of the samples crimped using 

single step FS. As shown in Figure 6.21, at 10 kV for single step FS, fracture of the 

terminal was observed. Scanning electron microscope (SEM) of fractured wire strands 

was carried showing neck formation which is a property of ductile fracture. 

(a) (b)
 

Figure 6.21 Terminal fracture at 10 kV discharge voltage for single step FS 

The EM terminal-wire crimping showed that the strength of the crimped sample was 

found to be more than the wire fracture strength which is a good measure of highest 

strength which can be achieved by a simple modification in the geometry of field-shapers. 

6.4 Analytical Calculation of Field Shaper Designing 

The important prospect of the FS is to concentrate the magnetic field at the effective 

working zone to increase the magnetic pressure over the workpiece placed inside it. 

Without FS, capacity of the capacitor has to be increased unnecessary to obtain the force 

required for forming the workpiece. For an efficient working of a FS it is important to 

design it with proper dimensions. Analytical calculation in the below section provides the 

parameters to design an optimal FS to produce a maximum magnetic pressure. 

Following assumptions are made for the simplicity of the analysis: 
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 Outside the coil, the magnetic field is zero. 

 Effect of the slit in the field shaper is neglected. 

 The field skin depth is less for all the sizes of the system. 

i. Tapered FS 

Analytical calculation of the tapered FS with different dimension parameters are shown 

in Figure 6.22. Where lw is the length of working zone, rw is the radius of workpiece, R is 

the outer diameter of FS, h is the air gap between the workpiece and FS, and γ is the slope 

angle of the FS. 

lw lrlr

γ 

h

r w

B1

B2

B1

r

z

 

Figure 6.22 Various dimensional parameters of a tapered FS 

In the end zone, magnetic field density (B1) is given by, 

 𝐵1(𝑟) =  
∅

2𝜋(𝑟 − 𝑟𝑤)((𝑟 − 𝑟𝑤)(1 − 𝑐𝑜𝑠𝛾) + 𝑟𝑤𝛾𝑠𝑖𝑛𝛾)
 (6.2) 

In working zone, magnetic field density (B2) is given by, 

 𝐵2 =
∅

2𝜋𝑟𝑤ℎ
 (6.3) 

Integrating B1 on r ∈ ( (rw+h), R), taking assumption R/rw >>1, The current i1 in the end 

zone is given by, 

 𝑖1 = 
∅

𝜇𝑜2𝜋𝑟𝑤𝛾
ln ( 1 +

𝑟𝑤𝛾𝑠𝑖𝑛𝛾

ℎ (1 − 𝑐𝑜𝑠𝛾)
) (6.4) 

 

While the current in the working zone i2 is given as, 
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 𝑖2 =  ∅
𝑙𝑤

𝜇𝑜2𝜋𝑟𝑤ℎ
 (6.5) 

So, the total current it is found as the sum of the current in the end zone and the current 

in the working zone, i.e. 

 𝑖𝑡 = 2𝑖1 + 𝑖2 =  ∅
𝑙𝑤

𝜇𝑜2𝜋𝑟𝑤ℎ
 (1 +

2ℎ

𝛾𝑙𝑤
ln ( 1 +

𝑟𝑤𝛾𝑠𝑖𝑛𝛾

ℎ (1 − 𝑐𝑜𝑠𝛾)
)) (6.6) 

 

Whereas inductance l of the FS is defined as, 

 𝑙 =
∅

𝑖𝑡
=

1

𝑙𝑤
𝜇𝑜2𝜋𝑟𝑤ℎ

 (1 +
2ℎ
𝛾𝑙𝑤

ln ( 1 +
𝑟𝑤𝛾𝑠𝑖𝑛𝛾

ℎ (1 − 𝑐𝑜𝑠𝛾)
))

 (6.7) 

 

i.e, inductance is a function of slope angle. Value of inductance increases with the slope 

angle. Efficiency of the FS can be stated as the ratio of the current over the effective 

working length to the total current, which is expressed as, 

 𝑛𝑒𝑓𝑓 =
𝑖2
𝑖𝑡
=

𝑙𝑙𝑤
𝜇𝑜2𝜋𝑟𝑤ℎ

 (6.8) 

 

The rate of working current to the total current approaches unity if slope angle goes to 

180°. In this case inductance of the FS is equal to inductance of the working zone. 

Therefore the optimum field shaper is to be designed to have a slope angle of 180°. Only 

designing of such 180° slope angle FS is that it weakens it structural rigidity. 

ii. Single step FS 

Hence, to reinforce the protruded part FS angle can be made 90°, which can be an 

alternative as shown in Figure 6.23. 

Calculation of the effect of the geometries parameters on the magnetic pressure. Taking 

assumptions like: 

 Field outside the coil is zero. 

 The net change of flux within the coil is also zero. 

 𝜋(𝑟1
2 − 𝑟𝑤

2)𝐵1 =  𝜋(𝑟2
2 − 𝑟𝑤

2)𝐵2 (6.9) 
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Figure 6.23 Various dimensional parameters of a single step FS 

Taking line integral around complete flux path, the current in the FS is given as, 

 𝑖𝑠 =
2𝐵1𝐿1
𝜇𝑜

+
𝐵2𝐿𝑤
𝜇𝑜

 (6.10) 

 

The simplified magnetic pressure is given by, 

 𝑃 =
𝐵2
2

2𝜇𝑜
 (6.11) 

 

By using the principle of transformer, 

 𝑖𝑐𝑁 ∝ 𝑖𝐿 (6.12) 

Where ic is the coil current surrounding the FS. This also shows that, the magnetic 

pressure can be expressed as the function of the geometrical parameters of the field 

shapers. It can also be seen that by decreasing the length of the working zone, remarkable 

increase in the magnetic pressure can be obtained. The gap between the FS and the 

workpiece should be minimum for effective designing of FS. 

iii. Double step FS 

Various dimensional parameters of a double step FS is shown in Figure 6.24. Similar to 

the above calculation current id in the double step field shaper is given by equation (6.13). 

 𝑖𝑑 = 
2𝐵1𝐿1
𝜇𝑜

+
2𝐵3𝐿3
𝜇𝑜

+ 
𝐵2𝐿2
𝜇𝑜

  (6.13) 

Considering the equations, it could be seen that, for any numerical value, current in the 

single step FS will be higher, followed by double step FS and tapered FS. 

 𝑖𝑡 < 𝑖𝑑 < 𝑖𝑠 (6.14) 
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Figure 6.24 Various dimensional parameters of a double step FS 

That’s proves the significance of design of field shaper. That single step field shaper is 

more effective in terms of total current inside the field shaper. 

6.5 Summary 

In this concluding Chapter, numerical analysis and experiments were carried out on a 

single step, double step and tapered field-shapers, keeping the field shaper total length 

and working effective length constant. The following conclusions are drawn from the 

results. 

 The current density of 14.32 kA/mm2 at peak discharge voltage 10 kV was 

obtained for single step FS, which was 6% and 31% more, compared to double 

step and tapered FS, respectively over the effective working zone of the FS. 

 The magnitude of the magnetic field over the terminal surface at peak discharge 

voltage of 10 kV for single step FS was found to be 10.84 T, whereas 10.76 T and 

9.64 T was obtained for double step and tapered FS, respectively. 

 Maximum Value of 199.3 N Lorentz force was observed for Single step FS, which 

was 11.1 N and 52.7 N more compared to double step and tapered FS, 

respectively. 

 Impact velocity of the terminal over the wire strands of single step FS was found 

to be 179 m/s, whereas 170 m/s and 141 m/s were obtained for double step and 

tapered FS, respectively. 
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 The Plastic strain of terminal was found to be 0.344 for a single step, while 0.318 

and 0.230 were obtained for double step and tapered FS, respectively. 

 The terminal maximum radial displacement of 1.7 mm, 1.5 mm and 1.4 mm was 

obtained for a single step, double step and tapered FS. Experimental results are in 

good agreement with the numerical analysis results with an error below 5%. 

 The seven wire strands and terminal interface contact length obtained for single 

step FS was found to 9.8 mm which was 0.8 mm and 1.1 mm more compared to 

double step FS and tapered FS. An error less than 6% was calculated when 

compared to numerical analysis results. 

 Contact resistance values of crimped samples were observed to be 4.41 % lesser 

for single step FS compared to double step FS coil and 8.14 % lesser compared to 

tapered FS due to more area of contact. 

 Surface hardness value reveals that by EM crimping process there is an increase 

in the hardness over the surface due to EM shock waves. Compared to parent 

hardness the value, there was an increase in hardness value by 60 %, 51.4 % and 

37.1 % for a single step, double step and tapered FS. 

 Hardness value along the cross-section reveals that by EM crimping process there 

was an increase in the hardness due to peening effect. The value of hardness was 

found to be 61 HV0.1 for samples carried out by single step FS, resulting in an 

increase in 74.2 % hardness value compared to parent value. 

 Maximum pull-out strength value was found to be 3.736 kN for single step FS, 

where the fracture of wire strands was observed. While a pull-out value of 3.441 

kN and 3.264 kN was obtained for double step and tapered FS.  

 Analytical calculation of the field shaper is carried out showing the single step FS 

to be more efficient followed by double step FS and tapered FS. 

It was found that single step FS was found to be the most optimized FS, due to its lower 

inductance value, which results in improving the efficiency of the process. It is to be noted 

that lower inductance value may decrease the working life of the FS too due to a decrease 

in strength. So, proper selection of geometry is important while designing a FS for the 

enhancement of its working life with maximum efficiency
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Chapter 7 

7 Conclusions and Scope of Future Work 

7.1 Conclusions 

In this thesis, research work was carried out on providing an alternative and effective way 

to tackle problem being faced by a conventional terminal-wire crimping process. The 

work carried out will be useful for cable crimping industries where cable connections are 

used in large numbers. Important results from the thesis work are summarised below. 

i. Feasibility and optimisation of process parameters for EM terminal-wire crimping 

have been carried out. EM crimping of terminal wires can be an alternative to an 

existing conventional crimping process with many advantages like no spring-back 

of the terminal, lower contact electrical resistance, improved hardness properties, 

a contactless process resulting in no cracks or surface damage, higher pull-out 

strength, minimum voids between the wire strands and improved thermal 

property. 

ii. Comparison of the threaded and plain terminal in EM crimping process show that 

making thread can further enhance the electrical and mechanical properties. 

iii. FEM study on different cross-section helical coils geometries like trapezoidal, 

rectangular and circular profiles were simulated keeping the coil length and cross-

section area constant. It was observed that trapezoidal cross-section profile gave 

a higher deformation, where high current density was observed. 

iv. Helical coils were manufactured as per the dimensions obtained through 

numerical simulations. Experimental results were in good agreement with the 

simulation results. In pull-out test, fracture over the terminal crimped by 

trapezoidal cross-section helical coil was observed, while no fracture of the 

terminal was observed for sample crimped using rectangular and circular cross-

section helical coil. 

v. Numerical work on different field-shapers was carried out. Different geometries 

like a single step, double step, and tapered were simulated keeping the total field 
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shaper length, effective working area and slit width constant. It was observed that 

single step field-shaper gave more terminal deformation due to less inductance 

because of less mass volume resulted in lower EM losses compared to double step 

and tapered field shaper. 

vi. Single step, double step, and tapered field shapers were manufactured, and 

experiments were carried out. In pull-out test ductile fracture of the wire strands 

crimped using single step field shaper was observed, which shows the maximum 

strength that can be achieved in EM terminal-wire crimping process. 

vii. Compared to helical coils, field-shapers can sustain a large amount of internal 

pressure without getting damaged. Regarding working efficiency, single step 

field-shaper was found to be most efficient followed by double step, and tapered 

field shapers. 

7.2 Future work 

This current work was carried out in this area for the first time. There are many aspects 

which are not considered in this thesis work, which were taken as assumptions like in 

case if we increase the deformation of terminal beyond required value, may lead to weld, 

instead of a metallic bonding.  

Many new things can be done in this area beside changing the terminal and wire material. 

By making use of multiple slots field shaper, it can crimp many samples in a single 

discharge voltage from the capacitor bank. This will not only save energy and time but 

will also help in increasing the production.  

Some work can also be carried out on using the tapered primary coil over the single step 

field-shaper to study the effect of field-shaper geometries over the crimp samples, which 

has not been tried in this thesis due to the manufacturing issue of the tapered primary coil.   
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