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Abstract
Dissimilar metal joints are widely used for the technical and economical reason in various
industrial applications which involves lightweight design. The capability to join aluminum tube
and a steel rod are highly desirable, but challenging to achieve expected joint quality using
conventional means like by arc welding or mechanical crimping. To deal with all those challenges,
advanced joining technology like electromagnetic crimping becomes prominent. Electromagnetic
crimping (EM crimping) is a high-speed joining process that deforms electrically conductive
material by discharging high-voltage from the capacitor bank at room temperature. Primarily,
experiments were carried out to investigate the feasibility of EM crimping of aluminum tube with
steel rod using a single rectangular groove which includes the effects of discharge energies on the
strength of a joint, radial displacement, and tube thickness reduction respectively. This study was
further extended to a numerical and experimental approach. A numerical study was carried out
initially to find a suitable coil dimension. A validated model was used to predict the effects of
discharge energies on process parameters and to determine the best energy levels. Based on the
result obtained from simulations, three among seven levels of discharge energy were chosen for
the experiment. For improving joint strength to support an axial load, a double rectangular groove
was used. The numerical simulation is reasonably predicting mode of failure and process
parameters. A significant effect of groove depth on the strength of the joint, groove filling,
wrinkling, and tube thickness reduction was also studied. A practical design guideline that
describes the effects of the width-to-depth ratio on the strength of a joint was proposed.
The concentrated discharge energy enhances the uniformity of deformation at the joining zone
which can be achieved using a tool called field-shaper. The effects of two field-shapers on the
strength of a joint manufactured for torsional and axial load bearing were investigated
experimentally. From this study, it can be concluded that a single stepped field-shaper is better
than a tapered one regarding deformation uniformity in the joining zone and joint quality. Besides
that, the joint strength of aluminum to steel rod with a knurled profile was found better compared
to plain profile. Further, the effects of rectangular groove parameters on joint quality that can
support both torsional and axial load simultaneously were investigated. A new technique in
mechanical strength testing is introduced for the crimped sample which can resolve challenges
faced so far in this regard. The optimum groove parameters predicted using response surface
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methodology (RSM) were found in a good agreement with actual measured parameters. Different
modes of failure which signify joint quality were explored during mechanical strength tests.
Finally, a guideline is proposed to design a rectangular groove to transfer maximum torsional and
axial load simultaneously. The developed method has great importance to identify groove
parameters which significantly affect the strength of a joint manufactured by EM crimping process.
The results found in this study have vital significance in automotive and spaceframe structure
industries practically use EM crimping as alternative joining techniques.
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Introduction

1 Introduction
1.1. Metal Forming Processes
The ability to join tubular aluminum and steel is highly desirable to meet the demands of
lightweight design for automotive and aerospace parts. However, to attain the expected joint
quality using conventional means like arc welding or mechanical crimping is difficult. Besides
that, dissimilar-metal joints are widely used for various industrial applications due to a technical
and economical reason. Joining of dissimilar material is feasible by welding, riveting, bolting,
soldering, mechanical crimping, forming, etc. Currently, several studies are undergoing to
industrialize different joining by forming processes for the benefit of producing the upcoming
lightweight engineering products. A general overview of the metal forming process is covered in
this chapter.
Metal forming is one of the manufacturing processes in which a workpiece undergoes deformation
beyond its elastic limit to take the shape of a die. An external load applied either manually or
automatically is used to deform the workpiece plastically. A set of punches and dies with a static
or dynamic load are used in the conventional and non-conventional forming process. However,
there are non-conventional forming processes characterized as punch-less and die-less
respectively. In general, metal forming processes can be classified as conventional and high strain
rate which are briefly discussed as follows.
1.1.1. Conventional Forming Processes
Several conventional forming processes like rolling, forging and extrusion, wiredrawing, bending,
deep drawing, and shearing can be done with maximum strain rate up to 5.0 s-1. A set of dies and
punches is the feature of this process. Besides that, a means for applying loads are mechanical or
hydraulic which is known as the static load. These processes can successfully deform materials
that have high formability such as alloys of steels. Lower formability limit of the material,
wrinkling and spring back effect are critical factors that significantly affect the quality of a final
product. Moreover, there are some common defects observed in the final product made by
conventional forming processes such as poor surface finish, buckling, instability, etc. These
defects occur due to the difficulty to control local deformation in the quasi-static forming process
which can be resolved using a high strain rate forming method.
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1.1.2. High Strain Rate Forming Process
In most of high strain forming process, the workpiece is given kinetic energy early in the process
and then forming is mostly inertial as kinetic energy dissipated as plastic deformation. The applied
load in the high strain forming process is dynamic that makes the workpieces to accelerate with
greater kinetic energy. A high strain rate up to 104 s-1 can be achieved in most of these processes
(Woodward et al., 2010). Magnesium alloys have high potential as structural materials since
magnesium is the lightest of all structural alloys (Watanabe et al., 2001). Aluminum and
magnesium alloys are normally exhibited low formability in the quasi-static forming process.
However, the formability of metals like aluminum and magnesium shows improvement while
deformed using a high strain rate forming process. At large, three processes are categorized under
high strain rate forming process based on sources of energy, i.e., electrohydraulic, explosive, and
electromagnetic forming process. A brief description is provided in the following subsections.
1.1.2.1. Electrohydraulic Forming
Electrohydraulic forming (EHF) is a high-speed forming process that has a considerable effect on
the formability improvement for different metal. Figure 1.1 (a) and (b) show some configurations
of the electrohydraulic sheet metal forming and tube bulging respectively.

Fig. 1. 1 Schematic representation of (a) sheet and (b) tube EHF process

In this process, the electrical energy stored in a bank of capacitors discharges between a pair of
electrodes submerged in a fluid and forms the sheet metal (Zia et al., 2017). When a high electric
current passes through the electrodes, the spark will generate and vaporizes a small volume of
liquid, and in turn, a shock wave will be produced which is responsible for plastic deformation.
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Several processes like bulging, forming, flanging, drawing and piercing can be done successfully,
but this process is not suitable for tube compression and swaging.
1.1.2.2. Explosive Forming
Explosive forming is a high-velocity forming technique that utilizes chemical energy of explosives
to generate shock waves through a medium for the purpose of workpiece deformation. Some
configurations in explosive forming process are demonstrated as Fig. 1.2 (a) and (b). Explosive
forming is a broad term covering many process variations. Early patents relating to explosive
forming appeared at the end of the 19th and the beginning of the 20th century. An increasing number
of economically successful applications were being seen in the early 1970s, with the manufacture
of large aluminum and high strength steel parts (Mynors and Zhang, 2002).

Fig. 1. 2 Schematic representation of (a) sheet and (b) tube explosive forming process

This process was designed to transfer chemical energy to mechanical and deform metals into dies
and molds. The explosives are typically either detonated underwater or in direct contact with the
materials. The method is useful for short production runs of conventionally difficult-tomanufacture parts. Because of process flexibility, explosive forming has historically been
employed in the aerospace industry for prototyping of complex parts. This process used for
forming parts on the scale of a few inches up to 15 feet and shows limitations like the lack of
initiation of uniform detonation and the size of the holding tank.
1.1.2.3. Electromagnetic Forming
Electromagnetic forming (EMF) processes were invented in the late 1960s, which can overcome
problems related to the joining of dissimilar materials (Oliveira et al., 2005). Figure 1.3 shows
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different processes which are categorized under electromagnetic forming process, i.e., tube
compression, tube expansion, and sheet metal forming based on workpiece and coil arrangement.

Fig. 1. 3 Three major electromagnetic forming processes

Figure 1.4 demonstrates a schematic representation of a magnetic pulse forming process. In
Fig.1.4, a current will start to flow through the coil once electrical energy is discharged from the
capacitor bank, and in turn magnetic field on the workpiece surface generated due to an induced
current according to Faraday’s law. This process is based on the repulsive forces generated by two
opposing magnetic fields of the coil and a tube. A metal that has high electrical conductivity such
as copper, aluminum, and magnesium can be easily deformed. However, alloys that have poor
electrical conductivity can also be deformed using drivers made of metals like copper (Fenqiang
et al., 2013 and Chansun et al., 2008).

Fig. 1. 4 Schematic representation of the simplified electromagnetic forming circuit

1.2. Motivation
Traditional joining methods such as bolts and nuts, screws, pegs, and rivets must use additional
joining elements, but the reliability of a joint made is questionable when functional for an extended
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period. For the technical and economical reason, dissimilar metal joints are widely used in various
applications that required an efficient joining technology. Besides that, joining of aluminum tube
with a steel rod is challenging using a thermal-based welding process due to oxides formation
which requires a higher melting temperature than the parent metal. The electromagnetic crimping
process which is a high-speed and waste-free process was developed to address the problems
mentioned above. Hence, electromagnetic impulse forming and joining process becomes
prominent in the aerospace and automotive industries where the weight aspect ratio is the most
critical.
In this thesis, crimping of the aluminum tube on aluminum and steel rod was investigated using
EMF technology. The effect of rectangular groove parameters on joint strength to support axial
and torsional load is investigated. For the analysis, a combined experimental investigation and
numerical strategy, as well as the design of experiment (DOE) method have been chosen. The
number of grooves and groove length were revealed as important parameters which can affect
torsional strength significantly. Consecutively, increasing the mentioned parameters were leads to
an increase in torsional resistance. However, the research result showed that the effect of increasing
groove depth revealed unclear, and the effects of levels of energy were found less. Limited
numbers of research works were found related to applications of EM crimping process. Hence,
detail studies on the effect of groove and process parameters on joint quality using different
approaches were found critical as a newly emerging joining technology. Finally, design guidelines
to manufacture a joint that can support axial and torsional load were proposed for the benefit of
lightweight design.
1.3. Objectives
The principal aim of this thesis is to investigate the effects of geometrical and processes parameters
of EM crimping on joint strength using DOE, experimental, and numerical approaches. Finally, a
design guideline is proposed to determine the best geometrical and process parameters to achieve
better joint quality.
The following specific objectives were planned to be accomplished in this thesis.
1. Study on the feasibility of EM crimping process to join aluminum tubes to aluminum and steel
rods for different applications using single and double rectangular grooves.

TH-2352_146103039
6

Chapter 1

Introduction

2. Experimental and numerical study on EM crimping of aluminum tube with a steel rod to predict
the effect of discharge energies on process parameters.
3. Study the effect of groove depth on joint quality and propose a design guideline based on the
effect of width-to-depth ratio on joint strength for the double rectangular groove.
4. Study the effects of field-shaper which has different geometry on joint strength to support axial
and torsional loads. Investigate the effect of discharge energy on torsional joint strength made
by aluminum to aluminum and steel configuration using EM crimping process for the
automotive drive shaft.
5. Design a guideline to optimize rectangular groove parameters for joint manufactured that can
support torsional and axial load simultaneously using a design of experiment method.
1.4. Organization of the Thesis
The thesis has been organized into eight chapters, and each chapter is briefly introduced as follows:
Introduction of conventional and high strain rate forming process, motivation and the primary
objectives along with how the thesis is organized are covered in chapter 1.
Chapter 2 presents a review of the literature on electromagnetic forming in a particular EM
crimping process. The review of work done related to EM crimping is organized based on research
methodology and findings, i.e., experimental studies on joining by electromagnetic forming,
numerical studies on joining by electromagnetic forming, analytical studies on joining by
electromagnetic forming, and application-oriented studies on joining by electromagnetic forming
respectively. Research on a different aspect of a field-shaper, advantage, and disadvantage of the
process with the working principle of EMF are included in this chapter.
Chapter 3 provides numerical modeling and experimental study of EM crimping for a single
rectangular groove. The best discharge energy levels were found from the simulation and used in
the experiment. The effect of discharge energy on process parameters was predicted and studied
in detail using a validated model. The feasibility of EM crimping of aluminum tube with steel rod
using a single rectangular groove was realized in this study. The effect of discharge energy on joint
strength and process parameters were explored. The experiment was carried out to find the best
discharge energy among seven levels which can give higher joint strength. A joint strength of 90
% compared to the strength of a parent tube was found. The hardness at the interface was found
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more than the tube. The joint strength achieved in this process was based on mechanical interlock
at the groove edge which is examined and verified using microscopic study.
In chapter 4, the experimental study which aims the effect of groove parameters on joint strength
manufactured by EM crimping using a double rectangular groove has been covered. A suitable
groove depth was found using central composite design method, and a design guideline was
proposed based on the effect of width-to-depth ratio on joint strength that is obtained from different
geometrical configurations of groove parameters. Groove filling, tube thickness reduction at
groove edge, and hardness at the joining zone were covered in this chapter.
Chapter 5 is concerned with the extension of previous work to predict different process parameters
using numerical modeling and simulation which are difficult to measure experimentally. FE
analysis and modeling were carried out using LS-DYNATM software which has EM module
coupled with the mechanical, thermal and structural solver. A possible failure zone, effective
plastic strains, resultant velocity, resultant displacement, magnetic field, Lorentz force, current
density were predicted based on a validated model with the experiment.
Chapter 6 presents the effect of two field-shapers on joint strength which has different geometrical
shapes. Pull-out and torsional strength of a joint manufactured which is obtained at different energy
levels were considered and compared for aluminum to aluminum and aluminum to steel
configuration. The effects of knurled profile in enhancing joint strength were also included for
aluminum to aluminum and aluminum to steel configuration. The failure modes observed during
each mechanical strength test were investigated.
Chapter 7 introduces a central composite design (CCD) method and response surface methodology
(RSM) to find the best groove parameters that are significant in affecting axial and torque joint
strength manufactured using EM crimping process for the first time. A combined effect of groove
parameters on joint strength manufactured to resist axial and torsional load was studied in detail.
Furthermore, the most significant groove parameters affecting joint strength also identified using
the model developed.
Chapter 8 provides conclusions and future scope of the presented work which is followed by
references and a list of publications.
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Throughout the thesis, each chapter describes the experiment, simulation or both have been written
in a self-sufficient manner. For these, each chapter comprises an introduction, methodology,
results and discussion, and summary respectively.
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2 Literature Review
2.1. Introduction
In this chapter, the state of the art of joining by electromagnetic forming mainly EM crimping is
reviewed as per the nature of the works and its findings. Moreover, gaps in the literature along
with the research plan used to achieve the objectives are also provided. Intensive studies are
required to understand clearly and use electromagnetic crimping as the production tool in the
industries. Several research contributions are focusing on different aspects of this process and
conclusively revised based on their approach and findings. Hence, an extensive literature survey
has been conducted to know the scopes and researchers’ focus areas on joining by electromagnetic
forming. Literature is reviewed and organized based on their approaches, i.e., experimental studies,
numerical studies, analytical studies, application-oriented studies on joining by electromagnetic
forming, field-shapers and advantage and disadvantage of EMF process respectively.
2.2. Experimental Studies on Joining by EMF
The strength of the joint manufactured by EMF mainly depends on process parameters, material
property, and joining mechanisms respectively. Three joint mechanisms which are categorized
under joining by electromagnetic forming, i.e., interference fit, EM crimping, and electromagnetic
welding (Weddeling et al., 2010). Residual stress between workpieces to be joined, the area of the
contact zone and coefficient of friction affect the joint quality manufactured by interference fit
(Kleiner et al., 2006 and Homberg et al., 2006). As reported by a few researchers, the joining of
tubular components can be the most promising application field of an electromagnetic joining by
forming process (Hammers et al., 2009). Effects of the surface profile like thread and knurled of
the rod in enhancing the strength of a joint manufactured in electromagnetic crimping were studied.
In this study, the threaded profile sample shows maximum pull-out strength comparing to plain
and knurled (Kumar and Kore, 2017). The joints mechanical properties were analyzed using tensile
tests after joining by electromagnetic compression due to the influence of different mandrel’s
surface conditions (Barreiro et al., 2006). A joint strength achieved from electromagnetic welding
was found higher than which is obtained using interference fit and crimping, but it requires higher
discharge energy. Comparable joint strength can be manufactured using EM crimping which is
free from welding-related defects and mainly depends on the profile made on the rod. Even though
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joint strength obtained by electromagnetic welding is stronger than the remaining two techniques,
concerning energy efficiency in many cases EM crimping is the best alternative.
Axial loads were primarily transferred by a mechanical resistance against the deformation of an
undercut section of the rod. The effect of rectangular, triangular and circular geometry of grooves
on joint strength made by EM crimping process was investigated. As a result, a rectangular groove
shape was found better in providing the highest joint strength due to the shearing effect at the
groove edge (Mori et al., 2013). Another study shows how crimping onto ‘textured’ surfaces such
as screw threads and different knurled geometry affect the joint quality. The achievable joint
strength exceeded the strength of the tube in torsional loading (Faes et al., 2014). Both axial and
torsional load were transferred simultaneously using a knurled profile at the joining interface
which is its advantage in EM crimping process (Weddeling et al., 2012).
As the number of grooves increases, the joint strength also increases but the weight of the joining
zone becomes more which is not recommended from the lightweight design perspective. EM
crimping using a double groove subjected to an axial load was experimentally investigated, and its
design was optimized using a Design of Experiments Methods. The optimized design was tested,
and tensile strength was found more than 90 % comparing to the base metal (Faes et al., 2012).
EM crimping of aluminum tube with two different types of steel mandrels was investigated
experimentally, and geometrical parameters for double grooves were optimized for axial loadbearing. Besides that, EM crimping of steel to steel using a single rectangular groove also
investigated as a case study (Vanhulsel et al., 2011). In general, small groove edge angle and large
length were preferred for highest torque strength. The number of grooves and lengths were
revealed as important parameters which can affect torque strength significantly. Moreover,
increasing the mentioned parameters were leads to an increase in torque resistance (Park et al.,
2005). Direct proportionality between torque strength of the joints and number of grooves were
determined, but the effect of increasing depth revealed unclear, and the impact of levels of energy
was found less (Faes et al., 2014).
2.3. Numerical Studies on Joining by EMF
The study on EMF and joining process using different approaches is still going on for better
understanding. A combination of the Finite Element Method (FEM) for the conductor parts and
the Boundary Element Method (BEM) for the insulators (including air) as implemented in the LSTH-2352_146103039
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DYNATM commercial software used to simulate EM forming process (L'Eplattenier et al., 2009).
Few researchers reported the high capability in simulating EMF process using LS-DYNATM (3-D
coupled electromagnetic-structural simulation) for torque joint between steel tube and the steel rod
(Neugebauer et al., 2012). The load-bearing capacity of an axially loaded joint was improved by
adding the second rectangular groove, and that was found by studying the magnitude and
distribution of the stresses and deformations at each groove edge using ABAQUS software
(Vanhulsel et al., 2011). The effect of a sequential coupling method on the accuracy of radial
displacement of the Al6061-T6 tube in inside-bead forming was studied (Chaharmiri and
Arezoodar, 2016). Results show 8.2% differences between experimental and simulation. Maxwell
and ABAQUS software was used for electromagnetic for mechanical analysis. Authors are
strongly recommended to use a sequential coupling approach to obtain good result especially
during deformation at higher discharge voltage.
Dynamic explicit FE code LS-DYNA becomes the main simulation software using in research
related to joining by EMF. Solid elements are 3D that can model solid bodies and structures
without any prior geometric simplifications. The capability of the EM module of LS-DYNA for
solving EMF problem numerically for designing the systems has been reported by comparing it
with the result found by the experiment. Flanging processes were considered for comparison of
simulation and experimental results and found in good agreement (Shang et al. 2010).
EM crimping process was demonstrated to join an aluminum terminal with copper wire for
industrial application. Numerical simulations were carried out using LS-DYNATM software to
optimize coil design and discharge energy for uniform deformation. A trapezoidal cross-section
coil was proposed as best suitable comparing with rectangular and circular (Rajak and Kore, 2018).
Modeling and simulation of electromagnetic crimping of Al6016-T6 tube on a steel rod with single
and double rectangular grooves were carried out, and process parameters are predicted using LSDYNATM software (Areda and Kore, 2017). Besides that, numerical modeling and simulation were
carried out to find a maximum transmittable moment of joint manufactured and found in a good
agreement with the experiment. In this study, the EM-module in a beta version of the LS-DYNA
structural explicit code was used (Neugebauer et al. 2012).
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2.4. Analytical Studies on Joining by EMF
Analytical studies become very helpful for understanding the effect of the different parameter on
the achievable result. Joining parameters in electromagnetic crimping are approximated
analytically. The model was used to predict a magnetic pressure and thus the discharging energy
required to fill specific groove geometry. Besides the joining zone characteristics, the model
considers major workpiece, coil, and circuit properties. For validation of the analytical approach,
experimental investigations were performed (Weddeling et al., 2015). The results of the analytical
model deviate from experimentally applied discharge energies due to neglection of strain
hardening and a strain rate sensitive. The author recommended combining the introduced model
with the experimental methodology to minimize the difference and analytically approximated
pressure will be valuable for the process design. This model is beneficial mainly to determine
processes parameters for electromagnetic crimping. The following equations are being used in this
analytical approach. Acting magnetic pressure Pm (t ) in electromagnetic compression determined
using Eq. 2.1 which describes how pressure is directly proportional to charging energy and
inversely proportional to coil length. The plastic deformation starts if the acting magnetic pressure

Pm (t ) exceeds collapse pressure Py described by Eq. 2.2 for the fully clamped cylindrical shell.
Moreover, the movement of the shell element and function of the radial displacement hd (t ) was
described by Eq. 2.3 and 2.4.
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Where  is permeability, lcoil is length of coil, n is number of turn, Lres is resultant inductance, 
is frequency,

 is damping coefficient, u is initial voltage,

 is density, t is time,

 Y is yield

stress, rT is the inner radius of the workpiece, S is wall thickness, N is circumferential stress
resultant, and M Z is axial bending stress resultant across the shell thickness respectively.
Finally, applying the introduced analytical approach can avoid extensive experimental studies
required and makes it easy to understand the process economically (Weddeling et al., 2015).
Hence, this approach leads to a less expensive and time-consuming design process and can also be
used as a valuable tool for the optimization of the EMF systems. Further, prediction of the possible
strength of electromagnetically crimped joints under quasi-static tensional loads is introduced, and
the effect of the compressive strength of the inner joining partner on the achievable joint strength
is also analyzed. As a result, design strategies and an approach for establishing process windows
for the manufacturing of electromagnetically joined form-fit connections featuring hollow
mandrels are developed. A result found analytically and experimentally shows an 18% mean
absolute error which is in a good agreement. Analytical and experimental studies are carried out
on the joinability of aluminum tubes on polyurethane cores using joining by electromagnetic
forming (Hwang et al., 1992). The governing equations which can estimate the joining strength
were proposed and shown in Eq. 2.5 & 2.6.

a
( rb0   rfb )
(1   )b

(2.5)

2l  a
b
b r0
(1   )  r  2l 

(2.6)

q  q0  q f 

F   r2

b

Where q is resultant contact stress, q0 is contact stress, q f is reduced radial stress,  is Poisson’s
ratio,  ro is an initial residual strain,  rf

is a final residual strain, l is contact length,  the is

coefficient of friction, r is the radius of the core and a & b are constant.
The computational procedure has been used for estimating the joining strength, and its values have
been compared with the experimental results for validation. Process variables are chosen for the
joining of aluminum tubes on polyurethane cores using EMF and characterize this process.
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Moreover, estimated values are agreed well with experimental results. How joint strength increases
by increasing charging energy and decreases as length increases were investigated (Hwang et al.,
1992). Furthermore, joint strength and radial strain decrease as the length of the outer tube
increases. The analytically computed result using proposed governing equations were agreed with
experimentally found.
2.5. Application Oriented Studies on Joining by EMF
The application of lightweight materials like aluminum and magnesium is becoming prominent in
the automotive and aerospace industries. As a recently developed system, more applicationoriented studies have to be done for addressing several manufacturing problems to cop up with the
limitation of conventional methods. The application of an electromagnetic forming (EMF) process
for joining automotive parts was started in early 1964 (Zittel, 2010). These processes can be
completed within a fraction of seconds which has a significant impact on maximizing the rate of
production. Hence, an electromagnetic pulse technology is the best alternative for mass production
which gives better economic benefit due to its processes feature (Schäfer, and Pasquale, 2010).
The effect of process variables on joint strength has been studied. Those variables were estimated
experimentally and theoretically on the structural body for marine applications which are
composed of three members (copper tube/polyurethane tube/aluminum core. The magnitude of the
residual radial strain of the polyurethane tube govern joint strength, and it will increase as the
number of discharges and as the level of discharged energy increases, but decreases in the case of
uneven deformation in which large wrinkles occur. The contact pressure between the polyurethane
tube and the aluminum core reduces due to the radial shrinkage of the tube which leads to the
decreasing of joint strength. The roundness of the polyurethane tubes is improved by increasing
energy and the number of discharges (Hwang et al., 1993). Tooling provided for the following
three processes, i.e., restrike operation to fill sharp corners of automotive panels, low energy
method of spring back calibration and joining of closed frames with an openable coil was
demonstrated, and also applications are described. The design of an openable coil which consists
of two independent multi-turn coils are connected in series and each of which was mounted in its
shell. This coil was employed for joining a cylindrical tube to a cylindrical mandrel and also a
rectangular tube to an inner rectangular mandrel (Golovashchenko, 2006).
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There are several processes like forming, welding, cutting, crimping and clinching, claimed as
feasible in EMF and joining process (Schäfer et al., 2009 and Schäfer et al., 2014). Crimping wires
for different electrical applications using EM crimping were also found better comparing to
mechanical or conventional approach (Rajak, and Kore, 2017). Joining tubular aluminum profiles
made of EN-AW6060 for axial load resistance were experimentally investigated (Marré et al.,
2009). Aluminum tube and inner workpiece made of (S235) was crimped with different groove
designs for torsional load resistance (Bogaert et al., 2012). The performance of this process makes
several industries to prefer EMF as the best alternative, but it is not yet studied completely and
requires more research to be done.
2.6. Field-shaper
A coil used in EMF comes in different models based on the required applications; the same is true
for field-shaper. Equipment and tools which are frequently used in joining by EMF like drivers
and field-shaper have different geometrical configurations to enhance the performance of the
process. A field-shaper is a current-carrying conductor, inductively coupled to the forming coil
and used to concentrate the magnetic pressure at the point were forming is desired (Mamalis et al.,
2004). Uniformity of pressure distribution in the joining zone also improved. The way how the
geometry of a field-shaper affects tube bulging was studied. Performance of cylindrical-type,
convex-type, and concave-type field-shapers in tube bulging was investigated experimentally
(Suzuki et al., 1987). The effect of a geometrical parameter of a stepped field-shaper on magnetic
pressure and radial displacement during tube compression was studied using 2D and 3D Maxwell
simulation. The magnetic flux density found while using field-shaper is more (Bahmani et al.,
2009). The significant effect of field-shaper on pressure distribution during tube compression was
investigated using a numerical approach. Distribution of magnetic pressure with and without fieldshaper was also compared for the same (Haiping et al., 2005). Taguchi and 3D simulation were
used to study the effect of slit made on field-shaper in concentrating Lorentz force for deforming
sheet metal and results were found in good agreement (Chu and Lee, 2013).
An improvement of uniform distribution of magnetic pressure at the deformation zone and
addressing the end-effect of the tube is a contribution of field-shaper. As the electrical pulse is
transferred, the magnetic field of coil induces an eddy current in the skin of the field-shaper which
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passes to the inner cross-section using radial slit made. At the interior cross-section of a fieldshaper, current density and magnetic pressure significantly increased in comparison to the outer
face (Haiping et al., 2005). The primary role of field-shaper in electromagnetic compression is to
concentrate the magnetic field on the point of interest so that the peak pressure increases and causes
severe plastic deformation (Marré et al., 2008). A different construction of field-shaper for
compression and expansion with their features are shown in table 1.
Table 2. 1 Different designs of field-shaper, corresponding advantages, and disadvantages (Psyk
et al., 2011)
Construction

Symmetricconic shaper

SymmetricAsymmetriccylindrical shaper conic shaper

 Poor
efficiency
 High strength

 High efficiency
 Low strength

Asymmetriccylindrical

Compression

Expansion

Features

 Poor efficiency  High efficiency
 Very sensitive  Very sensitive to
to deformation
deformation

A simplified EM crimping circuit and setup is shown in Fig. 2.1 where R and C represent circuit
resistance, and capacitance. The current flows in the coil induced in the outer surface of fieldshaper and change direction due to the slit and flows to the internal section in the opposite
direction. The interior surface area of a field-shaper is smaller than the exterior which leads to
generating high current and magnetic field density. The magnetic field generated on the surface
of the workpiece due to induced current will interact with a magnetic field of the field-shaper to
produce radial force. The force generated can be used for forming, welding, joining, perforating,
cutting, and embossing, etc. (Schäfer et al., 2014).
The current (Ic) flows in the coil when the high current switch is closed. A discharged energy from
a capacitor bank generates a magnetic field to induce a current (Ip) in the outer surface of a fieldshaper. The slit which is made on field-shaper changes the direction of current (Is) flow into the
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interior section. The interaction of a magnetic field generated on the surface of the workpiece and
internal surface of field-shaper produces a Lorentz force. The force produced is used for the
crimping process. The workpiece undergoes permanent plastic deformation if the stress generated
due to Lorentz’s force exceeds its flow stress.

Fig. 2. 1 EM crimping setup using single stepped field-shaper

2.7. Advantage and Disadvantage of EMF
EMF is one of the high-speed forming processes which deform electrically conductive materials
like aluminum and copper (Kamal and Daehn 2007). However, metals that have poor electrical
conductivity require drivers made up of electrically conductive metals like copper to be deformed
(Fenqiang et al., 2013 and Shin et al., 2008). The flexible design of a product is possible using
different materials efficiently which requires the adoption of dissimilar-metal combinations that
are benefiting from the specific properties of each in a useful way. Traditional joining methods
such as bolts and nuts, screws, pegs, and rivets must use additional joining elements, but the
reliability of the joint made is questionable when functional for an extended period (Varis, 2002).
Welding dissimilar tubes require coating the weld seams to avoid bimetallic corrosion of the
welded zone in moist environments. Joining two tubes with metallurgical differences by their end
using brazing and adhesive bonding is not recommended particularly for the tubes exposed to high
service temperatures. Flanges or bulkhead joints used as alternative solutions for connecting two
tubes by their ends based on its advantage like simplicity to design, easiest to assemble and
disassemble. However, aesthetic and geometrical constraints limit its application, and also
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additional tube end preparation requirements (e.g., threaded tube ends) that may increase the
overall weight and cost of tubular trusses and piping systems (Silva et al., 2015).
Heat affected zone generated due to the thermal joining process distorts the joining area which can
significantly degrade the quality of the joint manufactured. Besides that, the intermetallic
compound created at the joint interface which has different mechanical and chemical properties
affect the strength of a joint by introducing voids and pores at the joining zone. In general, the
formation of brittle phases, the segregation of high- and low-melting phases due to chemical
incompatibility, and possibly significant residual stresses from the physical mismatch are defects
associated with an arc welding (Sun and Karppi, 1996). Cracks at the interface of
electromagnetically welded parts were investigated (Faes et al., 2010). Therefore, advanced
joining methods such as electromagnetic crimping process are the best option to overcome those
limitations. The electromagnetic crimping process is one of the high-speed processes which can
complete joining within 100 μѕ (Weddeling et al., 2011). Besides a high rate of production, an
excellent dimensional accuracy of the final product can also be achieved (Psyk et al., 2011, Schäfer
and Pasquale, 2010). A high strain rate can be achieved using EMF process which is difficult to
obtain in static deformation (Unger et al., 2008). The formability of aluminum and magnesium
was enhanced due to the speed involved and associated strain rate of EMF process (Imbert et al.,
2005 and Golovashchenko, 2007).
Deforming energy required for joining can be controlled and monitored effectively to give high
process repeatability. Material combinations like metals and glass, polymers, composites or
different metals can be easily joined with high production rates. Forming of sensitive materials can
be realized, and the possibility of operating using remote for safety issues are some of the
advantages of this process as discussed by few researchers (Psyk et al., 2011). The fact that tubes
that needed to be deformed must have a good electrical conductivity which is considered as one of
the major limitations of EMF processes in addition to coil longevity. Only the first half of a
pressure curve is used for plastic deformation which is causing poor efficiency. Tool coil lifetime
is limited due to high thermal and mechanical load.
The comparison between electromagnetic and conventional i.e. mechanical crimping was studied
in detail showing how the EM crimping process is advantageous over the conventional technique.
The study includes comparing pullout strength, surface roughness, hardness and other parameters
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that can explain the quality of the joint manufactured. Rajak and Kore, 2017 found pullout strength
which is improved by 50 %, and the average gap was reduced by 70 % in EM crimping compared
to the conventional technique. The difficulty in designing and fabricating dies for particular groove
profiles, achieving optimum groove filling for maximum mechanical interlock, avoiding early
local necking, generating higher deforming pressure, obtaining high processes repeatability and
avoiding or minimizing springback which affect interlocking are the major drawbacks commonly
faced by conventional crimping processes in which EM crimping can resolve efficiently.
2.8. Theoretical Background of EMF Processes
In the majority of the high-speed forming process, very high pressure is generated when two solid
bodies impact each other at significant velocity. One of the critical process parameters is an impact
pressure P formulated as Eq. 2.7 which is produced when two semi-infinite elastic bodies labeled
1 and 2 collide each other with an impact velocity Vi. Where ρ represents density and C is the
longitudinal wave speed which can be computed using Eq. 2.8.
P

1 2C1C2
V
1C1  2C2 i

(2.7)

3K (1   )
 (1   )

(2.8)

C

Where K represents bulk modulus and ν is the Poisson's ratio. The longitudinal wave speeds are
on the order of about 7000 m/s for most structural metals (Seth et al., 2005). A source of impact
velocity in the case of EM crimping is a magnetic pulse generated from the EMF system which is
explained in detail as follows. A schematic representation of the RLC circuit of EM crimping is
shown in Fig. 2. 2.

Fig. 2. 2 Schematic representation of EM crimping
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where, 1: AC Power supply, 2: Main switch, 3: Capacitor bank, 4: High current switch, 5: Coil, 6:
Rod, 7: Tube, 8: Groove, 9: Resistance, 10: inductance, and 11: Direction of current flow.
This process uses a high-velocity electronic pressure pulse to form the workpiece rapidly without
mechanical contact. Discharging the electrical energy which is stored in the capacitor bank makes
the current to start to flow through the coil and generates a transient magnetic field. Consequently,
the generated magnetic field induces a current into the nearby workpiece surface which should be
electrically conductive according to Faraday’s law. The first wave of the magnetic pulse is the one
that plays a key role in tube deformation during electromagnetic forming (Song et al., 2004). The
same is true for electromagnetic crimping. Three load transferring mechanisms are considered as
the main joining mechanism in joining by EMF (Weddeling, 2015).
1. An interference or force-fit joint is based on a difference in the elastic recovery of the two parts
being joined which is leading to an interference pressure Pf between the workpieces after
joining process.
2. A form-fit joint is based on additional geometrical features on one of the joining partners, i.e.,
knurled, threaded or undercut.
3. The impulse-welded joint is a solid-state weld that is generated from high impact velocities Vimp
up to several hundred m / s and impact pressures up to a few thousand MPa .
The energy stored (E) by the EMF system and the associated current can be calculated using Eq.
2.9 and 2.10 (Rajak and Kore, 2017).
E  1 CV 2
2
I (t ) 

U0 t
e Sin(t )
L

(2.9)
(2.10)

For the given number of turn and length of the coil, magnetic flux density can be calculated as a
function of current using Eq. 2.11. If the number of magnetic field lines diffused is less for lesser
skin depth effect, magnetic pressure can be calculated using its simplified form as shown in Eq.
2.12 (Rajak and Kore, 2017).

B   ( NI l )

(2.11)

p(t )  1  ( H gap (t ))2
2

(2.12)
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Two opposing magnetic fields react and generate a radial force called Lorentz’s force which is
used to deform the workpiece plastically. A rectangular groove of the rod shown in Fig. 2.3 (a)
will be filled by the tube as shown in Fig. 2.3 (b) due to deformation which creates permanent
mechanical interlock.

Fig. 2. 3 Workpieces shape (a) before and (b) after deformation

Analyzing EM crimping process using analytical and numerical approach needs to articulate and
solve many complex mathematical equations. The physics of an electromagnetic crimping process
was explained based on Maxwell’s equations. These equations, Eq. (2.13-1.19) underlie all of the
electromagnetic field theory (L'Eplattenier et al., 2009).

Bm
t

(2.13)

B 
 m   J
  

(2.14)

  Bm  0

(2.15)

  E  0

(2.16)

 J  0

(2.17)

 E  

 H  J  

E
t

J   E  Js

(2.18)

(2.19)
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Bm   H

(2.20)

The divergence condition in Eq. 2.15 allows writing the magnetic flux density as Eq. 2.21. Using
Eq. 2.17 electric field is given by Eq. 2.22.

Bm   A
E   

(2.21)

A
t

(2.22)

By using the gauge condition, it allows the separation of vector potential from scalar potential as
Eq. 2.23. Using equation (2.17, 2.18, 2.22 and 2.23), Eq. 2.24 is derived.

  A  0

(2.23)

    0

(2.24)

Using equations (2.14, 2.18, 2.21, and 2.22) the induced total current density over the workpiece
can be expressed as the Maxwell equation in terms of potential as Eq. 2.25.

J  

1



( A)  

A
 
t

(2.25)

Where E is the electric field, Βm is the magnetic flux density, V is the voltage, J is the total current
density, C is the capacitance, Js is the current source density, I is current, A is the vector potential,
ω is the frequency, L is the inductance, Ø is the electric scalar potential, β is the damping
coefficient, Η is the magnetic field intensity, t is the time, σ is the electrical conductivity, F is the
Lorentz force, µ is the magnetic permeability, N is the number of turn of the coil, and l is the length
of the coil respectively.
A current density is a negative partial derivative of the magnetic field intensity concerning the
radius as formulated in Eq. 2.26. The magnetic flux density which is the product of magnetic
permeability and the magnetic field strength is shown in Eq. 2.27. Lorentz force (the resultant due
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to magnetic and electric force) which is applied radially on the tube is formulated as Eq. 2.28
(Weddeling et al., 2015).
H
r

(2.26)

B  H

(2.27)

J 

Fr  J  B    H

H
1 H 2
 
r
2 r

(2.28)

The magnitude of Lorentz force which is acting on the workpiece is directly affected by the skin
effect. In electromagnetic crimping, discharge frequency is a function of circuit inductance and
capacitance of the EMF system. Skin depth is a function of frequency, magnetic permeability and
electrical conductivity of the workpiece. The empirical formula of skin depth describes this
relation as demonstrated in Eq. 2.29 (Weddeling et al., 2011).



1
0 f 

(2.29)

Where Ε is total stored energy in the capacitor bank, U0 is voltage, P (t) is acting pressure, H is
magnetic field strength, δ denotes skin depth, ƒ is for discharge frequency, and r is radial
displacement. Maxwell's equations are a set of partial differential equations used for the general
description of electromagnetism in the EMF process. Hence, electrical and magnetic field
prediction in the coil or workpieces using the finite element method is based on solutions of these
equations. It is often convenient to choose the magnetic vector potential A as a system variable
in the electromagnetic model such that:

 A  B

(2.30)

 A  0

(2.31)

A
t

(2.32)

E
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Where B represents magnetic flux density, t represents time and E is the electric field intensity,

J describes the current density in the coil,  A

t

is the induced current density in the tube, and

γ is the conductance of medium. Substitution of Eqs.2.30-2.32 into Maxwell’s equations can give
Eq. 2.33 and separately expressed according to different field regions. That means, in the
electromagnetic model for free air region around the coil and a tube as Eq. 2.34, for coil region as
Eq. 2.35, and a tube region as Eq. 2.36 respectively.
1

A
   A   J  
t



(2.33)

1

     A  0



(2.34)

1

     A  J



(2.35)

1

A
   A   J  
t



(2.36)

The magnetic force F which is acting radially can be expressed as Eq. 2.37. Lorenz’s force which
acts radially is produced due to the interaction of two magnetic fields between a tube and the coil.
Workpieces will undergo permanent plastic deformation if acting magnetic pressure is exceeded
beyond its yield strength.

F  J B 

1



( B)  B

(2.37)

Therefore, the magnetic force acting on the tube expressed using A which can be described by
substituting Eq. 2.30 and Eq. 2.36 into Eq. 2.37 which is used as an input load in the mechanical
model. In addition to that, the transient dynamic equilibrium equation of interest is as shown in
Eq. 2.38 (Itoh, 1973).
Mu  C 'u  Ku  F a

(2.38)
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Where M is the structural mass matrix, C’ is the structural damping matrix, K is the structural
stiffness matrix, u is the nodal acceleration vector, u is the nodal velocity, and u is the nodal
displacement vector, and Fa is the applied load vector.
2.9. Gaps in the Literature
The detailed studies on the literature survey show a limited amount of work had been done on
joining by electromagnetic forming for the joining of tubular parts. Moreover, there is still a lot of
research needs to be done to industrialize these joining process. The research gaps found in joining
by the electromagnetic forming process are summarized as follows.


Limited research outcomes are available that show how different levels of discharge
energies can affect joint quality in electromagnetic crimping.



3D strongly coupled simulation with experimental validation that shows how the process
and groove parameter affect joint quality needs further study.



A few researchers are only focused on industrializing of EM crimping process for the
applications like joining of electrical, defense, and nuclear parts, etc.



Optimization of the process and geometrical parameters for different material
configuration is still required intensive numerical and experimental studies.



The effect of field-shaper on joint strength manufactured for torsional load-bearing
capacity was not yet covered in detail for industrial application.



The effect of different material configuration and surface profile on joint strength to
support torsional load was not sufficiently studied.



The effect of rectangular groove parameters on joint strength which can support both axial
and torsional load simultaneously was not yet reported.

The research plan implemented in this thesis to fill the research gaps is shown in Fig. 2.4.

TH-2352_146103039
27

Chapter 2

Literature Review

Research Plan
Literature Review

Research Gaps
Objectives

Axial Load Resistance
of Joints Made by
Electromagnetic Pulse
Crimping








Numerical
Study
and
Experimental Investigation
on EM crimping for Tubeto-Rod Configuration to
Support Axial Load

Sample preparation (SRG)
EMC Expt.
Pull-out strength
Radial displacement
Groove filling
Tube thickness reduction
Failure mode









Magnetic Pulse Crimping of
Tube-to-Rod Using Double
Rectangular Groove for
Axial Joint: Experiment and
Numerical Simulation









FEM Modeling
Sample preparation (DRG)
EMC Expt.
Pull-out strength
Radial displacement
Tube thickness reduction
Magnetic field, Lorentz
force, current density
Failure mode

EFM modeling
Sample preparation (SRG)
EMC Expt.
Pull-out strength
Radial displacement
Tube thickness reduction
Failure mode

Effect of Field-shaper
and Groove Profile on
Torsional Joint Strength
Made by EM crimping







Sample preparation
Field-shaper Manufacturing
EMC Expt.
Pull-out strength
Torque resistance
Failure mode

Mechanical
Interlock
Made by EM crimping
for
Axial
Load
Resistance
Using
Aluminum Tube and
Steel Rod










Sample preparation (DRG)
EMC Expt.
Pull-out strength
Radial displacement
Tube thickness reduction
Failure mode
Design guideline

Analysis of Effect of
Groove Parameters on
Axial and Torsional
Joint Strength Made by
EM crimping








Sample preparation
EMC Expt.
CCD, RSM
Pull-out strength
Torque resistance
Failure mode
Design guideline

where EMC: Electromagnetic crimping, SRG & DRG: Single and double rectangular groove.,
CCD: Central composite design, RSM: Response surface methodology
Fig. 2. 4 The research plan implemented to achieve the objectives
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3 Electromagnetic Crimping for Tube-to-Rod Configuration to Support Axial Load
3.1. Introduction
Using low-density materials like aluminum to reduce the weight of the airframe structure becomes
prominent and requires effective joining technology. In this chapter, the effect of discharge energy
on joint quality and process parameters was investigated numerically and experimentally. The
feasibility of joining aluminum tube with a steel rod to support axial load was primarily studied.
The experiment was carried out using seven levels of discharge energies for the same groove
parameters. A plastic deformation cause’s an aluminum tube to fill a groove machined on a steel
rod and create a mechanical interlock. FE modeling, simulation, and analysis were carried out
using LS-DYNATM software of the electromagnetic module. Effects of discharge energies on the
effective plastic strain, resultant velocity, displacement, Lorentz force, current densities, magnetic
field densities, and maximum shear stress were predicted numerically to determine best energy
levels. Three levels of discharge energies were chosen based on the result found from numerical
simulations. A tube thickness reduction at groove edge, radial displacement of the tube, and groove
filling obtained numerically were compared with experiment. The developed model can be used
as a preliminary study to investigate the effect of discharge energies, groove and process
parameters on joint quality.
3.2. Methodology
The schematic of the flowchart implemented in this work is shown in Fig. 3.1. FE simulations are
carried out initially to found out levels of discharge energy which can give better radial
displacement and groove filling before experimenting. The FE model was imported into LSDYNATM software after modeling and meshing were done. The experimentally measured currents
were imported and used as a load curve in the simulation. Lorentz force in Eq. 2.28 is evaluated at
the node and added to a mechanical solver after the magnetic field is computed using
electromagnetic solver. The explicit mechanical solver computes the deformation of the tube.
Since the workpiece is undergoing plastic deformation, dynamic equilibrium Eq. 2.38 is used to
evaluate the exact responses of the workpiece at each time increment.
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Fig. 3.1 Flow chart of the implemented procedure

After the successive simulation, we found three energy levels that give better groove filling and
radial displacement respectively. The rebounding of a tube from a grooved surface was observed
using discharge energy more than 4.7 kJ, which reduces radial displacement. Finally, postprocessing of output results using LS-DYNATM was done for model validation. The results
obtained in the simulations are compared with the measured experimental results for validation.
The effect of energy on process parameters was predicted using a validated model. The
displacement found was minimum at discharge energy lower than 3.4 kJ. Therefore, the discharge
energy range from 3.4 kJ to 4.7 kJ was found as the best discharge energy levels to get the required
deformation and achieve better interlocking. A rectangular groove was machined on a steel rod,
and the coil was fabricated which has identical geometry and property to the model used in the
simulation. Trials crimping were carried out to confirm levels of discharge energy based on the
result of the simulations.
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3.2.1. Finite Element Modeling
The shape of a groove and detailed dimension of the rod, tube, and coil are shown in Fig. 3.2. The
clearance between the aluminum tube and steel rod was kept very small to avoid an effect of
standoff distance on joint strength. Some important groove parameters are determined based on a
design guideline that is proposed for better joint strength (Park et al., 2005). Hence, the geometrical
shape and overall dimension of the groove on the steel rod were manufactured accordingly.

Fig. 3.2 Dimension of (a) rod (b) aluminum tube and (c) coil (All dimensions are in mm)

A model for FE simulation was developed in LS-DYNATM as shown in Fig. 3.3 (a) and (b). A
quadrilateral 3D mesh was built for the coil, tube, and rod respectively. The mesh is composed of
2061 nodes for the coil, 5610 for the aluminum tube, and 24568 for the rod respectively. The
boundary conditions are applied to the nodes and the total simulation time is 100 μs and the time
step is 0.1 μs. Rectangular groove shape was selected based on literature which suggests as the best
profile to provide better interlocking between joining parts (Weddeling et al., 2011).

Fig. 3.3 (a) side view and (b) cross-sectional view of assembled models

The coil was modeled as a rigid body to avoid any deformation, and a simplified Johnson-cook
material model was selected for modeling tube and rod respectively. Johnson-cook material model
which is generally used in an adiabatic transient dynamic analysis and best suited for high strain
rate forming process (Johnson and Cook, 1985). The isotropic hardening is a particular type of
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hardening in which the yield stress is assumed to be of the form of Eq. 3.1 and used to relate ,

,

and temperatures (Rajak and Kore, 2018).
  T  T m 
R
 y  ( A  B( ) )(1  C ln  ) 1  
 
  Tm  TR  


p
eff

n

(3.1)

Where Α and Β are yield strength parameters, Ϲ is strain rate sensitivity,  eff is equivalent plastic
p

strain,



is plastic strain rate of the workpiece, n is strain hardening index, m is a thermal

softening index, Тʀ is room temperature, Тm is melting temperature of the workpiece, and Т is
operating temperature. Johnson-cook constants for Al 1050 and 4340 steel presented in Table 3.1.
Table 3. 1 Johnson-cook constants for Al 1050 and 4340 Steel (Rajak et al., 2018, Johnson, and
William, 1983)
Materials

A(MPa)

B(MPa)

n

c

Al 1050

110

150

0.36

0.014

4340 Steel

792

510

0.26

0.014

Tm(K)

m

-

-

1.03

The boundary condition considered in the simulation is shown in Fig. 3.4 which illustrates that the
coil and rod were entirely fixed/rigid and a portion of the tube in which deformation is not required.

Fig. 3.4 Boundary condition for the tube, rod, and coil

3.2.2. Material and Experimental Setup
A five turn axisymmetric solenoid coil was manufactured from copper wire which has an electrical
conductivity of 59.6×106 S/m, a density of 8960 (Kg/m3) and Poisson’s ratio of 0.27. Standard
materials were used for the samples. For tube Al 1050 and rod Steel 4340 was used. A tube has
electrical conductivity of 36.8×106 S/m, a density of 2720 (Kg/m3) and Poisson's ratio of 0.33. The
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chemical composition of the materials was also verified by performing EDX test, and the result is
tabulated in Table 3.2.
Table 3. 2 Chemical composition of Al 1050 tube and 4340 steel (Dhar et al., 2006)
The weight percentage of the element (%)
Alloy

Al

Fe

Mn

Ti

Zn

Si

Cu

Al 1050

Balance

1.1

0.1

0.1

0.1

0.5-0.6

0.1-0.2

C

Cr

Mn

Mo

Ni

V

Fe

0.36

1.45

0.92

0.52

2.87

0.20

Rest

Steel 4340

The circuit parameters of EMF system used are shown in Table 3.3. Kapton tape was used to
insulate the wire before inserting it into the insulation sleeve. The experimental setup consisting
of workpieces and a solenoid coil is shown in Fig. 3.5. The process environment in the
experimental tests was the same as in numerical simulation. A rigid fixture made of Teflon was
used as a reinforcement to perform successive crimping operations without coil bulging. Multiple
tests were carried out using energy within the domain found in the simulation.

Fig. 3.5 Experimental setup

A total of 14 samples were prepared with the same geometrical shape and dimensions. Two
samples are joined using the same discharging energy, and this had been done for all samples and
range of discharge energies. Then half of the sample was used to do a pull-out test, and the
remaining was used to measure radial displacement and tube thickness reduction at groove edge.
Wire Electrical Discharge Machining (WEDM) was used for cutting samples to see how the
groove is filled at different ranges of discharge energy. The electromagnetic forming system
utilized in this investigation is shown in Fig. 3.6 which has a capacity of 10 kJ of discharge energy.
The voltage level considered was varied from 5.7 kV to 10.2 kV. The circuit parameters of the
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EMF system used are shown in Table 3.3. The discharge energy levels varied from a minimum of
1.5 kJ to a maximum of 4.7 kJ as shown in Table 3.4.

Fig. 3.6 EMF system and experimental setup

Table 3. 3 Circuit parameters of EMF system
Circuit Parameters

Capacitance

Inductance

Resistance

Frequency

Values

90 μF

20 μH

23 mΩ

20 kHz

Voltage
15 kV

Table 3. 4 Sample numbers and process parameters
Sample No

Energy ( kJ )

Voltage ( kV )

1

1.5

5.7

2

1.9

6.5

3

2.3

7.2

4

2.9

8.0

5

3.4

8.7

6

4.1

9.5

7

4.7

10.2
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3.3. Mechanical Pull-out Test Condition
The quality of the joint manufactured is analyzed by conducting pull-out tests. A comparison
between the strength of a crimped sample and the undeformed tube was evaluated. The pull-out
testing conditions for crimped sample and tube are shown in Fig. 3.7 (a) and (b). The steel mandrels
were inserted into the tube ends while conducting a pull-out test to avoid any failure at the grip of
the UTM machine. The crossbar velocity of 0.1 mm/sec was chosen for both crimped sample and
tube during the pull-out test.

Fig. 3.7 Pull-out testing condition for (a) crimped sample and (b) tube (All dimensions are in mm)

3.4. Results and Discussion
3.4.1. Process Parameters
The range of a current curve measured using a Rogowski coil and oscilloscope that is interfaced
with EMF machine during the experiment are shown in Fig. 3.8. Figure 3.8 also demonstrates a
coil manufactured which is used to carry out the experiment and crimped sample manufactured at
different discharge energy levels. The process parameters used in the experiment are summarized
in Table 3.5.

.
Fig. 3.8 (a) The measured current curve for 5.7 kV and 10.2 kV (b) a solenoid copper coil and (c) crimped
sample
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Table 3. 5 Detail process parameters for best energy levels
S. No

Voltage

Energy

Peak current

Time period

Frequency

(kV)

(kJ)

(kA)

(μs)

(kHz)

1

8.7

3.4

118

53.4

18.727

2

9.5

4.1

138

53.1

18.832

3

10.2

4.7

148

53.0

18.868

3.4.2. Tube Thickness Reduction at the Groove Edge
The above current curve was imported as a load curve in the simulation. A significant positive and
negative effect of groove edge radius on joint strength was studied, and it is recommended to have
a minimum of tube thickness size to prevent easy breaking during EM crimping process (Park et
al., 2005). If the groove edge radius is zero, it will act as a cutting edge and make the tube shearedoff easily during the impact. This effect makes a tube to separate easily from the groove using a
lesser load which is applied axially. The absolute mean percentage of an error in tube thickness
reduction at groove edge between experiment and simulation was found 1.93%, 2.17%, and 8.11%
for 3.4, 4.1, and 4.7 kJ of discharge energies respectively. The effect of energy on tube thickness
reduction obtained from simulation and experiment was found in good agreement as shown in Fig.
3.9.

Fig. 3.9 Effects of discharge energy on tube thickness reduction at groove edge
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3.4.3. Radial Displacement
The primary goal of simulation in electromagnetic forming is a prediction of workpiece
deformation at a high strain rate. The final deformation obtained from the simulation shows good
qualitative agreement with the experiments, as shown in Fig. 3.10. As can be seen, the final
deformed shape obtained shows good similarity in both cases that were confirmed by comparing
the radial displacement of the tube along the joining zone. The fringe values found from the
simulation show the radial displacement of the tube which gives the same as the experiment.

Fig. 3.10 Final shapes obtained in (a) experiment and (b) simulation

The radial displacement between the tube and groove surface along the joining zone was measured
as shown in Fig. 3.11. A gap of 1.25 mm is kept between two points, and measurement was taken
as shown on the right side of the same figure. Only half section of the joining zone was considered
for measuring the displacement in simulation and experiment.

Fig. 3.11 Radial displacement in experiment and simulation

A magnetic pressure which is more at the center of the coil causes maximum radial displacement
of the tube in the joining zone. Hence, the radial displacement achieved from different discharge
energy levels were found maximum at the center and decreased towards the corner of the groove.
The trend of this variation was found identical in both simulation and experiment for respective
discharge energies. Radial displacement found from experiment and simulation were plotted and
compared for three different discharge energy levels as shown in Fig. 3.12. Average mean absolute
percentage error was calculated at each point for 4.1 kJ of discharge energy and found 7.3% which
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shows a good agreement between simulation and experiment. The developed model is used to
predict and analyses the effect of discharge energy on different process parameters which
significantly affects joint quality.

Fig. 3.12 Radial displacement at 3.4 kJ, 4.1 kJ, and 4.7 kJ discharge energy

3.4.4. Groove Filling
A groove filling by the tube at a different time was predicted using 3D simulation and plotted as
shown in Fig. 3.13 for 4.1 kJ discharge energy. Maximum radial displacement is obtained after 45
μs approximately.

Fig. 3.13 Prediction of groove filling at different time value for 4.1 kJ discharge energy

The clearance at the groove corner which is obtained from simulation using 4.7 kJ and 4.1 kJ found
almost nil. The groove was almost getting filled by the tube for discharge energy more than 4.1 kJ
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which leads to having better interlocking. The better groove filling or interlock of a tube at groove
edge means the better pull-out strength. However, groove filling and joint strength were affected
negatively by discharging energy beyond 4.7 kJ due to rebound and severe deformation. The
percentage of groove filling will be more if the tube thickness which is considered is more. A
lesser groove depth also another option to increase the groove filling keep in mind that tube
thickness is not more than the considered depth.
3.4.5. Comparison of Effective Plastic Strain and Resultant Displacement
The minimum required effective plastic strain and resultant displacement should be attended using
discharged energies for better joint strength. A variation of effective plastic strain and resultant
displacement along the joining zone were analyzed for 4.1 kJ of discharge energy using elements
shown in Fig. 3.14.

Fig. 3.14 Selected elements along the joining zone

The initial gap between a tube and groove surface allows the tube to accelerate and collide with
high velocity. The effective plastic strain and resultant displacement were found higher for the
elements (H-39688, H-39687, H-39686, and H-39685) which are located at the center of the
joining zone. The pressure acting at the center is more for this kind of coil-workpiece arrangement,
and that is why we found large deformation in the middle of the joining zone. The change in
effective plastic strain and resultant displacement for selected elements obtained using 4.1 kJ
discharge energy was demonstrated. The maximum attainable resultant displacement and effective
plastic strain along the joining zone for elements chosen are plotted as shown in Fig. 3.15. A
change in effective plastic strain and resultant displacement was found symmetric for two elements
located on the opposite side of the joining zone. The higher the effective plastic strain, the higher
the deformation and resultant displacement. This trend of change in effective plastic strain and
resultant displacement along the joining zone was the same for the rest of the energy levels.
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Fig. 3.15 Variations of effective plastic strain and resultant displacement along the joining zone

3.4.6. Resultant Velocity and Effective Plastic Strain
In the majority of a high-speed forming process, high pressure is generated when two solid bodies
collide with each other with significant velocity. In electromagnetic crimping, the groove must be
filled by the tube for better joint strength without significant thinning at the groove edge. The
effect of the energy on the resultant velocity of the flyer tube was predicted using the simulation
for 3.4 kJ, 4.1 kJ, and 4.7 kJ as shown in Fig. 3.16. Resultant velocity reached its peak value of
409 m/s, 430 m/s and 480 m/s at 14.8, 15.2, and 17.4 μs, and then it starts to decelerate till the end
of the deformation.

Fig. 3.16 Effect of discharge energies on resultant velocity and effective plastic stain

A 3D simulation can predict the velocity of the flyer tube easily which is challenging to measure
using instruments due to the involving speed of the process. Increasing deformation energy by
17% cause the velocity to increase by 4.88%. The resultant velocity increases with discharge
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energy. The effective plastic strain increases due to severe deformation caused by a higher
discharge energy level. Hence, an effective plastic strain was varied from zero up to a maximum
of 1.16 which is obtained using three energy levels as shown in Fig. 3.16. The effective plastic
strain is directly proportional to impact velocity which increases as velocity increases and reaches
a maximum of 0.89, 0.93, and 1.16 for 3.4 kJ, 4.1 kJ, and 4.7 kJ discharge energies. Maximum
effective plastic strain and resultant displacement were achieved at the end of the deformations.
Maximum resultant velocity was found at the early stage of deformation with a resultant
displacement of 1.5, 2.3, and 2.6 mm and an effective plastic strain of 0.220, 0.389, and 0.442 for
the three energy levels.
3.4.7. Resultant Displacement
The effect of energy on resultant displacement was predicted using simulation based on element
H-39686 which is located at the center of the joining zone. A maximum resultant displacement
found at 3.4 kJ, 4.1kJ and 4.7 kJ was 2.96 mm, 2.97 mm and 2.99 mm respectively. The maximum
displacement was attended within 15 μs to 20 μs from total deformation time, and it remains
constant after 45 μs as shown in Fig. 3.17. The maximum radial displacement measured from an
experimentally crimped sample was found 3 mm at the center of the joining zone. A mean absolute
percentage error of less than 7% was found which shows a good agreement with simulation. Even
though the difference at the center is very small, it will become significant for an element located
at the end of the joining zone.

Fig. 3.17 Effect of discharge energies on resultant displacement for different energy levels
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3.4.8. Lorentz Force, Current Density and Magnetic Field
A maximum of Lorentz force, current density and magnetic field for different discharge energy
levels were found from the simulation are tabulated in Table 3.6. A Lorentz’s force which is a
volume force acting radially to deform the tube permanently was predicted using simulation. A
direct proportionality with discharge energy makes the Lorentz force increases while discharge
energy is increasing. Magnetic field density keeps on increasing as discharge energy is rising. The
difference in magnetic field density is minimum, but groove filling and joint strength were found
better while using 4.1 kJ rather than 4.7 kJ. Hence, 4.1 kJ of discharge energy was considered as a
suitable energy level for better strength of the joint manufacturing for the given geometry and
material configuration.
Table 3. 6 Maximum Lorentz force, current density and magnetic field
Energies

Parameters
Lorentz force

Current density

Magnetic field

(kΝ/m2)

(kA/mm2)

(T)

3.4 kJ

9.53×105

75.4

19.46

4.1 kJ

1.326×106

90.0

22.89

4.7 kJ

1.538×106

96.33

24.62

3.4.9. Mechanical Pull-out Strength
The domain of energy levels, i.e., 3.4 kJ, 4.1 kJ, and 4.7 kJ selected from the simulation was given
better joint strength. Pull-out strength for 5.0 kJ was found 3.2 kΝ which is the weakest, and that
is due to tube shearing and cracking at groove edge as shown in Fig. 3.18. Pull-out strength of a
joint manufactured using 3.4 kJ, 4.1 kJ, 4.7 kJ was found 4.91 kΝ, 5.10 kΝ, and 5.05 kΝ.

Fig. 3.18 Tube cracking at the groove edge for 5.0 kJ
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A maximum pull-out strength was found using 4.1 kJ energy. A groove-edge was acting as a
cutting edge while energy increased beyond 4.7 kJ that causes the joint to fail with a lesser applied
load. Moreover, energy which is lower than 3.4 kJ affects groove filling and in turn interlocking
which gives weaker joint strength. The comparisons of the pull-out load versus extension for tube
and crimped sample were plotted as shown in Fig. 3.19. Pull-Out strength of the undeformed tube
was found 5.14 kΝ. The pull-out strength of the joint manufactured using 3.4 kJ was compared
and found 95% with the strength of a tube. Failure of the joint due to a thinning effect on the tube
takes place at the groove edge of the joining zone while the load is applied. The repetition of
samples on the same energy was carried out, and the average value of strength is taken to minimize
the error.

Fig. 3.19 Pull-out strength of crimped sample and tube

The magnitude of pull-out strength was taken at the breaking point of a joint as shown in Fig. 3.20.
The load-bearing capacity of such kind of joint will be increasing while applied energy is
increasing up to some extent and start decreasing due to failure at the joining zone.
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Fig. 3.20 Pull-out loads for 3.4 kJ, 4.1 kJ, and 4.7 kJ discharge energy

A steel rod was inserted at the tube end to avoid any failure due to the grip of UTM while a pullout load is applied. The tube was started sliding with less than a pull-out load of 2 kΝ for the first
three samples which are joined using discharge energy of 1.5 kJ, 1.9 kJ, and 2.3 kJ, but pull-out
curve keeps increasing while plastically deformed portion had contact with groove edge. Load
versus extension for all crimped samples is shown in Fig. 3.21. The extensions for all crimped
samples at the break were observed wide-ranging due to the strength of the joints.

Fig. 3.21 Load versus extension for all samples

A severe plastic deformation causes a tube to interlock at the groove edge mechanically, and this
becomes the main joint mechanism in addition to an interference fit. A different mode of joint
failures was observed as deforming pressure becomes more due to increasing discharge energy for
samples four and five. The tube was kept on sliding until a plastically deformed part touches the
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groove edge and fails while increasing the pull-out load further. Wrinkling was observed at the
joining zone that was caused mainly due to tube thickness and increasing discharge energies. If
groove depth is decreased, wrinkling can be eliminated significantly. Figure 3.22 shows how those
wrinkles are produced and failure at the joining zone after the pull-out test.

Fig. 3.22 Crimped sample after the pull-out test

Depending on discharge energy, a tendency of the tube to re-bounce back during impact with a
steel rod was seen lesser for sample six compared to the final sample for the same groove
parameters. Besides that, pull-out strength for the last sample is not as much as sample six because
of a re-bouncing and tube thinning effect which prompts having a less mechanical interlock. A
maximum pull-out load transferred by sample number six was found 5.10 kΝ and failed at a
grooved edge which is part of the joining zone. A joint strength of 98 % was achieved using this
sample compared to a tube that has a pull-out strength of 5.14 kΝ. A joint strength achieved from
a sample that is crimped using 4.1 kJ of discharge energy can be considered as a promising result
for an industrial application.
The load transferring capabilities of the samples are significantly affected by the magnitude of
energy used. Applying an excessive amount of discharge energy leads to having tube thinning at
the groove edge which leads to weakening joint strength. A maximum radial displacement without
tube necking will produce better groove filling which is the function of energy and enhances joint
strength. Radial displacement of the tube increases in direct proportionality with discharge energy
as shown in Fig. 3.23 (a). The re-bouncing effect of the tube reduces radial displacement while
increasing discharge energy beyond 4.1 kJ. Radial displacement for sample seven got reduced
comparing to sample six due to the magnitude of applied energy. The magnitude of 4.7 kJ
discharge energy causes the tube to rebounded back after impacting the groove surface that leads
to reducing radial displacement. Figure 3.23 (b) shows linearity between discharge energy used
and the resulted tube thickness reduction at groove edge.
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Fig. 3.23 Effect of discharge energy on (a) radial displacement and (b) thickness reduction at groove edge

Pull-out strength will increase by increasing applied discharge energy up to a certain limit as shown
in Fig. 3.24 (a). For the given material system and geometrical dimension, it can be concluded that
4.1 kJ is optimal energy. The tube was easily pulled out due to severe plastic deformation at groove
edge if discharge energy increased beyond the optimum. Moreover, radial displacement also keeps
on decreasing while using excessive energy beyond the requirement. A product of capacitance and
voltage gives energy, and graphically these two parameters are plotted as shown in Fig. 3.24 (b).

Fig. 3.24 (a) effect of discharge energy on pull-out strength and (b) discharge energy for the respective
voltage

The crack at the groove edge was observed for sample seven due to the level of discharge energy
used. Hence the joint was failed at groove edge with less pull-out load than sample number six.
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Thinning becomes severe at groove edge while using discharge energy more than 4.1 kJ which
leads to having a joint failure. High strain rate plastic deformation at groove edge significantly
affects the joint strength because of the associated mechanical interlock. The direct proportionality
shows the higher radial displacement of the tube which gives the higher pull-out strength as shown
in Fig. 3.25.

Fig. 3.25 Effect of radial displacement on pull-out strength

Uniformity of tube deformation affected significantly if an axis of helical coil offset from the axis
of the workpiece. Therefore, the eccentricity of workpieces and coil was crucial in this regard.
Groove filling of lower and upper section has some differences due to the eccentricity problem as
shown in Fig. 3.26 (a). Microscopic study at the joining interface of sample seven shows the
nonexistence of metallurgical bonding between aluminum tubes and steel rod. Minimum and
maximum gap measured as shown in Fig. 3.26 (b). There is no intermetallic compound found at
the interface which shows how pure mechanical interlock can be made in this joining technique.

Fig. 3.26 (a) Cross-sectional view of joining zone and (b) metallographic image at the joining zone
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3.4.10. Prediction of Possible Failure Region
The possible region of joint failure was predicted using the simulation of maximum shear stress
distribution along the joining zone. The distribution was analyzed only for the tube, and maximum
achievable shear stress at joining zone for three energy levels at 55.6 μs is shown in Fig. 3.27.

Fig. 3.27 Effect of energy on maximum shear stress distribution along the joining zone

Joint was found failed at the groove edge which is predicted at a region were shear stress is
maximum using simulation. Mechanical strength testing clearly shows the region where failure
initiated as predicted in the simulation for the applied axial load.
3.4.11. The relation between Resultant Pressure and Displacement
The resultant pressure found at three different discharge energy levels were plotted along with
resultant displacement as shown in Fig.3.28. The maximum pressure was considered at each time
step to understand the relationship with flyer tube deformation. The maximum resultant pressure
values found at 3.4 kJ, 4.1 kJ, and 4.7 kJ are 1948 MPa, 2155 MPa, and 2709 MPa respectively.
The first peak pressure generates within 20 µs due to peak current is called critical which causes
plastic deformation. Because of exponential decay of current, the second and the remaining peak
pressure doesn’t have a significant effect in causing severe deformation. The deformation of the
tube increases gradually and reaches maximum value depending up on the magnitude of pressure
and it remains constant until the end of the process. As the discharge energy increased, the pressure
also increased. A discharge energy of 4.1 kJ is optimum in which the pressure obtained was 2155

TH-2352_146103039
49

Chapter 3

Electromagnetic Crimping for Tube-to-Rod Configuration to Support Axial Load

Mpa.”

Fig. 3.28 Relation between resultant pressure and displacement at (a) 3.4 kJ (b) 4.1 kJ (c) 4.7 kJ,
and (d) comparison
3.5. Summary
A combined FEM/BEM method has been employed for the simulation of the electromagnetic
crimping process. The presented analysis is useful for the practical realization of the
electromagnetic crimping process to join the tube and the profiled rod and contribute to a better
understanding of the working principles. The model was validated with the experimental results
and used to predict the effect of energy on joint strength and several process parameters. A
comparison of the 3D simulation results with the experiment shows that the model could efficiently
predict the effect of energy on parameters. In general, results found from the numerical analysis
show how to predict the process parameters of the EM crimping process. Important result found
from numerical simulation and experimental investigation is summarized as follows.


Pull-out strength of the crimped sample was found more than 95% compared to the strength
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of the tube.


A 3D model was developed, and simulation is used to study the effect of energy on joint
strength and process parameters which is difficult to address using experimenting only. The
domain of energy levels was found out using simulation which gives better joint strength for
the given material combinations and groove parameters. Hence, discharge energy of 4.1 kJ is
recommended for better joint quality based on the strength of the joint manufactured and a
tube thickness reduction at groove edge.



The 3D model is validated with the experiment by measuring and comparing tube thickness
reduction at the groove edge, radial displacement, and groove filling which shows a good
agreement.



Effective plastic strain and radial displacement along the joining zone were found uniform
which explains how pressure is uniformly distributed.



Maximum shear stress distribution along the joining zone leads to identify the region where
probably the joint can fail for the applied load.



The pull-out strength result shows how electromagnetic crimping process can give better joint
strength without any defect, unlike thermal welding. Sample six failed at 5.10 kΝ pull-out force
which is almost 98 % of joint strength comparing to the tube which has a pull-out strength of
5.1 kN. Moreover, 4.1 kJ was optimal discharge energy for the given material system and
geometrical dimension to obtain higher joint strength.



A geometrical parameter like groove edge radius considerably affects joint strength either
positively or negatively. Discharge energy of 4.1 kJ gave a maximum radial displacement of
2.844 mm, but increasing this energy causes radial displacement to decrease due to the rebouncing effect. As radial displacement increases up to a certain limit, pull-out strength also
increases and found 5.10 kN.

 Reduction in thickness of the tube at groove edge increased while increasing discharge energy.
Thinning of the tube at groove edge leads the joint to fail easily.
 This preliminary study shows a promising method for joining the automotive part like drive
shaft and space frame specially designed from aluminum which has a different profile. The
result shows how qualitative joint strength can be successfully manufactured using this latest
green technology.
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4 Mechanical Interlock Made by EM crimping for Axial Load Resistance using
Double Rectangular Groove
4.1. Introduction
Joining aluminum tube with steel rod using thermal-based welding process like arc welding is
challenging due to easy formation of oxide which requires a higher melting temperature than the
parent metal. In this chapter, EM crimping process is used to join the aluminum tube and a steel
profiled rod mechanically. The circumferential double grooves which have a rectangular shape
were machined on the steel rod with different geometrical parameters. Discharge energy of 4.7 kJ
and groove edge angle of 0.5 mm was kept constant. Therefore, the primary goal of this study is
to investigate the effect of geometrical parameters on joint strength using a double rectangular
groove. A mechanical pull-out strength test was carried out to investigate joint strength
manufactured and compared with the strength of the aluminum tube. Further, the effect of groove
depth on the percentage of gap filling, wrinkling and tube thickness reduction was studied in detail.
Moreover, microhardness at the joint interface also investigated. Based on the results obtained, a
design guideline that describes the effects of width-to-depth ratio on joint strength is proposed.
4.2. Experimental Detail
4.2.1. Materials and Experimental Method
The chemical composition and mechanical properties of aluminum tube and steel rod used in this
experiment are summarized in Table 4.1 and Table 4.2. Energy-dispersive X-ray spectroscopy
(EDX) was used for the elemental analysis.
Table 4. 1 The chemical composition of aluminum tube and steel rod (Kumar and Kore, 2017)
The weight percentage of the element (%)
Material

Al

Mg

Mn

Ti

Zn

Si

Cu

Al 1050

99

0.0

0.1

0.1

0.1

0.6

0.1

C

Cr

Mn

Cu

Ni

P

Si

0.16-

0.15-

0.3-0.4 0.1-0.2 ≤0.

≤0.

0.25

0.25

1020 Steel

1

1

S

0.2-0.3 0.10.4

Fe
Bala
nce
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Table 4. 2 Mechanical properties of the material used (Rajak and Kore, 2018, Kumar and Kore,
2017)
Material

Properties

Al 1050

Conductivity (36.8 X 106 S/m)
Density (2700 Kg/m3)
Poisson’s ratio (0.33)

1020 Steel

Density (8900 Kg/m3)
Young’s modulus (500 GPa)
Poisson’s ratio (0.3)
Ultimate tensile strength (210 MPa)

Initially, grooves were machined using parameters based on the cause and effect matrix that is
generated by the central composite design (CCD) method. Six levels of groove depth which is
varied from 0.5 mm to 3 mm with an increasing rate of 0.5 mm were considered keeping all other
grooves and process parameters constant. Discharge energy of 4.7 kJ was used to carry out the
experiment which is determined from the preliminary study. The result achieved from the pull-out
test was used as a response for further analysis. The CCD model describes the behavior of the
maximum pull-out load. The analysis of variance provides statistical tools to evaluate maximum
pull-out load in terms of groove depth for the same width configurations. Further, four different
width configuration was considered to study the effect of the width-to-depth ratio on joint strength.
Detailed dimensions and terminology for the rod, tube, and the coil are illustrated in Fig. 4.1.

Fig. 4. 1 Dimension and nomenclature of (a) rod (b) tube and (c) coil (All dimensions are in mm)
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Experiments were divided into four groups which have different groove width configurations.
Each group has six specimens according to CCD with identical groove width configurations but
for different groove depth. Detailed dimensions of double rectangular grooves for twenty-four
samples are summarized in Table 4.3.
Table 4. 3 Groove geometrical parameters
Sample No.
Groove ԝ1 (mm)
1
ԁ1 (mm)
Groove ԝ2 (mm)
2
ԁ2 (mm)
Sample No.

1

2

0.5

1

0.5

1

13
Groove
1
Groove
2

ԝ1 (mm)
ԁ1 (mm)
ԝ2 (mm)
ԁ2 (mm)

14

0.5 1
0.5 1

S1-S6
3
4
5
6
8
1.5 2 2.5
3
6
1.5 2 2.5
3
S13-S18
15 16 17 18
10
1.5 2
2.5 3
10
1.5 2
2.5 3

S7-S12
7 8
9
10
8
0.5 1 1.5
2
8
0.5 1 1.5
2
S19-S24
19 20 21 22
10
0.5 1
1.5 2
8
0.5 1
1.5 2

11

12

2.5

3

2.5

3

23

24

2.5

3

2.5

3

4.2.2. Experimental Setup
A coil made up of copper wire has five number of turns, 19.625 mm2 cross-sectional area and 20
mm inside diameter respectively. The experimental setup which consists of a coil and workpieces
is shown in Fig. 4.2. An oxide layer was cleaned using “acetone” for moisture free samples, and
proper insulation also used before crimping was done. Teflon made fixture was used to support
the coil for multiple crimping processes. Hence, successful mechanical crimping was made using
this setup.

Fig. 4. 2 (a) Experimental setup and (b) coil inside Teflon made a fixture
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4.3. Mechanical Pull-out Test
After crimping was done for all samples, pull-out strength tests were performed to evaluate the
strength of manufactured joints and aluminum tubes in transferring axial load using a Universal
Testing Machine (UTM). The schematic representation of a pull-out test setup for crimped sample
is shown in Fig. 4.3. Crossbar velocities of 0.1 mm/ѕ were maintained while testing both tube and
crimped specimens.

Fig. 4. 3 Schematic representation of pull-out test for a crimped sample (All dimensions are in mm)

Based on the change in width configuration, the values of U will be adjusted. This value of U is
identical for each group which has the same groove configurations. Two steel mandrel was inserted
at the end of the tube while pull-out is carried out to avoid any deformation where UTM is gripping.
4.4. Results and Discussion
The deformation obtained along the joining zone due to lower discharging energy level was found
non-uniform. Few researchers suggest applying higher magnetic pressure to address this problem.
(Karimi and Bahmani, 2010). The discharge energy which is more than 4.7 kJ leads to having
uniform deformation but weaker joint strength due to failure at groove edge. Moreover, discharge
energy which is less than 4.7 kJ also gives weaker joint strength compared to the strength of the
aluminum tube. Hence, for the material system and groove configuration considered in this study,
the discharge energy of 4.7 kJ was found optimum. Tube thickness reduction due to discharge
energy of 4.7 kJ is found less comparing to 5.6 kJ as shown in Fig. 4.4. The tube is getting sheared
off entirely at the groove edge after crimping using discharge energy of 5.6 kJ. Pull-out strength
for 5.6 kJ was found less than 3 kN which is the weakest due to tube shearing and necking at
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groove edge. For this reason, we considered 4.7 kJ as optimum discharge energy level which can
give a joint strength up to 5.6 kN without tube necking.

Fig. 4. 4 Tube necking at the groove edge due to discharging (a) 4.7 kJ and (b) 5.6 kJ for groove which
has 2 mm depth

The sinusoidal current waveform plotted in Fig. 4.5 was measured using a Rogowski coil which
shows an amplitude of 125.8 kA obtained at 4.7 kJ of discharge energy.

Using this discharge

energy, the effect of groove depth on pull-out strength, groove filling, wrinkling and tube thickness
reduction at groove edge were studied in detail. Mechanical pull-out tests were carried out to
evaluate joint quality in transferring axial load. Optical microscopic image analysis and hardness
tests at the joint interface were also carried out.

Fig. 4. 5 Measured current waveform obtained at 4.7 kJ of discharge energy
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4.4.1. Mechanical Pull-out Strength Analysis
In each of Fig. 4.6, pull-out load versus an extension of six crimped specimens that have identical
width configuration but different groove depths were plotted. The maximum pull-out strength of
5.47 kΝ and 4.16 kΝ were found for S4 and S6 as shown in Fig. 4.6 (a).

Fig. 4. 6 Pull-out strength vs. extension for (a) S1-S6 (b) S7-S12 (c) S13-S18 (d) S19-S24

In the current study, a joint strength up to 5.63 kN was found using a discharge energy of 4.7 kJ
which is maximum among all groove configurations. As can be seen in Fig. 4.6 (b) maximum pullout strength of 5.15 kΝ was found for S10, and 4.73 kΝ was found for S12. Fig. 4.6 (c) illustrates
the maximum pull-out strength of 5.63 kΝ which was found from S16 and 3.65 kΝ from S18. A
maximum pull-out strength of 5.28 kΝ and 3.25 kΝ was found from S 22 and S24 as shown in Fig.
4.6 (d) respectively. The samples which have 2 mm and 3 mm groove depth in each group were
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compared for a maximum pull-out load that can be transferred. The maximum load was taken at
the point where the joint was broken using a pull-out load versus extension plot.
The response variable, i.e., pull-out load P (kN) and the examined factors, i.e., groove depth D
(mm) were related by Eq. 4.1 and 4.2 which is the polynomial equation of second-and-third order
by applying multiple regression analysis on the data. Analysis of variance calculated the
determination coefficient (R2) as 0.9735 for Eq. 4.1 and 0.9988 for Eq. 4.2 which represents the
pull-out load as a function of groove depth.
P  4.97032  0.34127  D  0.13968  D2

(4.1)

P  5.72643  1.88502  D  1.76314  D2  0.47002  D3

(4.2)

where P is pull-out load and D is groove depth.
The results indicate that the model can efficiently predict 97.35 % and 99.88 % of the pull-out
strength for the given levels of groove depth. Therefore, the models were found to be highly
significant. Figure 4.7 demonstrated predicted analytical values and the actual result of maximum
pull-out strength that shows how the model is significant.

Fig. 4. 7 Predicted and actual pull-out load for (a) S7-S12 and (b) S19-S 24

Specimens number S5, S6, S11, S12, S17, S18, S23, and S24 (see table 5. 3) have failed at joining zone
as shown in Fig. 4.8 (a) due to increased groove depth. Hence, pull-out strength analysis relies on
these samples to show how strong joint can be manufactured in EM crimping process. It is
observed that joint strength keeps increasing as groove depth increases for all groove

TH-2352_146103039
59

Chapter 4 Mechanical Interlock Made by EM crimping for Axial Load Resistance using Double Rectangular Groove

configurations up to 2 mm and start declining after breaking takes place. Pull-out load versus
extension for comparison of those specimens failed at joining zone with the aluminum tube is
shown in Fig. 4.8 (b). The tube is failed at 5.1 kΝ of pull-out load which is higher than the
maximum pull-out strength of crimped specimens failed at joining zone. Specimen S23 which is
failed at 4.86 kΝ was found better compared to the strength aluminum tube. Specimens that have
the wider width of the first groove (in the tube side) and a smaller width of a second groove
provided the highest joint strength. A minimum of 72% and a maximum of 95% joint strength was
achieved compared to the strength of the undeformed aluminum tube. Specimen S24 is failed at
3.25 kΝ pull-out load which gave weaker axial load resistance.

Fig. 4. 8 (a) UTM pull-out test setup for a crimped sample and (b) pull-out strength of tube and samples
failed at the joining zone

Increasing groove depth has a significant effect on reducing tube thickness and joint strength
respectively. Hence, a tube fracture at the groove edge as shown in Fig. 4.9 (f) leads to weakening
a joint strength. A groove depth has a significant effect on gap-filling which influences the quality
of load transferring capability of the joints. Measurements were taken to investigate how increased
groove depth affects the gap between joint parts at the corner of the groove surface. For the joint
manufactured using a groove depth of 0.5 mm, 1.0 mm and 2.0 mm, the percentage of groove
filling is declining for the same discharge energy and tube thickness. A better groove filling was
found for 0.5 mm groove depth, but the tube can come out easily during the pull-out strength test.
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The gap fillings were investigated for the last set of the specimens (S19-S24). Figure 4.9 (a-f) shows
the measured values of a gap at the corner of the groove surface that was taken from the collar
section of the joining zone. A minimum of 0.151 mm gap was found for the specimen which has
0.5 mm groove depth as shown in Fig.4.9 (a), and the maximum gap of 0.987 mm obtained from
the specimen which has a 3 mm groove depth as shown in Fig. 4.9 (f).

Fig. 4. 9 Gap measured for (a) 0.5 mm (b) 1 mm (c) 1.5 mm (d) 2 mm (e) 2.5 mm and (f) 3 mm groove
depth

Percentages of gap fillings based on measured values were calculated and plotted as shown in Fig.
4.10 that describes gap filling on the left and right (GFL and GFR) side of the collar respectively.

Fig. 4. 10 Effect of groove depth on percentage gap filling

Above 94% of the gap was filled for the sample which has 0.5 mm groove depth, and more than
60% of the gap was found filled for the specimen with the groove depth of 2.5 mm and 3 mm. Gap
filling percentage keeps decreasing while groove depth increases up to 2 mm and begins rising due
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to tube fracture at groove edge. Tube thickness reduction at the groove edge was found maximum
for joints manufactured using more than 2 mm groove depth. A connection or joint strength
obtained from electromagnetic crimping process is affected significantly by groove depth. Tube
cracking and shearing at groove edge become severe due to the increment of groove depth more
than 2 mm. Hence, pull-out strength increases for increasing groove depth up to 2 mm then it
begins decreasing as shown in Fig. 4.11. The joints manufactured using a groove depth of more
than 2 mm were failed in the joining zone with a minimum pull-out load.

Fig. 4. 11 Effect of groove depth on joint strength for all samples

4.4.2. Effects of Width-to-Depth Ratio on Joint Strength
The effects of width-to-depth ratio on joint strength for all specimens were plotted as shown in
Fig. 4.12. A range of width and depth for the highest joint strength for the given material system
and process parameters were investigated.
If the ratio of Q1=W1/d1 and Q2=W2/d2 are selected in the range of four to six and two to four
(4d1<W1<6d1 and 2d2<W2<4d2), joint strength becomes higher as shown in Fig. 4.12 (a). Similarly,
if Q1 and Q2 are equal to four (4d1=W1 and W2=4d2), joint strength becomes highest for similar
groove configuration as shown in Fig. 4.12 (b). Joint strength will increase as contact area increases
as shown in Fig. 4.12 (c) for increased Q1 and Q2 compared to Fig. 4.12 (b). If the ratio of Q1
selected in the range of four to six and Q2 in the range of two to four (4d1<W1<6d1 and
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2d2<W2<4d2), joint strength becomes higher as shown in Fig. 4.12 (d) for different groove
configurations.

Fig. 4. 12 Effect of width-to-depth ratio on joint strength (a) S1-S6 (b) S7-S12 (c) S13-S18 (d) S19-S24

If the width-to-depth ratio increases, the joint strength will decrease for all groove configurations.
The main reason for this effect is the change in the joint mechanism in which interference-fit
becomes dominant over form-fit. Besides that, the increasing width-to-depth ratio will increase
weight at the joining zone which is undesirable from a lightweight design point of view.
4.4.3. Failure Mode
In the current study, three modes of failure were observed while conducting the pull-out strength
test. Among 24 samples, the tube is sliding for samples which has 0.5 mm groove depth and 12 of
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them are failed in the tube section whereas 8 of them are failed at the joining zone as shown in Fig.
4.13 (a) and (b). Those samples having a depth of more than 2 mm and different width
configuration were failed at groove edge at lowest pull-out load. However, the rest of specimens
failed on the tube at a higher pull-out load compared to aluminum tube. Increasing the residual
stress on surfaces of aluminum sheet metal with holes was found during electromagnetic peening
process (Li and Cheng, 2009). The residual stress produced on joining-zone leads to an increasing
joint strength between workpieces. A similar conclusion was reported about the tube failing for
the same kind of groove geometry (Weddeling et al., 2015). Three modes of failure were found
from an experimental study of crimping aluminum tube with tubular aluminum mandrel using a
single rectangular groove (Marré et al., 2009). The hardness of the joining zone was enhanced due
to strain hardening. Hence, the crimped samples failed on the tube which was exposed to a
magnetic field gave the highest connection strength.

Fig. 4. 13 Failed sample (a) on Al tube and (b) on groove edge (joining zone)

4.4.4. Effect of Groove Depth on Wrinkling and Tube Thickness Reduction
The imperfections of the material trigger buckling which causes wrinkles under radial compression
(Demir et al., 2010). The clearance between a tube and a rod keeps on increasing while groove
depth is rising which leads to creating wrinkles. Increasing groove width also reduces the number
of wrinkles, but it will add the weight of a joining zone that is undesirable from the lightweight
design point of view. Hence, numbers of wrinkles were found more for the specimens which have
3 mm groove depth comparing to the specimen which has 0.5 mm as shown in Fig. 4.14 (a-b).
Wrinkling/buckling can be reduced by increasing flyer velocity, which can be done by increasing
input energy or by using a capacitor bank with higher discharge frequency, and the rapid
imposition of the pressure pulse also reduce wrinkling (Vivek et al., 2011). Furthermore, there will
be wrinkling if the groove depth is not proportional to tube thickness even though flyer velocity
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increases. Hence, using energy more than 4.7 kJ for 2 mm groove depth and 1 mm tube thickness
was expected to give less number of wrinkles. Both strain hardening and increasing wrinkling
effects were achieved by a higher pressure impulse (Kleiner et al., 2005). However, groove depth
proportional to a tube thickness gives less number of wrinkles or no wrinkles.

Fig. 4. 14 Wrinkles for a sample which has (a) 3 mm and (b) 0.5 mm groove depth

The tube thickness got reduced for different depths at the collar section of the joining zone located
between two grooves. Tube thickness reduction was investigated for the last set of samples (S 19S24) and plotted as shown in Fig. 4.15.

Fig. 4. 15 Tube thickness reduction at groove edge for various depths

Magnetic field density on the coil center is more which can intensify the radial force (Patel et al.,
2017). Hence, deformation becomes more at the center of the joining zone. TRL and TRR stand
for thickness reduction on the left and the right side of a collar. Further, the trend for tube thickness
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reduction was found identical for each set of samples. Minimum tube thickness reduction of 0.02
mm was achieved from S19 which has 0.5 mm groove depth, and a maximum of 0.5 mm was found
from S23 and S24 which have a groove depth of 2.5 mm and 3 mm. Hence, minimum groove depth
gives minimum tube thickness reduction and vice versa.
4.4.5. Hardness Analysis
The intention of carrying out a microhardness test in our investigation is to see how hardness is
varied along the joining zone. Vickers microhardness test result at the interface of the joining zone
is shown in Fig. 4.16. Test results revealed that the hardness was changed at the interface and
found more compared to aluminum tube due to strain hardening effect. Further, magnetic field
density and Lorentz force are more at the center which increases hardness at point C refereeing
Fig. 4.16, but hardness decline to the point far from the center. These tests were carried out using
sample S23 which has 2.5 mm groove depth. Since energy was kept constant, the distribution of
hardness at the collar section for the remaining samples was expected equal with a small variation.

Fig. 4. 16 (a) Hardness distributions across the interface of the crimped sample and (b) indentation
locations

4.5. Summary
In this chapter, EM crimping process for joining the aluminum tube on steel rod was investigated
experimentally using a double rectangular groove. Studies on EM crimping are mainly focused on
evaluating joint strength that can be obtained using different energy levels. However, the effect of
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geometrical parameters like groove depth on groove filling, wrinkling and tube thickness reduction
at the joining zone was not studied in detail. The pull-out test result was analyzed to evaluate the
load transferring quality of joints manufactured. Based on results found, the effect of the widthto-depth ratio on joint strength was studied and proposed as a design guideline. The microhardness
study at the joint interface is also carried out. From the result analyzed, it can be concluded that
the joint strength obtained in this process mainly relies on a mechanical interlocking between a
tube and the edge of a groove.
A joint manufactured in this investigation were dominated by a mechanical interlock at the groove
edge. The predicted and actual maximum pull-out load found in a good agreement. A maximum
of 95 % joint strength was found based on samples failed at joining zone compared to the strength
of the aluminum tube. Most of the joints failed in the tube shows high strength due to mechanical
interlock without cracking at the groove edge. However, the joints manufactured using groove
depths more than 2 mm were failed at groove edge with lesser pull-out load due to severe plastic
deformation and tube thinning effect. Hence, increasing groove depth shows two opposite effects
on joint strength. Increasing groove depth beyond optimum leads to an increase in tube thickness
reduction, groove filling, and wrinkling respectively which significantly affect joint strength. In
EM crimping, data related to crimping for multiple material systems are not sufficiently available.
The effect of the width-to-depth ratio on joint strength is proposed as a design guideline.
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5 Electromagnetic Crimping Using Double Rectangular Groove for Axial Joint:
Experiment and Numerical Simulation
5.1. Introduction
In this chapter, EM crimping process is used to join aluminum tube to a steel rod. The simulation
was carried out using the EM module of LS-DYNATM to find suitable coil dimension and discharge
energy. The radial displacement of a tube found from the experiment was compared with
simulation for model validation. A failure mode was predicted using simulation and compared
with an experiment. Pull-out strength for a crimped sample was performed to investigate the load
transferring capability of the joint manufactured. The microscopic image was studied to make sure
that joining is due to mechanical interlock rather than metallic bonding. Finally, a simulation is
used to predict resultant displacement, effective plastic strain, Lorentz’s force, magnetic field
density, and resultant velocity respectively. A model is developed that is useful for manufacturing
industries encompasses EM crimping as a joining method.
5.2. Material and Method
Copper coil and aluminum tube used in the current study have property shown in Tabe 5.1.
Multiple simulations were carried out using a coil that has a different pitch to determine its
optimum dimension which can give better deformation.
Table 5. 1 Property of coil and tube material

Parameters

Coil (Copper)

Tube (Al 1050)

Conductivity (S/m)

59.6  106

38.6  106

Density (Kg/m3)

8960

2700

Poisson’s ratio

0.27

0.33

The workflow chart implemented in this procedure is illustrated in Fig. 5.1.
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Fig. 5. 1 Workflow chart implemented in this procedure

5.3. Numerical Modeling
Since EM crimping is a high-speed joining process, a material model which takes care of high
strain, strain rate hardening and softening due to temperature has to be chosen. The hardening is a
particular type of isotropic hardening in which the yield stress σy is assumed to be of the form of
Eq.3.1. Johnson-cook material constants for Al1050 and DP Steel is presented in Table 5.2.
Table 5. 2 Johnson-cook constants for Al1050 and DP steel (Melby and Eide, 2013, and
Vedantam et al., 2006)
Materials

An (MPa)

B(MPa)

n

c

Tm(K)

m

Al 1050

110

150

0.36

0.014

918

1

DP Steel

430

823.6

0.5

0.08

1048

0.6

The coil was modeled as a rigid body to avoid any deformation and Johnson-cook was selected as
a material model for the tube and the rod respectively. Johnson cook material model is generally
used in an adiabatic transient dynamic analysis and best suited for the high-speed forming process.
A quadrilateral 3D mesh was built for the coil, tube, and rod. The mesh is composed of 9061 nodes
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for the coil, 6120 for the tube, and 14196 for the rod respectively. The numerical model developed
is shown in Fig. 5.2. A detail dimension of a tube, rod, and the coil are shown in Fig. 5.3 (c).

Fig. 5. 2 (a) Side view and (b) cross-sectional view of assembled parts

Fig. 5. 3 Detail dimension of (a) tube (b) rod and (c) coil (All dimensions are in mm)

5.4. Analysis and Discussion
The current was measured using a Rogowski coil while conducting an experiment and imported
into LS-DYNATM software for simulation. A waveform of the current curve that is obtained at a
discharge energy of 4.7 kJ is shown in Fig. 5.4 and used as a load for all groove parameters.

Fig. 5. 4 The waveform of the current curve obtained from the experiment
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The maximum displacement is achieved after 45 µs for the sample that has 1 mm, 2 mm and 3 mm
groove depth and only 10 µs was found enough for the sample which has 0.5 mm groove depth. A
resultant displacement for different groove depth obtained from simulation is shown in Fig. 5.5. A
mean absolute percentage error of 7% was found compared to the experiment that shows how the
model can efficiently predict the parameter.

Fig. 5. 5 Resultant displacements for different groove depth

5.5. Experimental Work
The experimental setup used and a crimped sample that is joined using 4.7 kJ of discharge energy
is demonstrated in Fig. 5.6. A Kapton tape was wrapped-on the copper wire before inserted into
the insulation sleeve. A Teflon made fixture was used as reinforcement to support and avoid
bulging of the coil due to repetitive crimping process. Moreover, acetone was applied to clean the
workpiece surface from dirt and oil for better conductivity. A coil is designed and manufactured
based on geometrical parameters found from the simulation that gives better crimping quality. A
rectangular double groove was machined on the steel rod with different groove configuration. Four
different groove depth, i.e., 0.5 mm, 1 mm, 2 mm and 3 mm were considered, and the groove width
was kept constant.

Fig. 5. 6 (a) Experimental setup (b) coil with Teflon fixture and (c) crimped sample
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The experiment was carried out using electromagnetic forming system which has a specification
described in Table 3.3. The deformation on a joining zone leads the tube to make mechanical
interlock on the groove of the rod. The crimped sample that is obtained from simulation and
experiment is depicted in Fig. 5.7 which shows how qualitatively agreed to each other for different
groove depth.

Fig. 5. 7 Crimping in (a) simulation and (b) experiment for the different groove depth

The radial displacement of a tube along the joining zone is investigated based on numerical
simulation and experiment that was found in a good agreement. Points are taken from center to
center of the grooves with 2 mm separation. Figure 5.8 shows a radial displacement comparison
for 0.5 mm groove depth. The radial displacement of a tube for a sample that has a groove depth
of 0.5 mm and 2 mm is compared as shown in Fig. 5.8 and 5.9 and found in a good agreement with
simulation. The absolute percentage error of 5.13% and less than 1% were found for considered
groove depth. The trend of variation of radial displacement in both sides of the center shows
similarity in experiment and simulation, and this is because of uniform pressure distribution along
the joining zone.

Fig. 5. 8 Radial displacement comparison using simulation and experiment for 0.5 mm groove depth.
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Fig. 5. 9 Radial displacement comparison using simulation and experiment for 2 mm groove depth

The effect of groove depth and groove edge radius on the deformation of a tube in EM crimping
process was predicted using FEM simulation. The magnetic pressure is higher at the center which
leads to having maximum Lorenz’s force. Figure 5.10 shows contours of maximum shear strain at
a different time in the joining zone which can successfully predict the location where failure is
possible.
The groove edge radius was chosen 0.5 mm for all width and groove configuration that plays a
significant role in affecting joint strength. It is observed that there is no chance for the tube to get
sheared-off at the edge of the groove which has groove depth less than 2 mm. Failure of the tube
has possibly occurred at the groove edge when groove depth is increased beyond 2 mm, and that
weakens the joint strength.

Fig. 5. 10 Contours of maximum shear strain at a different time value

Necking and shearing of the tube at the joining zone for a sample that has a groove depth of 3 mm
are easily identified using physical inspection. Necking has occurred at a region where shear strain
is maximum which significantly affects pull-out strength of the joint. Fig. 5.11 shows the location
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where the failure occurred in simulation and experiment and found in a good agreement. Digital
Microscope was used to capture the failure of the experimental sample.

Fig. 5. 11 A contour of (a) magnetic pressure maximum at different time value and joining zone failure in
(b) simulation and (c) experiment

Figure 5.12 shows the comparison of pull-out strength between the undeformed tube and crimped
sample which has a different groove depth. As can be seen from Fig. 5.12 (a) the joint strength
obtained using a sample with 0.5 mm, 1 mm and 2 mm groove depth has comparatively more than
a tube strength due to strain hardening effect. The necking of a tube at the groove edge can be seen
with the necked eye for sample that has 3 mm groove depth which leads to having minimum load
transferring capacity.

Fig. 5. 12 (a) pull-out strength of tube and crimped sample with different groove depth and (b) effect of
groove depth on pull-out load
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The maximum load transferred by the joint manufactured using 0.5 mm, 1 mm and 2 mm groove
depth is by far more than a strength achieved by a sample that has 3 mm depth. Pull-out load keeps
rising while groove depth is increasing up to 2 mm and drastically dropped due to failure at groove
edge as shown in Fig. 5.12 (b). Maximum pull-out strength was found 5.45 kN for a sample that
has 2 mm groove depth, and a minimum of 3.65 was found from a sample that has 3 mm groove
depth. A load of 5.14 kN, 5.34 kN, and 5.23 kN were transferred by a tube and a sample that has
a depth of 0.5 mm, and 1 mm respectively.
The integral of a plastic component of the rate of deformation is effective plastic strain that was
predicted using simulation at a different groove depth. An element (H-10451) is selected to predict
the effect of depth on the effective plastic strain and resultant velocity respectively. The Lorentz
force is a function of magnetic field strength which is directly affected by its density. The acting
pressure becomes higher and depends on the strength of the magnetic field at the joining zone. The
maximum deformation occurs during the first 10 to 20 µs in which the velocity of the tube reaches
highest due to the increasing density of the magnetic field.
The associated result for the sample that has 0.5 mm, 1 mm, 2 mm and 3 mm groove depth is
shown in Table 5.3. Effective plastic strain and resultant velocity are rising while groove depth is
increasing. The discharged energy which is applied to accelerate the flyer tube increases the
velocity before touching a grooved surface. Measurement of velocity of the flyer tube in EM
crimping is challenging, but it is possible to predict using simulation. A magnetic field is maximum
at 15.6 µs which are 18.84 T comparing to 12.47 T, and 14.77 T found at 59.4 µs and 70 µs
respectively.
Table 5. 3 Predicted parameters
Groove depth (mm)

Effective plastic strain

Resultant velocity (m/s)

0.5

0.19

129

1

0.62

162

2

1.17

235

3

1.22

259
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5.6. Summary
In this chapter, electromagnetic crimping of tube and rod is investigated numerically and
experimentally. Simulation is carried out to determine optimum discharge energy level before
experimental investigation for the given material system and groove geometry. The model is
validated by comparing numerically predicted radial displacement with the experiment. The
developed model in this study is potentially useful to predict failure region and process parameters
respectively.
The prediction of the failure zone using simulation is giving an insight on what will be the level
of discharge energy and what should be the maximum depth so that the manufactured joint strength
becomes best in its quality. Radial displacement measured numerically for different groove depth
along the joining zone is compared with the experiment and found in a good agreement with a
percentage error of 5.13%. The pull-out test result revealed that the joint strength manufactured
was found better compared to the strength of the un-deformed tube. A joint strength obtained from
the sample which has 3 mm groove depth was found 71% of tube strength. Parameters challenging
to measure while experimenting like shear strain, resultant velocity, effective plastic strain,
magnetic field, resultant velocity, and Lorentz force are easily predicted using 3D strongly coupled
simulation.
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6 Effect of Field-shaper and Groove Profile on Torsional and Axial Joint Strength
6.1. Introduction
In this chapter, the effect of a single-stepped and tapered field-shaper on joint strength is
investigated. Four rectangular grooves were machined on aluminum and steel rod to enhance the
torsional and axial load-bearing capacity of the joint. For the same groove parameter and discharge
energy, the effect of conductivity of a rod material and groove profile on joint strength was also
studied. Geometrical parameters of the groove were kept constant, and discharge energy in the
range of 1.9 kJ to 3.5 kJ and 1.2 kJ to 2.1 kJ was used for crimping an aluminum tube to aluminum
and steel rod. A new testing approach to measure the mechanical strength of a manufactured joint
was applied. Effect of discharge energy on torsional strength, pull-out strength, tube thickness
reduction at groove edge, contact-length, and failure modes were analyzed and discussed in detail.
6.2. Experimental Methods
6.2.1. Materials and Profile
Standard materials were used for the samples. For tube Al 1050, Al 6061 and rod Steel 1020 was
used. The chemical composition of the materials were also verified by performing EDX test, and
the result is tabulated in Table 6.1.
Table 6. 1 Chemical composition of Al1050 and Al 6061 tube
The weight percentage of the element (%)
Alloy

Al

Fe

Mn

Ti

Zn

Si

Cu

Al 1050

Balance

1.1

0.1

0.1

0.1

0.5-0.6

0.1-0.2

Al

Fe

Si

Cu

Cr

Mg

Balance

0.7

0.4

0.2

0.1

0.7

Al 6061

Detail dimension and geometry of single-stepped field-shaper, tapered field-shaper and
workpieces are demonstrated in Fig. 6.1. Schematic diagram and pictorial representation of fieldshaper, tube and rod are shown in Fig. 6.1 and in Fig. 6.2 respectively. Figure 6.2 shows the
joining zone with plain and knurled profile which has a medium and diamond pattern with a 1 mm
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pitch between two adjacent grooves. Knurled profiles between adjacent grooves were made only
on steel rod for the enhancement of joint strength.

Fig. 6. 1 Geometry and dimensions of (a) single-stepped field-shaper (b) tapered field-shaper (c) rod and
(d) tube (All dimensions are in mm)

Fig. 6. 2 Steel rod with (a) plain and (b) knurled profile

6.2.2. Experimental Procedure and Setup
The effect of field-shaper on deformation at the joining zone was investigated using four levels of
discharge energy chosen based on the preliminary study. Initially, crimping was carried out to
investigate the performance of single-stepped and tapered field-shaper using an aluminum-toaluminum configuration. Based on its performance, crimping of aluminum tube to a steel rod that
has different profile was carried out using a single-stepped field-shaper. The range of discharge
energy was varied from 1.6 kJ to 2.7 kJ. The geometrical parameter of coils are shown in Table
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6.2. The coil C1 was used to carry out crimping without field-shaper, and the same discharge
energy was applied to crimp using C2 along with a single-stepped field-shaper.
Table 6. 2 Coils parameters
Coils

Wire diameter

Length

Pitch

Internal Dia.

Number of

(mm)

(mm)

(mm)

(mm)

turns

C1

5

40

7

17.5

5

C2

5

60

7

50.5

8

Figure 6.3 shows an experimental procedure implemented in this study. The coil which has an
equal number of turns were used to understand the effects of the field-shaper on joint strength
clearly.

Fig. 6. 3 Experimental procedure implemented

The experimental setup which is demonstrated in Fig. 6.4 consists of two copper made fieldshaper, i.e., tapered field-shaper and single-stepped field-shaper. Nylon rod was used to made
fixtures for reinforcement of the coil and alignment of the workpiece joining zone with the interior
section of the field-shaper. The distribution of the magnetic field in the solenoid coil is not uniform
throughout its length. A tool called field-shaper is used for improving the uniformity of pressure
distribution at the joining zone. The two field-shaper which are manufactured and used in this
investigation are shown in Fig. 6.5.
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Fig. 6. 4 Experimental setup (a) a top (b) left side and (c) right side view

Fig. 6. 5 Tapered and single-stepped field-shaper

6.3. Mechanical Strength Testing Conditions and Setup
The two significant mechanical strength tests, i.e., torsion and pull-out tests were carried out to
evaluate the quality of the manufactured joint. Figure 6.6 demonstrates the schematic
representation of testing conditions used for torsion and pull-out test respectively.

Fig. 6. 6 Testing condition for torsion and pull-out test (All dimensions are in mm)
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A rotational and crossbar speed of 0.5 RPM and 0.1 mm/s were chosen for the torsion and pullout test. A crimped sample for torsion and pull-out test was fixed in Digital Torsion Testing
Machine and UTM as shown in Fig.6.7.

Fig. 6. 7 (a) Torsion and (b) pull-out test set up

6.4. Results and Discussion
6.4.1. Deformation with and without Field-shaper
The peak current measured using a Rogowski coil for the same discharge energy was found
different for C1 and C2. The peak current found in C1 is more than in C2 with field-shaper for the
same discharge energies due to size differences (see Table 6.2). Figure 6.8 shows how a peak
current is varying in C1 without field-shaper and in C2 with single-stepped field-shaper for different
discharge energy levels.

Fig. 6. 8 Peak current for C1 without and C2 with single-stepped field-shaper
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In general, Fig 6.8 shows how the peak current in the coil is reduced due to a field-shaper at
different discharge energy levels. Based on equation 2.10, it is clear that the current and the
equivalent inductance are inversely proportional to each other. As the equivalent inductance is
more in the system, the current is getting reduced keeping all other parameters constant. Using a
field-shaper in the system causes the equivalent inductance to increase which leads to having lower
peak current. In addition to that, the coil considered for the comparison has a different dimension
as shown in Table (6.2) which affects the peak current significantly. The coil labeled as C2 encloses
a field-shaper. The density of a magnetic field for the smaller coil is more which causes the peak
current to become higher. The deformation of the tube using C1 without and C2 with field-shaper
is shown in Fig. 6.9. A tube is getting deformed none uniformly while crimping using C1 without
field-shaper. However, crimping using C2 with field-shaper shows uniform deformation of a tube

at the joining zone regardless of discharge energies. The coil end effect in the case of crimping
without field-shaper is significant as shown in Fig. 6.9. Based on this effect and for high
repeatability of the result, C2 with field-shaper is used for the rest of the experiment.

Fig. 6. 9 Deformation using (a) C1 without field-shaper and (b) C2 with field-shaper

6.4.2. Effect of Voltage on Current
Figure 6.10 shows a waveform of the discharged current which is measured using a Rogowski coil
for voltage levels used in crimping aluminum-to-aluminum and aluminum-to-steel configurations.
The electrical conductivity of aluminum and steel which are used as the rod materials causes a
significant difference in the levels of discharge energy required for successful crimping. A
minimum of 1.2 kJ and a maximum of 2.1 kJ was found as the effective range of discharge energy
for joining of aluminum tube and steel rod successfully. The magnetic field generated due to the

TH-2352_146103039
84

Chapter 6

Effect of Field-shaper and Groove Profile on Torsional and Axial Joint Strength

current induced in the aluminum rod cause a repelling force against the tube and weaken the joint
strength. Hence, 1.9 kJ to 3.5 kJ was found an effective range of discharge energy to crimp
aluminum tube on the aluminum rod which is more compared to the level of discharge energy
required for aluminium-to-steel configuration.

Fig. 6. 10 Typical waveform of the current for various voltages used in (a) aluminum-to-aluminum and
(b) aluminum-to-steel configuration

In the case of Aluminium-to-aluminium configurations, the magnetic field which induces current
on the rod creates force acting opposite to the main crimping force due to its conductivity. To
compensate for the reduced magnetic pressure due to the diffused magnetic field, increasing
discharge energy is required for creating better mechanical interlock. But, the magnetic field
induces an insignificant current on the rod in a case of Aluminium-to-steel configuration which
leads to having a negligible reacting force against the main crimping force. In addition to that, the
strength and rigidity of steel rod are better than aluminum which assists easy interlocking.
6.4.3. Effect of Field-shaper on Torsional strength
6.4.3.1. For Aluminium-to-Aluminium Configurations
As reported by Rajak et al. (2018), the current density induced in a single stepped field-shaper was
found more comparing to tapered one for the same discharge voltage. Figure 6.11 shows the effect
of single-stepped and tapered field-shaper on torsional strength at different levels of discharge
energies. As shown in Fig. 6.11 (a), the maximum and minimum torque that is obtained using
single stepped field-shaper at 2.7 kJ and 3.5 kJ were found as 44.21 Nm and 11.79 Nm respectively.
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Tube necking and thinning at the groove edge were observed without magnification for the joint
manufactured using discharge energy more than 3.0 kJ which leads to having weaker strength in
case of single-stepped field-shaper.
A significant deformation and joint strength were achieved using discharge energy starting from
1.9 kJ in case of a single-stepped field-shaper. However, a minimum of 2.3 kJ of discharge energy
was required to have significant deformation in the case of tapered field-shaper. The torque
resistance keeps on increasing while discharge energy is increasing up to 3.0 kJ and start declining
as shown in Fig. 6.11 (b). This result reveals how single-stepped field-shaper is efficient than
tapered field-shaper in concentrating magnetic fields at the point of interest.

Fig. 6. 11 Effect of discharge energy on torque using (a) single-stepped and (b) tapered field-shaper

Figure 6.12 shows maximum torque found at different energies using single-stepped and tapered
field-shaper. All measurement was taken at the breaking point of the joint during torsion test. The
torque resistance of the joint made using a single-stepped field-shaper was found better than the
tapered field-shaper. The trends of variation of torque using four levels of energies were found
similar regardless of their shape and length. The torque resistance becomes weaker for samples
crimped using discharge energy more than 2.7 kJ and 3 kJ in case of single-stepped and tapered
field-shaper. Hence, the efficiency in concentrating energies at the joining zone was found better
in the case of single-stepped field-shaper than in tapered field-shaper.
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From the previous analysis, it is clear how a single stepped field-shaper is better than tapered one
for any configuration. Hence, a single stepped field-shaper was used to crimp Al 6061 and steel
rod with a discharge energy of 2.5 kJ, 5.0 kJ, 5.6 kJ, and 6.5 kJ respectively.

Fig. 6. 12 Effect of field-shaper geometry on torque resistance (Aluminium-to-aluminium)

The torsional strength found at different discharge energy is shown in Fig. 6.13. The maximum
torque of 16.68 Nm was achieved by a joint manufactured using 2.5 kJ as shown in Fig. 6.13 (a).
Torque is increased from zero to maximum as shown in the region one. A tube at the joining zone
was reinforced by the rod and start separation in region two by twisting in the range of 600 -1000
angle. The interference joint is mainly dominated in this case due to less discharge energy. The
tube was completely separated from the rod in region three with a maximum angle of 1010. For
discharge energy of 5.0 kJ, the maximum torque of 54.3 Nm was found at 22 0 angles as shown in
Fig. 6.13 (b). The tube was getting buckling at the center which leads to the tube to fail without
cracking in the region one and two. The tube starts cracking at the region of buckling in region
three.
A similar phenomenon was investigated for a joint manufactured using 5.6 kJ of discharge energy
which gives a maximum torque resistance of 54.5 Nm at 710 as shown in Fig. 6.13 (c). Figure 6.13
(d) shows the weakest joint strength which is manufactured at discharge energy of 6.5 kJ which
shows a torsional strength of 6.45 Nm achieved at 530. The crack at the groove edge due to severe
deformation was seen without magnification even before conducting a torsional test. The tube
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starts cracks at the groove edge as soon as a torsional load is applied and reinforced by the rod at
the same time as shown in region two. Then the joint completely failed and the tube getting
separated from the rod entirely. Based on the results found, discharge energy in the range of 5.0
kJ to 5.6 kJ can be the best level to give better joint quality in terms of torsional load resistance.

Fig. 6. 13 Effect of discharge energy on torsional strength

6.4.3.2. For Aluminium-to-Steel Configuration
A single stepped field-shaper was found efficient than tapered field-shaper in crimping even using
lower discharge energy. Based on this fact, the experiment to investigate the effect of groove
profile on joint strength was carried out using a single stepped field-shaper. A crimped sample
with a plain and knurled profile is shown in Fig. 6.14.
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Fig. 6. 14 Crimped sample with (b) plain and (c) knurled profile

Figure 6.15 shows the effect of knurled and plain profiles on maximum joint strength which was
found using seven levels of discharge energies. In both cases, joint strength keeps on increasing
up to 1.8 kJ and starts declining due to severe deformation at groove edge. The maximum torque
of 41.89 Nm and 43.32 Nm was found from the sample with a plain and knurled profile. A sample
with the knurled profile at the joining zone shows better torsional strength due to its roughness.
Hence, the maximum achievable torque resistance in case of a knurled profile was found better
than plain profile, but joint strength is mainly dominated by the interlocking of the tube at the
groove.

Fig. 6. 15 Effect of knurled and plain profile on torque resistance (Aluminium-to-steel)

6.4.4. Effect of Field-shaper and profile on Pull-out Strength
6.4.4.1. For Aluminium-to-aluminium Configuration
Figure 6.16 shows the effect of energy and field-shaper geometry on pull-out strength. The pullout strength achieved using a single-stepped field-shaper and tapered field-shaper at discharge
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energy of 2.3 kJ, 2.7 kJ, 3.1 and 3.3 kJ were plotted. Measurements are taken at a breaking point
of the joint from load versus extension plot. Maximum pull-out strength is achieved using 3.1 kJ
of discharge energy in case of single-stepped field-shaper and start decline while applying 3.3 kJ
due to severe deformation at groove edge. The pull-out strength was found increasing even
discharge energy increased beyond 2.7 kJ in case of both field-shapers. The groove edge was acting
like cutting edge during discharging 3.3 kJ that leads to having weaker joint strength. From this
result, it can be concluded that a single step field-shaper is better than tapered for the same
discharge energy and groove geometry.

Fig. 6. 16 Effect of field-shaper geometry on pull-out strength

6.4.4.2. For Aluminium-to-steel Configuration
Effects of knurled and plain profile on pull-out strength were investigated and found weaker in
case of plain as shown in Fig. 6.17. The formation of micro forming due to the knurled profile on
the steel rod improves the joint strength. The knurled profile enhances the pull-out strength
compared to plain profile using the same discharge energy. Therefore, a knurled surface profile is
proposed for better joint strength in transferring axial load over the plain profile. The electrical
conductivity of the aluminum rod can significantly reduce the acting pressure due to the magnetic
cushion effect. Hence, it is recommended to increase discharge energy for better joint strength.
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Fig. 6. 17 Pull-out strength for (a) plain and (b) knurled profiles

6.4.5. Tube Thickness Reduction and Contact Length
Figure 6.18 shows how tube thickness reduction and contact length are affected by discharge
energy for aluminum-to-aluminum configuration using a single-stepped field-shaper.

Fig. 6. 18 Tube thickness reduction and contact length

The joint strength obtained using 2.7 kJ of energy was found better due to a strong mechanical
interlocking without tube necking at the groove edge. Discharge energies more than 3.0 kJ cause
tube thinning which leads to breaking of joints with a lower load. Hence, joint strength either to
resists torsional or axial load becomes weaker as tube thickness reduction becomes maximum due
to severe deformation.

TH-2352_146103039
91

Chapter 6

Effect of Field-shaper and Groove Profile on Torsional and Axial Joint Strength

6.4.6. Effects of Energies on Deformations
Figure 6.19 shows the effect of increasing discharge energies on the uniformity of tube
deformation into the groove. Wire-electro discharge machines and digital microscopic cameras
were used to cut the crimped sample and investigate deformation. The contact length between tube
and groove surface becomes uniform as energies rising from 2.3 kJ to 3.0 kJ respectively. The
density of the magnetic field at a joining zone becomes higher as discharge energies increases
which leads to having uniform deformation. Mechanical interlocking between tube and rod
significantly affects the joint strength. Hence, better joint strength obtained using discharge energy
which provides strong interlocking without tube thinning or necking at groove edge like what we
found at 2.7 kJ in the current study.

Fig. 6. 19 Deformation at (a) 2.3 kJ (b) 2.7 kJ and (c) 3.0 kJ

6.4.7. Failure Mode in a Torsion and Pull-out Test
Figure 6.20 shows aluminum-to-aluminum crimped samples before and after the torsion and pullout test. In general, three modes of failure were observed during the torsion test. The rod was kept
on rotating relative to a tube while the torsional load was applied for a sample manufactured using
1.9 kJ which shows weaker joint strength. The tube shows buckling at the center of the tube base
material for samples that are manufactured using 2.3 kJ and 2.7 kJ with the higher torsional load
resistance. For sample crimped using 3.0 kJ, the tube was sheared off at the joining zone with the
lesser torsional load. Hence, failure at groove edge with weaker joint strength was found as
discharge energy increases beyond 2.7 kJ in this configuration. Finally, the rod was sliding and
come out while the pull-out load is applied to all samples regardless of joint strength.
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Fig. 6. 20 Samples (a) before the test (b) after torsion test and (c) after pull-out test

Three modes of failure were observed during torsion test in the joint manufactured using different
rod profile and energy levels. Figure 6.21 demonstrates failed samples after the torsion test for
aluminium-to-steel configuration using plain profile. The rod was kept on rotating relative to the
tube for a sample that was crimped using 1.0 kJ and 1.2 kJ due to less deformation. The joint
strength found at discharge energy of 1.6 kJ and 1.8 kJ was more and considered as best discharge
energy levels. Hence, the tube base material is buckling at the center for samples crimped using
1.3 kJ, 1.5 kJ, 1.6 kJ, and 1.8 kJ of discharge energies. Further, a joint manufactured using 2.0 and
2.1 kJ for both types of the profile shows shearing off the tube at a joining zone with the weakest
torsional strength. Figure 6.21 (c) shows the failure of the joint which is manufactured using a
knurled profile. The rod is sliding and coming out while pull-out load is applied to all sample
regardless of surface profile and discharge energies.

Fig. 6. 21 Joint failure (a, b) using plain groove surface and (c) knurled groove surface

6.5. Summary
The aluminum tube is successfully crimped over an aluminum and steel rod which has four
longitudinal and symmetrical grooves. A study on joint manufactured using field-shaper and
different profiles in EM crimping to support torsional load were found limited which is addressed
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in this chapter. This chapter investigates the effects of a field-shaper, conductivity of rod materials
and groove profile on joint strength manufactured using different levels of energies. Tube
thickness reduction, contact length and failure mode of the joints manufactured were also
investigated. This study has great importance for an industrial application that encompasses the
joining of a tube and the rod using EM crimping. The following conclusion has been made based
on the result found from different tests.
 The deformation of the tube was found uniform at the joining zone while using field-shaper
regardless of a groove profile. Based on joint quality obtained for the same effective joining
zone and discharge energies, a single-stepped field-shaper was found better than tapered fieldshaper.
 The torque resistance achieved between aluminum tubes and a steel rod was found higher even
for lower discharge energies as compared to aluminum to the aluminum joint. Torsion and
pull-out test result reveals the knurled profile enhances the joint strength compared to plain
profile. The contact length should be higher for better joint strength without significant tube
thickness reduction.
 Three modes of failure were observed during the torsion test, i.e., rod rotating, tube buckling
of the tube at the center and tube sheared off at the joining zone respectively. At its best
discharge energy level and groove profile, failure occurred on the base tube. Besides that, the
rod is sliding and keeps coming out during the pull-out test with different load-bearing capacity
regardless of material configuration and groove profile. Hence, the circumferential groove is
generally advisable in supporting the axial load.
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7 Analysis of Effect of Groove Parameters on Axial and Torsional Joint Strength
7.1. Introduction
In this chapter, EM crimping is used to join aluminum tube and a steel profiled rod mechanically
to support torsional and axial load simultaneously. The effects of three geometrical parameters of
a rectangular groove, i.e., length, width, and depth on joint quality were investigated using
experiment and central composite design (CCD) method. Discharge energy of 1.8 kJ and the
groove edge angle of 0.5 mm was kept constant for all samples. A new technique in mechanical
strength testing is introduced for the crimped sample which can resolve challenges faced so far in
this regard. The torsional and pull-out strength predicted using response surface methodology
(RSM) was compared with the actual strength obtained from the test. The optimum groove
parameters found using RSM and predicted values are also compared with measured parameters.
A failure mode observed during each type of strength test was investigated. The developed method
has great importance to identify parameters that significantly affect joint strength in the
manufacturing of airframe structure using EM crimping. Finally, a guideline is proposed to design
a rectangular groove to transfer maximum torsional and axial load respectively.
7.2. Experimental Methodology
7.2.1. Experimental Procedure
The experimental procedure implemented is depicted in Fig. 7.1. Initially, the manufacturing of
four symmetrical axial grooves was completed based on cause and effect matrix generated by CCD
before EM crimping experiment was carried out. The CCD model describes the behavior of the
maximum torque and pull-out load. The ANOVA provides statistical tools to evaluate statistical
hypotheses. Discharge energy of 1.8 kJ or 6.3 kV was used to carry out the investigation which is
determined from the preliminary study. The results achieved from mechanical strength tests like
torsion and pull-out load were used as a response for further analysis. The effect of each groove
parameters on joint strength was investigated in detail. Finally, optimum groove parameters were
determined and evaluated using RSM and analysis of variance (ANOVA).
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Fig. 7. 1 Implemented procedure for an experiment and analysis

7.2.2. Material and Experimental Setup
Standard materials were used for the samples. For tube Al 1050 and rod 1020 steel was used. The
chemical composition of materials was also verified by performing the EDX test, and the result is
tabulated in Table 4.1. A solenoid copper coil which has 5 mm wire diameter, 60 mm length, 7
mm pitch and 8 number of turn were used as a joining tool. The geometrical shape and dimension
of the tube, rod, and single-stepped field-shaper are shown in Fig. 7.2. The value of “X” as shown
in Fig. 7.2 (b) is 5, 10, and 15 mm for a sample that has 20, 15, and 10 mm groove length
respectively.
The flat end of a steel rod was designed and machined for simplicity in griping during mechanical
strength test. The surface of grips in UTM and torsional testing machine was found flat which
force us to do the same profile on every single sample. This design helps to firmly grip the sample
to measure the strength of the joint manufactured effectively.
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Fig. 7. 2 Geometrical shape and dimensions of (a) tube (b) rod and (c) single-stepped field-shaper (All
dimensions are in mm)

Figure 7.3 shows the experimental set up used in the current study. Nylon made fixture is
manufactured and used as reinforcement to protect the coil from bulging due to continuous
crimping process. Fig. 7.4 demonstrates the waveform of a current curve measured experimentally
using Rogowski coils with a peak value of 70 kA, a time-period of 68 µs, and a frequency of 14.71
kHz.

Fig. 7. 3 Experimental setup (a) side and (b) top view

Fig. 7. 4 Current waveforms measured from the experiment

98
TH-2352_146103039

Chapter 7

Analysis of Effect of Groove Parameters on Axial and Torsional Joint Strength

7.3. Testing Condition
EM crimping was carried out at both ends of the tube using two profiled rods which have identical
groove parameters to simplify the testing procedure. A flat end of a rod makes the sample to be
gripped firmly during testing. The two most crucial mechanical strength testing, i.e., torsion and
pull-out that is represented schematically in Fig. 7.5 (a) was carried out successfully. Digital
Torsion Testing Machine and UTM are used to perform strength testing. The three-point bending
test also carried out using a testing condition which is shown in Fig. 7.5 (b). For torsional, pull-out
and three-point bending test, a revolution and crossbar speed selected was 0.5 rpm, 0.1 mm/s and
1 mm/s respectively.

Fig. 7. 5 Test condition for (a) torsion, pull-out and (b) three-point bending

7.4. Result and Discussions
The effect of groove parameters in transferring transverse load was found insignificant. The
decision was made to focus on the result achieved from the torsion test and pull-out test which is
significantly affected by groove parameters. Hence, the overall analysis of this study is based on
the effect of groove parameters on joint strength to resist the torsional and axial load. However, a
three-point bending test was carried out to investigate only failure mode during transverse loading.
7.4.1. Cause and Effect Matrix
The CCD comprises a total of 20 experiments for each response (result from strength test): a full
factorial design (8 experiments), six axial points which turned to the nearest, and six central points.
The three groove parameters which significantly affect joint quality in EM crimping are depicted
schematically in Fig. 7.6. The cause and effect matrix are tabulated in Table 7.1.
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Fig. 7. 6 Groove parameters (a) length (b) width and (c) depth

Table 7. 1 Cause and effect matrix
Run
number

Input data (Groove parameter)

Output data (Response)

Length (lg)

Width (wg)

Depth (dg)

Torque

Pull-out Load

(mm)

(mm)

(mm)

(Nm)

(kN)

1

15.00

8.00

2.00

41.054

3.932

2

10.00

10.00

1.00

20.454

3.495

3

15.00

8.00

2.00

38.366

4.301

4

20.00

6.00

3.00

12.909

2.517

5

15.00

8.00

2.00

34.913

4.022

6

15.00

8.00

2.00

37.051

4.205

7

15.00

6.00

2.00

26.468

3.911

8

15.00

10.00

2.00

25.416

4.431

9

10.00

8.00

2.00

31.157

3.648

10

20.00

10.00

1.00

22.122

3.923

11

10.00

10.00

3.00

10.526

3.342

12

15.00

8.00

3.00

15.548

3.025

13

20.00

6.00

1.00

32.167

3.649

14

20.00

10.00

3.00

12.115

3.719

15

15.00

8.00

2.00

37.767

4.221

16

15.00

8.00

2.00

38.964

3.989

17

10.00

6.00

1.00

21.425

3.335

18

20.00

8.00

2.00

36.788

4.691

19

15.00

8.00

1.00

25.681

3.679

20

10.00

6.00

3.00

11.772

2.301
100

TH-2352_146103039

Chapter 7

Analysis of Effect of Groove Parameters on Axial and Torsional Joint Strength

7.4.2. Model Validation
The response variable, i.e., torque (T) and pull-out load (P) and the examined factors lg, wg, and dg
were related as Eq. 7.1 and 7.2 by applying multiple regression analysis on the data. These
equations are second-order polynomial.

T  121.431  0.751lg  28.541wg  43.310d g  0.117lg wg  0.242lg d g  0.561wg d g 
0.034lg 2  1.797 wg 2  12.515d g 2
P  1.382  0.038lg  0.087 wg  2.14d g  0.0034lg wg  0.0037lg d g  0.113wg d g 

(7.1)

(7.2)

0.00036ld 2  0.0019wg 2  0.826d g 2
Figure 7.7 demonstrates the distribution of predicted values and the actual result of maximum
torque and pull-out strength that shows how the model is significant.

Fig. 7. 7 Predicted versus actual (a) torque and (b) pull-out strength

ANOVA calculated the determination coefficient (R2) as 0.9432 for Eq. 7.1 and 0.9508 for Eq. 7.2
which formulate torque and pull-out load as a function of groove depth, width, and length. The
results indicate that the model can efficiently predict 94.32 % for torque and 95.08 % for the pullout strength. Therefore, the developed models were found to be highly significant. The
experimental result was taken at five trial conditions, and the results were compared with predicted
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values from the fitted equations. For torque and pull-out load, comparisons between actual and
predicted results with associated absolute percentage error are provided in Fig. 7.8 and 7.9.

Fig. 7. 8 (a) Comparison of predicted and actual torque and (b) absolute percentage error of respective
trials

Fig. 7. 9 (a) Comparison of predicted and actual pull-out load and (b) absolute percentage error of
respective trials

Predicted response variables from the fitted equations are in good agreement with the actual
results, which shows maximum absolute percentage errors of less than 6% for pull-out load and
12% for torque. Therefore, strong evidence of the accuracy and adequacy of the fitted equations
could be guaranteed.
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The mean absolute percentage error (MAPE) is calculated by considering all points and found less
than 1%. ANOVA can predict analytical values for both responses at a particular point which is
different from testing points. Hence, this model is used for the discussion now onward to deal with
the effects of each groove parameter and their interaction on joint quality.
7.4.3. Effect of Groove Parameters on Torque and Pull-out Load
Investigating the effect of each groove parameter on joint strength is the main objective of this
chapter that is addressed in detail in the following subsections.
7.4.3.1. Effect of Groove Depth on Torque and Pull-out Load
Tube shearing and localized necking at the groove edge aggravated as groove depth increases
beyond 2 mm. As groove depth increased, shearing off the tube at groove edge becomes severe as
shown in Fig. 7.10 which can weaken the joint strength. The failure mode is well explained in
section 7.4.3.5 that shows how a groove depth affects the load transferring capability of the
manufactured joint.

Fig. 7. 10 Tube shearing at groove edge for (a) 1 mm (b) 2 mm and (c) 3 mm groove depth

Localized cracks can be seen without using any magnification for the sample that has a 3 mm
groove depth. This factor makes the joint to break easily with a lesser load. One of the significant
groove parameters which have both positive and negative effect in torque and pull-out strength is
groove depth and demonstrated in Fig. 7.11. Initially, torque and pull-out loads keep on increasing
up to the maximum till groove depth reaches to 1.75 mm and 2 mm respectively and then start to
decline.
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Fig. 7. 11 Effect of depth on (a) torque and (b) pull-out strength for 8 mm and 10 mm width

7.4.3.2. Effect of width on Torque and Pull-out strength
Figure 7.12 shows the effect of groove width on torque and pull-out load. Keeping a length and
depth optimum (20 mm and 2 mm) based on previous analysis and varying width to investigate its
effect on torque and pull-out strength.

Fig. 7. 12 Effect of width on (a) torque and (b) pull-out strength

The two opposite effect of width on torque was investigated. Initially, the torque is rising as the
width increases up to 7.5 mm and starts falling. The surface area between adjacent grooves which
create interference fit is getting reduced while the width is increased. This factor is significantly
minimizing the interlocking capability and weakening a torsional strength of the joint. However,
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for the load applied axially, increasing groove width has a positive effect. Increasing a width leads
to increase circumferential groove area which enhancing interlock of the tube especially for a load
that is applied axially. Hence, pull-out strength which is highly dependent on the shearing of a tube
at the groove edge shows linearly increasing as groove width increases.
7.4.3.3. Effect of Groove Length on Torque and Pull-out load
The two dominant joining mechanisms in EM crimping are interference-fit and form-fit which
mainly depends on the contact area and mechanical interlocking due to the undercut of a rod. As
groove length increase, the contact area will increase also, and the contribution of interference fit
become significant. For optimum groove width and depth found from the previous analysis, the
resistance to torsional and axial load increases as groove length increases and demonstrated in Fig.
7.13. The chance of creating wrinkles in the joining zone which have a negative effect on joint
strength found less due to field-shaper. Therefore, groove length has a positive effect on both
torque and pull-out strength regardless of groove width and depth. The optimum length determined
by the effective working length of field-shaper which is 20 mm.

Fig. 7. 13 Effect of groove length on (a) torque and (b) pull-out strength

7.4.3.4. The Combined Effect of Groove Parameters on Joint Strength
The 2D representation of the combined effects of groove parameters on torque is shown in Fig.
7.14. The two opposite effect of width and linear effect of the length on torque is shown in Fig.
7.14 (a) by keeping the groove depth 2 mm which is optimum. Moreover, Fig. 7.14 (b) shows the
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two opposite effects of depth and linear effect of length on torque by selecting the groove width
of 8 mm which gives the maximum.

Fig. 7. 14 Response surface plot of the effect of groove parameters on torque

Similarly, Fig. 7.15 (a) shows the linear effect of length and width on pull-out strength keeping
the groove depth of 2 mm. Fig. 7.15 (b) shows the two opposite effect of depth and the linear effect
of length on pull-out strength by keeping the groove width of 8 mm

Fig. 7. 15 Response surface plot of the effect of groove parameters on pull-out load

7.4.3.5. Failure Mode in Torque, Pull-out and Transverse Load
Three modes of failure were observed during the torsional test, and better to discuss it based on
the groove depth. The rod keeps rotating while the torsional load is applied for a sample that has
1 mm groove depth regardless of the width and the length as shown in Fig. 7.16 (a). However, the
tube was twisted and finally cracked at the center for a sample which has 2 mm groove depth as
shown in Fig. 7.16 (b). A deeper groove depth leads to tube shearing at the groove edge and failures
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also initiate exactly at a point where thinning is critical with a less torsional load. Fig. 7.16 (c)
shows how the tube is getting cracked at the joining zone for a sample that has a 3 mm groove
depth.

Fig. 7. 16 Failure mode in torsion test for (a) 1 mm (b) 2mm and (c) 3mm groove depth

In general, the three modes of failure were observed while the pull-out strength test was conducted.
Similarly, the failure modes in the pull-out test are explained in terms of groove depth which is the
most significant parameter in affecting joint strength than groove width or length. The rod keeps
sliding after the joint is failing without crack for samples which has 1 mm groove depth as shown
in Fig. 7.17 (a). The tube starts cracking nearby joining zone and propagates all around for those
samples which have the groove depth of 2 mm as shown in Fig. 7.17 (b). For deeper groove depth,
the groove edge is acting as a cutting edge. Hence, the portion of the tube at the joining zone
getting torn out during pull-out for the sample which has a 3 mm groove depth as shown in Fig.
7.17 (c).

Fig. 7. 17 Failure mode in the pull-out test for (a) 1mm (b) 2 mm and (c) 3 mm groove depth
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From the previous discussion, we found that the groove depth shouldn’t be minimum or maximum
to improve joint strength and to prevent the easy breakdown of the joint with a lesser load.
However, only one type of failure mode was observed in the case of transverse loading regardless
of groove parameters as shown in Fig. 7.18. This test and failure mode clearly explain that the
effect of groove parameters on joint strength manufactured to support transverse load was
insignificant. A maximum of 742 N was achieved as the load resistance from this test.

Fig. 7. 18 Three-point bending (a) setup and (b) failure mode

Finally, for the given dimensions of the rod, tube and process parameters, significant groove
parameters in terms of rod diameter and tube thickness were represented to achieve maximum joint
strength. If the groove designed based on this guideline for the same process parameters and
material combination, maximum torque can be achieved. By keeping the groove length of L=20
mm, the following expression D0=2.2 W, W=15t, and D=3.5t can be used as the design guideline
where D0, W, D, and t represents the outside diameter of the rod, groove width, groove depth, and
tube thickness respectively. The most significant parameter in supporting axial load for the groove
geometry introduced is the groove depth, and it should be D=4t for the highest joint quality.
7.5. Summary
In this study, EM crimping experiment was carried out to investigate the effects of groove
parameters on joint quality with the help of design of experiment method. Torsional joint strength,
pull-out strength, and failure mode were analyzed and discussed in detail. The CCD and RSM
which is the newly adopted tool in EM crimping were found to be very useful for the optimization
of groove parameters. Relies on the result found, a guideline to design a rectangular groove to
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transfer torsional and pull-out load simultaneously was proposed. The design of experiment
method based on CCD and RSM is introduced in analyzing the effect of groove parameters on
joint quality manufactured by EM crimping process. The following conclusions are drawn based
on results found from the detailed experimental investigation.


The model developed using CCD and RSM is used to predict the effect of each groove
parameters on joint quality efficiently and economically with a limited number of the
experiment.



The developed mathematical model which describe torque and pull-out load in terms of
groove parameters used to identify which groove parameter is the most significant in affecting
the joint quality.



Groove depth was found the most significant groove parameters for the considered material
configuration to affect joint strength. However, groove length and width also has a significant
effect on joint quality. Hence, a grove that has 2 mm, 20 mm and 8 mm of depth, length, and
width is optimum to transfer both torsional and pull-out load.



A guideline which is proposed in this study can be used to design a rectangular groove to
transfer maximum torsional and axial load respectively.



Three failure mode was observed during torsion and pull-out test. At optimum groove
parameters, the tube is showing localized necking at the center which signifies the quality of
the joint. Only one type of failure mode was observed in the case of a three-point bending
test. Hence, there is no direct effect of groove parameters in supporting the transverse load.



This kind of joint is commonly used in the aircraft seat structure and the drive shaft of
automotive with different grade of aluminum tube and steel rod.
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8 Conclusions and Future Scope of the Work
8.1. Conclusions
Electromagnetic crimping is one of the advanced manufacturing technologies used to join
lightweight material including metals with different metallurgical and thermal properties. A new
era of the manufacturing process is looking for developing advanced techniques for joining
lightweight materials. Joining methods like fusion welding has several limitations like the creation
of intermetallic compound, crack, voids, etc. that needs to be addressed. Advanced techniques
like solid-state joining become the best options to overcome existed limitations. Joining metals
that have a high aspect ratio for lightweight applications requires advanced techniques. A method
that can provide enhanced joint strength without being affected by thermal property variations
between the mating parts becomes the best option. The following conclusions are drawn from this
work.
I.

Collecting and analyzing different research findings related to electromagnetic forming and
joining was done initially to understand the working principle and how this process becomes
advantageous over conventional methods. The dissimilar metal combination, green, defectfree joint, repeatability, highest joint quality, and producing a ready to use product was found
as the advantage of EMF and joining process over the conventional process. Different studies
regarding electromagnetic forming and joining processes are systematically reviewed to find
out the research gap.

II.

LS-DYNA is a 3D FEM model used to predict different process parameters for the highest joint
strength. The numerical model was validated with the experimental results to predict the
interaction of several parameters using a single rectangular groove. Quality of joint manufactured
using 4.1kJ was evaluated and 95% joint strength was found compared to the strength of the
undeformed tube. The feasibility of electromagnetic crimping between the aluminum tube
and a steel rod was studied using a single rectangular groove. The results revealed that the
mechanical interlocking was found the main joining mechanism. The effect of energy on
radial displacement, tube thickness reduction, and joint strength was found significant.

III. The EM crimping of the aluminum tube on a steel rod was investigated that can be used as a
pre-study for an application for automotive and spaceframe structure. For the analysis, a
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combined experimental investigation and numerical strategy have been chosen. A 3D coupled
simulation of electromagnetic crimping is carried out using an EM-module of LS-DYNATM
structural explicit code. A radial displacement, tube thickness reduction, and groove filling
obtained from the simulation were compared with the experiment for model validation. The e
ffect of energies on several process parameters are also predicted numerically using the devel
oped model.
IV. More than 72 % load transferring capability of crimped samples was achieved compared to
the strength of the aluminum tube. Moreover, 95 % of joint strength were found based on
samples failed at joining zone compared to the aluminum tube. A joint manufactured in this
investigation relies on the mechanical interlocking at the edge of the groove.
V. A simulation was used to predict the failure zone for the double rectangular groove. Radial
displacement for different groove depth along the joining zone is measured numerically and
experimentally and found in a good agreement with a percentage error of 5.13%. Parameters
challenging to measure while conducting an experiment like pressure, shear strain,
von-Mises stress, resultant velocity, effective plastic strain, magnetic field, resultant velocity,
and Lorentz force are easily predicted from 3D coupled simulation. The more the
groove depth, the more wrinkling.
VI. Deformation of the tube at the joining zone was found uniform while using field-shaper
regardless of a groove profile. A single-stepped field-shaper was found better than tapered fieldshaper to achieve the highest joint strength. The torque resistance achieved between aluminum
tubes and a steel rod was found higher even for lower discharge energies as compared to
aluminum to the aluminum joint. Torsion and pull-out test result reveals the knurled profile
enhances the joint strength compared to plain profile. The contact length should be higher for
better joint strength without significant tube thickness reduction. Three modes of failure are
observed during torsional test, i.e., rod rotating, tube sheared off at the center and tube sheared
off at the joining zone. At its best energy and profile failure of the basic tube material occur.
Besides that, the rod is sliding and keeps coming out during the pull-out test with different loadbearing capacity regardless of material configuration and groove profile.
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VII. The model developed using CCD and RSM is used to predict the effect of each groove
parameters on joint quality efficiently and economically with a limited number of the
experiment. For the given dimensions of the rod, tube and process parameters, we represent
significant groove parameters in terms of rod diameter and tube thickness to achieve maximum
joint strength. By keeping the groove length of L=20 mm, the following expression D0=2.2 W,
W=15t, and D=3.5t can be used as the design guideline. The most significant parameter in
supporting axial load for the groove geometry introduced is the groove depth, and it should be
D=4t for the highest joint quality. If the groove designed based on this guideline for the same
process parameters and material combination, maximum torque and pull-out strength can be
achieved.
8.2. Future Scope of the Work


Study the effect of field-shaper geometry numerically and experimentally for crimping steel
to steel configuration and propose the optimum parameters. The feasibility and applicability
of novel field-shaper which can perform multiple crimping at the same time to increase the
rate of production also not addressed.



A phenomenological analysis of the EM machine + filed-shaper response in terms of magnetic
field variance (magnitude + frequency) could be a helpful solution to well characterize the
machine capability as well as the crimping response using the predictive computational model.



Design and develop an adjustable fixture which can be used to reinforce different size coil
and avoid unnecessary deformation while performing successive crimping process.



Study the effect of different adhesive materials that can be used as a filler to achieve airtight
joint between tube and rod.



Study the combined effect of discharge energy and width-to-depth ratio on joint strength, and
propose a design guideline using the DOE method and numerical simulation for the double
rectangular groove.



Develop an instrument that is capable of measuring the magnetic field at the joining zone for
coils that have a different cross-section.
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