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Abstract

Multi-material components have become necessities of the present time because of their
ability to offer benefits of properties of multiple materials such as corrosion-resistant,
lightweight, higher strength, and electrical conductivity in one single component. Joining
multi-material combinations such as Cu-SS, Cu-Al, Al-Steel, and D9-SS 316LN by
conventional fusion welding techniques is difficult due to the difference in their
mechanical and physical properties, causing hot cracking; therefore, electromagnetic
joining (EMYJ), which is based on cold forming can be a viable alternative to conventional
fusion welding processes. EM] offers many advantages in the efficient manufacturing of
multi-material components, yet it has not been widely adopted in industries. Therefore,
this thesis aims to expand upon various forms of the EM] process for tubular components

to expedite its adaptation.

An improved interference-fit multi-material Cu-SS tube-to-tube joint is produced using
electromagnetic crimping (EMC) as an alternative to electromagnetic welding (EMW),
which requires heavy investments in the form of large capacitor banks. Joints with
strength higher than the base Cu tube failure strength are achieved in the case of threaded

and knurled surfaced joints without any metallic bond formation.

A coupled multi-step FEM model is developed to replicate the experimental investigation
or predict the strength of the smooth-surfaced Cu-SS tube-to-tube joint. The model
produces results of strength tests of the EMC crimped joint within an error range of 5-7 %.
The obtained results are further investigated by a detailed experimental and numerical
analysis of threaded surfaced joints. Threaded surfaced joints are studied by varying the
thread pitch, thread angle and discharge energy, and it is observed that in this case,
optimum results are obtained with the thread having 60° thread angle and 1 mm thread
pitch. The developed multi-step non-coupled FEM model produces pull-out strength
results within an error range of 2-9 %. The FEM model is further simplified by fitting into

an empirical relationship.

Furthermore, a novel hybrid joining technique has been developed to overcome the
shortcomings of the EMC tube-to-tube joint by combining the EMC process with adhesive
joining named as electromagnetically assisted adhesive joining (EAAJ). A comparative

experimental investigation is performed between the smooth surfaced EAAJ and EMC
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Cu-SS tube-to-tube joint. An increment in pull-out and compressive strength by 2 to 3
times is observed, along with an improvement in leak tightness by 1000 times in the case
of the EAAJ joint compared to EMC joint. Statistical Analysis is also performed to study
the relative effect of various parameters. A detailed experimental investigation further
optimises the EAA]J process, and the effect of various process parameters on the joint

strength and leak tightness is studied.

The discussed work proposes a tubular joint with high strength and leak tightness.
However, if higher grades of leak tightness are required (for example, for nuclear
applications), which can not be obtained from the EAA]J process, then the electromagnetic
welding (EMW) process which is based on high-velocity EMF to create a metallic bond,
can be recommended. Therefore, a detailed experimental and numerical investigation has
been performed to further widen the understanding of the EMW. An SPH-based FEM
model is developed for D9 tube-to-SS 316 LN end plug joining EMW. To find the
weldability window, SPH simulations are performed for different contact angles and
contact velocity, considering waviness formation as the weldability criteria. The effect of
contact angle and contact velocity on amplitude and wavelength of waviness morphology
is also studied. The taper angle of 8° and impact velocity of 500 m/s is observed to be

optimum.

This current work has traversed through different horizons of EM]J for creating tubular
joints. Depending upon resource availability and different application requirements (joint
strength and leak tightness), the process can be chosen among EMC, EMW and EAA]J. The
current work further explains the effect of various process parameters on these three
techniques; various numerical models are developed, which have been validated with
experimental results; In a nutshell, a better understanding of the relative standings of these

techniques is obtained.

Keywords: Electromagnetic forming; Electromagnetic Crimping; Electromagnetically
assisted adhesive joining; Electromagnetic welding; tube-to-tube; tube-to-end plug;

Strength prediction; SPH; Finite Element Analysis;
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1 Introduction
|

A modern leaning towards decreasing the weight of the structure is achieved by executing
multi-material schemes along with recently improved and exceedingly advanced
materials, as discussed by Schurmann et al. [1]. Heavyweight reduction capacity of multi-
material schemes and aerospace structures are confronted by complicated requirements
on joining techniques for such structures [2]. Often disagreements in the mechanical
properties of the workpiece materials make it unable to join by conventional joining
methods. For Example, if melting temperatures and thermal conductivity of the materials
to be joined are significantly different, then fusion welding cannot be practiced generally
due to internal stress build-up in intermetallic zones, which further influence joint
strength. Usually, to obtain connection strength comparable to the parent metal, further
heat treatment is essential, as described by Barnes et al. [3]. However, joining by metal
forming can be an alternative for manufacturing multi-material lightweight components.
Metal forming is a set of manufacturing processes in which an external force is applied to
the material to induce stress which is more than its yield stress but less than its ultimate
stress resulting in plastic deformation of the material. Typically, it can be divided into two

categories (conventional and high-energy rate forming).

1.1 Conventional Metal Forming Process

Conventional metal forming (CMF) uses a punch and a die system to deform the
workpiece (stock or blank). The workpiece can be in the shape of a sheet, plate, rod or tube
of different cross-sections. A typical example of conventional forming will include rolling,
forging, bending, and extrusion. The strain-rate values during conventional forming are
usually in the range of 0.1 to 5.0 s. The process has a higher operation time, low strain

rate and high spring back [4].

1.2 High Energy Rate Forming Process

High energy rate forming (HERF) utilises a high energy pulse for a short period of time to
deform the workpiece material. The strain rate in the high energy rate forming is in the
range of 10%sl. The process has a lower operation time and spring back, and even the
material which is difficult to deform by the conventional process can be formed by high

energy rate forming.
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2 Introduction

The spring back is reduced in HERF processes compared to CMF processes, which can be

summarised as,

Plastic deformation: At high strain rates, the material undergoes more plastic
deformation, which results in a more significant amount of permanent
deformation. This permanent deformation counteracts the spring back effect,
leading to a reduction in spring back, as also discussed by Barner et al. [5].

¢ Dynamic recovery: At high strain rates, the material experiences a more significant
amount of dynamic recovery, which is the recovery of the material's elastic strain
energy due to rapid deformation. This dynamic recovery also contributes to a
reduction in spring back [6].

e Temperature effects: At high strain rates, the material experiences an increase in
temperature due to rapid deformation. This increase in temperature can lead to a
reduction in the material's yield strength and an increase in its ductility, which can
also contribute to a reduction in spring back, as also investigated in detail by
Barner et al. [5] and Osakada et al. [7].

e Microstructural effects: At high strain rates, the microstructure of the material can

be altered due to rapid deformation. This alteration of the microstructure can lead

to changes in the material's mechanical properties, such as an increase in strength
and a reduction in ductility, which can also contribute to a reduction in spring

back, as discussed by Dalal et al. [8], Skubisz et al. [9] Yan et al. [10].

Some examples of high energy rate forming would be explosive forming, electrohydraulic

forming and electromagnetic forming [11].

1.2.1 Explosive Forming

Explosive forming (EXF) utilises chemical energy produced from the explosive (a
substance that produces bursts of gas) to deform the workpiece material plastically, as
shown in Fig. 1.1. Some typical explosives are cyclonite, pentolite and trinitrotoluene. A
long setup preparation time and specialised explosive handling skills are required for
explosive forming. Therefore, the process is only suited for specialised low-volume

products [12].
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Fig. 1.1 Explosive forming

1.2.2 Electrohydraulic Forming

Electrohydraulic forming (EHF) utilises shock waves generated inside a fluid to deform
the workpiece plastically, as shown in Fig. 1.2. During the process, a capacitor bank is
discharged in a very short interval of time through two electrodes placed in proximity
which generates a high-temperature plasma channel causing vapourisation of the

surrounding fluid leading to a shock wave generation which deforms the workpiece [13].

Charging
Resistor Switch
—WWA 1
_Vacuum line
AC main e— POW?T Capacitor Die
I Rectifier —
supply e—" - o Bank Sheet

Fig. 1.2 Electrohydraulic forming

1.2.3 Electromagnetic Forming

Electromagnetic forming (EMF) is a non-contact high-speed forming method which
utilises an electromagnetic field to deform highly electrically conductive materials assisted
by controlled discharge energy from a capacitor bank as described by Daehn et al. [14] as

shown in Fig. 1.3. This electromagnetic effect is governed by Maxwell’s equation [15].

The basics of this process lie in the fact that an altering magnetic field can induce electric
currents in conductive material in contact with the magnetic field leading to applying

forces (Lorentz force) to conductors. The early work on EMF of metals has been reported
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by Brower et al. [16]. As the current area of this work is EMF, it has been discussed in

detail.

Current circuit —o Main switch }
- ————— Power supply |—— 5

P D2 R G :

Outer tube (Copper) | 2% Current '
py ] Lol H

Inner tube (SS 304) Field shaper Coil/

Fig. 1.3 Electromagnetic forming setup

1.2.3.1 Principles of EMF

A prevailing EMF setup can be described as one RLC circuit, a capacitor bank which acts
as a power source, a high current discharge switch and a working coil. The setup can be
symbolised as the inner resistance R;, the internal inductance L; and the capacitance C,.
An equivalent circuit diagram is shown in Fig. 1.4. Here, the capacitance represents the
number of capacitors that can be used to store the required energy for the EMF process
before the discharge. The charging energy E used in this process is estimated with the help

of capacitance C and discharge voltage U as

1
E ==CU> (1)
2
a b
R 0
wu Lg::.
> I
cu,) Lowiee | €U
—_— —_ Ln;
e i
I\'.'u!

Fig 1.4 Equivalent circuit diagrams: a) detailed version and b) reduced version [18]
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The combination of the workpiece and the tool coil is taken as the load of the circuit setup.
The abrupt instant discharge of the capacitor causes a damped sinusoidal current I () to
run through the coil. As per Maxwell's law [15], flowing current I (t) through a coil
generates a magnetic field H (r,t,z) across the coil. However, this magnetic field induces a
secondary current in the workpiece, which flows opposite to the primary current (Lenz's
law). The current induced in the workpiece flow typically close to the surface because of
the skin effect [17]. The distance between the surface of the workpiece at which the current
density is decreased to 1/e of its value at the surface (maximum value) is called the skin
depth ;. In this relation, e is the Euler number. Based on the frequency of discharged
current o, permeability x of the material and the specific electrical conductivity k of the

workpiece material used, the value of skin depth §; can be represented as [18]

/ 2
%= o )

A magnetic field is focused in between the coil and workpiece. High current density causes
high Lorentz forces to be acted orthogonally on the workpiece, which causes plastic
deformation of the tube after the stress reaches the yield stress of the material. In general,
the entire process takes around 10-100 ps. As per Psyk et al. [19], during the process, the
material deforms with a strain rate up to 10* s and velocities are in the range of 250 m/s

or more.

As explained by Psyk et al., various resistances and inductances of the setup (RLC) circuit
are considered for the calculation of the discharge current /(t) [19]. Hence, if capacitance
C, the resultant inductance L5, and the aggregate resistance R,.s are available, then the
current /(t) in the equivalent RLC circuit can be calculated by a damped sinusoidal

function as

I(t) = U_ s sin(wt), €)

LI"ES

since the workpiece is continuously deforming during the process, the resistance R.¢s, and
the inductance L. becomes a time-dependent variable. This time dependency would
prevent a proper analytical solution of the differential equation of the specified RLC
circuit, which is why the movement of the workpiece is neglected, and both the variables

are considered constant for calculating the discharge current flowing through the coil.
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In the equation mentioned above, the variable w represents the damped angular frequency
of the sinusoidal current profile, and it can be easily calculated by subtracting the value of
damping co-efficient § to the ideal un-damped frequency w, of the specified circuit of the

setup [19] as
w? = wy?—4. 4)

The value capacitance C and inductance L.s of the RLC circuit can be used to determine

the un-damped angular frequency as

wy? = : (5)

The damping co-efficient § of the sinusoidal current function is calculated based on the

resultant resistance and inductance of the circuit as

Rres

6 =——.
2Lres

(6)

The Lorentz force F , which acts on the workpiece as a volume force, can be calculated with

the [20]

- -

F=]xB. )

As the magnetic flux density can be expressed in terms of permeability u,, and magnetic

field strength H as

(®)

Tl

B = i

Disregarding the magnetic field strength component H in the workpiece thickness
direction, i.e. the radial component in the case of the tube as a workpiece (tube forming)

and the z-component in the case of the sheet as a workpiece (sheet forming). The current

density J is equal to the negative derivative of the magnetic field strength H with respect

to radius r (in tube forming), as shown in Eq. 9 as

oH )

Therefore, the Lorentz force K. acting on the surface of the tubular workpiece can be

determined easily as
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(10)

_oH 1 9|H|?
H

E. = — —_———
r K 5y 24 o

and the current density J is equal to the negative derivative of the magnetic field strength
H with respect to z-coordinate (in sheet forming), respectively, as shown in Eq. 11 as

oH (11)
similarly, the Lorentz force F, acting on the surface of the sheet metal workpiece can be
expressed as

_oH 1 0|H|? 12)
b=l G == —h 0,

The Lorentz force F acting as a volume force can be used to calculate magnetic pressure p
acting on the surface of the workpiece by integrating the volume force over the thickness

of the workpiece as,

ri 1
p(0) = | PG 0dr =i (Hp(© = Hen(©), (13)

Tro

If skin depth is smaller than the thickness, the infiltrated magnetic field can be generally

ignored so that magnetic pressure is determined as,

1
p(t) = E quzap (®). (14)

As per Psyk et al. [19] and Dietz et al. [21], this simplification of the pressure calculation
can be only allowed if the ratio of wall thickness and skin depth is at least two and the
ratio of skin depth and inner radius is less than 0.2 based on experimental and analytical
calculations for compression of the tube. The air space occupied between the surface of
the workpiece and the coil is neglected for calculations because the permeability is almost
equal to free space, so it causes a negligible effect on the magnetic field as per Thibaudeau

etal. [22].

1.2.3.2 Types of EMF Process
EMF process can be classified into three categories based on coil and workpiece
arrangement; i) electromagnetic compression, ii) electromagnetic expansion, and iii)

electromagnetic sheet metal forming [23]. Electromagnetic compression and expansion
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utilise a helical coil to form axisymmetric tubular components, as shown in Fig. 1.5. Bely
et al. [24] have added that tubes with a diameter varying from 3 mm to 2 m and thickness
up to 5 mm can be easily formed using the EMF process depending upon the mechanical
property of tube material. However, the amount of discharge energy required depends
upon the area to be processed, so processing large tubes or sheets requires a machine with
a higher charging energy/capacitor bank. Electromagnetic sheet metal forming utilises a

spiral coil to form sheet metals.

a Electromagnetic compression b Electromagnetic expansion

Tool coil | PR | Te il
Workpiece e I l T
R N

Formed part e P ¢ Sheet metal forming Die or joining partner
[ ] Forming
Die or joining pariner —— mad\ine\
ﬁ — S 3 3 TR 1|
L™ = 1S
& :5»/4 » 15 L :
. i L — — = ]‘"
Workpiece .~ ) e il |
\'fn [ ] ' et B

Fig. 1.5 various types of the coil for the pulsed electromagnetic forming method [18]

Biihler et al. [25] have discussed about the application of electromagnetic compression in
tubular connections. The authors have further said that only compression by
electromagnetic forming is advantageous over conventional forming applications. The

EMF process has several advantages and limitations as compared to the CMF process.

1.2.3.3 Advantages and Limitations of EMF Process
The EMF process has many advantages compared to the conventional process, which can

be summarised as discussed below,

e EMF is a no-contact process; therefore, it is possible to deform covered/coated
parts without destroying the surface layer [26].

¢ During the EMF process, spring back is significantly reduced (as discussed in
section 1.2) compared to the CMF process, which helps simplify the designing
process.

e The process is eco-friendly as it does not have any application of lubricants or any

external waste material [27]
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e The process has high repeatability as it is easy to control the process parameters
involved.

e High production rates can be achieved and easily automated and mechanised [28].

e Asitis a high speed and high strain rate process, it offers an improvement in the
mechanical properties (as discussed in section 1.2) of the workpiece being

involved compared to the conventional process.
The EMF process also has some limitations, which can be summarised as discussed below,

e The EMF process is suitable for only highly electrical conductive and low flow
stress materials [29]. However, materials with lower electrical conductivity can
also be formed with the help of an external driver.

e A tiny portion of the discharged energy from the capacitor bank is actually used
for forming the workpiece material. Bertholdi et al. [26] have explored that the
efficiency of the process is not higher than 20%.

e The EMF process requires a heavy initial investment in terms of large capacitor
banks and disposable tool coils.

e Safety is another concern for the EMF process as it deals with high current and

voltage leading to a high magnetic field.
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2.1 Introduction

EMF technologies have been implemented in the automotive and aerospace industries.
Balanethiram et al. [30] have reported that high-speed techniques like pulsed
electromagnetic forming, in contradiction to conventional forming, have uniform pressure
distribution and thinning during forming. At the same time, formability is observed to
increase in various metals. As Birdsall et al. [31] have reported, joining tubes by EMF has

several applications, as shown in Fig. 2.1.

Fig. 2.1 Sample assemblies joined by electromagnetic welding a) Boeing 777 torque tube,
b) 4" drive shaft, for Ford, and c) high voltage fuse [31]

Fig. 2.2 Components of automotive sector obtained with :(a) drive shaft (Al/steel joint),
(b) fuel filter (Al/ Al joint), (c) automotive A/C receiver-dryer, (d) automotive earth
connector [32]

The electromagnetic joining (EM]) technology has been used for various development in
the automotive industry, such as the joining of drive shafts made of aluminium/steel
joints, automotive aluminium fuel filters, components of air conditioners, and automotive

earth connectors, as shown in Fig. 2.2. [32].
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Fig. 2.3 (a) aircraft flight torque tubes [33], (b) aircraft flight control tubes in use [34]

In addition, EM]J has recently gained importance and has already been successfully used
in the aerospace industry [33]. For instance, the EM] process has been used to join aircraft
control tubes which can resist torque tests (Fig. 2.3). The EM] can also be used to join
flexible printed circuit boards [35], high voltage cables, and copper tubes on coaxial cables
[36]. Weddeling et al. [37, 38] have also proposed the application of EM] in electric vehicle
(EV) body components and drive shaft as a lightweight and high-strength alternative, as
shown in Fig. 2.4 and Fig. 2.5.

RST "

PRODUCTS ™

Steel tube

Crimped
connection

Sonderforschungsbereich

> Transregiol0

Steel rod end /[

Fig. 2.4 (a) Electromagnetically crimped driveshafts; (b) demonstrator space frame [37]

Besides, the application of the EMJ configuration also flourishes in processing crimped
parts for different applications [39], as shown in Fig. 2.6. Rowland et al. [40] have also
proposed the application of EM]J in the automotive industry, like locking rubber boots to

ball joint housing and assembling an air brake hose.
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Fig. 2.5 Examples of applications for EM] joints. (a) Lightweight frame structure, (b)
driveshaft with a welded (left) and a crimped (right) joint manufactured and (c) oil
expansion vessel sealed by a compressed aluminium ring [38]

Fig. 2.6 (a) Al/steel crimped tube for instrumental panel beam (b) crimped air
suspension, (c) crimped drive shaft [39]

Similarly, EM] offers many advantages in efficient manufacturing of dissimilar
material /multi-material components, which have become necessities of the present time
because of their ability to offer benefits of properties of multiple materials such as
corrosion-resistant, lightweight, higher strength, and electrical conductivity in one single
component [41-42]. Joining a range of multi-material combinations by conventional fusion
welding techniques are often very challenging due to the difference in their mechanical
and physical properties. For Example, Aluminium (Al) and Steel have a difference of 800-
900 °C in their melting temperatures. Therefore, at the point of reaching the melting point
of steel, Al may get completely destroyed during fusion welding [43]. Copper-steel (Cu-

steel) is also one such multi-material combination that offers electrical and thermal
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conductivities of copper combined with higher strength and toughness of steel, which
have applications in electrical components, heat sinks, and power generation areas, as
discussed by Simoen et al. [42] and Patra et al. [44]. The conventional joining of Cu-Steel
through melting is complex because of the lower solubility of copper in iron, leading to
hot cracking [43]. Similar challenges are for conventional fusion welding of different
austenitic stainless steel (ASS), as it leads to hot cracking defects due to the formation of
low-melting-point eutectics arising from impurities such as sulphur and phosphorous [45-
46]. Galvanic corrosion (an electrochemical process leading one metal to erode in electrical
contact with another metal in the presence of an electrolyte) combined with localisation of
stress possesses another issue when joining the multi-material combination using
conventional mechanical fastening techniques as it causes irreparable structural damage
[47]. Therefore, unconventional solid-state joining techniques can offer weight reduction,
higher strength and lower heat sensitivity without any additional mechanical elements,
would be an ideal choice for developing multi-material components. Electromagnetic
Joining (EM]) can be a desired alternative to conventional thermal and mechanical joining
techniques [48]. EM] technique minimises the problems associated with metallurgical
incompatibilities of components to be joined [49] and can be applied for a large
combination of materials such as Al-Ni, Al-Steel, Al-Mg, Cu-Al, Cu-Brass, Cu-Steel, Steel-
Steel, Ti-Ni, and Al-Ti [50-51]. The current work concentrates on creating tubular
axisymmetrical components/joints using the EMJ technique, which can be classified into
three major categories depending on the dominating joining mechanism into i)
Electromagnetic crimping (EMC), ii) Electromagnetic welding (EMW), and iii) Hybrid
joining [52]. EMC can be further classified into a) Interference-fit joining and b) Form-fit

joining [53].

In this literature review chapter, a detailed literature survey has been performed on
experimental and numerical investigations associated with all these joining mechanisms

under EM]J, along with parameters affecting these mechanisms.

2.2. Electromagnetic crimping

EMC is one of the process variants of EMJ, which is a non-contact high-speed forming
method. It utilises an electromagnetic field to deform highly electrically conductive
materials, assisted by controlled discharge energy from a capacitor bank. EMC is primarily
used in joining tubular components. The physics of the process is the same as discussed

in EMF. A prevailing electromagnetic crimping setup can be described as an RLC circuit,
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a capacitor bank C, which acts as a power source, a high current discharge switch and a

working coil and one field shaper to improve the performance, as shown in Fig. 2.7.

Current circuit_.! Main switch ‘

o 1 Power supply |— 5

2 R e ;

Outer tube (Copper) S | Current :
Z 3 [ - :

L BRI L < B

Inner tube (SS 304) Field shaper Coil/

Fig. 2.7 Schematic diagram for EMC

The combination of copper and steel workpiece and the tool coil act as the circuit setup
load. The abrupt instant discharge of the capacitor causes a damped sinusoidal current to
run through the coil, which is measured with an oscilloscope and a Rogowski coil. As per
Maxwell's law, flowing current I (t) through a coil generates a magnetic field H (r,t,z)
surrounding the coil. A field shaper is inserted between the coil and outer tube to
concentrate and intensify the magnetic flux in the joining region [54]. However, this
magnetic field induces a secondary current in the field shaper and that current flow in the
opposite direction to the primary current (Lenz's law) and flows close to the surface
because of the skin effect [17]. This secondary current further induces another secondary
current in the adjacent conductor, i.e. workpiece. Interaction of the magnetic fields leads
to high radial Lorentz forces, which causes plastic deformation of the outer tube and
crimps over the inner tube. The zone going through the process is referred to as the
crimping zone. The entire process generally takes around 10-100 ps, and most of the
deformation usually occurs in the first half pulse of the current waveform [53]. It is to be
noted that no metallic bond formation takes place during EMC as two workpieces (flyer
and target) are brought together at a high velocity below the critical velocity for metallic

bond formation; the materials will bounce off each other or deform plastically without

TH-3007_176103003



16 Literature Review

forming a metallic bond. At velocities above the critical velocity, the materials will
experience a sufficient level of plastic deformation and plastic flow to allow the atoms of
one material to intermix with the atoms of the other material. These atoms intermixing
leads to a metallic bond formation between the two materials. The critical velocity for
metallic bond formation is determined by the balance between the kinetic energy of the
colliding materials and the work required to deform and intermix the materials. At
velocities below the critical velocity, the kinetic energy is insufficient to overcome the
resistance to deformation and to intermix, so no bond is formed. At velocities above the
critical velocity, the kinetic energy is sufficient to overcome this resistance and allow the
materials to bond. Much more discharge energy is required to accelerate the flyer

workpiece beyond critical velocity compared to the crimping joint formation during EMC.

The joining of the outer (flyer) tube onto the inner (target) tube in EMC can be explained
by the following two dominating mechanisms of deformation [53].
¢ The interference-fit joining, which is based on elastic-plastic deformation between
flyer and target workpiece and mechanical interlocking at the microscopic level.
e Form-fitjoining is based on fitting the flyer workpiece in an undercut in the target
workpiece. Therefore, joint strength is mainly because of the mechanical interlock

at the macroscopic level. In this case, the joint is prone to stress concentration.

2.2.1. Interference-fit joining (EMC)

An interference fit joint, also known as a force-fit joint, primarily depends on the
dissimilarities between the elastic recoveries of two workpieces being joined, leading to
an interference pressure between the workpieces after deformation [55]. The process can
be executed by both electromagnetic compression and electromagnetic expansion,

depending on the design requirement and placement of the tool coil [56].

Considering the scenario of interference-fit joining by electromagnetic compression, the
outer workpiece (tube) is plastically deformed by Lorentz force proportional to the current
flowing in the solenoid coil. When resultant stress in the workpiece due to Lorentz force
reaches the flow stress value of the outer workpiece material, the outer tube starts
deforming plastically towards the inner tube, as shown in Fig. 2.8. Once the gap between
both the tubes is covered, the outer tube touches the inner tube and then both start
compressing together as the forming pressure increases and reaches maxima due to an

increase in the current amplitude value with time.
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The outer tube goes to elastic and then plastic deformation, while the inner tube only goes
to elastic deformation. When the magnetic pressure is released, both the tube starts
recovering elastically. However, elastic recovery of the inner tube is prohibited by the
plastic deformation of the outer tube leading to interference pressure build-up, given that
an inner tube of higher stiffness and strength than those of the outer tube material is being
used. [57]. Hence, higher joint strength with the interference fit is achieved. Apart from
interference pressure, interlocking at the microscopic level also contributes to EMC
crimped joint strength. Plastic deformation of the outer tube leads to breaking
contamination layers and oxide films, which results in high-pressure bonding of clean
surfaces. A similar explanation can be proposed for interference-fit joining by

electromagnetic expansion.

Maximum pressure
causing forming

Outer tube Interference pressure

@ (b) ©

Inner tube

Fig. 2.8 Mechanism of interference-fit joining by compression: (a) Initial positioning, (b)
plastic deformation of the outer and elastic deformation of the inner tube and (c) elastic
recovery leading to interference pressure build-up

A natural force-fit is developed by high-velocity motion during tube-to-tube or tube-to-
rod EM]J, which resists any relative movement, and by forming the outer tube onto the
inner tube/rod with an undulating outer surface, a joint having the strength of the weaker
workpiece can be produced [58]. The EMC technique can be used in the interference-fit
joining of a broad range of electrically conductive materials onto metallic (steel) [59] and
non-metallic (polyurethane) [60] materials.

2.2.1.1 Factors affecting interference-fit joining (EMC)

Factors affecting the interference-fit joining process are impact velocity, stand-off distance,
the surface area of contact, coefficient of friction between the workpieces, and mechanical

properties of the workpiece material. Many factors are interdependent.

The joint strength between two workpieces to be joined is dependent on the impact
velocity, which is the velocity with which the outer workpiece impacts the inner
workpiece during joining by electromagnetic compression, and the inner workpiece
impacts the outer workpiece during joining by electromagnetic expansion [61]. It is

observed in a free-forming experiment by measuring the impact velocity that a workpiece
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is accelerated to a definite maximum velocity and then decelerates. The impact velocity is

dependent on the discharge energy and the gap between the two workpieces.

The gap is referred to as standoff distance, and a zero-gap situation can lead to a significant
loss of joint strength as the standoff distance provides the necessary distance for the
workpiece to accelerate under the influence of Lorentz force [62]. To obtain maximum
deformation at a specific discharge energy, the standoff distance should be optimised for
maximum impact velocity, and to get high impact velocities at small gaps, higher
discharge energies are required, as Kliener et al. explained [63]. Therefore, an optimum
standoff distance results in higher impact velocity leading to higher joint strength [64].
However, this is accurate only for joints having a metallic target workpiece as for joints
having a non-metallic target workpiece (for Example, Al tubes to CFRP rods by
electromagnetic compression), Hwang et al. have observed that the standoff distance

contributes to loss of joint strength compared to a zero-standoff distance joint [60].

Furthermore, an increase in contact between the inner surface of the outer tube and the
outer surface of the inner tube (Fig. 2.7) leads to an increase in the contact area of the
surface asperities at the microscopic level, which gives rise to friction at the interface in
the crimping zone causing mechanical interlock at microscopic level [65].

Columb's friction law can quickly determine the strength of an interference-fit joint. The

strength of such joints can be expressed by,

Fy = pp4,, (15)

F; is the strength of an interference-fit joint, p; is the friction coefficient, p is the
interference stress between the tubes, and A, is the surface area of the contact zone.
Furthermore, an analytical expression for the interference stress of an interference-fit joint

is proposed by Marre et al. [61], which is as

1
Pf — Of0 an—O(1 + Q7 +191) N 2% Q§ x0r0InQq
_ Ey 1-0f Eo(1-03) (16)

1(1+07 )LM ’
EI(1_012+19, +E0 1_Q5+190

where, oy is the yield strength, 9 is poison's ratio, E is Young's modulus, @ is the ratio of
the inner and outer diameter, p; is the maximum pressure in the forming process; also,

suffices O and I stand for outer and inner tubes, respectively. Therefore, to have higher
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residual stress/interference stress in EMC, a target tube of higher stiffness and strength
than the flyer tube material is preferred. The elastic recovery will be higher with higher
stiffness, leading to higher radial reaction force [66]. Eguia et al. [58] have further observed
that at the same parameter, higher interference stress is observed in the case of the
elastomeric target tube. However, irrespective of the target tube material, an increase in
discharge energy leads to increased interference stress due to higher deformation at higher
energy, as discussed by Hwang et al. [60], while longer joining length and higher flyer
tube thickness at the same discharge energy produces lower interference stress. Hence,
joining length and thickness should also be considered essential parameters when
designing such joints [67]. The authors have also notified that radial shrinkage of
elastomeric components need to be considered while estimating the pull-out force of
metal-polymer joints.

Furthermore, the authors also establish that multiple shots may improve the overall
roundness of a tube-to-rod joint up to a deformation limit and beyond which it creates an
adverse effect on joint strength and roundness [67]. Eguia et al. [58] have also confirmed
that multiple shots do not add up to the joint strength of a tube-to-rod joint. Although

increasing the joining length/crimping length can increase the strength in a non-linear

way.
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Fig. 2.9 Joint strength (pull-out load) in a tube-to-rod joint with different target
workpiece (rod) materials [63]

Kleiner et al. [63] have established that yield strength and stiffness (Young's modulus) of
target workpiece also play an essential role in deciding joint strength as lower stiffness
(higher Young's modulus) of target workpiece leads to higher elastic recovery causing
higher interference stress build-up, which eventually results in higher joint strength (Fig.

2.9).
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To examine the effect of stiffness of the target workpiece, Biihler et al. have proposed the
term Q, which is the ratio of the internal diameter (D;) and external diameter (D,) of the
target workpiece. It is conclusive that Q = 0 represents a rigid solid target workpiece of
higher stiffness, while Q =1 would represent an infinite thin-walled hollow target
workpiece of lower stiffness. At the value of Q near zero, the target workpiece has high
stiffness causing lower interference stress, resulting in lower joint strength. However,
increasing the Q value to a specific limit increases the joint strength, but beyond that,
further increments only cause a loss in joint strength. Higher Q implies lower wall
thickness and stiffness, resulting in elastoplastic deformation of the target workpiece
instead of only elastic deformation, and any plastic deformation of the target workpiece
negatively affects the joint strength [68]. Kleiner et al. have further validated this
hypothesis in the case of the Al-steel tube-to-rod EMC joint [63].

Weddeling et al. [69] have proposed an analytical expression for the critical inner diameter
of the hollow target workpiece in the case of joining by EMC (compression). If the inner
diameter is lower than the critical value, an excellent interference-fit joint is produced, but
if the inner diameter is more than the critical value, a significant loss in joint strength is
observed. The hollow target workpiece has advantages like weight reduction but
drawbacks like structural integrity and can deform easily during the EMC process.
Therefore, the use of supporting shafts for hollow target workpieces is proposed by
Weddeling et al. [70], as shown in Fig. 2.10, which reduces the plastic deformation of the

target workpiece.

[b]

Hollow mandrel
with support

Hollow mandrel

o= — Tube
'l| lendl‘cl\
- |

|
- I | Fig. 2.10

Tube-to-hollow shaft joining by EMC (compression) (a) without supporting shaft and (b)
with supporting shaft [70]

Going back to Eq. 15, apart from interference stress, joint strength can also be affected by
the coefficient of static friction between the joining partners, which can be increased by
changing the surface texture of the target workpiece. Hammers et al. [71] have used shot

peening with glass beads and Al, 05 particles to harden the target workpiece surface and
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five-axis milling to provide a surface texture to the target workpiece. The authors have
observed that an increment in surface texture and surface hardening of the target
workpiece leads to an increment in pull-out strength of the EMC joint. Psyk et al. [72] have
also reported a critical method to increase the strength of an EMC interference-fit joint
between a tube and an internal shaft by applying an elastomeric layer to increase the
friction coefficient between the workpiece. However, the maximum achievable joint
strength is generally equal to the strength of the weaker workpiece if the process is

performed at an optimum parameter [61].

After interference stress and coefficient of friction, the third parameter which can optimise
the EMC joint strength is the surface area of the contact zone, which depends upon the
size of the contact zone [66]. Eguia et al. [58] and Kumar et al. [73-674] have used textured
surfaces for the outer surface of a tube-to-shaft joint as textured surfaces have a higher
surface area and have observed significant improvement in the strength. Eguia et al. [58]
have suggested using a textured surface with finner features and pitch for better joint
strength. Biihler et al. [75] have also investigated tube-to-shaft joining by EMC
(compression), in which the internal shaft is textured with narrow channels with different
pitch sizes. The authors have observed that increased depth causes incomplete filling of

the outer tube while increased pitch causes improved filling and increases joint strength

(Fig. 2.11).

Fig. 2.11 Example of some of the mandrel surfaces. Left to right: coarse knurl, fine knurl,
fine screw thread with axial grooves, and coarse screw thread [58]

Establishing a mathematical relation between the joint strength and the variables involved
in the process has been challenging. Although tribology tests can quantify friction,
microscopic inspections show that the contact between the electromagnetically joined
partners is far from ideal. Only a few zones connect along the joint length, and the

remaining gap is not constant along its perimeter [55].

Kumar et al. [76] and Rajak et al. [77] have developed coupled simulation model for EMC

(compression) using LS-Dyna ™ and validated it with experimental findings. The model
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utilises An FEM-BEM combination to solve the EMC problem in two parts
(electromagnetic and mechanical). BEM is used for solving Maxwell equations in the
regions not having eddy currents, and that is why the FEM-BEM technique is very

advantageous because it eliminates air/insulator meshing.

Kaushik et al. [78] discuss the importance of FEM models in process optimisation and how
analytical methods can predict the crimping profile. The authors have developed a non-
coupled model using the analytical method for the EM part and the FEM method for the

mechanical part.

Sofi et al. [79] have developed an analytical model to investigate Lorentz force and
corresponding magnetic pressure generation during EMC (compression) process. The
authors have developed a mathematical formulation to calculate the self-inductance and
resistance of the parts involved along with their mutual inductance. A similarity in results
is observed between analytical and numerical simulation models. Furthermore, this work
establishes the requirement of developing analytical models as it has lesser computational

demand than simulation models.

2.2.2 Form-Fit Joining (EMC)

When the surface profiles (knurls, threads, slots), as discussed in the previous section, are
increased from the micro-level to the macro-level, a transition in the joining Mechanism
occurs from force-fit to form fit during EMC. The mechanism of form-fit joining is based
on the undercut formation by forming the flyer workpiece onto the surface structures

(grooves) of the target workpiece [80].

The early work on form-fit joining (EMC) is done by Biihler et al. [80]. The authors have
used circumferential grooves of various variations, and the discharge energy is adjusted
so that the formed flyer tube touches the bottom of the groove of the target workpiece.
The better filling of the grooves leads to stronger form-fit joints. The minimum pressure
required to initiate plastic deformation of the flyer workpiece onto the grooves of the
target workpiece is analytically calculated based on a piecewise linear approximation of
acting pressure and usual plastic metal behaviour along with plane strain, expressed as,

Pmin = Oy [3 (%)2 + %] (17)
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here, o, , s and R are the strength, thickness and inner radius of the flyer tube, respectively.
w is the groove width of the target tube [80]. However, Weddeling et al. [38] have
established that the predicted minimum pressure value does not entirely match the
experimentally obtained data. The authors have observed that the analytical values are
lower than the experimental values. Therefore, it can be used as a lower limit for the
minimum magnetic pressure required to initiate plastic deformation [38]. As shown in Fig.
2.12, it has also been observed that the form-fit joints produced with the minimum energy

required to fill the groove may not have sufficient joint strength.

|

Fig. 2.12 Form-fit joint produced with (a) minimum discharge energy required to fill the
groove and (b) higher discharge energy [38]

2.2.2.1 Factors affecting form-fit joining (EMC)

Apart from the discussed factor in 2.2.1.1, groove geometry affects the strength of a form-
fit joint which involves groove width, depth and shape. The effect of the geometrical
dimension of the groove on the strength of a form-fit joint can be analysed in three
sections: the effect of i) groove radius, ii) groove width, and iii) the groove depth, as shown

in Fig. 2.8.

groove radius

«
\ /
groove depth

Ao O S

groove width

Fig. 2.13 Geometrical design parameter for the groove of a form-fit joint [59]

The parameters can have positive and negative effects on joint strength as there are

optimum values of the parameters and increasing the dimension beyond the values will
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lead to loss of joint strength [59]. Increasing the groove radius value decreases the thinning
of the flyer tube on the groove profile. However, it facilitates the separation of parts during
strength testing leading to separation failure of the joint. Increasing the groove depth
contributes to the strength. However, excessive depth increment leads to excessive
thinning of the flyer tube, causing a reduction in joint strength. Furthermore, increasing
the width of the groove increases the joint strength as it leads to an increase in frictional
contact, but further increment causes loss in joint strength as it leads to a wrinkling effect

in the flyer tube [59].

Increasing the depth and decreasing the width cause higher deformation of the flyer tube,
leading to a lower angle (a) and higher stiffness, as shown in Fig. 2.14. Further increasing
the discharge energy leads to decreasing the angle (@), and upon contact of the flyer tube
with the groove base, a force-fit joint gets created in addition to form-fit, as discussed by
Weddeling et al. [38]. The optimum width of the groove depends on the thickness and
hardness of the flyer tube [80]. Golovashchenko et al. [81] have also suggested the joint
design with minimum groove width (four times the flyer tube thickness). However,
increased groove width requires increased discharge energy to fill the groove, leading to

higher joint strength.

Weddeling et al. [38] have also experimented on the shape of the groove geometries
(rectangular, circular and triangular), as shown in Fig. 2.14. The authors have observed
that the highest strength is achieved in the rectangular groove while the lowest strength
is achieved in the triangular groove, as the interference stress is highest in the case of the
rectangular groove. However, narrower and deeper (decreasing width and increasing
depth) grooves lead to higher joint strength for both circular and rectangular shapes [82].
Similar observations have been made by Biihler et al. for rectangular-shaped grooves [80],
and authors have further observed that at constant discharge energy and groove shape,

having two grooves gives higher joint strength than one groove.
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Angle a;: 155.1° Angle a,: 145.2° Angle a,: 132.6°
Groove shape: Triangular Groove shape: Rectangular | | Groove shape: Circular
Groove width: 12 mm Groove width: 12 mm Groove width: 12 mm
Groove depth: 3 mm Groove depth: 3 mm Groove depth: 3 mm

Fig. 2.14 Radioscopic picture showing the angle a at the groove edge with different
groove shapes [38]

Vanhusel et al. [83] have also proposed that having two grooves adds to the joint strength.
The authors have further developed a FEM simulation model and discussed that the
highest stress concentration in the mandrel is at the upper corner of the groove, as also

shown in Fig. 2.15.

detail A detail B

Max
tensile
stress

Fig. 2.15 Distribution of stress in a double-grooved form-fit joint under tensile load [83]

Weddeling et al. [37, 69] have further developed an analytical model to predict the
strength of a form-fit joint by considering groove geometry, shape (circular, rectangular
and triangular), and material properties of the workpiece as process parameters and
validated it with experimental results. The authors have further suggested that applying
the analytical approach can avoid solving complex finite element simulations and

extensive experimental studies. Hence, this approach leads to a less expensive, time-
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consuming design process and can be used as a valuable tool for optimising the EMF

systems.

Park et al. [59] have discussed that the surface of the groove also has an impact on the

joint. Therefore, joint strength (Fj,;n¢) can be expressed as,

F}'oint = Ffriction + Féroover (18)

here Frriction and Fyroope 1S the strength due to frictional resistance and groove resistance,
respectively. However, frictional resistance is insufficient to sustain the form-fit joint load;

therefore, the groove filling must be maximised to obtain a strong joint.

As far as using internal shafts is concerned for hollow target workpieces, Weddeling et al.

[69] have observed that the use of supporting shaft increases the joint strength.

2.3 Electromagnetic welding

Electromagnetic welding (EMW) is also a high-speed, high strain-rate joining technique
based on the principle of EMJ; when the impact velocity of the flyer tube exceeds the
critical velocity in such a way that instead of a force-fit or form-fit bond, it forms a metallic

bond with the target workpiece.

Brown et al. [84] have described in their early works that the metal going through the high-
strain rate during EMW can be characterised as a high viscosity fluid despite being solid.
Shribman et al. [85] have proposed that the welding phenomenon in EMW is due to
forcing the atoms towards each other with heavy force to such extent that they surpass
their neutral repulsion and achieve a stable equilibrium as they have exchanged and

shared electrons.

Therefore, two popular explanations can be considered as joining mechanisms of EMW;
a) solid-state and b) quick melting followed by solidification. Brown et al. [84] have
discussed that EMW is achieved without reaching the melting point. Although entrapped
melt pockets can be observed at the interface during tube-to-end plug joining by EMW.
Shribman et al. [85] and Hisashi et al. [86] have further emphasised that the joining
Mechanism during EMW is based on the acting pressure and not heat. Hisashi et al. [86]
have developed a numerical simulation model to confirm that the heat produced during
EMW is insufficient to cause any melting, which has been further verified by Uhlmann et

al. [87] and Kore et al. [88] have further validated it with their numerical and experimental
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investigations, respectively. Kore et al. [88] have not found any intermetallics and eutectic
microstructure during EMW of aluminium with magnesium. The same has been
concluded by Fan et al. [89] during Al-Fe joining by EMW, where the authors observed

that the temperature at the interface is insufficient to melt Al and Fe.

Wou et al. [90] have investigated Al-Cu tubular joining using EMW and observed that high-
temperature rise occurs at the welding interface, and the surface topology of the driver
workpiece plays an essential role in waviness formation and mixing of materials at the

interface.

Okagawa et al. [91] also talk about the occurrence of an immediate rise in temperature at
the interface during EMW, but the heating of the workpiece is localised. It does not affect
the larger area of the workpiece, which is further supported during a metallographic
investigation of the Al-Cu tube-to-shaft EMW joint by Gobe et al. [92]. The authors have
not discovered any diffusion layer and thus conclude that only localised melting is
involved during the bonding and phase forming process, which also depends on the
discharge energy and melting point of both the workpieces. Geng et al. [93] have studied
the Al-Fe EMW process by numerical and experimental investigation and observed a
transition recrystallisation zone caused by localised melting along with a low cooling rate.
The authors have concluded that localised melting affects the phase formation and

bonding phenomenon during the EMW process.

2.3.1 Factors affecting the EMW process
EMW process depends upon impact velocity, stand-off distance, impact angle and

mechanical properties of the workpiece material.

EMW welds are usually high-strength welds as, during tensile testing, most of the failures
occur in the workpiece material and not in the welding zone. Although, Okagawa et al.
[91] have emphasised that it is only applicable when the standoff distance (as discussed in
the previous section of EMC) is optimised as an optimum standoff distance is required for
the flyer workpiece to accelerate. However, if the standoff distance is increased further, it

might cause deacceleration and loss of kinetic energy.

Okagawa et al. [91] have believed that the current flowing through the coil after the impact
can still assist positively by offering the joule heating effect to the weld, and therefore

standoff distance should be chosen carefully, acknowledging the thickness of the
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workpiece and discharge energy. As discussed in section 2.2.1.1, an increment in discharge
energy increases the joint strength if all other parameters are constant, as confirmed by

Kore et al. [94].

As we understand from section 2.2.1.1, the electrical conductivity of the flyer workpiece is
one of the factors affecting the impact velocity, and therefore it is very challenging to
directly accelerate a flyer workpiece having very low electrical conductivity. In these
situations, an external driver workpiece of high electrical conductivity is used, which
accelerates under the influence of magnetic pressure and impacts and transfers its kinetic
energy to the flyer workpiece, which then accelerates and collides with the target
workpiece as also suggested by Okagawa et al. [91] and Kore et al. [95]. Al and Cu are

preferable choices for driver material.

Brown et al. [84] discuss that EMW welds have waviness morphology at the interface,
which is the primary characteristic of impact welding. An investigation indicates that an
increase in discharge energy causes an increase in impact velocity, which leads to an
increase in amplitude and wavelength of the waviness morphology up to a certain point
[96, 97]. Nassiri et al. [98] and Cui et al. [99] have supported this and have claimed that the

instability causes the waviness formation in EMW.

Furthermore, Ben-Artzy et al. [100] have emphasised that waviness morphology in
tubular EMW joints follows the Kelvin-Helmholtz instability mechanism and proposes the
generated shock waves to be the origin of interference at the weld interface. The authors
have validated that the wavelength of waviness morphology at the weld interface depends

on the free path of propagation of shock waves in the target workpiece.

On the formation of intermetallics during EMW of certain material combinations, Gobe et
al. [92] have concluded that it cannot be avoided, contrary to the popular belief of no
intermetallic formation in EMW, as also supported by Lee et al. [101]. Psyk et al. [102] and
Aizawa et al. [103] have also found an inhomogeneous layer at the weld interface.
However, its significance can be limited during EMW, as intermetallics are controlled in
melting pockets in waviness morphology [104]. Raoelison et al. [105] have also observed
an intermetallic layer during Al-Cu joining, which has random pores and cracks in

multiple directions, and the authors have claimed that the cavitation is the cause of pores.
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However, in a condition of flat morphology, intermetallics takes the form of a film of
varying thickness [106]. Wu et al. [90] have also observed intermetallic formation during
Al-Cu tubular EMW joining; the authors propose the mass transportation and
interdiffusion of materials to be the reason for intermetallic formation. Fan et al. [89] have
also observed a 10 nm amorphous layer during Al-Fe joining by EMW due to the

interdiffusion of materials.

A thin layer of intermetallics is created during EMW with lower discharge energy.
However, an increase in discharge energy causes an increase in intermetallic layer
thickness along with cracks and pores [92] which is further supported by Psyk et al. [102]
as authors have discussed that increasing the discharge energy beyond a point might lead

to microfracture.

Although Yu et al. [107-109] have examined discharge energy requirement during Al-Fe
tube-to-tube joining using EMW and observed that minimum discharge energy is required
to create the metallic bond. The authors have further studied different zone formations,
observed transition zones, and hardness variations along different zones. As per Faes et
al. [109], welding zones have three different regions, and actual welding occurs in the
middle, where wavy morphology can be observed. The wavelength of waviness

morphology increases towards the end of the weld.

Faes et al. [109] have also observed during the joining of Cu-brass tube-to-shaft using
EMW that improper selection of process parameters can cause brittle intermetallic

formation.

2.4 Hybrid joining

Hybrid joining (HJ) refers to the joining technique which has been developed by
combining two or more different joining techniques, and in this context, it refers to the
combination of techniques where one of the techniques is EMJ. Hybrid joining techniques
can be beneficial in these scenarios to overcome the disadvantages of a multi-material joint
while maintaining the advantages [110]. It offers more flexibility along with better control

over joining.

Schmidt et al. [111] proposed an HJ technique combining electromagnetic and thermal
joining for a metal-to-porcelain tubular joint, as the lower formability and strength of

porcelain make it difficult to joint metallic tube to porcelain shaft by conventional EMJ
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technique. In this process, metallic tubes are heated, followed by electromagnetic
compression onto a porcelain shaft at elevated temperature. The heating of the metallic
tube makes it softer and ensures its compression without fracturing the inner porcelain
shaft. However, the strength of the joint is achieved after cooling the metallic tube, causing

its shrinking and development of higher interference stress between two workpieces.

Alf et al. [112] have suggested utilising the induction heating method to heat the
workpiece in the same setup that Uhlmann et al. [113] have further extended. The authors
have combined inductive heating and electromagnetic compression to create a tubular
joint of magnesium tubes which has very low formability at room temperature, and
elevating the temperature extends its formability. The authors have used two different
coils focused on the same working area for heating and forming purposes, and joints with
good strength are observed. Belyy et al. [24] have also confirmed the addition of extra
interference stress by heating during the EM]J process. Therefore, this section builds upon
the benefits and necessities of developing and optimising hybrid joining methodologies

for multi-material structures.

2.5 Motivation

The detailed literature review shows that a fair amount of work has been done in the EM]J
domain to create tubular joints. However, despite all the work done, the process has not
been widely adopted in industries. We feel that the heavy initial investment required in
terms of a large capacitor bank and lack of in-depth analysis for various aspects of tubular
joints can be a few of the contributing reasons. Therefore, this thesis aims to achieve better
results (joint strength and leak tightness) at lower discharge energy by improving the
factors involved in the process or developing a new process. EMC process is a form of EMJ
and uses lower discharge energy to create interference-fit and form-fit tubular joints, but
very few works have been done with an extensive investigation on joint integrity and failure

modes.

Furthermore, using FEM models to replicate experimental investigations can save a lot of
time and resources in a time of high computational ability. Therefore, extensive work is
needed to develop the FEM models which can investigate joint integrity by predicting joint
strength. Furthermore, EMC joints can only be used for structural applications as the
produced joints are not leak-tight. Therefore, an improvement in the process is required to

overcome the shortcomings of produced joints. Furthermore, finding the optimum
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parameters requires a lot of initial trials in experimentation during EMW and developing a

numerical strategy for identifying optimum parameters will expedite its adaptation.

2.6 Objectives of Work
The main objective of this work is to investigate (experimentally and numerically) various
forms of the EM] process. To improve the understanding of these processes. The primary
objective is divided into the following subpart for the accomplishment.
1. Producing an improved interference-fit Cu-SS tube-to-tube joint
2. Development of a FEM model to predict the strength of an EMC joint
3. Studying the effect of various process parameters on the joint strength of an EMC
joint through experimental and numerical investigations.
4. Developing a hybrid joining method to overcome the shortcomings of an EMC
joint and perform a comparative analysis.
5. Studying the effect of various process parameters on the joint strength and leak
tightness in the developed hybrid joining method.
6. Developing an SPH model to establish a weldability window and replicate

experimental investigations during tubular joining using EMW

2.4 Novelty of the Work

After studying the available literature, we wish to put forward the following aspects as

the novelty of the current thesis work.

1. A detailed experimental investigation has been discussed on the effect of various
factors involved on different joint failure modes during different destructive testings
of interference-fit tube-to-tube joints produced by EMC.

2. A multi-step FEM model is developed to simulate the destructive testing on an EMC
tubular joint to predict the joint strength. Discussions on the effect of a straight slit of
field shaper on circumferential Lorentz force distribution casing circumferential non-
uniformity in EMJ of tubular components.

3. The current work addresses all the factors involved during tube-to-tube joining using
EMC on the threaded surface with detailed experimental investigations, replicating all
results with the numerical investigation and further analysing their relative
contribution to strength with statistical analysis.

4. A novel hybrid joining process has been developed to improve the EMC process,
which provides joints with high strength and leak-tightness and, therefore, proposes
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the adaptation of produced joints for piping applications apart from structural

applications.

5. The current work extensively discusses the joining of nuclear grade steels using the

EMW process and uses a numerical strategy of developing an SPH model to predict

the weldability window. This information improves the joint quality in the

experimentation process.

2.7 Structure of Thesis

This thesis is organised into eight different chapters. The first chapter provides the

introduction along with the working principle of the electromagnetic forming process, and

the second chapter provides an extensive literature review on tubular joining by the EM]

process. Each chapter in this thesis ends with a summary outlining the achievements and

findings which have been either obtained through experimental or numerical

investigations. The remainder of this thesis is organised as follows:

In chapter 3, a detailed experimental investigation is performed with various
process parameters to produce an improved interference-fit multi-material Cu-SS
tube-to-tube joint using the EMC process.

In chapter 4, the FEM model is developed to predict the strength of an EMC joint.
A coupled FEM model produces results of pull-out and compression tests of
smooth surfaced EMC crimped Cu-SS tube-to-tube joint.

In chapter 5, a further improvement is proposed on the previously discussed
chapters by a detailed experimental and numerical investigation. Optimum
process parameters are obtained by experimental, numerical and statistical
analysis. The FEM model is further validated by fitting into an empirical
relationship.

In chapter 6, a novel hybrid joining technique is developed to overcome the
shortcomings of an EMC tube-to-tube joint by combining the EMC process with
adhesive joining named as EAAJ. A comparative experimental investigation is
performed between EAAJ and EMC process for the smooth-surfaced Cu-SS tube-
to-tube joint.

In chapter 7, a detailed experimental investigation is performed to elaborate on the
EAA]J process further to study the effect of various parameters (discharge energy,
adhesive application length, types of adhesives and curing time) on EAA]J joint

characteristics leading to the optimisation of the process.
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e In chapter 8, the third aspect of tubular joining by EMF is also investigated. An
SPH-based FEM model is developed for D9 tube-to-SS 316 LN end-plug joining
EMW process to establish a weldability window by considering waviness

formation as the criteria.

Conclusions and the scope of future work are presented in Chapter 9, followed by a list of

publications and references.
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3 Experimental Investigation of Electromagnetic Crimping
'

3.1 Introduction

This chapter explores the possibility of producing an improved interference-fit tubular
joint between pure copper and stainless-steel tube by electromagnetic crimping (EMC).
Successful joints are obtained with optimal parameters consisting of the outer surface
profile of the inner tube and discharge energy. Joints exceeding the strength of the parent
tube are formed without any metallic bond formation. Three destructive testings, pull-out,
compression and torsion tests, have confirmed the successful joint formation as the failure
occurs in the copper base tube. Analysis of failure mechanisms has revealed joint character
at various discharge energies and surface profiles. Among smooth, knurled and threaded
surface profiles with different discharge energy levels, the knurled surface provides the
best joint strength at 6.2 kJ, showing a failure in the parent Cu tube during all three
destructive testings. Radial deformation of the tubes is measured and compared for
different discharge energy and surface profile. During microstructural analysis, no
metallic bond formation and the wavy interface is observed between the joining partners.
Furthermore, no elemental overlapping is observed during energy dispersive
spectroscopy mapping analysis indicating an absence of diffusion. Higher micro-hardness
is observed near the Cu-SS tubular joint interface due to strain hardening caused by high-

velocity impact.

3.2 Experimental and testing procedures

3.2.1 Experimental setup

EMC working principle and setup are discussed in section 2.2. The experiments are
performed on an EMF machine with circuit parameters, as shown in Table 3.1. When the
tube is longer than the solenoid coil, then we have a non-uniform magnetic field in the
crimping zone, whereas the equal length of coil and workpiece does not have such a
problem as reported by Yu et al. [114]. Therefore, the requirement of an optimum coil
length is necessary for uniformity of magnetic field distribution [115, 116]. Furthermore,
magnetic flux is intensified and concentrated in the working zone by a single-step field
shaper [117,118], and it is effective even though the field shaper causes energy dissipation
[119, 120]. A copper solenoid coil having an inner diameter of 49 mm and 13 turns
distributed over a coil length of 91 mm is used as an inductance coil. A single-step copper

field shaper, which concentrates and intensifies the magnetic flux from a total length of 90
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mm to a working length of 20 mm, is also used. The detailed description of the dimensions
of various parts in this EMC process is demonstrated in Fig. 3.1. Copper and stainless-
steel tubes are placed coaxially with the coil and field-shaper using
Polytetrafluoroethylene (PTFE) fixtures while high-temperature resistant Kapton tape is
used as a spacer between the tubes. The discharged pulse current frequency is measured

with an oscilloscope and a Rogwoski coil, as shown in Fig. 3.2.

Table 3.1 Circuit parameters of electromagnetic forming machine

Capacitance | Maximum | Maximum | Circuit Circuit Frequency
© voltage energy inductance | resistance
(L) (R)
90 pF 15kV 10 kJ 0.7 mH 12.5m Q 20 Hz
90 All dimensions
Coil !- > are in mm
\ | 20 |
i v
_Fieldshaper ) 0 0 OO0 OO0 QO0Q0
~ L _
o ~N
"’.
- 3 ¥
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Fig. 3.1 Schematic diagram showing the dimensions of various parts in EMC setup
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Fig. 3.2 Current waveform with time in the solenoid coil at five different discharge
energy values
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3.2.2 Tube geometry and material compositions

A copper tube of thickness 0.9 mm and a stainless-steel tube of thickness 2 mm are used
as flyer and target tube, respectively. Dimensions of the flyer and target tube are shown
in Fig. 3.1. A tensile test is performed on the tubes to determine various mechanical
properties using a universal testing machine (UTM) at room temperature, and the results
are tabulated in Table 3.2. Energy-dispersive X-ray spectroscopy is used to calculate the
chemical composition of the Cu and SS 304 tubes, and the values are shown in Table 3.3
and Table 3.4, respectively. The radial gap between both the tubes, i.e. the stand-off
distance, has been kept constant at 0.45 mm in all experiments. As our present work
focuses on tube-to-tube joints, so efforts have been made to ensure the minimum gap
between the inner diameter of the outer tube and the outer diameter of the inner tube to
ensure a realistic tubular joint of similar diameters. However, having zero gaps may lead
to a significant loss of joint strength as insufficient acceleration distance is available,
causing insufficient deformation. Therefore, the minimum available stand-off distance is
used and kept constant throughout the experiment. If we further reduce the stand-off
diameter, the joint strength at specific discharge energy will significantly reduce, and
upon increment in stand-off distance, the strength may increase, but to minimise the
stand-off distance and maximise the inner tube size, the stand-off distance is not increased
further.

The initial gap between the field shaper and the outer or flyer tube should be carefully
controlled to achieve optimal results. A gap that is too small may result in a higher
magnetic field strength, which can lead to a stronger weld, but it may also result in more
significant distortion of the materials and a less aesthetically pleasing appearance, as also
discussed by Cui et al. [121]. A gap too large may produce a weaker weld, but it may also
result in less distortion of the materials and a more aesthetically pleasing appearance [122].
The initial gap of 1.15 mm is kept constant throughout the experiment to have some
flexibility in terms of varying the outer diameter of the outer tube, as increasing the gap

beyond that may lead to a significant loss of energy.

90 mm 90 mm 1 90 mm |

-

60 mm 60 mm

(@) (b) (©

Fig. 3.3 Model representation of the stainless-steel inner tube having (a) Threaded, (b)
Knurled, and (c) Smooth surface profile
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Three different surface profiles (smooth, threaded and knurled) are used for the outer
surface of the target tube. Model representation of the stainless-steel tube with varying

surface profiles is shown in Fig. 3.3. ISO metric thread M10x1 thread and general-purpose

righthanded diamond knurls with the helix angle of 60 is used.

Table 3.2 Mechanical and electrical properties of the copper and SS 304

Materials Ultimate Young's Poisson’s Electrical
tensile strength | modulus ratio conductivity
MPa S/m
(MPa) (GPa) (S/m)
Copper 251 130 0.34 59.6 x 10°
SS 304 505 193 0.29 1.389 x 10°
Table 3.3 Chemical composition of the copper tube (wt. %)
Zn Mn Fe Sn p Ni Cu
0.01 0.1 0.02 <0.1 <0.1 0.02 >99.6
Table 3.4 Chemical composition of SS 304 tube (wt. %)
S P Si Mn Ni Cr C Fe
<0.03 <0045 | <1 <2 8-11 17520 | <0.08 | Rest

3.2.3 Destructive testing for joint quality evaluation

3.2.3.1 Pull-out test

In this destructive testing, joint strength is evaluated by applying an axial tensile load or
pull-out load on Cu-SS tubular joint samples. EMC experiments are performed at six
different discharge energy levels for three different surface combinations (smooth,
knurled and threaded). All these eighteen sets of experiments are repeated thrice to ensure
repeatability. The pull-out test is performed at a constant pulling-out speed of 0.5 mm/ sec
on a Universal Testing Machine (UTM). A cylindrical metal plug is used at the end of the
copper tube to facilitate the UTM machine's jaw to grip the copper tube without crushing
it. No metallic support is required for the SS tube as SS has higher strength. Plug and pull-
out test specimen design is considered from ASTM A370 [123], as shown in Fig. 3.4.
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Fig. 3.4 (a) Experimental setup of pull-out/compression test, (b) schematic diagram of
pull-out test for Cu-SS tubular joint and (c) metal plug used in the pull-out test

3.2.3.2 Torsion test

Torsion tests are carried out on a free-end type SS-Cu-SS tubular joint, as shown in Fig.
3.5, which is proposed by Park et al. [59] for proper gripping as to avoid any axial crack
formation during the torsion test as discussed by Faes et al. [124]. SS tube is milled to flat
at the ends for proper gripping by the torsion testing machine jaws. For three different
surface combinations, (smooth, knurled and threaded) EMC experiments are performed
at four different discharge energy levels. All these twelve sets of experiments are repeated.
Schematic diagrams for a free-end sample and torsion test setup are shown in Fig. 3.5 and

Fig. 3.6, respectively.

[T Outer tube
Inner

tube  Crimping zone [ Crimping zone tube

| 33 | 20 | 50 [ 20| 33 |
| [ [ | | |

All dimensions are in mm

Fig. 3.5 Schematic diagram of a free-end sample for the torsion test
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Free-end type sample
Fixed jaw Rotating jaw

\ A

w

Torsional load

Fig. 3.6 Schematic diagram of the torsion test setup for SS-Cu-SS free-end type tubular
joint

3.2.3.3 Compression test

Joint strength in compression is compared by applying an axially compressive load on the
electromagnetically crimped Cu-SS tubular joint samples prepared for different surface
combinations (smooth, knurled and threaded) at four different discharge energy levels.
The compression test setup is the same as the pull-out tests setup, and the dimensions of
the compression test samples are the same as the pull-out test sample as shown in Fig. 3.4,
except an axially compressive load is applied instead of an axially tensile load. Finally, the
test is performed at a constant compression speed of 0.5 mm/sec on a universal testing
machine (UTM). It is ensured that the sample during compression testing is free from
structural instabilities like buckling. The compression test sample during testing is
assumed as a cylindrical beam fixed at both ends leading to its effective length factor being
0.5 [125]. The length of the sample is 124 mm, which can be observed from Fig. 3.4 (b).
From the given information, the slenderness ratio is calculated as 14.8:1, which indicates

the sample to be within the safe limit for buckling as per Rosato et al. [126].

3.2.3.4 Sample preparation for characterisation of EMC crimped joints

Samples are cut transversely in the form of a ring in the crimping zone using a wire electric
discharge machine to characterise the tubular joint, as shown in Fig. 3.7 (a-b), and to avoid
any microstructural changes; proper coolants are used. Mounting of obtained samples is
done using phenolic powder for ease of handling. In the end, mounted samples are grind
under water-cooling using Silicon carbide papers of grit sizes 80-1500 one after another,

followed by Al,05 abrasive polishing.
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Fig. 3.7 Schematic of (a) cutting pattern for a joined sample and (b) obtained sample for
characterisation of the joint

3.3 Results and discussion

Successfully crimped Cu-SS tubular joints for three different surface profiles at six
different discharge energies. Crimped samples for three different surface profiles at 6.2 k]
discharge energy are shown in Fig. 3.8. Experiments are repeated at the same discharge

energy to show the repeatability of the results.

3.3.1 Mechanical Pull-out testing

This study uses pull-out strength comparisons for threaded, knurled and smooth-surfaced
crimped samples for discharge energies from 3.4 k] to 6.2 k]. A maximum pull-out load of
2.3 kN is obtained for the smooth-surfaced sample at 6.2 k] of discharge energy which has
drastically increased up to 8.3 kN and 8.2 kN (more than 3.5 times) in the case of the
threaded and knurled sample respectively. The pull-out test is also performed for the
parent copper tube, and the pull-out strength/failure load value of 8.34 kN is obtained.

Fig. 3.8 Crimped samples for three different surface profiles prepared at 6.2 k] of
different discharge energy levels
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Table 3.5 Variation of failure modes with crimping parameters in pull-out test (showing
maximum pull-out load in kN)

Energy 44K 50Kk 55Kk 6.2k

Surface profile TP | KP | SP | TP | KP | SP | TP | KP | SP | TP | KP | SP

Pull-out test | * x x v v * v 7 % v — =

results (7.00) | (4.40) | (1.84) | (8.34) | (8.29) | (2.04) | (835) | (821) | (2.28) | 835) | (824) | (257)

threaded Profile (TP), knurled Profile (KP), smooth Profile (SP), detachment failure mode/Joint failure (*), crack failure

mode/ parent tube failure (')

Two different failure modes are observed during the pull-out test, reported by

Weddeling et al. [38].

e Separation/detachment failure mode (joint failure): Joint strength is lower than the
tensile strength of the base copper tube, which leads to detachment of the two
joining partners. This failure occurs for all discharge energies for a smooth surface
and lowers discharge energies (up to 4.4 kJ) for knurled and threaded surfaces, as
shown in Fig. 3.9 (a-c).

e Crack failure mode (tube failure): Joint strength is higher than the tensile strength
of the base copper tube. This failure occurs at higher discharge energy (for the
threaded and knurled surface at 5.0 kJ or above), as shown in Fig. 3.10 (a-b), due

to a fracture in the base copper tube.

Various samples and their failure modes with their maximum pull-out load are shown in

Table 3.5.

S

Spacer |nner tube

Quter tube

Fig. 3.9 Separation failure (Joint failure) in (a) threaded, (b) knurled and (c) smooth-
surfaced sample
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Outertube  (®) Spacer Innertube

Fig. 3.10 Crack failure (Tube failure) in (a) threaded and (b) knurled surfaced samples
due to weaker tube (copper) failure

The maximum pull-out load variation including the repeatability analysis is shown in Fig.
3.11. The pull-out load-extension plots for all the six different energy levels for threaded,
knurled and smooth surfaces are shown in Fig. 3.12 (a), (b) and (c), respectively. Fig. 3.12
indicates an increase in pull-out load on increment in discharge energy for all three surface
profiles. This can be explained as follows: increment of discharge energy leads to an
increment in the radial deformation of the tubes and subsequent elastic recovery. This
increases interference pressure, and hence pull-out load also increases. Weddeling et al.
also suggested crack failure at higher discharge energies [38]. Furthermore, two significant
pull-out load values are observed for the smooth surface, as shown in Fig. 3.11 (c), which

are,

e The pull-out load at which the first relative motion between the two joining parts
begin and

e The maximum pull-out load

The pull-out load, which has led to the initial relative motion between the two joining
parts, can be critical in the early recognition of failure initiation so that steps can be taken
before joint failure. These two pull-out load values are significantly different for smooth-

surfaced samples due to the fretting and seizing effects as reported by Kleiner et al. [57].
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Fig. 3.11 Variation of maximum pull-out load with discharge energy for three different
surface profiled samples
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Fig. 3.12 Pull-out load-extension plot at six different discharge energies for (a) threaded,
(b) knurled and (c) smooth-surfaced samples
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A little variation of the results in the three repeated experiments for each case ensures the
repeatability of our study as shown in Fig. 3.11. Fig. 3.12 further shows that the pull-out
load-extension curve has followed a smooth pattern for a smooth surface and a repetitive
cyclic pattern for the threaded and knurled surface. The wear mechanism and surface
profile are responsible for the entire repetitive cycle pattern. Two-body abrasion wear
mechanism is involved here, which offers resistance to the movement between Cu and SS
tube. The resistance increases when a particular point in the outer tube crosses through
the crests of the thread/knurl, and resistance decreases; hence, a release of load occurs
when a particular one passes through the troughs of the thread/knurl. However, no zig-
zag pattern is observed for threaded and knurled samples at discharge energy of 5.0 k] or
above because, in this case, failure occurs due to crack of the copper tube before initiating

any relative motion between joining partners.

3.3.2 Compression test

This test comprises of compressive strength comparison for threaded, knurled, and
smooth-surfaced EMC crimped samples for discharge energy ranging from 4.4 kJ to 6.2 k].
Threaded surfaced samples at 5.5 k] and 6.2 k] have provided the maximum compressive
strength of 8.6 kN among all. Two different failure modes are observed during this

experiment,

e Sliding failure mode (joint failure): Here, joint strength is lower than the buckling
resistance of the copper tube. This failure occurs at lower discharge energy (for all
three surfaces up to 4.4 kJ) due to wear (Fig. 3.13).

e Buckling failure mode (tube failure): Here, joint strength exceeds the buckling
resistance of the copper tube. This failure occurs at higher discharge energy (for
threaded samples at 5 kJ or higher and knurled samples at 6.2 k]) when the copper
tube starts to buckle (Fig. 3.14).

Variation of maximum compressive load with discharge energy including the
repeatability analysis is shown in Fig. 15. Load-extension plot for the threaded,
knurled and smooth-surfaced sample at 5.5 k] of discharge energy is shown in Fig.
3.16. Variation of failure modes and maximum compressive load with crimping

parameters is shown in Table 3.6.
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Fig. 3.13 Sliding failure during compression test in (a) Threaded-surfaced sample at 4.4
kJ, (b) Knurled surfaced sample at 5.5 kJ and (c) Smooth-surfaced sample at 6.2 k] of
discharge energy
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Fig. 3.14 Buckling failure in a threaded-surfaced sample at discharge energy of 5.0 k]
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Fig. 3.15 Variation of maximum compressive load with discharge energy for three
different surface profiled samples
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Fig. 3.16 Load-extension curve obtained during compression test for threaded, knurled
and smooth-surfaced samples prepared at discharge energy of 5.5 k]

Table 3.6 Variation of failure modes with crimping parameters in the compression test

showing maximum compressive load in kN

Energy 44K 50k 55K 6.2k
Test
TP | KP | SP | TP | KP | SP | TP | KP | SP | TP | KP | SP
Compressiontest | * | * [ * | 7 [ * | * | “ | = | * [ 7 | Y |*
@59 | @51) | (1) | 849) | @19) | (147) | 8.69) | (666) | (173) | (3:69) | (849) | (214)

threaded profile (TP), knurled profile (KP), smooth Profile (SP), sliding failure mode (¥), buckling failure mode ()

3.3.3 Torsion test

This test comprises of torsional strength comparisons for threaded, knurled, and smooth-

surfaced EMC crimped free-end type samples for discharge energy ranging from 4.4 k] to

6.2 kJ. Knurled surfaced samples at 5.5 k] and 6.2 k] have provided the maximum torsional

resistance of 32.25 Nm among all. Three failure modes are observed during this

experiment.

e Sliding failure mode (joint failure): Here, joint strength is lower than the torsional

resistance of the copper tube. This failure occurs at lower discharge energy (for all

three surfaces up to 4.4 k]) as well as at higher discharge energy (for threaded and

smooth surfaces) due to wear (Fig. 3.17 (a-b)).
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e Buckling failure mode with a crack (tube failure): Here, joint strength exceeds the
torsional resistance of the copper tube. This failure occurs at higher discharge
energy (for the knurled surface at 5.5 kJ or above) when after maintaining
maximum torque for good angular displacement due to internal support of the SS
304 tube, the copper tube starts to buckle, followed by a transverse crack
propagation (Fig. 3.18).

¢ Buckling failure mode without any crack (tube failure): This is a combination of
the above two-failure mode and is observed for the knurled surface at 5.0 k] when
after buckling of the copper tube, the joint starts to fail before any crack

propagation (Fig. 3.19).

Variation of maximum torsional resistance with discharge energy including the
repeatability analysis is shown in Fig. 3.20. The torque-twisting angle plot for all three
surfaces at 6.2 k] of discharge energy is shown in Fig. 3.21. The representation of failure

modes and torsional strength with crimping parameters is shown in Table 3.7.

Crimping zone Crimping zone

'i

(b) rip made on inner

tube
Misalignment of left and right

grip after torsion test due to
joint failure causing sliding of
the internal tube

Fig. 3.17 Sliding failure in (a) threaded and (b) smooth-surfaced SS-Cu-SS fixed-end type
joint prepared at 6.2 k] of discharge energy
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Crimping zone

Crimping zone

Buckling followed by Twisting at the parent
a crack outer tube-joint
interface

Fig. 3.18 Failure due to buckling of parent copper tube followed by crack propagation for
the knurled-surfaced sample prepared at 6.2 kJ of discharge energy

Crimping Zone Crimping Zone

\
Twisting at the joint-parent Buckli>19 without
outer tube interface any crack

Fig. 3.19 Failure due to buckling in parent copper without any crack for the knurled-
surfaced sample prepared at 5.0 kJ of discharge energy
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Fig. 3.20 Variation of maximum torque with discharge energy for three different surface
profiled samples
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Fig. 3.21 Torque-twisting angle plot for threaded, knurled and smooth-surfaced fixed-
end type sample prepared at 6.2 k] of discharge energy
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Table 3.7 Representation of failure modes with crimping parameters for torsion test
(showing maximum torque in Nm)

Energy 44K 50Kk 55K 62K

Test

Surface profile T’ | KP | SpP | TP | KP | SP | TP | KP | SP | TP | KP | SP

Sliding failure
mode (joint v v v v v v v v v

failure) G6 | 178 | ©5) | 61 1.0) | (66 25) | ©86) (4.0)

Buckling failure
mode with a crack (32.5) (32.3)

(tube failure)

Buckling failure
mode without any (30)
crack

(tube failure)

threaded profile (TP), knurled profile (KP), smooth Profile (SP), yes (¥)

3.3.4 Macrostructural and deformation analysis

Samples prepared for characterisation are photographed using an optical microscope on
lower and higher magnifications, and to calculate the deformation, the outer diameters of
all the crimped samples are measured using the NIS elements-microscope imaging
software. The increased discharge energy adds more plastic deformation to the outer
copper tube. Hence, the outer diameter and thickness of the copper tube in the crimping
zone decrease with the increase of discharge energy. Variations of the outer diameter of
the crimped sample and thickness of the outer tube with discharge energy for all the
samples are shown in Fig. 3.22 and Fig. 3.23, respectively, where the initial outer diameter

and thickness of the copper tube are 12.7 mm and 0.9 mm respectively.
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Fig. 3.22 Variation of the outer diameter of the tubular joint with discharge energy for
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Fig. 3.23 Variation of the thickness of the outer (copper) tube after crimping in the
crimping zone with discharge energy for threaded, knurled and smooth-surfaced sample

Higher magnification (400x) images of crimped samples at 6.2 k] of discharge energy for
all the surface profiles are shown in Fig. 3.24. At higher discharge energies, a negligible
gap is observed for smooth-surfaced samples (Fig. 3.24 (d)), whereas; gaps can be seen in
the threaded and knurled sample, indicating possibilities of more filling in the
thread/knurl depths as shown in Fig. 3.24 (a-c). The threaded-surfaced sample shows a
lower gap between the outer and inner tube on the crest side than on the root side in a
particular transverse cross-section, as shown in Fig. 3.24 (a-b). Montages of the higher
magnification images of the threaded, knurled and smooth-surfaced sample are shown in
Fig. 3.25 (a), (b), and (c), respectively, for a zoomed-out cross-sectional view of the sample.

Since the joint fails in the base copper tube (undeformed zone), which indicates that the

TH-3007_176103003



Experimental Investigation of Electromagnetic Crimping 53

strength of the joint (in the crimping zone) is equal to or greater than the strength of the
base copper, so increasing the filling of the outer tube by crimping at higher discharge
energies will not be productive in terms of joint strength as the base copper tube strength

limits maximum achievable strength.

(b)

Fig. 3.24 Higher magnification (400%) macrographic image of Cu-SS tubular joint
interface prepared at 6.2 k] of discharge energy for (a) threaded (crest side), (b) threaded
(root side), (c) knurled and (d) smooth-surfaced sample

I Copper tube
SS 304 tube

(c)

Fig. 3.25 Higher magnification (400%) macrographic image profile of Cu-SS tubular joint
cross-section prepared at 6.2 kJ for (a) threaded, (b) knurled and (c) smooth-surfaced
sample
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3.3.5 Interface analysis

Microstructural and energy discharge dispersive X-ray spectroscopy (EDS) analysis is
performed to understand the Cu-SS joint interface behaviour. Prepared samples at 6.2 k]
of discharge energy for characterisation are etched with a chemical solution (100 ml
ethanol, 25 mm hydrochloric acid and 5 gm ferric chloride), and microstructural images
are taken on an optical microscope at lower (100 x) and higher (500 x) magnification. The
impact welding phenomenon is different from conventional welding phenomena like
fusion welding, which goes through atomic diffusion due to the melting of the joining
material leading to a straight joining interface. As documented in the literature [127], in
impact welding wavy interface pattern is produced, which is not observed in the current
electromagnetic crimping process, as shown in Fig. 3.26, Fig. 3.27 and Fig. 3.29. A gap
between Cu and SS 304 material is observed at the interface. As discussed in the previous
section, a threaded surfaced sample shows a lower gap in the trough side than the crest
side, as shown in Fig. 3.26 (a) and (b). A gap in the range of 7-8 pym and 120-150 pm is
observed in the crest and root sides, respectively, in the case of the threaded surfaced
sample. A gap of 9-10 um is observed in the contact zones of the knurled surfaced sample.
At the same time, the smooth-surfaced sample has shown lower gaps in the range of 4-7

um.

o1

Fig. 3.26 Microstructural image of the threaded-surfaced sample at 500x magnification
on (a) crest side and (b) root side
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20,1vm
=

(b)

Fig. 3.27 Microstructural image of the knurled-surfaced sample at 6.2 k] of discharge
energy at (a) 500x and (b) 100x magnification

100 m
e

(b)
Fig. 3.28 Microstructural image of the smooth-surfaced sample at 6.2 k] of discharge
energy at (a) 500 and (b) 100x magnification
Furthermore, EDS elemental mapping is also performed to clarify any elemental diffusion
and metallic bond formation possibilities. EDS elemental mapping distribution for a
smooth-surfaced sample at 6.2 kJ of discharge energy for Cu-Fe, Cu and Fe is shown in
Fig. 3.27 (a), (b) and (c), respectively. Any overlapped zone between Cu and Fe would

have been an indication of diffusion [44]. No elemental overlapped area is observed in Fig.

3.29.
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Fig. 3.29 EDS elemental mapping demonstrating (a) Cu-Fe distribution, (b) Cu
distribution and (c) Fe distribution at the Cu-SS interface of a smooth-surfaced sample
prepared at 6.2 kJ of discharge energy

3.3.6 Micro-hardness test

Vicker's micro-hardness test is performed on transversely cut samples throughout the
thickness of the Cu-SS tubular joint at measurement positions, as shown in Fig. 3.7 (b). The
test is repeated for better accuracy. The hardness value of 96.17 HV and 174.31 HV is
observed for the base copper and stainless tube. A comparative plot for micro-hardness
values, measured at every 200 um from the joint interface in either direction for all the
samples at 6.2 k] of discharge energy is shown in Fig. 3.30. The maximum micro-hardness
value of copper and stainless steel near the interface is 128.13 HV and 255.84 HV. This is
increased due to the high strain rate of plastic deformation during EMC. This increment
significantly depends on the surface profile as well (Fig. 3.30). Micro-hardness increases
over the base material hardness for the outer copper tube are 33.08% for knurled surface,
29.73% for threaded surface and 18.60% for the smooth surface, as shown in Fig. 3.30. A
micro-hardness increment is observed with an increase in discharge energy causing higher
deformation, as shown in Fig. 3.31. Similar trends are observed in the Cu-SS interaction in

the sheet joint by Kore et al. [51].
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Fig. 3.30 Vicker's micro-hardness variation for 6.2 k] of discharge energy across the cross-
section of Cu-SS tubular joint interface using a load of 100 gm and a dwell time of 20 s
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Fig. 3.31 Variation of micro-hardness for the copper tube at 200 pm from the interface in
the crimping zone with discharge energy for threaded, knurled and smooth-surfaced
sample

3.3.7 Surface Roughness

Surface roughness also impacts subsurface and surface stresses, structural integrity and
wear behaviour of the parts. Abdulhadi et al. [128] have observed that parts having a
surface roughness value of more than 3.114 um tends to reduce hardness. In the case of
tube-rod crimping, Kumar et al. have noticed the inner surface texture of the rod can affect

the outer surface roughness of the joint in the case of the tube having a thickness of 0.5
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mm [73]. Therefore, surface roughness is also analysed on the outer surface of the copper
tube in the crimping zone for all three surfaces at higher discharge energy levels (5.0 kJ -
6.2 k]) using a non-contact computerised surface profilometer with a precision of 50 nm.
The focal length of the optical profiler is 4.7 mm, and the maximum area captured by the
non-contact profiler was 0.825 mm x 0.825 mm. For each surface profile, R, (average
roughness) values are measured at three different locations, and the average is taken for
better accuracy, as shown in Table 3.6. Threaded surface profiles are observed to have the
highest surface roughness among the three surfaces. A 3D fringe pattern for surface
roughness for all three surfaces at 6.2 k] discharge energy is shown in Fig. 3.32. Surface
roughness is also being used as an indicator of joint performance. The higher surface
roughness of the outer tube surface in the crimping zone indicates higher outer tube
deformation leading to higher interference pressure build-up and higher joint
performance. The trends can be seen in Table 3.8. It further indicates that higher discharge

energy leads to higher surface roughness, verifying our statement.

Table 3.8 Average surface roughness (R,) in pm in the crimped zone for threaded,
knurled and smooth-surfaced samples prepared at higher discharge energy levels (5.0 kJ

- 6.2 k])
Surface Threaded Knurled Smooth
Energy (k])
6.2 2.734 0.966 0.705
5.5 2.512 0.943 0.674
5.0 2.441 0.936 0.591
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(@) (b)

(c)

Fig. 3.32 3D fringe pattern for (a) threaded, (b) knurled and (c) smooth-surfaced sample
prepared at 6.2 kJ of discharge energy

3.4 Conclusions

This chapter has shown the feasibility of a successful interference-fit tubular joint
formation between Cu and SS tubes by the EMC technique. Contrary to conventional
joining methods and high-energy EMW, it is possible to successfully create a Cu-SS
tubular joint having higher joint strength than the base copper tube without any metallic

bond formation. From the results, the following conclusions can be drawn:

e Pull-out strength is significantly increased by 2 times for threaded/knurled
surfaced joint than the smooth-surfaced joint at 6.2 k] of discharge energy.

e Compressive strength has also increased by 3.1 times for threaded surfaced joint
compared to the smooth-surfaced joint at 6.2 k] of discharge energy.

e Therefore, the pull-out and compression test conclude the threaded surfaced joint
to be better suited among all three surface profiles for handling axial loading
because the axial strength of the threaded surfaced joint is greater than equal to the

axial strength of the knurled and smooth-surfaced joint.
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e However, the torsion test suggested knurled surfaced joint to be a better surface
profile for handling torsional resistance. Torsional strength is increased by 7 times
after using a knurled outer surface profile of the inner tube for EMC crimped joints
at 6.2 kJ of discharge energy.

e Therefore, knurled surfaced joint prepared at 6.2 k] of discharge energy is the most
versatile joint as per all three destructive testings. So knurled surface should be
preferred for versatile loading applications.

e Macrostructuctal and deformation analysis has revealed that increasing discharge
energy to increase the filling of outer tube material in the thread/knurl will not
contribute towards strength once the maximum strength of the joint, which is the
strength of the base copper tube, is reached.

¢ Interface analysis has revealed the absence of any atomic diffusion and metallic
bond formation. Therefore, the strength is contributed purely by the interference-
tit joining.

e Micro-hardness increment across the Cu-SS interface is observed due to
deformation of the crimping layer and their work hardening. Knurled surfaced

joints have shown the highest micro-hardness increment among all.

Surface roughness analysis has indicated a higher R, value on the outer surface of the
copper tube for threaded joint as compared to the other two types of surfaces. Surface
roughness increases with an increase in discharge energy, indicating an increase in joint

performance.
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4 Finite Element Modelling of Smooth-Surfaced EMC
Joints

4.1 Introduction

In previous chapter 3, the EMC technique is experimentally investigated for an improved
Cu-SS tube-to-tube joining to obtain joints with higher strength than the base Cu tube
failure strength. However, numerical prediction of the strength of an electromagnetically
crimped joint can be of great use and can save a lot of time and resources. In the author’s
knowledge, numerical predictions of pull-out and compressive strength of
electromagnetically crimped joints have not been reported yet. Therefore, this chapter
presents a finite element modelling technique to investigate EMC joint and joint strength.
This chapter explores a novel finite element model that has been developed to predict the
pull-out and compressive strength of the smooth-surfaced Cu-SS tube-to-tube joint, joined
using the EMC technique. Numerical simulations are performed using the
electromagnetic (EM) module of LS-Dyna ™ which uses a combination of the finite
element method and boundary element method (BEM). The work is performed in two
parts, where the first part discusses a detailed numerical simulation of the EMC process,
and in the second part, a model has been developed to simulate destructive testing for
strength prediction. The model is validated with experimentally observed radial
deformation and thinning of the outer tube during electromagnetic crimping, pull-out and
compression strength. The effect of the slit of the field shaper on Lorentz force distribution
is also studied, and It is observed that the slit of the field shaper leads to non-uniformity

in Lorentz force distribution along the circumference, causing uneven radial deformation.

4.2 Methodology

4.2.1 Process parameters

EMC experiments are performed on an electromagnetic forming machine with circuit
parameters, as shown in Table 3.1. The detailed dimension of the working setup is shown
in Fig 3.1. The experiments are performed at five different discharge energy values: 3.9 k],
4.4 k], 5kJ, 5.5 k] and 6.2 kJ. Discharge current waveforms are measured with the help of
an oscilloscope and a Rogowski coil, shown in Fig. 3.2. Smooth-surfaced profile is

considered for the outer surface of the inner SS tube.
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4.2.2 Finite Element Modelling

A finite element model is developed using the electromagnetic module of LS-Dyna ™, which
involves a combination of the finite element method (FEM) and boundary element method
(BEM) to solve the multi-physics problem of electromagnetic crimping as discussed by
L’Eplattenier et al. [129]. The combination allows studying the motion of the conductor
without the necessity of remeshing the surrounding air in the simulation model. The BEM
efficiently solves the Maxwell equation for regions with no eddy current. The diffusion
part is solved using FEM, and the induction part is solved using BEM. The BEM technique
computes the interaction between different conductors through the electromagnetic field
in the air surrounding. It removes the problems of meshing associated with the complex
air region involving complicated conductor geometries [130, 131].

Furthermore, the BEM technique eliminates remeshing issues while using an air mesh
around a moving conductor. During the first step, the magnetic field is evaluated by the
electromagnetic solver to calculate the Lorentz force at each node that acts as input load
to the mechanical solver at each time step which further computes the deformation of the
workpiece and updates the deformed geometry in the electromagnetic solver that impacts
the computation of magnetic field leading to modification of the structural deformation.
This iteration continues until the end time is reached, as shown in the flow chart in Fig.
4.1. The measured damped sinusoidal current that flows through the solenoid coil after
the discharge of the capacitor bank is applied as an input load. It has been stated that the
majority of the workpiece deformation occurs during the first half of the current time
cycle. Therefore, only the first half of the current-time waveform is applied to the finite

element model as an input load [19].

Coil current

Yes
‘L Input Solve Input Solve Undate
t—t+AL electromagnetic |—» electromagnetic |—» mechanical —» mechanical [—» P

model model model model geometry

LS-Dyna multiphysics
electromagnetic model,
mechanical model

No

Fig. 4.1 Flow chart of the coupled simulation in LS Dyna

Furthermore, these are some assumptions/conditions considered for the simulation
model, such as,

e The distribution of current through the coil cross-section is assumed to be uniform

e Permeability and conductance of the material is assumed to be constant and isotropic

throughout the simulation period
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e Joule heating loss is not considered in this simulation model
e The solenoid coil and field shaper is constrained to restrict any movement. The free
ends of both tubes are constrained in all directions to replicate the nylon fixture

holding the tubes during the experiment.

Since only hexahedral elements can be used for the electromagnetic module of LS-Dyna
™, geometries with complications are meshed in Hypermesh software and imported to
LS-Dyna ™ software for computing. Tubes are modelled with general-purpose eight-
node linear brick elements (C3D8R). Solenoid coil and field shaper are modelled with four-
node rigid elements (R3D4). Total 47348 numbers of elements are used in the simulation
model. Fine mesh is used to describe the inner SS 304 tube compared to the copper coil,
and field shaper and even finer mesh is used for the outer copper tube, which is our main
geometry of interest. 10 layers of elements through the thickness of the outer copper tube
and 3 layers of elements through the thickness of the inner tube have been used. Meshed

model for the analysis in the LS-Dyna ™ Simulation model is shown in Fig. 4.2.

Field shaper Coil

Outer tube (Copper)

Inner tube (SS 304)

Fig. 4.2 Sectional view of the simulation model showing meshing of parts for
electromagnetic and mechanical analysis

Johnson-cook (J-C) material model is used for both the workpiece material, which is a
recommended material model for high temperature and high strain-rate process [19]. ]-C

O-y & n N ) .

where, g, represents equivalent plastic stress. ¢, ¢ and &, represents equivalent plastic

strain, equivalent plastic strain rate and reference equivalent plastic strain rate,
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respectively. A, B, C, n and m are material constants, whereas T, T, and T,,, represent
absolute temperature, room temperature and melting temperature, respectively.
Parameters of the J-C material model for Cu and SS 304 are shown in Table 4.1. Properties
of the materials are considered to be isotropic for this simulation.

The shock wave equation of state (EOS) is defined in the J-C material model to construct

the pressure-volume relationship during shock compression of solid analysis. Linear

polynomial EOS used in the J-C material model can be described as,

Py =c, +cip+ i + e + Eo(cy + csp + cou?), 4.2)
where P; denotes pressure, c,, €1, €3, €3, Cg, €4, C5 and cg are the constants of EOS, u = pﬂ -
0

1 denotes compression factor where pﬁ being the ratio of current density to the initial
0

density and E, represents specific internal energy. Constants of EOS for copper are shown
in Table 4.2. Deformation of the outer tube in the crimping zone of the interference fit joint
prepared by EMC in the numerical simulation model using LS-Dyna ™ at 5.5 k] of
discharge energy for three different time values are shown in Fig. 4.3. Results calculated
from the numerical simulation model must be converged with mesh refinement and time
step refinement. Therefore, a convergence study is performed for different time steps and

mesh size values and converged results are obtained.

Table 4.1 Constants of J-C material model for Cu and SS 304 [19, 132]

Material A(MPa) B(MPa) n C T (K) m
Copper 90 292 0.31 0.025 1331 1.09
SS 304 350 275 0.36 0.022 1723 1
Table 4.2 Constants of linear polynomial EOS of copper [132]
Materials Co c1(N/m?) | c;(N/m?) C3 Ca Cs Co E,
Copper |0 140 e° 2.8¢€7 1.96 0.47 0 0
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Crimping zone
f—)%

Outer tube/

Inner tube—

Fig. 4.3 Deformation stages of EMC crimped joint at three different times at 5.5 k] of
discharge energy observed in the simulation model

4.3 Results and discussion

A

Mesh convergence study has been performed at four different mesh sizes, and the

results are measured at four different nodes on the outer tube in the crimping zone

selected at equal node intervals along the tube length and averaged. Variation of impact

velocity and effective plastic strain with time at 3.9 k] of discharge energy for four different

mesh sizes of the outer tube (0.5 mm, 1 mm, 2 mm, and 3 mm) in the crimping zone of the

outer tube is shown in Fig. 4.4. Results are observed to be converged, and hence further

reduction of mesh size does not affect the results.

Velocity (m/s)
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Fig. 4.4 Variation of (a) impact velocity and (b) effective plastic strain with time for
different mesh sizes at 3.9 kJ of discharge energy during simulation
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4.3.1 Effect of discharge energy
Fig. 4.5 shows the selected nodes on the outer tube along the length from the free end of
the outer tube tip in the crimping zone for measurement of the magnetic field, radial

displacement, velocity and effective plastic strain in the simulated model.

Outer tube Selected nodes Inner tube

2l
411

Fig. 4.5 Selected nodes for measurement of parameters in the coupled simulation model

4.3.1.1 Magnetic field

Fig. 4.6 (a) shows the variation of the magnetic field with time for five discharge energy
values. The magnetic field is observed to be proportional to the discharge energy, and the
maximum magnetic field of 18 T observed at 6.2 k] of discharge energy in the simulation

model.

4.3.1.2 Radial displacement

Fig. 4.6 (b) shows the variation of radial displacement with time during the crimping
process for various discharge energy in the simulation model. Maximum radial
displacement is found to be 0.96 mm at 6.2 k] of discharge energies. The radial deformation
is proportional to the magnetic flux density. So an increase in magnetic flux density due
to an increase in discharge energy leads to an increase in radial deformation.

4.3.1.3 Impact velocity

Fig. 4.6 (c) shows the variation of impact velocity of the outer tube in the crimping zone
for various discharge energy values in the simulation model. Impact velocity is observed
to be proportional to the discharge energy and therefore, maximum velocity is observed

at 6.2 kJ of discharge energy.
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Fig. 4.6 Variation of (a) magnetic field, (b) displacement, (c) velocity and (d) effective
plastic strain in the outer tube with time in the crimping zone in the coupled simulation
model

4.3.1.4 Effective plastic strain

A minimum effective plastic strain must be achieved to facilitate the crimping of the outer
tube onto the inner tube. An increase in the discharge energy value increases the impact
velocity of the outer tube in the crimping zone, leading to higher effective plastic strain. A
maximum effective plastic strain of 0.31 is observed at the discharge energy of 6.2 k], as
shown in Fig. 4.6 (d). The development of effective plastic strain along the outer tube
length from A to B with time observed at 5.5 k] of discharge energy in the simulation
model is shown in Fig. 4.7. The length AB is along the axis of the tube and represents the
overlapped length of the crimped joint. With the passage of time, the element 20532,
nearest to the outer tube tip, experiences maximum effective plastic strain, and it collides
with the inner tube wall first, leading to an increase of effective plastic strain with time
and eventually becoming stagnant. An effective plastic strain of the element 20530 and

20528 keeps increasing and eventually slows down after colliding with the inner tube wall.
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The minimum effective plastic strain is observed for element 20522, which is farthest from

the outer tube tip.

| 20532 20530 20528 20526 20524 20522

Effective plastic strain

Time (us)

Fig. 4.7 Effective plastic strain variation along the axis of the outer tube in the crimping
zone at 5.5 kJ of discharge energy in the coupled simulation model

4.3.2 Effect of field shaper slit

The slit is one of the main features of the field shaper, which leads the induced eddy
current from the outer surface to the inner surface of the field shaper and maintains the
continuity of eddy current flow. This section discusses the effect of the field shaper slit on
the final output of the electromagnetic crimping process. Since the magnetic field is
disrupted in the region close to the field shaper slit, it reduces the Lorentz force. Fig. 4.8
shows the distribution of the Lorentz force vector along the circumferential direction of
the outer copper tube in the crimping zone, which is radially inward. It can be observed
from the figure that the Lorentz force vector is uniform throughout the circumference of
the tube except in the region close to the field shaper slit where the distribution is scattered
(Fig. 4.8 & Fig. 4.9). The value of Lorentz force acting on the outer tube in the crimping
zone is observed to be lower in the region close to the slit compared to the other region by
30%. This leads to the lower radial deformation of the outer tube in the region close to the

slit throughout the crimping zone.
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Outer tube Solenoid coil

Lorentz force vector
distribution

L

Inner tube Field shaper Scattered distribution of Lorentz
force vector near the slit region

Fig. 4.8 Distribution of Lorentz force vector in the outer tube along the circumference in
the crimping zone in the simulation at 5.5 k] of discharge energy

Lorentz force vector distribution
on outer tube

Solenoid coil

Scattered distribution of Lorentz force vector
along length near slit region

Fig. 4.9 Distribution of Lorentz force vector in the outer tube along the axis of the outer
tube in the crimping zone in the simulation at 5.5 k] of discharge energy

The effective plastic strain of the outer tube is represented along the path CD (C is near to
the slit region and D is opposite to the slit region) for every node in the interval of 30° as
shown in Fig. 4.10. With the increase of Lorentz force, effective plastic strain increases
from C to D. This variant Lorentz force leads to uneven radial deformation along the
circumference. Circumferential and radial strain reduce near the slit region, leading to a
reduction in equivalent plastic strain. Also, due to Poisson's effect, there is a reduction in
axial strain. Reduction in axial strain in the region close to the slit compared to other
regions causes bending of the tube, and the impact can be significant if the deformation
length is significant. So for longer overlapped lengths, stepwise joining along the length

is recommended. Fig. 4.11 shows the uneven deformation of the copper tube along the
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circumference in the region closed, opposite to the slit observed experimentally and in the
numerically obtained EMC sample at 5.5 kJ of discharge energy. There is an uneven
reduction of the diameter along the circumferential direction in the crimping zone. To
understand this phenomenon, one angular parameter is considered. This angle is
measured between the axial tangents to the crimped and non-crimped portions at the axial
junction of these two portions. Simulation and experimental results are in good
agreement. The shape of the experimentally and numerically obtained crimped sample is
also compared by fitting half portion of the samples onto each other, and radial
deformation is compared in terms of angles at 5.5 k] of discharge energy as shown in Fig.

4.12. Good agreement is observed.

0.300

0.275 4 i Selected D8 150
elements ™= .

0.250 4 —=— 25 sec
---e-- 20 sec
—a— 15 sec
02254 —+—10 sec

Region closed to the

Effective plastic strain

field shaper slit
b —v
0200 | — S == T
0.175 T T T T
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Angle (Degree)

Fig. 4.10 Variation of the effective plastic strain of outer tube in the slit region along the
circumference in the simulation at 5.5 kJ of discharge energy

173.6° Crimping zone 171.5° Opposite to the
i fieldshaper slit

. Fieldshaper slit
175.6 side

(b)
Fig. 411 Uneven radial deformation of the copper tube in the region near and opposite

to the field shaper slit along with the circumference in (a) experiment (b) simulation at
5.5 k] of discharge energy
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171.5°

Crimping zone
Simulated
crimped samplel

SHUTEHTHT
e e
£ ~ Experimentally
= crimped sample

Fig. 4.12 Comparison of radial deformation of the electromagnetically crimped sample in
the simulation and experiment at 5.5 k] of discharge energy

4.3.3 Outer diameter and thickness

Fig. 4.13 (a-b) shows the variation of the outer diameter and thickness of the outer tube in
the crimping zone with discharge energy, respectively, for simulation and experiment.
The outer diameter and thickness of the copper tube averaged along the length in the
crimping zone are measured experimentally with the help of a low magnification optical
microscope and compared with the simulation results as shown in Table 4.3. Deformation
increases with an increase in discharge energy, and the minimum value of outer diameter
and thickness are observed at 6.2 k] of discharge energy. Experimentally calculated values
align with the simulated results with an error of 1-4.4 %. It is observed that the
experimentally observed values of outer diameter and thickness of the outer tube in the
crimping zone are higher than the simulated values, and this is probably due to the
assumption that the current is uniformly distributed in the cross-section of the solenoid
coil and the skin effect of the coil is neglected. Therefore, this might contribute to an
increase in Lorenz force in simulation, leading to an increase in deformation. A sectional
view of the sample is also compared by fitting the experimentally observed sample on to
numerically obtained sample at 5.5 k] of discharge energy, as shown in Fig. 4.14. From
observations, no change in the diameter of the SS 304 (internal) tube is observed as SS 304

tube only goes through elastic deformation during the electromagnetic crimping process.
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Fig. 4.13 Comparison of (a) outer diameter and (b) thickness of the outer tube in the

crimping zone for various discharge energy values in the case of experiment and
simulation

Fig. 4.14 Comparison of the shape of the electromagnetically crimped sample in the

simulation and experiment at 5.5 k] of discharge energy
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Table 4.3 Comparison of outer diameter and thickness of copper tube for experiment and

simulation
Energy in | Outer Outer % Thickness Thickness | %
kJ diameter diameter error error
(mm) (mm)

(mm) (mm)

(Experimental) | (Simulation) (Experimental) (Simulation)
3.9 11.628 11.510 1.01% | 0.737 0.716 2.86%
44 11.544 11.397 1.27% | 0.720 0.708 1.56%
5.0 11.498 11.250 2.16% | 0.709 0.684 3.6%
5.5 11.425 11.226 1.74% | 0.712 0.613 4.4%
6.2 11.308 11.185 1.08% | 0.700 0.625 10.66

%

Fig. 4.15 shows the tube thickness distribution along the length of the outer tube in the

crimping zone at 5.5 kJ of discharge energy for simulation and experiment. Maximum

variation of thickness along the length in the crimping zone is observed to be 2 % for

experiment and 1% for simulation, which ensures the uniform radial deformation of the

tube in the crimping zone along the length.
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Fig. 4.15 Variation of the thickness of the outer tube along the length in the crimping
zone at 5.5 kJ of discharge energy
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4.3.4 Strength prediction and validation of predicted results

A simulated model is developed to predict the pull-out and compressive strength of an
EMC crimped joint. A Dynain ASCII file is obtained at the end of the first simulation,
which includes new nodal locations and new preloaded stresses and strains from the first
simulation. Dynain ASCII file contains nodes, elements, stresses and strains of the tubes
crimped in the first FEM model. These commands are merged into a single deck, and the
second simulation is performed to predict the strength of the Cu-SS tubular joint during
destructive pull-out and compression testing. Boundary conditions are applied on the Cu-
SS composite tube as per the experimental condition for the pull-out test described in Fig.
4.16. Piecewise linear plasticity material model, which is an elastoplastic material model,
is used during the pull-out and compression testing simulation. The model utilises input
in the form of true stress vs effective plastic strain curves. This model is widely used for
crash testing, drop testing and other rate-dependent phenomena. It is one of the simplest
material models for tensile testing [133]. Boundary conditions are implied as per the real-
life experimental conditions. On the one end of the joint, translational constraints are used
in the x, y and z-direction for set nodes of the end, while on the other end, translational
constraints are implemented in the x and z direction using the SPC_SET keyword input
deck in LS-Dyna ™. A prescribed motion of 0.5 mm/sec in the y-direction is implemented
on the end, which is not constrained in the y-direction wusing the

PRESCRIBED_MOTION_SET keyword input deck in LS-Dyna ™ as shown in Fig 4.16.

Nodes constraintin x, z
direction with prescribed
Nodes constraintin x,y z motion rate of 0.5 mm/sec in y
direction direction

LY / Copper tube r—H 5:,?-310_‘1: tub{ \

Crimping zone

1
I
1
I

Fig. 4.16 Boundary conditions applied on the EMC crimped joint in the simulation model
for prediction of strength
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Modelling the contact between inner surface of outer tube and outer surface of inner tube
is an important part of this simulation model. Explicit general contact algorithm has been
implemented in the simulation model which automatically defines all the surfaces.
CONTACT_AUTOMATIC_SURFACE_TO_SURFACE contact type of LS-Dyna ™ is used
which is very efficient and robust and looks in both directions at the contact surface pair
[36]. Friction coefficient is a very important part in defining contact, so it must be chosen
very wisely. It’s difficult to calculate the actual value of the friction coefficient between
both the surfaces in contact. So, the simulation model is calibrated as per the
experimentally obtained results. Four values of friction coefficient (0.1, 0.2, 0.3, and 0.4)
are tried. For friction coefficient 0.3, simulation results become closest to the
experimentally observed result. Hence, we have chosen friction coefficient 0.3 in the
simulation model for all the discharge energies.

We have simulated in LS-Dyna ™ up to the point when longitudinal stress /pull-out load
starts reducing due to the beginning of joint failure (considerable relative motion between
the tubes) in both Pull out and Compressive tests. Longitudinal stress is observed from
the simulation results and multiplied with the original cross-sectional area to obtain the
pull-out load. Similar steps are repeated for compressive testing. Simulated results are
validated with experimentally observed results. A schematic diagram of the pull-out test
performed for experimental observation is shown in Fig. 3.4. The pull-out test is carried
out at the pull-out rate of 0.5 mm/sec on a universal testing machine (UTM).

Fig. 417 (a-b) shows the comparison of numerically predicted and experimentally
observed pull-out and compressive strength values of EMC crimped joint at various
discharge energy values, respectively. Pull-out and compressive strength is observed to
be proportional to the discharge energy as an increase in discharge energy leads to an
increase in the radial deformation and subsequent elastic recovery, which further leads to
an increase in interference pressure at the interface in the crimping zone. Therefore, pull-
out and compressive strength increase. Calculated and experimentally observed results
are in good agreement with an error of 1.45%-6.23% for pull-out strength and with an error
of 1.4%-10.8% for compressive strength, as shown in Table 4.4. The maximum strength is

achieved at 6.2 k] of discharge energy.
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Fig. 417 Comparison of (a) maximum pull-out load and (b) maximum compressive load
at various discharge energy values for simulation and experiment

Table 4.4 Comparison of maximum pull-out and the compressive load of smooth-
surfaced samples for experiment and simulation at various discharge energy

Energy | Maximum Maximum | % Maximum Maximum | %
in kJ pull-out load | pull-out error | compressive | compressive | error
(Experimental) | load load load
(Simulation) (Experimental) | (Simulation)
(N)
(N) (N) (N)
3.9 785.17 834.09 6.23%
44 1836.38 1952.11 6.3% | 1096.02 1156.38 5.51%
5 2044.53 2172.64 6.27% | 1467.93 1489.02 1.44%
5.5 2282.08 2323.44 1.81% | 1729.24 1916.08 10.8%
6.2 2569.32 2606.71 1.45% | 2141.38 2248.06 4.98%

The experimentally observed pull-out load vs extension curve is also compared with the
numerically obtained curve, as shown in Fig. 4.18. Pull-out load is observed to be
increasing with an extension until it reaches the maximum value in both the experiment
and simulation. It can be said that the joint strength obtained is lower than the base copper
tube strength. This causes the sliding failure of the joints during pull-out and compressive

testing, where both the joining partners start to have a relative axial motion with respect
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to each other after reaching the maximum strength value. Fig. 4.19 shows that the EMC

crimped samples failed through sliding failure mode at the discharge energy of 5.5 k]

during the pull-out test in the experiment and simulation.

3000
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<
_c 1 . . . o
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g ] - ©- Experiment 6.2 kJ
9 —4— Simulation 5.5 kJ
> 1000 + - - Experiment 5.5 kJ.
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0 @
0 0.5 1 1.5 2

Extension (mm)

Fig. 4.18 Comparison of pull-out load vs extension curve at 5.5 k] and 6.2 k] of discharge

Outer tube

energy for simulation and experiment

Effective Plastic Strain

Detachment failure

Inner tube

Pull-out load direction

Beginning of detachment of tubes
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Fig. 4.19 Sliding failure of EMC crimped joint at 5.5 k] of discharge energy in experiment

4.4 Conclusions

and simulation

Numerical simulation for the EMC process has been performed using finite element

software LS-Dyna ™ and validated with the experimental results in the following aspects

(i) the outer diameter of the copper tube, (ii) thickness of the copper tube after

electromagnetic crimping, and (iii) strength of the EMC Cu-SS joint tested by (a) Pull out

test, (b) Compression test.
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1. Distribution of thickness along the length of the outer tube in the crimping zone has
shown a variation of 1-3 % in the numerical simulation and experimental
measurement. There is uniform deformation throughout the crimping length during
the electromagnetic crimping process. The little variation is probably due to little
higher radial deformation close to the free end of the copper tube in the overlapped
zone due to inertia. Effective plastic strain shows a consistent trend along the length.

2. Uneven radial deformation of the outer tube in the crimping zone in the
circumferential direction is observed due to uneven Lorentz force distribution in the
circumferential direction, which is caused by the presence of slit in the field shaper.
The value of effective plastic strain of the copper tube is reduced by 11.5 % in the slit
side compared to the area opposite to the slit. This observation is consistent in both
simulation and experiment.

3. Strength prediction by finite element analysis using LS-Dyna ™ shows good
agreement with experimental results. Pull-out and compressive strength observed in
simulation has shown an error of 1-4 % compared with the experimental results.

4. Joints are failed through a sliding failure mechanism, which leads to relative motion
between the Cu and SS 304 tubes in the axial direction during the pull-out and
compression test. A similar mechanism is obtained in the experiment as well as

simulation.
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5.1 Introduction

In chapter 3, an experimental investigation is performed, and an improved Cu-SS tube-to-
tube joint with a strength higher than the base Cu tube failure strength is achieved in the
case of threaded and knurled surfaced joints and considering manufacturing complexities
of knurls, threaded surfaced joints are observed to be most suited for axial strength. The
work has been further extended in chapter 4, which presents an initial finite element
model using LS-DYNA™ EM module to simulate the smooth surfaced Cu-SS tube-to-tube
joining by EMC technique along with strength prediction of the joint. The FEM results are
validated with experimental results and have shown good agreement. However, the
proposed FEM model cannot predict the strength and analyse deformation behaviour for
the threaded/knurled surfaced joint, as the LS-DYNA™ EM module can only use brick
meshing or hexahedral elements in the model, which creates complexities while meshing
geometries with surface profiles (threads and knurls). Furthermore, a more elaborated
experimental investigation is needed for quicker industrial adaption of the EMC
technique, which can be further expedited by developing FEM models around it.
Therefore, this chapter provides an approach to improve the knowledge about EMC
tubular joining. It focuses on three central aspects during the formation of the Cu-SS
electromagnetically crimped threaded surfaced tube-to-tube (EMCT3) joint: (1)
Developing a FEM model for predicting the deformation and strength of an EMCT3 joint
along with its experimental validation; (2) Expressing the effect of pitch and discharge
energy on the deformation and strength of an EMCT3 joint in an empirical relation; and
(3) Performing ANOVA analysis to address the relative contribution of different process
parameters. Previously developed FEM models for smooth surfaces are incapable of
predicting the strength of the EMCT3 joint. Therefore, a non-coupled multi-step FEM
model is developed in this work. Simulation is performed for different combinations of
discharge energy and pitch of thread values. A good agreement is observed between
simulated and experimental results. The experimental investigation includes pull-out
testing. The pull-out testing results in crack failure mode and detachment failure mode for
EMCTS3 joint based on higher and lower joint strength, respectively, as compared to the

base Cu tube strength. Furthermore, from the experimental data, an empirical relation is
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developed using LAR and bisquare method for deformation and joint strength as a

function of discharge energy and pitch.

5.2 Methodology

5.2.1 Process parameters

As per the previous chapter 4, it has been concluded that among three surface profiles
(threaded, knurled and smooth) for the outer surface of the inner tube during EMC, the
threaded surface is most suitable to obtain Cu-SS tube-to-tube joint with maximum pull-
out and compressive strength where the specification of the thread in use is ISO M10 x1.
ISO metric threads are general-purpose threads with the thread angle of 60. In order to
further optimise the joint, four different pitch values of ISO M10 threads (0.75 mm, 1 mm,
1.25 mm and 1.5 mm) and four different thread angle values are used for the outer surface
of the target tube, as shown in Fig. 2 (b). Electromagnetic crimping experiments are
performed at three discharge energy values: 3.4k]J, 3.9 k], and 4.4 k]. A Rogowski coil and
an oscilloscope are used to measure the current waveforms at three discharge energy
values.

90 |
| All dimensions

I

Coil I Kapton 20 i

\ tape . - are in mm
Field shaper :.3 O \

@47

Inner tube

Fig. 5.1 (a) Detailed Dimensioning of various components (b) Images of ISO M10
threaded surfaced SS 304 inner tube with the various pitch size

TH-3007_176103003



Electromagnetic Crimping on Threaded Surface 81

Electromagnetic crimping is performed at three discharge energy levels for four-pitch
combinations. Three energy levels are decided based on the previously obtained results.
All these twelve sets of experiments are repeated thrice to ensure repeatability. The pull-
out test is performed at a constant pulling-out speed of 0.5 mm/sec on the UTM machine

as discussed in section 3.2.3.1.

5.2.2 Sample preparation for characterisation of EMCTS3 joints

Samples are cut transversely in a ring in the crimping zone using a wire electric discharge
machine to characterise the tubular joint, as shown in Fig. 5.2 (a-b). To avoid any
microstructural changes, proper coolants are used. Mounting of obtained samples is done
using phenolic powder for ease of handling. In the end, mounted samples are grind under
water-cooling using Silicon carbide papers of grit sizes 80-1500 one after another, followed

by Al, 03 abrasive polishing.

Crimping zone

Outer tube A

Inner tube

Section B-B

Fig. 5.2 Schematic of (a) cutting pattern for a joined sample and (b) sectional views of the
inner (SS) and outer (Cu) tubes

5.2.3 Numerical simulation for destructive testing

A non-coupled multi-step FEM simulation model has been developed to create an EMCT3
joint and perform destructive testing on created joints. The model is simulated by
combining ANSYS Maxwell and ANSYS explicit dynamics software packages. The
simulation divides the EMCT3 joining problem into two parts (electromagnetic and
mechanical). ANSYS Maxwell solves the electromagnetic part while ANSYS explicit

dynamics solve the mechanical part, as shown in Fig. 5.3. A multi-step technique (Fig. 5.3)
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is used for successful numerical modelling of destructive testing of the Cu-SS joint in the

mechanical part.

‘Ansys Maxwell) | © Ansys Explici i Ansys Explici
I dynamics P dynamics

v
tsteAt | b t t+AL i t t+AL
Coil current > 1__ Calcqlalion of P ¥
Solve i |1 |magnetic pressure . i iYes [Solve mechanical
! electromagnetic |i ! i Sol;elrpecgargt_:ra; P model for pull-out :
No model P mocel for i testing '
: Yes Yes I
End End
Sub step 1 Sub step 2
Step 1 Step 2

Fig. 5.3 Flow chart for the non-coupled multi-step simulation model

5.2.3.1 Electromagnetic analysis using ANSYS Maxwell

The measured current is used as an input to the ANSYS Maxwell to calculate the magnetic
field. Input current curves are shown in Fig. 5.4 (a). At the input terminal of the coil, the
current is applied, as shown in Fig. 5.4 (b). The end time for the simulation is 3 X 107°s.
The following assumptions are made in this simulation model:

1) The skin and proximity effects are considered during the current distribution in the
tool coil.

2) The electrical properties of the material, such as conductance and permeability, are
assumed to be constant throughout the time period.

3) Joule heating loss has not been considered.

A three-dimensional electromagnetic field model is established (Fig. 5.4 (b)), where the
coil, field shaper, Cu tube and SS tube are sealed in air. As discussed, there is a ring current
load in the coil, which generates a magnetic field for EMCT3 joining. In the analysis, a
vacuum box is considered surrounding the coil-tube model in such a way that its
dimension is sufficient enough so that the magnetic field decays to zero in the far-field. As
shown in Fig. 5.4 (c), the coil, field shaper, Cu tube and SS tube are divided into a meshed
model using the adaptive meshing technique. The current density for the Cu tube at 15 us

after discharge is shown in Fig. 5.4 (d). A ring current is induced on the surface of the Cu
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tube in the crimping zone of the field shaper, but the current density is low outside the
working area of the field shaper. The magnetic field at the surface of the Cu tube is
calculated, and the magnetic pressure is calculated from the magnetic field, which is
further used as an input to the ANSYS explicit dynamics to calculate structural

deformation.
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(c) (d)

Fig. 5.4 Simulation model for electromagnetic field analysis (a) current curve, (b) ANSYS
Maxwell model, (c) mesh cluster showing the vacuum enclosed model and (d) current
density for 5.0 kJ at 15 us showing induced current at the Cu tube surface in the middle

of the crimping zone

5.2.3.2 Structural deformation analysis using ANSYS Explicit Dynamics
The schematic of the model developed in ANSYS Explicit Dynamics is shown in 5.5 (a).

The ends of the tubes are fixed using boundary conditions in ANSYS to replicate the

experimental setup. The front and sectional views are shown in Fig. 5.5 (b) and (c),
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respectively. The pressure data obtained from Maxwell is used here as input. The

equivalent pressure is applied uniformly along the circumference in the crimping zone.

Outer Cu tube |11 | Inner SS tube

Fig. 5.5 (a) 3D Cu-SS tube-to-tube assembly, (b) front sectional view of the meshed
model, (c) back sectional view of the meshed model and (d) zoomed view of the meshing

The Johnson-Cook (J-C) material model is used for all the workpiece, a recommended
material model for high temperature and high strain-rate processes [132]. ]-C model has

already been discussed in section 4.2.3.

5.2.3.3 Strength prediction for EMCT3 joints

Numerical prediction of the strength of an electromagnetically crimped joint can be of
great use and can save a lot of time and resources. It can provide a complete idea of
creating a structural joint along with the strength of that joint, eliminating the necessity of
initial experimentation for designing the structural joint. Section 4.3.4 have also proposed
a novel FEM model for strength prediction of an electromagnetically crimped smooth-
surfaced tube-to-tube joint using the LS-Dyna ™ EM module. However, the EM module
has limitations of using only brick meshing in the model, which creates complexities while

meshing threaded geometries. Therefore, the LS-Dyna ™ EM module cannot be used for
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the strength prediction of EMCT3 joints. Hence, a different methodology is required.
Therefore, we have developed a non-coupled multi-step simulation model in two steps,
as discussed in the flow chart in Fig. 5.3. During strength prediction simulation, the second
step of calculating mechanical deformation, as discussed in the previous section, is
performed in two sub-steps. Electromagnetic crimping due to the magnetic pressure is
performed in the first sub-step, and destructive testing of the EMCT3 joint is performed
in the second sub-step. The mechanical solver in Ansys explicit dynamics uses a transient
dynamic equilibrium equation to compute deformation at each time step during the
second step. Boundary conditions are implied as per the real-life destructive testing
experimental conditions, as shown in Fig. 5.6. On the one end of the joint, translational
constraints are used in the x, y, and z directions for set nodes of the end, while on the other
end, translational constraints are implemented in the x and z directions. A 0.5 mm/sec
pull-out speed is applied on the end in the y-direction. Modelling the contact between the
outer and inner surfaces of the inner and outer tubes, respectively, is an essential part of
this simulation model. The simulation model has implemented an explicit general contact
algorithm, which automatically defines all the surfaces. The friction coefficient is essential
for defining contact, so it must be chosen wisely. It is difficult to calculate the actual value
of the friction coefficient between both the surfaces in contact. So, the simulation model is
calibrated as per the experimentally obtained results. For friction coefficient 0.35,
simulation results become closest to the experimentally observed result. Hence, we have

chosen a friction coefficient of 0.35 in the simulation model for all the discharge energies.

Destructive

testing load Time varying pressure uniformly

distributed on the crimping zone

Ux=0, Uy=0 and

i X Uz=0
Ux=0 and Uz=0 Crimping/
® Pull-out testing Working zone (.
® Compression testing Y

Fig. 5.6 Representation of boundary conditions for strength prediction simulation as per
experimental conditions

5.3 Results and Discussion
It is observed that the magnetic field (H) follows the same pattern as the input discharge
current and reaches maxima when the current reaches maxima at 1.4 X 107> s during

Maxwell simulation. The solution converges at a mesh with 5000 elements. Timestep
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refinement is automatically controlled as per the refined mesh by ANSYS Maxwell, and
the optimum time step is chosen. The magnetic field data is converted to corresponding
magnetic pressure by using the equation (2.14). The maximum magnetic field and
corresponding maximum pressure variation along the axis of the Cu-SS EMCT3 joint are

plotted in Fig. 5.7 (a) and (b).
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Fig. 5.7 (a) Maximum magnetic field and (b) maximum magnetic pressure variation at
the time of maxima (1.4 X 10™°s) along the axis of Cu-SS EMCT3 joint and (c) magnetic
field and corresponding (d) magnetic pressure variation with time, average out over the

crimping zone
The maximum pressure is observed between 35 mm and 55 mm (crimping zone) due to
the magnetic field concentration in the working zone caused by the field shaper. The

variation of the magnetic field and the corresponding magnetic pressure with time,

averaged out for the crimping zone, is shown in Fig. 5.7 (c) and (d). This time-varying
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pressure data for the crimping zone is given as input in ANSYS explicit dynamics.
Convergence analysis is also performed for Explicit dynamics to use suitable mesh and
time step size for getting accurate results. Experiments are performed at three discharge
energies (3.4 kJ, 3.9 kJ, and 4.4 kJ) and repeated thrice to ensure repeatability of the results.
Experimentally obtained EMCT3 samples for four-thread pitch sizes at 3.9 k] discharge

energy are shown in Fig. 5.8.

(d)

Fig. 5.8 EMC crimped samples at 3.9 kJ of discharge energy for four different pitches (a)
0.75 mm, (b) 1 mm, (c) 1.25 mm, and (d) 1.5 mm

5.3.1 Experimental validation of FEM simulation for predicting deformation and
strength of EMCT3 joint

5.3.1.1 Deformation analysis for EMCT3 joint

The deformation analysis is done for different combinations of pitches of thread and
different discharge energies, i.e., for combinations of discharge energies 3.4 kJ, 3.9 k] and
4.4 kJ with pitches of the thread 0.75 mm, 1 mm, 1.25 mm and 1.5 mm. The height of the
outer tube material, which deforms into the thread, is measured as h., as shown in Fig.
5.9. Dimensions of the various threads are shown in Table 5.1. With increasing discharge
energy, the amount of deformation of the outer tube also increases. The maximum
deformation is observed at a discharge energy of 4.4 k]. No permanent deformation is
observed in the inner SS tube as it only undergoes elastic deformation during the crimping
process. The amount of material of the outer tube entering the thread is also found to be
increasing with the pitch of the thread. The deformation is averaged over the crimping

zone length to calculate h,.
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Deformed Cu
tube material

SS thread

Fig. 5.9 Sectional view of simulated Cu-SS crimped sample showcasing deformation of Cu
tube material in between SS threads to calculate deformation height h,

Table 5.1 Dimensions of the thread at various pitch

Pitch h¢ (mm) P (mm)
0.75 0.6495 0.75

1 0.866 1

1.25 1.0825 1.25

1.5 1.299 1.5

5.3.1.2 Experimental validation of deformation analysis of EMCT3 joint

The deformation is measured in the crimping zone for section B-B, as shown in Fig. 5.2.
The outer diameter of the outer tube and its average thickness over length is studied
experimentally using an optical microscope with 10 X magnification. Deformation
increases proportionally with the discharge energy and the pitch of the thread. Fig. 5.10
shows the comparison of values obtained from experimental observation and simulation.

Three repetitions are made for each observation. The experiment and simulation values
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are in good agreement for all pitch and discharge energy combinations. Furthermore, the
sectional view is compared by fitting half portions onto each other, and no deformation in
the SS 304 tube is observed, along with an overestimation of results in simulation, as
shown in Fig. 5.11 and Fig. 5.12.
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Fig. 5.10 Experiment and Simulation values of k. for a pitch of thread (a) 0.75mm (b) 1
mm (c) 1.25mm (d) 1.5mm
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Fig. 5.11 Comparison of the experimentally obtained transverse cross-section of the
EMCT3 joint sample with the simulated sample in the crimping zone at 4.4 k] of
discharge energy and 1 mm of pitch

170.4°

Fig. 5.12 Comparison of radial deformation of experimentally obtained EMCT3 joint
sample with the simulated sample at 4.4 kJ of discharge energy and 1 mm of pitch

The validations showcase the credibility of the non-coupled simulation model for the

EMCT3 joint.

5.3.1.3 Strength prediction, along with experimental validation of EMCTS3 joint

Experiments and strength prediction simulations are performed. Table 5.2 summarises the
maximum pull-out strength values of the EMCT3 joint experimentally. Fig. 5.13 compare
numerically predicted and experimentally observed pull-out strength values of the
EMCTS3 joint at various pitch values for 3.9 k] and 4.4 k] of discharge energy. Calculated
and experimentally observed results are in good agreement with an error of 1.15%-9.2%
for pull-out strength. The maximum strength is achieved at 4.4 k] of discharge energy. Fig.
5.14 and 5.15 show the EMCT3 samples for 1 mm pitch at 3.9 k] and 4.4 kJ. Two different
failure modes are obtained in simulation as well as experiment, detachment failure mode

and crack failure mode.
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Table 5.2 Maximum pull-out load variation with discharge energy and pitch of the
thread in the experiment

Pitch (mm) [ 0.75 1 1.25 15
Energy (k])
3.4 2.5kN 1kN 0.7 kN 1.2 kN
39 5kN 8 kN 57 kN 6 kN
44 8 kN 83kN 8.37 kN 6.9kN

! " T Eerment

I . xXperimen
6 - B B

~
1

Maximum pull-out load (kN)
w £ (3] [}
1 1 1

N
Maximum pull-out load (kN)

0.75 1 1.25 15 0.75 1 125 15
Pitch (mm) Pitch (mm)

(a) (b)

Fig. 5.13 Comparison of experimental and simulation values of the maximum pull-out
test at (a) 3.9 k] and (b) 4.4 k] of discharge energies for all the pitches

Crimping zone

Fig. 5.14 Detachment failure mode in (a) experiment and (b) simulation for 1 mm
threaded pitch for 3.9 kJ of discharge energy
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Fig. 5.15 Crack failure mode in (a) experimental and (b) simulation for 1 mm threaded
pitch for 4.4 k] of discharge energy

The pull-out load vs extension graphs for 3.4 kJ, 3.9 k] and 4.4 k] for four pitch values (0.75
mm, 1 mm, 1.25 mm and 1.5 mm) are shown in Fig. 5.16. At 3.4 kJ of discharge energy, the
maximum pull-out strength of 2.5 kN is achieved for a pitch size of 0.75 mm among
pitches. At 3.9 k] of discharge energy, the maximum pull-out strength of 8 kN is achieved
for a pitch size of 1 mm. However, at 4.4 k] of discharge energy, maximum pull-out
strength of 8.37 kN is achieved for a pitch size of 1.25 mm, with samples of 1 mm and 1.25
mm pitch failing through base copper tube failure. i.e. the joint strength is obtained to be

higher than the base tube strength.
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Fig. 5.16 Pull-out load vs extension plot (experimental) at (a) 3.4 kJ, (b) 3.9 k] and (c) 4.4
k] of discharge energy for thread profiles of different pitch

Fig. 5.17 indicates that for a particular pitch, the pull-out strength of the EMC crimped

joint increases with an increase in discharge energy, which can be explained as follows:

increment of discharge energy leads to increment in the radial deformation of the tubes.

This increases interference pressure, and hence pull-out load also increases. Therefore, at

every pitch, maximum strength is achieved at maximum energy in the experiment. Two

different failure modes are observed during the pull-out test.

e Separation/detachment failure mode (joint failure): Joint strength is lower than the

tensile strength of the base copper tube, which leads to detachment of the two

joining partners. This failure occurs for all discharge energies except for 4.4 kJ of

discharge energy with 1 mm and 1.25 mm pitch, as shown in Fig. 5.19

e Crack failure mode (tube failure): Joint strength is higher than the tensile strength

of the base copper tube. This failure occurs for 4.4 kJ of discharge energy with 1
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mm and 1.25 mm pitch.), as shown in Fig. 5.20 (a-b), due to a fracture in the base

copper tube.
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Fig. 5.17 Pull-out load vs extension plot (experimental) at (a) 0.75 mm, (b) 1 mm, (c) 1.25
mm and (d) 1.5 mm of pitch for three different discharge energies

(b)

pitch of (a) 1 mm and (b) 1.25 mm
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Fig. 5.17 further show that the pull-out load-extension curve has followed a repetitive
cyclic pattern for the threaded surface. This is because there is an increase of pull-out load
in the separation mode due to the sticking of the outer copper tube onto the crest and root
of the threads on the inner SS tube, followed by a release of the load due to the wear
mechanism. However, no zig-zag pattern is observed for samples at discharge energy of
4.0 k] with the pitch of 1 mm and 1.25 mm, as shown in Fig. 5.17 (b-c), because in this case,
failure occurs due to a crack of the copper tube before initiation of any relative motion

between joining partners.

5.3.1.4 Expressing the effect of pitch and discharge energy on deformation and strength

of EMCTS3 joint in empirical relations

Deriving Empirical relations from experimental data of deformation

An empirical relation is developed in MATLAB Curve fitting using the experimental data
to predict the probability and distribution of the outcome (deformation and strength)
when the process parameters vary in a range which has been further validated by varying
the process parameters in a range and obtaining its results through numerical simulations
and comparing it with predicted results from the empirical relations. Two different curve
fitting methods are used. In the Bisquare method, a weighted sum of squares of the
differences between fitted and experimental values are minimised, whereas, in the LAR
method, the absolute differences between fitted and experimental values are minimised.
The distance of the data point from the fitted line determines the weight of the point.
Points closer to the line get the full weight, and those away from the line get reduced
weight. Zero weight is given to points that are farther from the line than expected [134].
When a simple empirical model is required, polynomials are often preferred. Polynomial
tits provide reasonable flexibility for less complex data, making the fitting process simple.
They do have a disadvantage of unstable high-degree fits. Also, they can provide a good
fit within the data range, but they may diverge wildly outside that range.

Here, the prediction is made only inside the range of the upper and lower bounds of pitch
(0.75-1.5 mm) and discharge energies (3.4 kJ-44 kJ) used in the experiment. If the
deformation is denoted by h., the pitch is denoted by P, and the discharge energy is

denoted by E; the empirical relation can be expressed in the form,

he = agp + a;oP + ag1E + ayoP? + a1 PE + agyE? + azoP3 + a1 P2E + a,,PE? (5.1)
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The coefficients (with 95% confidence bounds) derived using the bisquare method are
shown in Table 5.3. The curve fitted using the Bisquare method is shown in Fig. 5.20. The
black dots represent the experimental data points. The coefficients (with 95% confidence
bounds) derived using the LAR method are shown in Table 5.4. The curve fitted using the
LAR method is shown in Fig. 5.21. The black dots represent the experimental data points.
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Fig. 5.20 Obtained solution surface through curve fitting using bisquare method
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Fig. 5.21 Obtained solution surface through curve fitting using LAR method
Table 5.3 Coefficients of empirical relation fitted using bisquare method
Qoo Qo1 Qo2 Q10 a1 a2 az0 az1 a3
1.168 -0.8989 | 0.09493 | -0.7936 | 1.306 -0.0889 | -1.17 -0.2807 | 0.6659
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Table 5.4 Coefficients of empirical relation fitted using LAR method

Qoo Qo1 Qo2 aip aiq aip Qzo azq Qso

1.947 -1.265 | 0.14 -1.673 | 1.673 -0.133 | -1.023 | -0.2874 | 0.6293

Validation of the obtained empirical relation with simulation

The L; error norm of the developed relations is calculated using the equation:

i (hey, ~he, )

N 2 ’
i=1 hcei

(5.2)

L,error =

where i denotes a particular combination of discharge energy and pitch, h_is h.from
A
simulation for it case, h¢, is h.from empirical relation for the it case. The L,error norm for
L

the Bisquare method is calculated to be 8.77 X 10~° and the L,error norm for the LAR
method is calculated to be 1.2074 x 10~*. This error is calculated over the 30 combinations
of pitch and discharge energies, i.e. for combinations of discharge energies 3.4 k], 3.65 kJ,
3.9kJ, 4.15 k], and 4.4 k] with pitches of the thread 0.75mm, 1mm, 1.15mm, 1.25mm, 1.4mm
and 1.5mm. The deformation predicted by the empirical relations is validated using
simulations for the above combination of six pitches and five discharge energies, including
two new intermediate pitches (1.15 mm and 1.4 mm) and two new intermediate discharge
energies (3.65 k] and 4.15 kJ). Considering the lower error norm of the Bisquare method
as compared to the LAR method, empirical relation obtained from the Bisquare method is
preferred. Fig. 5.22 shows the variation of h, with discharge energy for different pitches,
and Fig. 5.23 shows the variation of h, with the pitch of the thread for different discharge
energies. The markers represent the simulation data, and the lines represent the predicted
values by the empirical relation. Both Fig. 5.22 and Fig. 5.23 perfectly match the empirical
relation derived from experimental data and the numerical simulations using ANSYS
Maxwell and ANSYS explicit dynamics. There is also a consistent match between
empirically predicted deformation and numerically simulated deformations for the
discharge energies of 3.65 kJ and 4.15 kJ and pitches of 1.15 mm and 1.4 mm. These data
sets are not used while deriving the empirical relations from experimental results.
Therefore, the empirical relation is proven to be successful in predicting h, within the

range of discharge energies.
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Fig. 5.23 Deformation vs pitch of thread for different discharge energies

Deriving Empirical relations from experimental data of pull-out strength

Here, the prediction is made only inside the range of the upper and lower bounds of pitch

(0.75-1.5 mm) and discharge energies (3.4 kJ-44 kJ) used in the experiment. If the
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Maximum pull-out load is denoted by L, 4, the pitch is denoted by P, and the discharge

energy is denoted by E; the empirical relation can be expressed in the form,
Lmax = boo + blOP + bOlE + bzon + b11PE + b02E2. (53)

The coefficients (with 95% confidence bounds) derived using the bisquare method are
shown in Table 5.5. The curve fitted using the Bisquare method is shown in Fig. 5.24. The
black dots represent the experimental data points. The coefficients (with 95% confidence
bounds) derived using LAR method are shown in Table 5.6. The curve fitted using the
LAR method is shown in Fig. 5.25. The black dots represent the experimental data points.
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Fig. 5.24 Obtained solution surface through curve fitting using bisquare method
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Fig. 5.25 Obtained solution surface through curve fitting using LAR method
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Table 5.5 Coefficients of empirical relation fitted using bisquare method
boo bo4 b by b1, b2

-115.3 55.2 -6.197 2418 -0.2414 | -0.8572

Table 5.6 Coefficients of empirical relation fitted using LAR method
boo bo1 boz bio b11 bo

-125.3 56.78 -6.159 11.67 -1.437 -2.371

5.3.1.5 Effect of thread angle on deformation height (h.)

All previous analysis has been performed considering the thread angle of 60° for the
threaded surface profile of the inner SS304 tube. The only discussed variables are the
discharge energy and the pitch. So, for further analysis of the EMCT3 joint, the effect of
the thread angle on the deformation height (h.) produced is also discussed. Five different
thread angles (45°, 52.5°, 60°, 67.5° and 75°) are selected. Table 5.7 shows the process

parameters under consideration.

Table 5.7 Parameters of the process

Discharge Energy | Pitch of Thread | Thread Angle
3.4Kk] 0.75mm 45°
3.9Kk] 1mm 52.5°
4.4K] 1.25mm 60°
1.5mm 67.5°
jio*

Simulations are run for the three variables' 48 combinations (3x4%4 (cases for 60° are
already discussed in section 5.3.1.1)). The deformation is plotted against the thread angle
for different discharge energies while keeping the pitch of the thread constant. The results
are plotted in Fig. 5.26. For a particular thread pitch and specific discharge energy, the
deformation height increases with the thread angle at first, reaches a maximum, and then
decreases. This trend is followed for all selected discharge energies for a constant pitch.
The thread with the highest angle (75°) has a lower thread depth to be filled by the

deformed outer Cu tube. The thread depth increases with a decrease in thread angle, and
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therefore an increment in deformation height is observed with a decrease in thread angle.
However, threads with lower angles have a steeper slope because hypotenuses increase
with a decrease in thread angle, due to which the friction resistance towards the
deformation of the outer Cu tube onto the thread also increases, which restricts further
deformation. Furthermore, threads below 60° have a depth more than the thickness of the
outer Cu tube beyond that point, force-fit joining transitions into form-fit joining, which

requires a higher amount of discharge energy and; hence at particular discharge energy,

there is a further decrement in deformation height.
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Fig. 5.26 Variation of deformation height with thread angle for (a) 0.75mm, (b) Imm, (c)
1.25mm and (d) 1.5mm of thread pitch values

Fig. 5.27 showcases the variation of maximum pull-out load with thread angle at a
constant pitch of 1 mm in simulation and experiment. It is observed that at lower discharge
energy (3.4 kJ), the EMCT3 joint with the highest thread angle provides the maximum
strength as the thread with the highest angle (75°) has a lower thread depth to be filled by
the deformed outer Cu tube leading to higher surface contact between the two workpieces

causing higher strength. After that, the highest strength is observed for the lowest thread
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angle (45°), which offers higher resistance to the relative movement between two
workpieces as threads with lower angles have a steeper slope due to which the component
of frictional force towards the axial direction is higher, causing higher pull-out strength.
However, when the discharge energy is further increased to 3.9 kJ, the maximum strength
obtained is shifted from the thread angle of 75° to 67.5°. This can be well explained by two
contradicting physical phenomena using Fig 5.28: 1) the component of frictional force in
the axial direction, which contributes toward the pullout strength of the EMCT3 joint,
increases with an increase in thread angle (Fig. 5.28 (a)). Hence pull-out strength should
increase with the increase in thread angle. 2) On the other hand, with the decrease in
thread angle, the depth of the thread increases, which provides an opportunity for more
interference fit. Furthermore, as the base (pitch) is the same in Fig. 5.28 (b), the
hypotenuses increase with a decrease in thread angle, leading to higher contact length,
which causes higher frictional force and hence higher pull-out strength. As a combined
result of these two opposite contributing factors, intermediate thread angles (60° or 67.5 °)

provide the best performance at higher discharge energies.
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Fig. 5.27 Comparison of maximum pull-out load results obtained from experiment and
simulations for five different thread angles and at 1 mm of thread pitch at (a) 3.4 k] and
(b) 3.9 kJ and (c) 4.4 kJ of discharge energies
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Fig. 5.28 Image showcasing (a) dependency of the axial component of the frictional force
on the thread angle and (b) variation of contact length due to variation in thread angle

5.3.1.6 ANOVA analysis to address the relative contribution of different process
parameters on the pull-out strength of the EMCTS3 joint

The pull strength testing is performed experimentally for all three variables' 48
combinations (3x4x4 (cases for 60° are already discussed in section 5.3.1.3)), and a
statistical approach is used to clarify the relative effects of different processes parameters
on the pull-out strength of the EMCT3 joint. Hence a three-factor Analysis of variance
(ANOVA) method is used on the obtained dataset to investigate the effect of multiple
parameters, namely pitch, thread angle and discharge energy, on the strength using the
ANOVA module in the Minitab software. It is a statistical tool to split the aggregate
variability present inside a dataset into random and systematic factors. A list of
influencing factors and their corresponding levels affecting the responses are shown in
Table 5.8. The influencing factors are 3 discharge energy values (3.4 kJ, 3.9 k] and 4.4 kJ),
4 different pitches (0.75 mm, 1 mm, 1.25 mm and 1.5 mm) and 5 different thread angles
(45°, 52.5°, 60°, 67.5° and 75°). Table 5.9 comprises the degrees of freedom (DF),
contribution %, the sum of squares (SS), the sum of mean squares (MS), Fisher (F) value

and pre-set confidence (P) value. Error represents the consideration of trials.
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Table 5.8 Influencing factors and levels affecting the EMCT3 joining process
Symbols | Factors Levels
1 2 3 4 5
A Discharge energy (A) | 3.4 k] 3.9KJ 4.4K]
B Pitch of the thread (B) | 0.75 mm | 1 mm 1.25mm | 1.5 mm
C Angle of the thread | 45° 52.5° 60° 67.5° 75°
©
Table 5.9 Analysis of Variance for Transformed Response
Source DF | Contribution |SS MS E-Value | P-Value
%
Discharge Energy | 2 32.99% 2.8925 | 1.44625 |128.17 | 0.000
Pitch of the thread | 3 41.35% 3.6251 | 1.20838 | 107.09 | 0.000
Thread angle 4 19.22% 1.6847 | 042118 |37.33 0.000
Error 50 6.44% 0.5642 | 0.01128
Total 59 100.00%

The significance of the influence of the factors can be determined by comparing the F-
value with the corresponding critical F-value at a 99% confidence level. All the obtained
F-values are higher than their corresponding critical F-value, which implies that both the
factors and their interplay significantly affect the response, i.e. the joint strength of the Cu-
SS tubular Joint. Their corresponding p-values can further clarify it as all p-values are
smaller than 0.05 satisfying the 95% confidence level. The contribution % of factors A, B,
and C are calculated to be 32.99%, 41.35%, and 19.22 %, respectively. Hence it can be
shown that the pitch of the thread has a more significant impact on the response variable

(pull-out strength of EMCT3 joint) than the discharge energy and thread angle.
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5.4 Conclusions

¢ A non-coupled multi-step simulation model is developed using Ansys Maxwell
and Ansys explicit dynamics to predict the deformation and joint strength of an
EMCTS3 joint. The simulations are done for multiple combinations of discharge
energies and pitches of the thread. The calculated deformation of the tube is in
good agreement with the experiments. The predicted strengths have shown an
error of 1-9% compared with the experimental results.

e EMCT3 joint samples are failed through the separation failure mechanism, leading
to relative motion between the Cu and SS 304 tubes in the axial direction during
pull-out test samples at low energies. This behaviour is observed in both
experiments and simulations. However, simulation of higher energy samples (4.4
k] for 1 mm and 1.25 pitch) show base Cu tube crack failure mode leading to tube
failure instead of joint showcasing joint strength to be higher than the base Cu tube
strength, and the same has been validated through experimental results.

e An empirical relation is developed from the experimental data by curve fitting
using the bisquare and LAR methods. Bisquare method has a lesser L,error norm,
so it is preferred as the predicting relation. These empirically obtained
deformations also closely match with the FEM-simulated deformations. The
empirically predicted deformation values are further validated with FEM
simulations for intermediate pitches and discharge energies, which have not been
considered in deriving the empirical relation.

e Three factor ANOVA method shows that the pitch of the thread contributes more
to the strength of the EMCT3 joint than the pitch of the thread and discharge

energy.
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6 Electromagnetically Assisted Adhesive Joining (EAAJ)

6.1 Introduction

Chapters 3, 4 and 5 propose the various aspects of an improved multi-material Cu-SS tube-
to-tube joint created using the EMC technique with the experimental and numerical
investigation. The produced joints have good strength in the case of smooth surfaced
joints, but joint strength increases to the base Cu tube failure strength with the use of a
threaded surface for the outer surface of the inner SS tube. However, EMC tubular joints
can only be used for structural applications as the absence of metallurgical bonding leads
to a lack of leak tightness and makes them unfit for piping applications. EMW joints are
recommended for such purposes, as demonstrated by Patra et al. [44], but that requires a
heavy initial investment in terms of large capacitor banks to accelerate the flyer workpiece
to a velocity higher than the critical velocity (velocity of the impact of flyer workpiece onto
target workpiece leading to the formation of a metallic bond between two workpieces).
Hybrid joining techniques can be developed to counter such disadvantages to achieve
leak-tight tubular joints with higher strength at lower discharge energy levels and lower

initial investment while keeping all the benefits of multi-material unconventional joining.

Therefore, an alternative approach can be employed to join different tubular components
using adhesives, and in recent years the applications of adhesives have significantly
increased, as discussed by Amancio et al. [135] and Petrie et al. [136]. Joining with
adhesives has its advantages and disadvantages. Adhesive joints do not require any
additional components; they are easy to assemble and lead to a lightweight structure, as
talked about by Martinsen et al. [137] and Silva et al. [138]. However, Gallio et al. say that
an adhesive joint may lead to durability issues and lower joint strength [139]. These
demerits can be overcome by combining adhesive joining with another joining technique
(mechanical fastening/conventional/non-conventual joining) to generate a hybrid joint,
leading to combining the benefits of multiple methods while overcoming their drawbacks,

as discussed vividly by Silva et al. [138] and Ufferman et al. [140].

Furthermore, Meschut et al. [141] and Silva et al. [138] have also concluded that multi-
material, multi-method hybrid joints can have the advantages of two different materials
and two different methods. Mechanical clamping is employed along with adhesive joining

by Silva et al. [138]. The author has observed that mechanical fasteners provide the
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necessary clamping force during the adhesives' curing process and restrict the parts from
moving. At the same time, the adhesives contribute to the joint and mechanical fastener's
shear strength and increase the energy absorption before the joint's complete failure
during destructive testing, as said by Slvial et al. [138] and Ufferman et al. et al. [140].
Multiple experiments have shown that adding adhesives into conventional interference-
tit joints significantly improves joint strength. Gallio et al. [142] and Kawamura et al. [142]
point out that the strength of such joints is the summation of resistance due to adhesives
and interference pressure. Dragoni et al. have also compared the static strength of a
tightened joint bonded with or without adhesive and observed that strength increases
with clamping force and applying strong anaerobic adhesive [144]. Corigliano et al. [145]
have investigated the effect of contact pressure on the shear strength of an anaerobic
adhesive layer of finite thickness and surface area. The analysis discusses two-component,
high strength, steel pressed, and bonded joint joined with weak and strong anaerobic
adhesive (Loctite 243 and Loctite 638). Authors have observed a 10 times increment in
shear strength with 1000 MPa and zero pressure conditions with the Loctite 638 adhesive.
Ragni et al. [146] have discussed the shear strength measurement in hybrid interfaces of
press-fitted cylindrical components bonded with strong adhesives (Loctite 638 and Loctite

648).

Furthermore, the authors have validated the applicability of the constitutive model
describing the interface behaviour by combining the cohesive and a pure friction law.
Castagnetti et al. [147] have further analysed the experimental responses of a pressure-
reinforced adhesively bonded interface up to complete failure. The authors have used two
types of adhesives (Loctite 243 and Loctite 638) and the nominal contact pressure as two
different parameters for this investigation. Castagnetti et al. discuss a steady increment in
shear strength with an increment in clamping pressure in a clamped adhesive friction
joint. Authors have emphasised using strong anaerobic adhesives instead of weak

anaerobic adhesives to maximise the strength increment with clamping pressure.

Furthermore, a micro-scale finite-element simulation model is developed to explain the
macroscopic behaviour [148]. Castagnetti et al. [149] have also designed an experimental
campaign including three different variables distributed over two levels to investigate a
micro-mechanical model proposed by Dragoni et al. [150], which explains the shear
strength provided by an anaerobic adhesive as a function of intimate properties of

adhesive adherents at the interface. Dragoni et al. [150] have analysed the static strength
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of an anaerobic adhesive-supplemented friction joint and observed that friction strength
is proportional to the clamping force, whereas the adhesive strength is independent of the
clamping force. Croccolo et al.have investigated the effect of the ratio of coupling length
and coupling diameter (engagement ratio) on the response of an anaerobic adhesive in a
press-fitted specimen and observed the shear strength of the joint to be negligibly
dependent on the engagement ratio [151]. Croccolo et al. [152] have further investigated
the effect of coupling techniques and interference levels on the shear strength of an
anaerobic Loctite 648 adhesive in a press-fitted adhesively joined shaft-hub assembly
made of 42CrMo4 tempered steel and 16CrNi4Pb hardened steel. Authors have observed
that the adhesive significantly enhances shear strength when clearance is induced to avoid

adhesive stripping during assembling [152].

In this chapter, a novel hybrid joining technique has been successfully developed,
combining EMC techniques with adhesive joining, which has been named in this work as
electromagnetically assisted adhesive joining (EAA]J). Successful smooth-surfaced Cu-SS
tubular joints are created and compared with EMC joints to demonstrate the
improvements achieved over EMC with the application of adhesives. An acrylic-based
anaerobic adhesive is used in this process. Destructive testings (pull-out and compression)
are performed, and improvements in the strength with adhesive are highlighted. A two-
factor ANOVA analysis is also performed to calculate the contribution of adhesives and
discharge energy over pull-out and the compressive strength of the joint. Micro-hardness and
macrostructure are analysed for various discharge energy values. Furthermore, one
experimental setup has been developed to analyse improvement in air leak tightness due

to adhesives.

6.2 Working Principle

The basic working setup of the EAA] process is a modification over the EMC working
setup, as shown in Fig. 6.1. The current curve is shown in Fig. 6.2 after measuring with
the help of a Rogowski coil and an oscilloscope. Therefore in one hand, magnetic field
interaction leads to high Lorentz force generation, which results in plastic deformation.
This plastic deformation leads to interference pressure build-up between tubes which

contributes to developing joint strength.
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Fig. 6.1. Pictorial representation of the experimental setup demonstrating (a) the
placements of various components on setup, (b) Zoomed view showing the details and
(c) mechanism of EAA] indicating the flow of adhesives
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Fig. 6.2. The first pulse of the current waveform in the coil for three discharge energy
values observed through an oscilloscope

TH-3007_176103003



Electromagnetically Asisted Adhesive Joining (EAA]) 111

On the other hand, adhesive joining occurs which is based on developing an
intermolecular bond between the workpiece and the polymeric adhesive itself. Adhesive
goes through chemical and physical reactions for bond formation. It gets strongly affected
by the quality of the surface. In this case, the adhesive is applied between the outer and
inner tubes; the Interference condition creates a confined situation between tubes for the
anaerobic adhesive to cure effectively. Therefore, in this case, electromagnetic crimping
plays a significant role in facilitating the curing process of the anaerobic adhesive
effectively. However, applying adhesives in the entire working zone can significantly
reduce the plastic deformation of the outer tube due to the dampening effect of the highly
viscous adhesive between the outer and inner tube. The radial velocity of the outer tube
reduces significantly due to this dampening effect, causing less deformation leading to
lower residual stress and, eventually, lower joint strength. Therefore, the adhesive has
only been applied to a smaller portion of the working zone to enhance adhesive strength
and leak tightness without significantly reducing the interference-fit joint strength. Section
4.2.2 observes that electromagnetic forming is initiated from the free end of the outer tube
and moves towards the working zone (closed-end), squeezing the adhesives in between
tubes in the longitudinal and circumferential direction, as shown in Fig. 6.1 (c).
Circumferential movement of adhesives may lead to non-uniformity in the circumferential
deformation in the working zone, while the longitudinal movement of adhesives shifts the
adhesive application length inward without any significant loss of adhesives due to

squeezing. This is further discussed in section 6.4.4.

6.3 Materials and Methods

6.3.1. Formation of the electromagnetically assisted adhesive tube-to-tube joining
between Cu and SS tubes

6.3.1.1 Geometry and Materials of the Constituent Cu and SS tubes and Loctite 638
adhesives

A Cu tube is used as an outer tube, and SS 304 tube is used as an inner tube. Dimensions
of the workpiece, mechanical properties and chemical percentage are the same as
discussed in section 3.2.2. An acrylic-based anaerobic structural adhesive, Loctite 638, is
selected for this experiment based on its high-temperature resistance, small particle size
and low viscosity. Properties of the adhesive are shown in Table 6.1. It cures quickly in the

absence of air after getting in contact with the metal.
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Table 6.1 Properties of Loctite 638 adhesive used [ 153]

Adhesives Loctite 638

Technology Acrylic

Chemical type Urethane methacrylate
Appearance (uncured) Green liquid
Fluorescence Positive under UV light
Components One component- requires no mixing
Viscosity High

Cure Anaerobic

Secondary cure Activator

Application Retaining

Strength High

6.3.1.2 Experimental Set up for the formation of joint

Electromagnetically assisted adhesive joining is carried out on an electromagnetic forming

(EMF) machine.
.| All dimensions
Coil I are in mm
_“E'E'C‘_Sbaf‘i\ ! DOOQ™
————— 3
ot — ¥
F|d o ‘ s 2 3
ala g F‘ Q_ g ©
R -3
I
X ____/f

Quter tube U000 00U0O00UOUY  Inner tube
Fig. 6.3 Schematic diagram showing the dimensions of various parts in the EAA] setup

The coil setup is provisional, and it gets replaced after every 50 experiments. The smaller
coil has lower inductance loss; therefore, it works better due to lower losses on a smaller

electromagnetic forming setup of 10 k]J.

The detailed description of the dimensions of various components in this process is

demonstrated in Fig. 6.3. The adhesive is applied in the gap between the outer tube and
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the inner tube in the overlapped zone. The adhesive application length in the overlapped

area is 5 mm from the free end of the outer copper tube.

6.3.1.3 Preparation of Surface and Application of adhesives

Quality of the surface plays a vital role in deciding the strength of an adhesive joint.
Therefore, mechanical abrasion with various silicon carbide papers having grit size 80 is
used to remove any surface layer from the tubes. After the initial surface preparation,
tubes are cleaned in methyl alcohol to remove any dirt. A high-temperature resistant
Kapton tape is used as a spacer (see Fig. 6.1) between the tubes applied on the SS tube at
a distance of 5 mm from the working zone to avoid any effect on the deformation process.
A piece of masking tape is applied at the edge of the bonding area, and then adhesive
(Loctite 638) is deposited along that edge which is removed after the adhesive application
before joint formation and processing. After the deposition, copper and stainless-steel
tubes are placed coaxially, followed by co-axial placing with the coil and field-shaper
using Polytetrafluoroethylene (PTFE) fixtures. The overlapped length between the outer and
inner tube, also known as the working zone, is 20 mm. At the same time, the adhesive is applied only

up to alength of 5 mm from the free end of the copper tube in the working zone.

6.3.1.4 Other process parameters

After a few minutes of anaerobic adhesive settling, EMC is performed at 3 different
discharge energy values (3.9 kJ, 4.4 k] and 5.0 k). Since the adhesive is still in a semi-
solid/liquid state initially, a movement of the incompressible adhesive is observed in
longitudinal and circumferential direction due to the impact of the outer tube onto the
inner tube, causing non-uniformity in deformation in the adhesive application area.
Specified discharge energy values are decided after the initial screening and represent
62%, 66% and 70% of the capacitor charging, respectively. The range of discharge energy
is selected for this analysis is based on the range of pull-out strength being offered by the
EMC Cu-SS tubular joint. After 5.0 kJ, the rate of increment of pull-out strength with
increment in discharge energy is observed to be reduced. Although an increment in
discharge energy will increase the strength, only three values are used to compare EAA]
and EMC for simplicity. Samples are cured for 72 hours in the absence of air at room
temperature. Experiments are also performed without adhesives as electromagnetic
crimping to analyse the benefits of the improved hybrid joining method over the

electromagnetic crimping process.
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6.3.2 Experimental analysis of strength, hardness and leak-tightness for
the electromagnetically assisted adhesive tube-to-tube joint

6.3.2.1 Strength testing: (i) pull-out test, (ii) compression test, microhardness and
deformation analysis

Two destructive tests evaluate the joint strength of Cu-SS tubular adhesive joints, viz, (i)
Pull out test and (ii) Compression test. The procedures are discussed in section 3.2.3.1 and
section 3.2.3.3, respectively. Furthermore, microhardness and deformation analysis is

performed as per section 3.2.3 4.

6.3.2.2 Leak testing setup

Precision
manometer

 —
Pressurised air
from compressor

A
———
\
- x:d

(- Sample with
Pressure clinched end
relief valve

Cut-off valve

Fig. 6.4 Schematic diagram of the air leak test setup

An air leak testing setup has been developed to check the leak tightness of joined samples.
A schematic of the leak testing setup is shown in Fig. 6.4. The setup comprises of a cut-off
valve, a precision manometer, a pressure relief valve and one tubular connection leading
to clinched hybrid joint samples. The outer Cu tube end is clinched and then brazed so
that the other end can be closed and leakage in the tube joining region can be identified.
Total 18 {2 processes (EAA] and EMC) x 3 discharge energy x 3 repeatitions} samples are
prepared, including three repetitions to ensure repeatability of the results. The leak test is
performed at 8 bar air pressure. Non-destructive leak tightness inspection has been carried

out.

Initially, samples are inspected by the bubble test. Samples are submerged inside water in
the tank, and pressurised air is passed to the clinched sample. Any present leakage will
lead to the escape of pressurised air resulting in bubble formation, as discussed by
Kalpakjain et al. [154]. This test can help to determine the location of the leak, but the test
only gives qualitative results. Therefore, after the initial inspection, an air pressure decay

test is performed. In this method, samples are pressurised until a threshold value of
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pressure is reached, and then the supply of pressurised air is cut off so that the only way
the air can get out is through leaks (if present). The presence of any leak will lead to a
reduction of the air pressure in the system. This air pressure decay test offers a quantitative
measurement of leakage. An energy equivalent measure of leak rate Q (in Watt) can be

calculated as

Q=—r (6-1)

where Ap represents the pressure drop across the elapsed time ¢, V represents the pressurised air

volume. Calculated Q for EAAJ as well as EMC crimped joint is compared with industry standards.

6.4 Results and Discussion

Electromagnetically assisted adhesive joining is performed for 3 discharge energy values. Zoomed
5x view of the successfully joined samples at 4.4 k] discharge energy by EAAJ and EMC
method are shown in Fig. 6.5. A clear difference in the outer surface profile in the working zone is
observed. EAA] samples have a curved profile in the adhesive zone due to the non-uniform
distribution of adhesive and a smooth profile in the non-adhesive zone. However, a smooth profile
can be seen in the ECM samples due to uniform deformation across the crimping zone/working

zone.

© Deformed outer surface
profile of an EAAJ sample

@ Adhesive zone

© Non-adhesive zone
© Working zone

™ @ SStube

:‘ @ Cutube

@ Deformed outer surface
& profile of an EMC sample

I mm
—

@ Crimping zone

Fig. 6.5 Cu-SS tube-to-tube joined sample at 4.4 k] of discharge energy by (a) EAAJ and
(b) EMC method
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6.4.1 Pull-out testing results

6.4.1.1 Pull-out load variation and failure mode analysis

The pull-out load vs displacement curve and maximum Pull-out load without failure for
EAAJ and EMC joints for three different discharge energies are shown in Fig. 6.6 (a) and
(b), respectively. It can be observed from Fig. 6.6 (a) that a maximum pull-out load of 2.1
kN is obtained for an EMC joint at 5.0 kJ of discharge energy which is increased by 2.6
times to 5.3 kN with the use of adhesive in the case of hybrid EAA] joint. Two factors
contribute to the improvement of strength in EAAJ; Here, in addition to the attained
strength due to interference pressure resulting from electromagnetic crimping, strength is

also provided by structural adhesive.

—=— 5.0 kJ (EAAJ)
—e— 4.4 kJ (EAAJ)
—+—3.9kJ (EAAJ),
—+— 5.0 kJ (EMC)
—+— 4.4 kJ (EMC)
—<— 3.9 kJ (EMC)

[9)]
L

»

N

.
o]

Maximum pull-out load (kN)
w

!

'1 T T T T T T T 0‘
2 0 2 4 6 8 10 12 14 16 18 3.9 4.4 5
Extension (mm) Energy (kJ)
(a) (b)

Fig. 6.6 (a) Pull-out load vs extension plot and (b) maximum pull-out load comparison for with
and without adhesive joint at three different discharge energy values

Two significant load values can be observed during the pull-out test for EMC joint samples
in Fig. 6.6 (a). The first load value represents the point where the relative motion between
two joining components is initiated, and the second is the maximum pull-out load. The
first load can be critical in taking precautions before complete joint failure by early
identification of failure initiation. These two pull-out load values can be the same (in
EAA)J) or different (in EMC) for the tubular joints. The values are different in the smooth-
surfaced EM-crimped tubular joint due to the fretting and seizing effect, as discussed by
Kleiner et al. [57].

Furthermore, Fig. 6.6 (a) has the following observations:

(@) There are two peaks in the EMC graphs (green, purple and yellow) as there is a drop

in the pull-out load due to relative motion in EMC.
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(b) There is lesser deformation in EAA] (black, red and blue) for the same pull-out load
due to the dampening effect provided by the adhesives.

(c) To overcome this dampening effect, significant force is required with EAA]J, which is
evident by higher peaks in the load-extension graph for EAA]J.

(d) There is second peak in the graphs for EMC due to the presence of Kapton tube spacers
which restricts the relative axial motion of the Cu tube. For EAA], the load attained in

the first peak is high enough to overcome this restriction of the Kapton tube.

It can also be observed from Fig. 6.6 (b) that an increase in discharge energy leads to increased joint
strength due to the enhancement of interference pressure resulting from increased radial
deformation and subsequent elastic recovery. In EAA]J joints, failure is restrained by two
resistive forces. One resistive force is between adhesive and adherents (Cu and SS tubes)
due to adhesion. Another resistive force is due to the interference pressure created by
electromagnetic crimping. Adhesive joining is observed to be failed by a combination of
adhesive and cohesive failure, which is evident in the failed samples at 4.4 k] of discharge
energy, as shown by Fig. 6.7. Adhesive failure is the failure at the interface between
adhesive and adherend, leading to a complete adhesive layer removal from the adherend
surface [155]. At the same time, a cohesive failure is the failure of the adhesive layer, which
results in sticking an adhesive layer on to the substrate surface [156]. All the tests are
performed thrice to ensure repeatability. If the discharge energy is further increased, it will increase
the pull-out strength until it reaches the failure strength of the parent copper tube, as discussed in
section 3.3.1.

T — S Adhesive failure

Cohesive failure

Adhesive IayEi" ‘

EO gz (T B | T —————
S ‘ V -‘ < .' l

Outer tue Spacer Inner tube

Adhesive zone
Squeezed out adhesive due to impact

Fig. 6.7 Sliding failure sample at 4.4 kJ of discharge energy for (a) EAA] sample, (b) EMC sample

6.4.1.2 Statistical analysis
It is observed that both factors (discharge energy and application of adhesives)

considerably affect the pull-out strength of the tubular joint. Therefore, to analyse and
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interpret the relative effects correctly, a statistical approach is necessary. Hence a two-
factor analysis of variance (ANOVA) method is implemented to investigate the
significance of both factors using the ANOVA module of Minitab software. Table 6.2
shows the list of influencing factors and their corresponding levels affecting the responses,
and the maximum pull-out load value at their corresponding factors are shown in Table
6.3. The results of the two-factor ANOVA analysis are shown in Table 10. The Table
comprises the degrees of freedom (DF), contribution %, the sum of squares (SS), the sum
of mean squares (MS), Fisher (F) value and pre-set confidence (P) value. A "x" symbol
represents the effect of the interplay between two factors, and error represents the
consideration of trials in Table 6.4. The significance of the influence of the factors can be
determined by comparing the F-value with the corresponding critical F-value at a 99%

confidence level.

Table 6.2 Influencing factors and levels affecting the Cu-SS tube-to-tube joining process

Symbols Factors Levels

Low (1) Medium (2) | High (3)
A Type of process EAA] EMC
B Discharge energy 3.9Kk] 4.4 K] 5.0k]J

Table 6.3 Maximum pull-out load values in kN at both influencing factors (type of
process and discharge energy) for three repetitions
Discharge energy | 3.9 kJ 44K 5.0k]J

Trials EAA] EMC EAA] EMC EAA] EMC
1 2.98 0.76 4.46 1.94 5.54 1.99
2 2.52 0.81 4.32 1.78 5.23 213
3 2.87 0.77 4.84 1.79 5.07 2.01

All the obtained F-values are higher than their corresponding critical F-value, which
implies that both the factors and their interplay significantly affect the response, i.e. the

joint strength of the Cu-SS tubular Joint. Their corresponding p-values can further clarify

TH-3007_176103003



Electromagnetically Asisted Adhesive Joining (EAA]) 119

it as all p-values are smaller than 0.01satisfying the 99% confidence level. The contribution
% of factor A (type of process) and factor B (discharge energy) are calculated to be 59.17%
and 33.10 %, respectively. Simultaneously, the interplay of the type of process and
discharge energy has a 7.33% contribution. Hence it can be shown that the type of the
process (with or without adhesive) has a lot more significant effect over the response
variable (pull-out strength) than the discharge energy or interplay between the type of

process and discharge energy.

Table 6.4 Analysis of Variance for Transformed Response

Source DF | Contribution | SS MS F-Value | P-Value
Type of process |1 | 59.17% 0.567 0.566779 1832.39 | 1.72x10-14
Energy 2 | 33.10% 0.317086 | 0.158543 512.57 2.40x1012
Type of process | 2 | 7.33% 0.070250 | 0.035125 113.56 1.60x108
x Energy

Error 12 | 0.39% 0.003712 | 0.000309

Total 17 | 100.00%

6.4.2 Compression testing results

6.4.2.1 Compressive load variation and failure mode analysis

This test comprises the compressive strength comparison for EAAJ and EMC joints at three
discharge energy values. Maximum compressive load of 1.5 kN is achieved at 5.0 k] of
discharge energy for an EMC crimped Cu-SS tubular joint, which is increased by 3.5 times
up to 5.2 kN with the application of adhesive in the hybrid joining technique as shown in the
load-compression graph (Fig. 6.8 (a)). Comparison of maximum compressive loads for
both the EMC and EAA]J joints is shown in Fig. 6.8 (b). Improvement in strength in EAA]
samples compared to EMC is provided by additional adhesive strength between adhesive

and adherends.
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Fig. 6.8 (a) Compressive load vs compression plot and (b) maximum compressive load comparison
plot for EAAJ and EMC joint at three different discharge energy values
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Fig.6.9 Sliding failure behavior being demonstrated by compression test sample (a) before the
test and (b) after test

An increment in strength in EMC and EAA] samples with discharge energy can also be
observed by Fig. 6.8 (b), which can be explained by an increment in interference stress due
to higher plastic deformation of the outer tube with an increase in the discharge energy.
Both types of samples are failed by the sliding failure method demonstrated by the relative
motion of Cu and SS tube into each other, as shown in Fig. 6.9. Results can be interpreted like
the pull-out test results. An increase in the discharge energy will increase the compressive
strength until it reaches up to the buckling strength of the parent copper tube, as discussed

in section 3.2.3.3. All the tests are performed thrice to ensure repeatability.

4.2.2 Statistical analysis

A two-factor analysis of variance (ANOVA) method is also performed to investigate the
significance of multiple factors (the type of process and discharge energy) on the
compressive strength. Table 6.5 shows the response values (maximum compressive load)
at both factors for three repetitions. Results of the statistical analysis are tabulated in Table

6.6. Symbols can be interpreted as discussed in section 6.4.1. Compressive strength is
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observed to be contributed by 87.57% by the type of the process and by 11.38% by the
discharge energy, as shown in Table 6.6. The results clarify that factor A (type of process)
is more significant over the response variable (compressive strength) than the discharge

energy or interplay between the type of process and discharge energy.

Table 6.5 Maximum compressive load values in kN at both influencing factors (type of
process and discharge energy) for three repetitions

Discharge energy | 3.9 k] 4.4K]J 5.0k]J
Trials EAA] | EMC EAA] | EMC EAA] | EMC
1 321 0.74 463 1.12 5.04 1.50
2 3.44 0.75 455 1.18 5.48 147
3 2.83 0.62 435 0.98 5.56 143

Table 6.6 Analysis of Variance for Transformed Response

Source DF Contribution | SS MS F-Value | P-Value
Type of process L 87.57% 4.870 4.870 1711.37 | 2.58x1014
Energy 2 11.38% 0.633 0.316 111.22 1.80x108
Type of process x |2 0.43% 0.024 0.012 419 4.18x102
Energy

Error 12 0.61% 0.034 0.003

Total 17 100.00%

6.4.4 Deformation analysis

Transversely and longitudinally cut samples are photographed using an optical microscope at
a lower resolution, and dimensional measurements are taken using NIS imaging software.
Variation of outer diameter and thickness of the Cu tube with discharge energy for EAAJ and
EMC are shown in Fig. 6.10 (a) and (b), respectively. Deformation values obtained in different
zones of the EAA] sample are tabulated in Table 6.7, whereas, Cu-SS interface 5.0 k] of discharge
energy for EAAJ and EMC sample is shown in Fig. 6.11. Various zones of the EAAJ and EMC
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sample in the longitudinal direction are shown in Fig. 6.12. Outer diameter and thickness value

is significantly higher in the case of EAA] samples than in EMC samples because adhesives

restrict the deformation in the case of EAA]. The adhesive in between tubes acts as a dampener

during the deformation process. It slows the impact velocity of the outer tube leading to a

significant reduction in deformation, as shown in Fig. 6.11. A reduction in adhesive layer

thickness is observed with an increase in discharge energy due to higher magnetic pressure,

which further contributes to increasing the joint strength.
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Fig. 6.10 Variation of (a) outer diameter and (b) thickness of copper tube with discharge energy
for two processes in the working zone (for EAA] measurements are taken in the adhesive

zone)

Table 6.7 Results obtained from deformation analysis for EAA] samples

Discharge Outer diameter in the | Outer diameter in the | The thickness of the
energy (kJ]) | adhesive zone (mm) non-adhesive zone (mm) | adhesives layer (mm)
39 12.46 1213 0.31
44 12.32 12.04 0.27
5.0 12.18 11.93 0.20
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Fig. 6.11 Cu-SS interface at 5.0 k] of discharge energy for (a) EAAJ and (b) EMC

Furthermore, Fig. 6.11 also shows the effect of the slit of the field shaper; as discussed in section
4.3.2, the slit creates a non-uniformity in the Lorentz force in the circumferential direction
leading to non-uniformity in the radial deformation. In EAA], the impact of the outer tube
displaces the adhesive in between tubes in the longitudinal and circumferential direction.
Therefore, adhesive moves in the circumferential direction from the higher Lorentz force region
to the lower Lorentz force region, as shown in Fig. 6.11. Longitudinal movement of adhesives
can be observed in Fig. 6.12 as the adhesive particles close to the free end of the Cu tube gets
drifted away to the outside. Furthermore, the adhesive particles at the interface between the
non-adhesive zone get drifted towards the non-adhesive zone as the deformation of the Cu tube
begins at the free end and proceeds towards the working zone, as discussed in section 4.2.2.
Simultaneously, in the EMC samples, a uniform deformation is observed along the crimping
zone, as shown in Fig. 6.12 (b). The length of the crimping zone in EMC is observed to be more
than the length of the working zone in the EAA] sample, which the lower impact velocity can

justify in EAAJ samples due to adhesive dampening.
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Fig. 6.12 Axially cut Cu-SS interface at 5.0 k] of discharge energy for (a) EAA]J sample
showcasing non-adhesive and adhesive regions, (b) EMC sample showcasing crimping zone

6.4.3 Micro-hardness analysis

A transverse cut sample and an axially cut sample is used for Vicker's micro-hardness analysis.
For a transverse cut sample, measurements are taken at an interval of 200 pm throughout the
Cu-SS tubular joint sample thickness for both processes (EAAJ and EMC). The hardness value
of the parent copper and SS tube is 96.17 HV and 174.31 HV, respectively. Micro-hardness
variation at every 200 pm from the non-adhesive zone interface at 5.0 k] of discharge energy for
both samples is shown in Fig. 6.13. The maximum value of hardness is observed near the
interface. An increment in microhardness near the interface in both processes is observed due
to the high strain rate plastic deformation leading to strain hardening. A lower microhardness

value is observed in EAA]J (non-adhesive zone) than in EMC, with a decrement of 4%.

Furthermore, hardness measurements are also taken along the length in the working zone in the
Cu tube near the Cu-SS interface at different positions of importance in the base Cu tube, non-
adhesive zone and adhesive zone, as shown in Fig. 6.14. In the EAA]J sample, the adhesive zone
has a lower hardness value than the non-adhesive zone due to the lower deformation of the Cu
tube. At the same time, the EMC sample has a uniform hardness variation with the length due
to uniform deformation in the crimping zone. However, crimping initiates at the free end of the
Cu tube and move towards the crimping zone leading to higher deformation at the free end, as
discussed in section 4.2.2. Therefore, hardness tends to increase with length from the closed end

to the free end of the Cu tube in the crimping zone.
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Fig. 6.13 Micro-hardness variation at 5.0 k] of discharge energy across the interface at 100 gm
load with 20 s of dwell time
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Fig. 6.14 Variation of micro-hardness of Cu tube along the length in the working zone for both

processes (EAA] and EMC) at 5.0 k] of discharge energy

6.4.5 Leak test results

A leak test is performed as described in section 6.3.4.3. The results are quantified and

presented with air pressure decay rate. EAA] leak test sample at 3.4 k] of discharge energy is

shown in Fig. 6.15. Initial visual inspections are performed with the bubble test to identify
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the leaking location. EMC crimped samples have shown multiple leaking regions at the joint
interface leading to a large bubble formation due to voids between the Cu-SS interface in the
crimping zone. However, EAA] samples have shown a significant decrement in bubble
formation. Testing is performed thrice to ensure repeatability of the results. Leak test
results for both processes at three different discharge energy values are shown in Table 6.8.
A very substantial improvement in the air leak-tightness can be observed in EAA] samples
compared to EMC samples. A maximum air leak rate of 8.35 x 10 mbarl/s is obtained at
5.5 kJ of discharge energy for the EAAJ joint, which is 1000 times leak-tight than the EMC
sample same discharge energy. This is due to adhesives acting as a sealing material to fill
any gap between the Cu-SS interface in the overlapped region. An increment in leak
tightness with an increment in discharge energy can also be observed in Table 6.8 because
an increase in discharge energy leads to an increase in deformation resulting in higher
residual stress, which creates a higher interference fit, contributing to higher leak
tightness. Here 4.4 k] can be considered as a lower limiting discharge energy value to have

a proper leak tightness.

Overlapped region

Clinched end Copper tube

Length of adhesive application SS 304 tube

NrmeT

/A

e T

Fig. 6.15 Electromagnetically assisted adhesive Cu-SS joint sample at 3.4 kJ of discharge
energy for leak test

Table 6.8 Air leak rate in mbarl/sec at three different discharge energy for two different
processes at three repetitions of experiments

Discharge Joining Experiment 1 Experiment 2 Experiment 3

Energy (kJ) method

3.9 EAA] 2.14x108 1.86x10% 2.12x10°8
EMC 4.76x10° 6.32x10° 5.48x10°

4.4 EAA] 1.52x108 8.58x10 1.84x108
EMC 1.24x10-% 9.82x107 8.08x107

5.0 EAA] 9.22x10° 8.64x10 8.35x10-
EMC 1.38x10- 9.77x107 9.43x107
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6.5. Conclusions

In this chapter, an attempt has been made to investigate the novel hybrid joining process, EAAJ

experimentally, and its benefits over the EMC joining of Cu tube to SS tube. The main points can be

concluded as,

Pull-out and compressive strength have increased with an increase in discharge energy in both
joining processes. An increase in discharge energy leads to increased radial deformation resulting
in higher residual stress. Hence we have better joint strength due to higher interference pressure.
Pull-out strength has shown a significant increment by an average of 2.5 times in EAAJ compared
to EMC at different discharge energy ranges.

The statistical analysis has calculated that the type of process contributes by 59.17% and discharge
energy contributes by 33.10 % to the pull-out strength of the Cu-SS tube-to-tube Joint.
Compressive strength has also shown a significant increment by 3.4 times in EAAJ compared to
EMC at different discharge energy ranges.

The statistical analysis has calculated that the type of process contributes by 87.57% and discharge
energy contributes by 11.38 % to the pull-out strength of the Cu-SS tube-to-tube Joint.

Therefore, pull-out and compressive strength results conclude that EAA] is better suited than EMC
for creating a Cu-SS tube-to-tube joint with higher joint strength.

Micro-hardness increment across the Cu-SS interface is observed due to the deformation of the
crimping layer and work hardening. EAA] samples tend to have a lower micro-hardness value (in
the non-adhesive zone) than EMC samples.

Lower deformation is observed in EAAJ compared to EMC due to the dampening of impact
velocity by adhesives in the overlapped region.

Leak test results have shown a significant improvement in the case of EAAJ joints compared to

EMC joints. With the application of adhesives, leak tightness is improved by 1000 times.
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7 Effect of Process Parameters on the Joint Strength and
Leak Tightness in EAA]

7.1 Introduction

In previous chapter 6, a novel hybrid joining technique, EAA]J, is developed to overcome
the shortcomings of a traditional EMC joint. An increment in pull-out and compressive
strength by 2 to 3 times is observed, along with an improvement in leak tightness by 1000
times in the case of the EAA] joint compared to EMC joint. This chapter focuses on further
improving and optimising the various aspects of the EAA]J process using the obtained
information from the EMC process in chapters 3, 4 and 5. Therefore, the current chapter
mainly focuses on performing a detailed experimental investigation to study the effect of
various process parameters (discharge energy, adhesive application length, types of
adhesives and curing time) on EAA] joint characteristics leading to optimization of the
process. Pull-out and compression test is performed to investigate the joint strength and
joint failure behaviour. Statistical analysis is performed to study the contribution of
different parameters on joint strength. Micro-hardness and deformation analysis are also
performed to characterise the Cu-SS hybrid tube-to-tube joint. Furthermore, an air leak
testing setup has been developed, and the leak tightness of the hybrid joint is measured

with an air pressure decay test.

7.2 Preparation of Electromagnetically Assisted Adhesive Cu-Ss Tube-To-Tube Joining
Process

7.2.1 Tube and adhesive materials

The working principle of the EAAJ process is already discussed in section 6.2. Cu and SS
tubes are selected here as outer and inner tubes based on their applicability in air
compressor tubular parts. Three adhesives (Loctite 638, Loctite 567 and Loctite SI 596) are
used. Loctite 638 is an acrylic-based green coloured one component structural adhesive
with a urethane methacrylate chemical type. Itis designed for the cylindrical bonding part.
It is an anaerobic adhesive which implies that it cures in the absence of air when confined
between metal surfaces in the closed fitting. This adhesive works with active metals like
Cu and passive substrates like SS. Loctite 567 is also an acrylic-based one-off-white paste
adhesive with a chemical type of methacrylate ester. It is purposed as a thread sealing

adhesive. It has robust curing performance, and this adhesive as well works for both active
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and passive substrates. This adhesive further offers high-temperature performance and a
suitable industrial plant fluid power system. Loctite 596 is a silicon-based one component
red coloured smooth flowable paste adhesive with a chemical type of acetoxy silicone.
This adhesive is used as a sealant to repair and assemble heating elements in electrical
appliances, boilers, ovens, industrial furnaces, and high-temperature ducting. It cures
when exposed to moisture in the presence of air to form a flexible, tough, oil-resistant

silicon rubber bond [153]. A detailed description of the properties of adhesives is shown

in Table 7.1.
Table 7.1 Properties of adhesives used in the experiment [153]
Adhesives Loctite 638 Loctite 567 Loctite SI 596
Technology Acrylic Acrylic Silicon
Chemical type Urethane Methacrylate ester | Acetoxy silicone
methacrylate
Appearance Green liquid Off-white paste Red smooth
(uncured) flowable paste
Fluorescence Positive under UV | NA NA
light
Components One component- | One component- | One  component-
requires no mixing | requires no mixing | requires no mixing
Viscosity High High High
Cure Anaerobic Anaerobic Room temperature
vulcanising (RVT)
Secondary cure Activator Activator Activator
Application Retaining Thread sealing Gasket sealing
Strength High Low Low
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7.2.2 Process parameters

Adhesives are kept between outer and inner tubes before the overlapped/working zone
deformation process, filling any gap between tubes after the deformation process.
Anaerobic adhesives get cured with time without air in the confined space. Joule's heating
loss leading to an increase in the temperature of various components involved during the
EAA]J process does not affect the adhesives properties or the strength of the adhesive joint
as the rise in temperature is not significant (30° -50 °). As per the adhesive databook, only
after a temperature rises in the range of > 150°, an adhesive joint's initial strength starts

reducing significantly [153].

All the EAAJ joints are created with a Cu tube as an outer tube and an SS tube as an inner
tube. Although for such tube-to-tube adhesive joining process, adhesion is proved to be
higher if the surfaces to be joined are plain, and higher adhesion leads to higher joint
strength compared to joints without adhesives which has also been explored in chapter 6,
where an increment in joint strength by 2.5 times is observed in EAA] joints (with
adhesives) compared to EMC joints (without adhesives). However, in the case of EAA],
overall joint strength is contributed by two factors; strength due to electromagnetic
crimping and strength due to adhesive joining. Therefore, a significant amount of
electromagnetic crimping-induced strength is also necessary, along with the strength due
to adhesives. Especially higher "Pull Out", and "Compressive" strength of the joint is
mainly contributed by strength due to crimping, not by strength due to adhesive. Here the
strength in the case of EMC joints (without adhesives) is four times lower in the case of
smooth-surfaced joints compared to threaded/knurled surfaced joints, as discussed in
chapter 3. Therefore, the grooved outer surface of the inner tube is recommended in the
case of EAAJ joints despite lower adhesion compared to smooth-surfaced EAAJ joints. The
intention behind choosing a grooved surface for the inner SS tube while creating a Cu-SS
tube-to-tube joint using EAAJ is to retain the higher joint strength provided by the
threaded/knurled surfaced Cu-SS electromagnetically crimped tube-to-tube joint even at
the cost of lower adhesive strength contribution while making the joint leak-tight due to
adhesives. A threaded outer surfaced inner SS tube is used in this work. The SS tube has
an ISO metric M10x1 threaded profile on the outer surface to increase the surface area of
contact, leading to improved interference strength of the joint. The threaded surface with
one pitch is selected based on the experimental work performed in chapters 3 and 5. We

have performed EMC and EAA] experiments, and the threaded surfaced joint is observed
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to be best suited to achieve higher joint strength for pull-out strength and ease of
manufacturing. Furthermore, after trial and error, 1 mm standard pitch is best suited to
achieve higher joint strength among different pitches in this outer tube-inner tube
configuration, as discussed in chapter 5 in detail. The initial radial gap between the field
shaper and the outer tube is 1.15 mm. Cu and SS tubes are placed co-axially with field
shaper and coil with polytetrafluoroethylene (PTFE) fixtures beside Kapton tape as tube
spacer, as shown in Fig. 6.1. Overlapped length or working length is also kept constant as
20 mm. The stand-off distance, the initial radial gap between the flyer tube (Cu) and the
target tube (SS), is chosen as 0.45 mm for the tube dimensions. This gap is required to
accelerate the flyer tube under electromagnetic pressure. Also, a high-temperature
resistant Kapton tape spacer is applied between tubes at a distance of 5 mm from the
working zone to keep the tubes co-axial. As discussed, three different adhesives (Loctite
638, Loctite 567 and Loctite SI 596) are used. As shown in Fig. 7.1, the application length
of the adhesive has been varied as a critical parameter in our analysis. Four different
adhesive application lengths (20mm, 15mm, 10mm and 5mm) are used. Experiments are

performed at three discharge energy values (3.9 kJ, 4.4 k] and 5.0 KJ).
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Fig. 7.1 Schematic diagram showing the dimensions of various parts in the EAA] setup
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7.2.3 Experimental procedure

7.2.3.1 Surface preparation

The quality of the surface of the workpiece is critical for an adhesive joint, as discussed in
detail by Fritzsche et al. [127]. Mechanical abrasion technique is used with the help of a
rotary sander with 100 grid SIC sandpaper to remove any surface layers/contaminations
on the inner surface of the Cu (outer) tube and the outer surface of the SS (inner) tube.
Abrasion of the surface increases the surface energy of the workpiece surface in contact
with the atmosphere. When the surface energy exceeds the value of adhesives' surface
energy, an adhesive becomes favourable to wet the application's surface, Kowalski et al.
[128]. After the abrasion of substrates, workpieces are cleaned with methyl alcohol to
remove any residual dirt. To understand the impact of abrasion, surface roughness is
measured at the outer surface of the inner tube using a non-contact computerised optical
surface profilometer with a precision of £50 nm. Fig. 7.2 shows the surface roughness
values before and after the grinding process. The average surface roughness (R,;) value
before and after abrasion is observed to be 0.35 um and 1.44 um, respectively. After
abrasion, the average surface roughness value and waviness both have increased. As we
understand, surface roughness and waviness are small-scale and large-scale deviation
measurements. In cases where big abrasive particles are used compared to the original
surface finish, it may cause deeper grooves or scratches, which could be considered as a
more significant deviation from the surface and hence increases the waviness, which
causes the drastic deterioration in the surface finish, which helps in adhesive joining [157,

158].
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Fig. 7.2 Three-dimensional surface topology (a) before grinding, (b) after grinding and
surface roughness variation with the length (c) before grinding, (d) after grinding

7.2.3.2 Adhesive application

A rotating spindle with jaws of a mini lathe machine is used to hold the inner SS tube and
rotate at a constant speed while applying adhesives to ensure its uniform application on
the surface. A masking tape is applied at the edge of the adhesive application area/edge
of the working zone to ensure proper adhesive deposition. After using adhesives, tubes
are placed co-axially with the help of the Kapton tube and nylon fixtures. Electromagnetic

forming is performed immediately to create a Cu-SS tube-to-tube hybrid joint.

7.2.4 Testing methods

7.2.4.1 Mechanical pull-out testing

Mechanical pull-out testing is performed on a UTM (Universally tensile testing) machine
where one of the joints is fixed, and the other end is pulled out at a constant speed of 0.5

mm/ sec. The setup is shown in Fig. 3.4.

7.2.4.2 Leak test
A leakage implies an escape of liquid or gas from a pressurised or evacuated system
through an imperfection such as a hole or a crack. For a Cu-SS tube-to-tube hybrid joint to

be used as a medium to transport the fluid, the joint needs to be leakproof up to a certain

TH-3007_176103003



Effect of Process Parameters on the Joint Strength and Leak Tightness in EAA] 135

degree based on its application. Therefore, as the name implies, leak testing is a technique
to detect leaks to verify manufacturing defects and improve their integrity. To check the
leak tightness of the Cu-SS hybrid joint, one end of the joint is subjected to the flow of
compressive air, and the other end is closed by mechanical clinching followed by brazing,
as shown in Fig. 5. converting this into a pressurised closed system. This section discusses
two basic air leak testing techniques, the air bubble test and the air pressure decay test. In
the bubble test, the pressurised system is submerged inside the water; any crack presence
would lead to a flow of pressurised air resulting in numerous bubble formations [159], as
shown in Fig. 7.3. This test gives some qualitative idea about the leak location but does not
produce any quantitative information about the leak rate. Therefore, the first test is only
recommended as an initial inspection. The second test is called the air pressure decay test
and is often used in manufacturing production lines, says Loosveld et al. [160]. In this test,
a specimen is pressurised by supplying a compressive airflow, as shown in Fig 7.4, until a
threshold pressure is reached; in the current analysis, it is taken as 8 MPa in this case. The
flow is then cut off, and the drop in system pressure is measured over a certain period. A
schematic diagram of the air leak rate testing setup is shown in Fig. 7.5. It contains air
compressors, cut-off valves, precision manometers, pressure relief valves, and connection
lines. The presence of any leak will lead to a drop in air pressure over the period, the rate
of which can be measured quantitatively with the help of a precision manometer as
represented by the equation 6.1, as also discussed by Loosveld et al. [160]. The leak test is
repeated three times for better accuracy. Thus, samples are inspected with the bubble test

and then processed through an air pressure decay test to calculate the leakage rate.

Overlapped region

Clinched end Copper tube

Length of adhesive application SS 304 tube
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Fig. 7.3 Air leak test sample
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Fig. 7.5 Schematic diagram of the air pressure decay test

7.2.3 Characterisation of the hybrid joint
In the crimped region, samples are cut throughout the thickness in a ring shape with the
wire electric discharge machine to analyses further the Cu-SS hybrid joint as discussed in

section 3.2.3.4.

7.3 Results and Discussions

7.3.1 Mechanical pull-out test and compression test

EAA]J samples for pull-out testing are shown in Fig. 7.6. Tests are repeated for better
accuracy. The pull-out test is performed for EAA] samples of three adhesives (638, 567,
and SI 596) and four adhesive application lengths (5mm, 10mm, 15mm, 20mm) for three
different discharge energy values (3.9 kJ, 4.4 k], and 6.2 k]). Maximum pull-out strength
values are demonstrated in Fig. 7.7 (a), (b), and (c). Here the curing time is considered as
96 hours. A maximum pull-out load of 7000 N is observed at 5.0 k] of discharge energy for

adhesive 638 samples with 5 mm of adhesive application length.
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Fig. 7.6 EAA]J samples at 5.0 k] of discharge energy for three different adhesives (a)
adhesive 638, (b) adhesive 567, and (c) adhesive SI 596

From Fig. 7.7 (a), (b), and (c), it can be concluded that the adhesive 638 is most suitable
among three adhesives (638, 567, and SI 596) to achieve a joint with higher joint strength.
A significant increment in pull-out strength is observed even at lower discharge energy
(3.9 KJ) with proper adhesive application length, as shown in Fig. 7.7 (a). These results act
as a guideline to proceed further for experimentation. Two factors affect the strength of an
EAA]J joint; strength due to interference stress caused by electromagnetic crimping and
strength due to adhesion. Since the depth of the M10x1 thread being used is 0.86 mm,
which is relatively higher than the particle size of adhesives being used, and as lower gaps
are required for stronger adhesion. Therefore, the contribution of adhesion in the overall
joint strength is not significant, and the strength due to electromagnetic crimping
dominates the overall joint strength. As already discussed in section 2.4, the threaded joint
is selected for its high strength due to electromagnetic crimping despite poor adhesion
strength to achieve a joint of high overall strength (due to electromagnetic crimping) and

leak tightness (due to adhesion).
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Fig. 7.7 Variation of pull-out load with the adhesive application length for three
adhesives at (a) 3.9 kJ, (b) 4.4 kJ and (c) 5.0 kJ of discharge energy

7.3.1.1 Effect of adhesive application length

Adhesive application length is the length of the application of adhesive in the working
zone. It is observed that the increase in adhesive application length leads to a decrease in
joint strength, as shown in Fig. 7.7 (a), (b) and (c). As initially, the air having a viscosity of
0.018 cP is between the outer and inner tube (in joints with no adhesives), which gets
replaced by adhesives (in joints with adhesives) having dynamic viscosity in the range of
1.9 cP to 73 cP [145]. Therefore, adhesives with much higher viscosity create a dampening
effect to significantly reduce the impact velocity, leading to lower interference stress build-
up resulting in lower joint strength. The velocity with which the outer tube impacts the
inner tube after getting accelerated due to Lorentz force is called impact velocity.
Furthermore, dampening of the outer tube impact also results in lower outer tube
deformation causing lower interference stress and eventually lower joint strength.

Therefore, It can be concluded that in the case of EAAJ, maximum strength is achieved at
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5mm of adhesive application length. It can also be observed from Fig. 7.7 (c) that
maximum strength is achieved at 5.0 k] of discharge energy in the case of joining without
adhesives (EMC) which is the base copper tube failure strength. It indicates that joint
strength exceeds the base copper tube strength at this point leading to failure of the tube.
However, adding adhesives in creating a threaded surfaced Cu-SS joint only reduces the
strength due to lower interference stress caused by adhesive dampening. Therefore, joint

without adhesive has higher strength.

7.3.1.2 Failure mode

This section discusses the joint failure mechanism observed during the pull-out and
compressive testing of EAA] samples. The load vs displacement curve for pull-out and
compression testing is shown in Fig. 7.8 (a) and (b), respectively and a similar trend is
observed in both graphs. The pull-out/compressive load increases until it reaches its
maxima leading to the initiation of relative motion between parts. A repetitive cyclic
pattern can be observed after reaching the maximum load in samples at 4.4 kJ and 5.0 kJ
during pull-out and compression test as there is an increase of pull-out/compressive load
due to sticking of the outer copper tube onto the crest and root of the inner SS tube threads,
followed by a release of the load due to constant wear mechanism. However, the wear rate
may vary as the material properties depend on the type of loading (pull-
out/compression). Croccolo et al. [161] have also talked about decreasing interference
stress and occurring of peeling stress on adhesive, leading to lower joint performance,
whereas in compression, actual interference increases, leading to overestimation of the
joint performance. A similar trend can be observed in Fig. 7.18 (a) and (b). A different rate
of repetitive motion can be observed in pull-out and compression test results due to
different wear rates. The motion is initiated when the load required to sustain the tubes
together is more than the load provided by frictional resistance due to interference
pressure and adhesive strength, so a crack is initiated in the adhesive structure, and
relative movement begins. Therefore, the sliding failure mechanism of the joint is
observed in the EAA] of Cu-SS tubes, as shown in Fig. 7.9. This also implies that the base
copper tube strength is higher than the joint strength. After carefully examining the failed
sample, a combination of adhesive and cohesive failure mode is observed. Here the
adhesive failure is the failure of the interface leading to a complete adhesive layer removal
from the adherend surface, as discussed by Renart et al. [162]. Simultaneously, cohesive

failure is the adhesive layer’s failure, leading to an adhesive layer sticking on the substrate
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surface [8], as shown in Fig. 7.10. Zoomed views of the failed samples after the pull-out
test are shown in Fig. 7.11, and a combination of both failure modes (cohesive and
adhesive) can be seen in samples. Here, the outer copper tube and inner SS 304 tube are
considered substrate 1 and substrate 2. Two different adhesive failure modes can be seen
for samples at 3.9 k] and 4.4 kJ considered as adhesive failure 1 and adhesive failure 2. In
adhesive failure 1, removal of the adhesive layer is from the surface of substrate 2, and in

adhesive failure 2, removal of the adhesive layer is from the surface of substrate 1.
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Fig. 7.8 (a) Pull-out load vs extension and (b) Compressive load vs compression plot for
adhesive 638 samples with 5 mm of adhesive application length

A combination of cohesive and two adhesive failure modes (adhesive failure 1 and
adhesive failure 2) is observed for the sample at 4.4 k] of discharge energy, and a
combination of cohesive and adhesive (adhesive failure 1) failure mode is observed for 5.0
k] of discharge energy. An increase in discharge energy leads to an increase in residual
stress resulting in higher pressure during curing, resulting in improved adhesive joint
quality, which reflects in the transition of joint failure mode from complete adhesive
failure mode to a combination of adhesive and cohesive failure mode. The area occupied
by cohesive failure in the adhesive zone increases with an increase in energy and

contributes to strength.
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Quter tube Spacer Inner tube

Fig. 7.9 EAA] samples for adhesive 638 at 5 mm of adhesive application length after pull-
out testing at (a) 3.9 kJ, (b) 4.4 kJ and (c) 5.0 k] of discharge energy demonstrating the
sliding failure

(a) (b)

Fig. 7.10 Representation of (a) adhesive and (b) cohesive failure mode of an adhesive
joint

Adhesive failure 1 Cohesive failure Adhesive failure 2 Cohesive failure Adhesive failure 2 Adhesive failure 1
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Fig. 7.11 Zoomed view of EAA] substrate 2 after the pull-out test for (a) 5.0 kJ, (b) 4.4 k]
and (c) 3.9 kJ

7.3.1.3 Effect of discharge energy

From Fig. 7.12 (a) and (b), It can be observed that the strength is increasing with the
increase in discharge energy, and the maximum value of 7 kN and 7.2 kN is obtained at
5.0 kJ of discharge energy at 5 mm of adhesive application length for Loctite 638 adhesive
using EAA] technique for pull-out and compressive test respectively which is around 90%

of the base copper tube strength. Higher strength at higher discharge energy is due to an
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increment in the radial deformation and subsequent elastic recovery of the tubes with an
increment of discharge energy leading to increased interference pressure causing
increased strength. Furthermore, maximum pull-out and compressive load values of 8.34
kN and 8.56 kN (base copper tube strength) are obtained during threaded surfaced EMC
(without adhesives) at 5.0 k] of discharge energy, the reasoning behind higher strength in
EMC joints has been explained in sections 2.4 and 3.1. However, samples at lower
discharge energy (3.9 kJ), having lower tube deformation and interference pressure shows
a significant contribution of adhesion strength in Fig. 7.12 (a) and (b), where the strength
of an EAA] joint with 638 adhesive is higher than the strength of an EMC (without
adhesive) joint. Since the lower contribution of interference stress towards overall joint
strength gets further reduced by adhesive damping and the strength due to adhesion in
the case of 638 adhesive is higher than the reduction leading to EAA] joints with 638
adhesives at 3.9 k] of discharge energy to have higher strength than the EMC (without

adhesive) joint.
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Fig. 7.12 Variation of (a) maximum pull-out load and (b) maximum compressive load
with discharge energy across three adhesives for 5mm adhesive application length

7.3.1.4 Effect of curing time

Curing time is an essential parameter in deciding the strength of an adhesive joint. Curing
is a chemical process during which adhesive crystallises completely. After this, the
adhesive attains its final form and build-up strength. As the name suggests, the curing
time is the time required for an adhesive to cure. Four different values of curing time are
used in this experiment (24 hours, 48 hours, 96 hours and 120 hours). Pull-out and
compressive tests are performed at each value to analyse the effect of curing time on the
strength of the joint when other parameters are constant. In Fig. 7.13, we can see the effect

of curing time on (a) Maximum pull out load and (b) Maximum compressive load for
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different discharge energies. The line, representing the variation, has been obtained

through curve fitting.
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Fig. 7.13 Variation of (a) maximum pull-out load and (b) maximum compressive load
with curing time at three discharge energy values

From Fig. 7.13, an increment in pull-out and compressive strength with an increase in
curing time can be seen; as with the passage of time during the curing process, adhesive
starts to settle better, which leads to an increment in cohesive and adhesive bond strength,
but beyond a point, any further increment in curing time does not contribute much to
curing of adhesives, and therefore, constant strength is obtained. Four days (96 hours) of
curing time is observed to be ideal for optimum strength. Therefore, four days of curing

is used for all the variations of the other three parameters.

7.3.1.5 Statistical analysis of pull-out test results

During the experimentation, it is observed that there are three factors (type of adhesives,
adhesive application length, and discharge energy) affecting the pull-out strength of the
threaded surfaced Cu-SS tube-to-tube EAAJ joints. Therefore, to understand the amount
of contribution being made by each factor, a statistical analysis is necessary. Hence a three-
factor analysis of variance (ANOVA) is used to investigate the significance of all the factors
with the ANOVA module of Minitab software. A list of influencing factors and their

corresponding levels are shown in Table 7.2.
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Table 7.2 Influencing factors and levels affecting the Cu-SS tube-to-tube joining process

Effect of Process Parameters on the Joint Strength and Leak Tightness in EAA]

Symbols Factors Levels
1 2 3 4

A Type of | Loctite 638 | Loctite 567 | Loctite SI
Adhesives (A1) (4,) 596 (453)

B Adhesive 20 mm 15 mm 10 mm 5 mm
application
length

C Discharge energy | 3.9 k] 4.4K] 5.0 k]

Table 7.3 Variation of maximum pull-out load (in kN) at three discharge energy values
with four adhesive application lengths for three different adhesives

Discharge | Adhesive 20 mm 15 mm 10 mm 5 mm

energy application
length

Adhesives | A, | A, | Az | Ay | Ay | A5 | Ay | Ay | As | Ay | A, | As

Trial

39K 1 192 | 021 | 065 | 258 | 0.62 | 0.84 | 288 | 079 | 091 | 327 | 089 | 109
5 214 | 025 | 066 | 233 | 0.68 | 0.87 | 291 | 081 | 092 | 332 | 093 | 114
3 194 | 027 | 058 | 259 | 059 | 083 | 273 | 071 |09 | 301 | 088 | 112

4.4 k] 1 2.98 1.21 1.40 4.07 1.40 1.60 5.29 1.64 2.03 6.89 1.77 213
2 3.11 1.18 1.37 3.94 1.33 1.65 514 1.58 2.08 6.54 1.73 2.14
3 291 1.13 141 3.99 1.36 1.63 517 1.52 1.95 6.97 1.68 211

5.0 k] 1 3.16 1.38 1.52 433 1.65 1.82 537 17 210 7.08 1.8 2.25
2 322 | 134 | 155 | 429 | 163 | 187 | 542 | 172 | 216 | 697 | 188 | 228
3 307 | 141 | 156 | 410 | 157 | 179 | 523 | 176 | 213 | 710 | 184 | 231
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Furthermore, responses (maximum pull-out load) corresponding to their influencing
factors with three repetitions are shown in Table 7.3. The results of the three-factor
ANOVA analysis are shown in Table 6, which comprises the degrees of freedom (DF),
contribution %, the sum of squares (SS), the sum of mean squares (MS), Fisher (F) value,
and pre-set confidence (P) value. A "x" symbol represents the effect of the interplay
between two factors, and error represents the consideration of trials. The significance of
the influence of the factors can be determined by comparing the F-value with the
corresponding critical F-value at a 99% confidence level. All the obtained F-values are
higher than their corresponding critical F-value, which implies that both the factors and
their interplay significantly affect the response, i.e., the joint strength of the Cu-SS tubular
joint. Their corresponding p-values further clarify it, and all the p-values are smaller than
0.01, which satisfies the 99% confidence level. The contribution of factor A (type of
adhesives), factor B (adhesive application length) and factor C (discharge energy) is
calculated to be 64.40 %, 9.94 %, and 21.45 %, respectively. Simultaneously, the interplay
between all factors also contributes to the response. Hence it can be seen that the type of
adhesive has a lot more significant effect over the response variable (pull-out strength)

than the discharge energy and adhesive application length.

Table 7.4 Analysis of Variance for Transformed Response

Source DF | Contribution | SS MS F-Value |P-Value
A 2 64.40% 17.1497 | 8.57485 | 15506.22 | 0.000

B 3 9.94% 2.6483 0.88278 | 1596.37 | 0.000

C 2 21.45% 5.7132 2.85658 | 5165.66 | 0.000
AxB 6 2.34% 0.6243 0.10405 | 188.16 0.000
BxC 6 0.22% 0.0587 0.00978 | 17.68 0.000
AxC 4 0.28% 0.0745 0.01863 | 33.69 0.000
AxBxC 12 1.21% 0.3231 0.02692 | 48.69 0.000
Error 72 0.15% 0.0398 0.00055

Total 107 | 100.00%
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7.3.2 Leak test

After identifying the presence and location of the leak through the bubble test (Fig. 7.4),
an air pressure decay test (Fig. 7.5) is performed to quantify the amount of leakage for
both EMC samples (electromagnetically crimped samples without adhesives) and EAA]
samples (electromagnetically crimped joint in the presence of adhesives). The observed
leak rates for EAAJ] and EMC samples created with 5 k] discharge energies are 3.01x10-8
mbarl/sec and 4.28x10-> mbarl/sec, respectively. Therefore, an improvement of around
1000 times in leak tightness is observed with Loctite 638 adhesives in the case of EAA]
samples compared to EMC samples. Adhesive acts as a sealing material and fills any gap
between the Cu-SS interface in the overlapped region, leading to massive improvement in

the leak tightness.

7.3.2.1 Effect of discharge energy

The results from the air pressure decay test at three different discharge energy values for 5 mm
of adhesive application length are shown in Table. 7.7. A significant improvement in the air leak-
tightness can be observed in electromagnetically assisted adhesive joining samples with an
increase in discharge energy. Higher energy leads to higher deformation resulting in improved
joint tightness, i.e. lower leak rate. A minimum air leak rate of 2.64x108 mbarl/s is obtained at
5.0 kJ of discharge energy for EAAJ. Testing is performed thrice to ensure repeatability of the

result.

Table 7.7 Air leak rate in mbarl/sec at three different discharge energies for adhesive 638
samples at 5mm of adhesive application length

3.9KJ 44K 5.0kJ
Energy
Trial
1 1.09x107 5.48%108 2.64x108
2 1.45x107 4.99x108 2.87x108
3 2.11x107 5.12x108 3.01x108

7.3.2.2 Effect of adhesive application length

Leak tests are also performed with different adhesive application lengths, and results are
shown in Fig. 7.14. It is observed that the leak rate increases (leak tightness decreases) as
adhesive application length increases, reaches its maxima and then decreases. This

variation in air leak rate in an EAA]J joint is due to the combined effect of two factors: 1)
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tightness of the joint contributed by interference stress and 2) gap filling between tubes at
the interface by adhesion.

Initially, at particular discharge energy, a sample with 5 mm of adhesive application
length shows the low leak rate (high leak tightness) as maximum interference stress is
observed at this adhesive application length due to low adhesive dampening leading to
higher joint tightness along with stronger adhesion. However, as we increase the adhesive
application length to 10 mm /15 mm, adhesive dampening of the outer tube velocity
drastically increases, leading to lower interference pressure and lower joint tightness,
causing a higher leak rate (lower leak tightness). Furthermore, at 20 mm of adhesive
application length, the leak rate again decreases (leak tightness increases) as, at this point,
the entire working zone is filled with adhesives, filling the gaps between parts leading to
higher adhesion despite lower joint tightness due to adhesive dampening. Here the
contribution of adhesion towards leak tightness exceeds the contribution of joint tightness
due to interference stress towards leak tightness. Furthermore, an increase in discharge
energy leads to a lower air leak rate (higher leak tightness) as the increase in discharge
energy increases the interference stress/outer tube deformation contributing to higher

joint tightness and higher adhesion due to lower gaps between tubes, as shown in Fig.

7.14.
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Fig. 7.14 Variation of leak rate with adhesive application length at three discharge energy
values at 96 hours of curing time

7.3.2.3 Effect of curing time
As discussed in section 7.3.1.4, curing time is an essential parameter in deciding the

characteristic of an adhesive joint. Therefore, the effect of curing time on leak tightness is
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also studied. Four curing time values (24 hours, 48 hours, 96 hours and 120 hours) are
observed, and the results are shown in Fig. 7.15. An increase in leak tightness can be
observed with an increase in curing time; with time, adhesive starts to settle better, which
leads to an increment in leak tightness, but beyond a point, any further increment does
not contribute much to the curing of adhesives, and hence constant leak tightness is
obtained. Four days (96 hours) of curing time is observed to be optimum for three
anaerobic adhesives used in the experiment, which has also been stated by the adhesive
company [145] and also, the effect of curing time is more significant at lower discharge

energy and curing become redundant at higher discharge energy.
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Fig. 7.15 Variation of leak rate with curing time for adhesive 638 with 5 mm of adhesive
application length for three discharge energy

7.2.4 Statistical analysis

Furthermore, statistical analysis of the leak test results is also performed using a 3-way
ANOVA method. A list of corresponding factors with their assisted levels considered for this
study is tabulated in Table 7.8. The result of the four-way ANOVA analysis is shown in Table
7.9. The contribution % of factor C (discharge energy) and factor B (adhesive application
length) and factor D (curing time) is calculated to be 51.54 %, 28.34 %, and 15.62 %,
respectively. For an EAAJ Cu-SS tube-to-tube joint with Loctite 638 adhesive. Hence,
discharge energy is most important, followed by adhesive application length and curing

time.
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Table 7.8 Influencing factors and levels affecting the leak tightness of Cu-SS tube-to-tube

joint
Symbols Factors Levels
1 2 3 4

C Discharge energy | 3.9 k] 44KJ 5.0K]J
B Adhesive 20 mm 15 mm 10 mm 5 mm

application

length
D Curing time 24h 48 h 96 h 120 h

Table 7.9 Analysis of Variance for Transformed Response for leak test results

Source DF Contribution | SS MS F-Value | P-Value

C 2 51.54% 20.676 10.3381 223.46 2.71x10
17

B 3 28.34% 11.366 3.7888 81.90 1x10-15

D 3 15.62% 6.267 2.0891 45.16 9.247x
10-13

Error 39 4.5% 1.804 0.0463

Total 47 100.00%

According to the chapters (4.1.5 and 4.2.4), a conclusion can be drawn that Loctite 638, 5

mm of adhesive application length at 5.0 k] of discharge energy for 96 hours of curing time

is the most suitable parameters to achieve Cu-SS hybrid adhesive joint with the best joint

strength and least air leak rate.

7.2.5 Microhardness analysis

As discussed in section 7.2.3., the microhardness test is performed on the cross-section of

the Cu-SS tube-to-tube joint. The Micro-hardness of the base copper and stainless-steel
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tube is 96.17 HV and 174.31 HV, respectively. Fig. 7.16 demonstrates the variation of micro-
hardness on the interval of every 200pm along with the thickness of the hybrid joint's cross-
section at different discharge energies. The maximum micro-hardness value is obtained for
Cu and SS at 5.0 kJ of discharge energy. The maximum hardness value is obtained near the
joint interface, and it decreases with the distance from the interface. This variation is due
to strain hardening during deformation. Furthermore, an increase in hardness value is
observed with an increase in discharge energy due to the rise in plastic deformation leading

to higher strain hardening, as shown in Fig. 7.16.
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Fig. 7.16 Variation of micro-hardness with distance and discharge energy

7.2.6 Deformation analysis

Transversely cut and longitudinally cut EAA]J samples are studied for deformation analysis.
Samples are prepared using WEDM (wire electric discharge machining), followed by
moulding with phenolic powder and grinding using Sic paper of different grit sizes. The
process is discussed in detail in section 3.2.3.4. Images are taken using a low-resolution

optical microscope, as shown in Fig. 7.17 (a) and (b).

TH-3007_176103003



Effect of Process Parameters on the Joint Strength and Leak Tightness in EAA] 151

Adhesive application length Non-uniform deformation in the circumferential
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T

Cured adhesive (a) Cu outer tube (b)

Fig. 7.17 Cu-SS interface for Loctite EAA] sample at 5.0 k] of discharge energy for (a) axial
view and (b) circumferential view

A higher circumferential deformation is observed in the non-adhesive zone than the
adhesive zone, as the adhesives act as a dampening material and reduce the deformation.
Furthermore, a non-uniformity in deformation in the circumferential direction can be
observed due to the slit of the field shaper used in the setup, as also discussed in section
4.3.2. The slit of the field shaper directs the induced eddy current from the outer surface
to the inner surface of the field shaper, leading to intensification and concentration of
magnetic field in the working zone but creating a lower Lorentz force region near the slit.
This imbalance of Lorentz force regions in the circumferential direction causes a non-
uniformity in radial deformation. Further, it leads to the drifting of adhesive particles from

the higher Lorentz force region to the lower Lorentz force region, as shown in Fig. 7.18.
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Fig. 7.18 (a) Representation of Lorentz force distribution in the working zone and (b)

zoomed view showcasing the impact of the slit on the distribution along with (c)
experimental image
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Considering slit at 0°, accumulation of adhesive is observed from 277.8" to 63.6’.

7.3 Conclusions
The EAA]J joining of a Cu tube to an SS tube is performed in this chapter; an experimental

investigation is studied. The main points can be concluded as,

e Adhesive 638, a structural anaerobic adhesive, is best suited for electromagnetic
joining techniques as it has low viscosity and small particle size, which signifies
that structural adhesive with lower viscosity is ideal for EAAJ joints.

e Lower adhesive overlap length is best suited to achieve good joint strength with
leak tightness. Among four adhesive application overlap lengths, 5 mm is best
suited and offers three times higher joint strength than joint with 20 mm adhesive
application length.

e Pull-out and compressive strength has increased with an increase in discharge
energies as an increase in discharge energy leads to an increase in radial
deformation resulting in higher residual stress hence higher pull-out and
compressive strength.

e The maximum pull-out load of 7000N is reached at 5.0 k] of discharge energy with
adhesive 638 and 5 mm of adhesive application length.

e The compressive test itself showed a significant value of 7200 N for adhesive 638
at 5mm of adhesive application length and 5.0 k] of discharge energy which is 3.5
times the value for adhesive 567 or adhesive 596.

e From the perspective of pull out and compressive strength of EAA]J, (i) Loctite 638
is best suited as compared to adhesive 567 and adhesive 596, and (ii) the strength
improves with reduction of adhesive application length.

e The three-way ANOVA analysis indicates that the contribution of type of
adhesives, adhesive application length and discharge energies on the pull out
strength performance in the joint strength of an EAA] joint are 64.40 %, 9.94 %, and
21.45 %, respectively.

e Joint strength and leak tightness increase with an increase in curing time and gests
stagnant after reaching a critical point. 96 hours is observed to be the critical curing
time.

e Leak tightness increases with discharge energies. For higher discharge energies,

variation of leak-tightness with the adhesive application length is reduced.
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e A three-way ANOVA analysis indicates that the contribution % of discharge
energy, adhesive application length, and curing time on an EAA] joint leak
tightness is calculated to be 51.54 %, 28.34 %, and 15.62 %, respectively.

e The microhardness value is observed to be increased with discharge energy, and
the value near the interface is observed to be increased by 29% compared to the
base material value.

e Deformation analysis indicates a non-uniformity of radial deformation leading to

the accumulation of adhesive particles in a lower Lorentz force region.
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8 Electromagnetic Welding of D9 Steel Tube to SS316LN
End Plug

8.1 Introduction

Previous chapters have discussed the two variations of the joining of tubes by the EMF
process; EMC and EAA]J. An improved Cu-SS tube-to-tube joint is proposed using the
EMC technique, and the process is further improvised into the hybrid EAA] technique.
The chapters have discussed that multi-material Cu-SS joints with good joint strength and
leak tightness can be obtained at lower discharge energy with a lower capacitor bank.
However, if higher grades of leak tightness are required (for example, for nuclear
applications in the range of 10~** mbarl/sec(100 times the leak tightness offered by the
EAA] process)), which can not be obtained from the EAAJ process, then the
electromagnetic welding (EMW) process which is based on high-velocity EMF to create a
metallic bond, can be recommended. Therefore, to further widen the understanding of the
joining of tubes by EMF, a detailed experimental and numerical investigation has been
performed in this chapter 8. This chapter investigates the joining of the D9 steel tube to
the SS316LN end plug using the EMW process. As established in the previous chapters,
developing a FEM model helps to save time and resources and further guides in
optimizing the process. Therefore, an axisymmetric Lagrangian (mesh-based) simulation
model is developed and validated with an experimentally observed deformation value.
An SPH (meshless) simulation model is also developed, and simulated interface
morphology is compared with experimentally obtained microstructural morphology. To
find the weldability window, SPH simulations are performed for different contact angles
and contact velocities, considering waviness formation as the weldability criteria (the
waviness formation at the interface has been an important characteristic of impact welding
as discussed in section 2.3.1.). The effect of contact angle and contact velocity on amplitude
and wavelength of waviness morphology is also studied. Furthermore, the helium burst
test and argon gas pressure burst test at varying temperatures are also performed to
establish the durability of the D9-SS 316LN tube-to-end plug sample. SEM analyses the
interface morphology and the welding quality.

The D9-SS 316LN tube-to-end plug component is used as a fuel-clad end-plug joint in fire
breeder reactor fuel pins. Initially, the fabrication is normally done using the traditional

fusion welding approach [163-165]. Traditional procedures such as gas tungsten arc
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welding (GTAW) are preferred to link clad tubes to the end plugs. However, these
techniques have high heat input, resulting in a larger heat-affected zone (HAZ). As a
result, methods like laser welding having higher energy density, have exhibited greater
process control and smaller HAZ as an alternative to GTAW [165, 166]. Compared to
thermal nuclear reactors, the materials must function at greater temperatures and in a
harsher radiation environment to be employed in sodium-cooled fast reactors [167]. As a
result, the outer tube material is titanium-modified SS316, known as alloy D9 (15 percent

Cr-15 percent Ni-0.2 percent Ti).

However, due to the production of low melting point eutectics caused by impurities such
as sulphur and phosphorous, fusion welding of austenitic stainless steel (ASS) causes hot
cracking flaws [168, 169]. When phosphorous is specified as an alloying element, the defect
rises, but the maximum sulphur concentration is limited to 0.0005 wt. percent in modified
alloys. The Ti proportion of D9 steel makes ASS more prone to breaking [163]. Hot
cracking tests in 316LN ASS have revealed that the total concentration of P and S must be
kept below 0.03 wt% to avoid the negative effects of their segregation [163, 170, 171]. Noh
et al. [172] discuss the traditional welding process causing residual stress and

microstructural heterogeneity leading to brittle fracture and embrittlement.

A solid-state welding procedure can eliminate such problems when attaching a fuel-clad
tube to an end-plug in a fuel pin assembly. Electromagnetic welding (EMW) is a solid-
state welding technology that produces connections devoid of heat-impacted zones and
hot fractures [38, 173]. It is appropriate for axis-symmetric components. It is a high-speed
or impulse-forming technique that employs a transient alternating magnetic field to strike
non-contact forces on a conductive workpiece without using working material. No filler
material is utilised, and the contact-free force causes nearly minimal damage to the
workpiece's surface [110, 174]. It is also one of the industry's most extensively utilised
high-energy rate forming (HERF) processes [19, 36]. The process is discussed in detail in

section 2.3.

8.2 Numerical Simulation Setup with Finite Element Lagrangian Model and Smoothed
Particle Hydrodynamics (SPH)

We have simulated EMW using Lagrangian finite element analysis and smoothed particle
hydrodynamics. Combining the ANSYS Maxwell and ANSYS explicit dynamics software

programmes, a non-coupled finite element model is simulated. The simulation divides the
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magnetic pulse welding problem into two parts (electromagnetic and mechanical). ANSYS
Maxwell and ANSYS explicit dynamics solve the electromagnetic and mechanical part,
respectively, as shown in Fig. 8.1. Dimensions of the various magnetic pulse welding setup
components are shown in Fig 8.2. After that, we have used Smoothed Particle
Hydrodynamics (SPH) in ANSYS Autodyne (Fig. 8.1) for successful numerical modelling

of metal jet emission and interface welding morphology.

SPH simulation

Lagrangian simulation

Ansys Maxwell

Ansys Explicit
dynamics

Ansys
i \_ Autodyne

> t+At t t+At t— T+t
i C: ion of — Calculation of —
Solve > gnetic pressure — collision velocity =y
electromagnetic Solve mechanical Solve the SPH
. No model model model

Fig. 8.1 Brief Flow Chart for Numerical Modelling for Electromagnetic analysis (ANSYS
Maxwell), Structural deformation (ANSYS Explicit dynamics) and Welding morphology
(ANSYS Autodyne)

Fieldshaper

D9tube Cudrivertube SS 316LN end plug

All dimensions are in mm

Fig. 8.2 Dimensions of various parts of the components of the magnetic pulse welding
setup

8.2.1 Electromagnetic analysis using ANSYS Maxwell
During experiments, the current is monitored using an oscilloscope and utilised as an

input to the ANSYS Maxwell to compute the magnetic field. Fig. 8.3 (a) shows the input
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current curves. The coil, driver tube, flyer tube, end plug, and field shaper are all enclosed

in air in a three-dimensional electromagnetic field model (Fig. 8.3 (b)).
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Fig. 8.3 Simulation model for electromagnetic field analysis (a) current curve, (b) ANSYS
Maxwell model, (c) grid details showing the sectional view and (d) current density for 18
kV at 15 us showing induced current at the Cu driver tube surface in the middle of the
working zone

As previously stated, the coil has a ring current load that provides a magnetic field for
EMW. A vacuum box is assumed to be surrounding the coil-tube model in such a way that
its dimension is sufficient enough for the magnetic field to decrease to zero in the far field.
The coil, driver tube, flyer tube, end plug and field-shaper are meshed into a hexahedral
mesh model, as shown in Fig. 8.3 (c). Fig. 8.3 (d) shows the current density of induced

current for the Cu driver tube at 15 us. An induced current is observed on the outer surface
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of the driver tube in the working zone of the field shaper. However, outside the working
zone, a lower current density is observed. The magnetic field at the surface of the Cu driver
tube is obtained to calculate the magnetic pressure, which is further to calculate structural

deformation in the ANSYS explicit dynamics.

8.2.2 Structural deformation analysis using ANSYS Explicit Dynamics

ANSYS Explicit Dynamics is a multi-physics software capable of solving short-duration,
structural problems with complex contact interactions with or without friction, including
linear and non-linear buckling, fracture, fatigue and more. The problems may have
nonlinearities in the geometry, such as large deformation and considerable strain,
including rate-independent and rate-dependent plasticity. They make use of both linear
and non-linear material models. Structural analysis having very small-time steps, such as
high-speed impacts or explosions, can be performed efficiently using the Explicit
Dynamics package. The physical problem domain, boundary conditions and loading are
axisymmetric. Therefore, an axisymmetric simulation model is used for the mechanical
part instead of a 3-D model to save time and cost. The conversion of a 3-D model into an
axisymmetric model is shown in Fig. 4. The ANSYS explicit dynamics model schematic is
shown in Fig. 8.4 (b). The linear meshing technique is used. Parameters of the J-C material
model for Cu, D9 and SS 316LN are shown in Table 8.1. [175, 176]. Properties of the
materials are considered to be isotropic for this simulation. The shock wave equation of
state (EOS) is defined in the J-C material model to construct the pressure-volume
relationship during shock compression of solid analysis. Linear polynomial EOS used in

the J-C material model. Constants of EOS for copper are shown in Table 8.2.
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Cu driver tube

\ SS 316LN end plug |

Working zone

Fig. 8.4 (a) 3-D model showcasing the arrangement of components and (b) Axisymmetric
meshed simulation model for ANSYS explicit dynamics

Table 8.1 Constants of J-C material model for Cu, D9 and SS 316LN [175, 176]

Material A(MPa) B(MPa) n C T (K) m
Copper 90 292 0.31 0.025 1331 1.09
D9 120 465 0.308 0.1 1449 0.75
SS 316LN 250 1143 0.67 0.0229 1440 1
Table 8.2 Constants of linear polynomial EOS of copper [132]
Materials Co c1(N/m?2) | c;(N/m2) C3 Cy Cs Co E,
Copper 140x10° | 2.8x10° | 1.96 0.47 0 0 0
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8.2.3 Fluid dynamics modelling of Welding morphology using Smoothed Particle
Hydrodynamics in ANSYS Autodyne

SPH is a meshless approach in which a group of particles with a spatial position represent
a continuous body. Relative attributes of neighbouring particles are summed up to
calculate the physical attributes of individual particles. The smoothing length and number
of neighbouring particles are determined by the kernel function, also known as the
weighting function. The characteristics and deformation of adjacent particles are affected
more than those of distant particles in this approach, and the function corresponds to the
shape function in the classic Lagrangian finite element method. SPH is primarily utilised
in fluid dynamics modelling by establishing a free surface between two interacting fluids,
and mass conservation is enforced to mimic fluid motion. By addressing
instabilities, solution accuracy and lack of consistency in material deformation, the SPH
approach is expanded to solid mechanics applications. During impact welding, the wavy
morphology and jetting phenomena may be anticipated using SPH.

An axisymmetric SPH simulation is performed using ANSYS Autodyne (Fig. 8.5) to study
the waviness formation during EMW of the D9 tube on the SS 316LN end plug. The flow
chart of the process is shown in Fig. 8.1. Fig. 8.5 represents the required geometry for SPH
modelling of the welding morphology at the interface. The model considers the D9 tube
and SS 316LN end plug inclined at an angle as per the design before the initial
contact/impact. The contact velocity of the D9 tube is calculated from the Lagrangian
model and used as an input to the SPH simulation model. Particle size of 5 pm is decided
for both materials during SPH to study the interfacial morphology and jetting. Both
components are assumed to be 3 mm from the point of contact, that has been observed to
be sufficient for waviness generation as per experimental results. Room temperature is

fixed as the initial temperature, replicating the experimental conditions.

Material Location

Velocity of impact

\AAE22523222524.

Generated particles

D9

SS 316LN

Ux=0
Uy=0
URz=0

A A A A AAAAAALAAAAALN

Uy=0, URz=0

Fig. 8.5 Geometry used for the SPH numerical model
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Furthermore, a constant value velocity is applied in the negative y-direction to the outer
surface of the working zone. The only boundary condition is to fix the bottom edge of the
end plug, constrain the left edge of the tube, and end plug vertically. The Johnson-Cook
material model with the constants given in Table 8.1 is used to study the material

deformation.

8.3 Experimental setup

For welding of the D9 tube to the SS316LN end-plug, an indigenously designed
electromagnetic machine with a maximum charging energy of 70 kJ at a voltage of 25 kV
is employed, as has been discussed by Kumar et al. [177-178]. The electromagnetic
processing system consists of two capacitor sub-banks, each with a single trigatron type
switch. To close the switch simultaneously with minimal jitter, a specially developed
trigger generator is used. These operational characteristics of capacitor banks
are determined by trial and error. The maximum current and short circuit frequency are
700 kA and 22 kHz, respectively. The minimal work thickness to be welded is constrained
by this frequency as the skin depth should be smaller than the job thickness, which is
highly dependent on the current frequency. A four-disc bitter coil has been constructed
for this experiment [178]. The principal function of the coil is to conduct current and
provide an appropriate magnetic field and pressure distribution. A bitter type coil is
insufficient to meet the required magnetic field because it loses mechanical integrity at
such high magnetic fields and fails catastrophically before achieving the requisite
magnetic field. Using a multi-turn coil with a fine winding pitch to raise local field
intensity is also difficult due to the increased coil inductance. Therefore, a disposable
copper field shaper is used for the process along with the bitter type coil, which
contributes to the mechanical integrity of the coil and further distributes and intensifies
the magnetic field in the working zone as discussed in chapter 3 and 4. Fig. 8.6
demonstrates the electromagnetic manufacturing machine setup consisting of the bitter

coil, a disposable field shaper and metallic fixtures to hold the workpiece axially.
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Fig. 8.6 Machine used: (a) 70k]J/25kV magnetic welding machine, (b) Welding tool
consisting of Bitter coil with disposable copper field shaper and

The EMW generates an extremely strong magnetic field B, ,, of more than 40T and a rise
time of less than 25 us which results in a dynamic pressure of more than 640 MPa. The
magnetic pressure exceeding the yield strength of the field shaper material leads to
residual plastic deformation, accumulating in every successive pulse, causing the
progression of deformation and further reducing field strength over the usage. Therefore,
developing a mechanically robust field shaper with materials like Cu-Be, Cu-Ti, Cu-Cr-
Zr, and Al-Sn alloys having relatively higher conductivity (greater than 15% IACS) is a
necessity. However, these materials get to suffer from saw-effect at magnetic fields above
40 T (minimum required magnetic field for welding D9 steel tubes [179]) because of the
melting of the field shaper material at sharp corners in the field shaper, caused by high
eddy current density. Due to the saw-effect, the field shaper is not suitable for many shots,
and the only option is to utilise disposable field shapers. Therefore, replaceable inserts
made of Cu, Al, Nb, Ta, SS, C-W, and Ta are used with hybrid field shapers. However,
arcing at the interface of the field shaper and the insert at the slit site affect these
replaceable insert field shapers, making them unsuitable for use in an industrial machine

as also discussed by Kulkarni et al. [180].
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(@) (b)
Fig. 8.7 Copper field shaper (a) top view, (b) experimental sample

Furthermore, it has been observed that the slit in the field shaper leads to an asymmetrical
force distribution on the clad tube in the working zone, as discussed in section 7.2.6,
causing bending of the joint towards the slit side. This bending problem in the weld
portion is mitigated by designing an innovative fixture as shown in Fig. 8.6 (b), which
minimises the bending effect. This modification in the fixture has made all MP welded
joints within acceptable dimensional tolerances. D9, which is used as a clad tube material,
is a nuclear-grade austenitic stainless steel with broad applications in fuel pin cladding
and other core components [163]. It has an operating temperature up to 923K. A tapered
SS 316LN rod is used as an end plug. The chemical composition of D9 and SS 316LN is
obtained using EDS (energy-dispersive X-ray spectroscopy) and compared with the
standards as shown in Table 3. Here, as the D9 steel tube has poor electrical conductivity
and high yield strength, the magnetic field induces a lower eddy current resulting in very
low effective pressure for welding even at a higher magnetic field (50T). A high electrically
conductive copper tube called 'driver' is used as a sleeve around the tube to address this
problem. This driver translates Lorentz's forces effectively on the tube to be welded, and
its thickness is chosen equal to that of magnetic skin depth [163]. The driver tube gets
damaged after each welding shot. The geometry of the driver and the clad tube is kept
constant throughout the experiment. The taper design of the end plug ensures its self-
cleansing during impact, and it also resists the resulting stress wave. The geometry of the
end plug is considered as one of the most critical factors for achieving a successful weld.
Therefore, the taper angle and tapered length of the end plug are optimised for the D9
steel tube by trial and error. All angles between 6  to 9° have resulted in a proper weld,

but 8° has produced the longest welding joint of 5 mm. Due to the high pulsed forces, the
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driver and flyer accelerate towards the end plug and collide with a high velocity in the
ranges of 300-500 m/s, resulting in a metallic bonding between the tube and the end plug.
All trials are conducted in atmospheric conditions. Four discharge voltages are tried (15
kV, 16 kV, 17 kV and 18 kV). Process parameters are shown in Table 8.4. The stand-off
distance between the tube and end plug increases gradually along the collision direction
due to the taper angle, enabling it to attain an optimum collision velocity. The mechanical

properties of the Cu and D9 tubes are shown in Table 8.5.

Table 8.3 Chemical composition of D9 tube and SS 316LN metallic plu

Element | C Ni Cr Mo Ti Si Mn N Fe
D9 tube | 0.04 | 155 14.04 225 |0.26 |0.61 1.78 | 0.0037 | Balance
SS316 003 |14 18 - - 033 | 1.88 |0.044 | Balance
LN
Table 8.4 Process parameters of the experiment
Discharge 15 16 17 18
voltage (kV)
Current (kA) 310 334 354 374
Taper  angle | 8 8’ 8’ 8’
(degrees)

Table 8.5 Mechanical and electrical properties of driver and flyer material

Material Yield Ultimate | Elongation | Magnetic Electrical
strength | tensile permeability | conductivity
(Mpa) strength (MS/m)
(MPa)
Copper 70 210 60% 0.99 58.7
D9 550 770 20% 1.02 1.351
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8.4 Results and discussions

8.4.1 Lagrangian Finite element model

The deformation pattern of the D9 tube over the SS316LN end plug shows effective plastic
strain in the working zone of the magnetic pulse welding joint in the numerical simulation
model (Fig. 8.4 (b)) using ANSYS explicit dynamics at 18 kV of discharge voltage for four
different time values is shown in Fig. 8.8. A convergence study is conducted for various
mesh sizes to ensure convergence with mesh refinement.

oot
=R [

! 0.0001124
0.0072899

0.0054674
L 0.003645
0.0018225
0 Min

Fig. 8.8 Deformation stages showing the effective plastic strain fringe pattern of EMW
joint at four different times (a) O us, (b) 5 ps, (c) 10 ps and (d) 15 us at 18 kV of discharge
voltage

8.4.2 Experimental validation of Lagrangian simulation model

The outer diameter of the tube-to-end plug (D9-SS 316LN) joint is experimentally
measured using an optical microscope of low magnification and compared with the
results obtained from Lagrangian simulation. Fig. 8.9 shows the experimentally and

numerically observed variations of the outer diameter (averaged circumferentially) of the
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D9 tube-SS 316LN tube-to-end plug assembly after welding at four different locations
(2mm, 5 mm, 9 mm and 12 mm) along the axis in the working zone for two different
discharge voltages (18 kV and 17 kV). Deformation increases with an increase in discharge
voltage, and the minimum value of outer diameter is observed at 18 kV of discharge
voltage. Experimentally calculated values align with the simulated results with a 2-5.1 %
error. Itis observed that the experimental values of the outer diameter in the working zone
are lower than the simulated values, and this is probably due to the assumption that the
current is uniformly distributed in the cross-section of the solenoid coil leading to an

increase in deformation due to the increased Lorentz force.

7
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i+ Experiment 18 kV
6 - |—e— Simulation 18 kV
—a— Experiment 17 kV
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Fig. 8.9 Outer diameter comparison of the D9 tube-SS 316LN end plug joint in the
working zone

8.4.3 SPH results along with experimental validation

As the particles in SPH are not connected, their relative movement facilitates to a model
of metal jet emission, which mesh-based numerical approaches could not do. Jetting is
thought to be a requirement for welding as it removes nascent oxides and impurities from
the mating surfaces, allowing solid-state bonding to occur without substantial melting or
long-range diffusion. The SPH approach accurately recreated metal jet emission during
impact welding. The interface morphologies of the joint at different time frame during
simulation is shown in Fig. 8.10. The initial input radially inward velocity is 540 m/s, and
the initial angle is 8 degrees. A metal jet is released from the collision location when the

flyer tube collides with the target end-plug.

TH-3007_176103003



168 Electromagnetic Welding of D9 Steel Tube to SS316LN End Plug

EFF.PL.STN [Al]
1850641

1685041

1480041

12850411

1110641

9252640

7.402e40

5552040

3701440

(d)

Fig. 8.10 SPH interface morphologies during simulation at (a) 0.12 ps, (b) 0.46 ps, (c) 0.64
us and (d) 0.72 ps

The metal jet's velocity is estimated to be 1000-1200 m/s range. It is also discovered that
the amount of expelled metal jet has increased with increasing impact velocity for a given
collision angle. Fig. 8.11 shows the waviness as well as the jetting phenomenon. Fig. 8.11
illustrates that the jetting phenomena have removed around 10-15 um layer (2-3 particles)
from the surfaces of the D9 steel tube and SS 316LN end plug. The probable reason for

same amount of surface material removal may be the same range of shear moduli of them.
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The ejected materials during the simulation account for the deposited particles outside the

welded zone as observed in the experiments.

Fig. 8.11 Formation of wave structure and jetting during magnetic pulse welding
simulation using SPH

Fig. 8.12 shows the field variables, effective plastic strain, pressure, and temperature after
1us for the impact angle of 8 degrees. The effective plastic strain distribution (Fig. 8.12 (a))
shows high values, mainly in the range of 1 to 9, near the interface with a distance of 15-
20 um between both materials, while the rest of the workpieces remain elastic.
Experiments show elongated grains at the interface, which are consistent with these high
strain levels. Furthermore, such a common interfacial strain could be a source of kinematic
instability. The pressure at the collision point is around 18 GPa, as shown in Fig. 8.12 (b).
The anticipated temperature is strongly localised near the interface where significant
plastic deformation develops, as seen in Fig. 8.12 (c). The thickness of this zone is around
30-55 ps. Predicting such a confined zone is critical since melting has long been thought to

be undesirable for weld quality because of the intermetallic produced.
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Fig. 8.12 Predicted field variables at 1 ps for impact angle 8 degrees (a) effective plastic
strain, (b) pressure and (c) temperature

Fig. 8.13 (a) further confirms localised plastic deformation in the immediate vicinity of the
D9-SS 316LN interface in the range of 55 um while the rest of the workpiece remains
elastic. The significant strain value obtained near the interface aligns with the
deformed/equiaxed grains obtained near the interface in experimental samples. Fig. 8.13
(b) shows the stress localisation in the SS 316LN side. One of the most exciting aspects of
impact welding is the formation of waves at the interface. Many theoretical and practical
research have been devoted for solving the problem in the early history of impact welding,
one of which have been proposed by Abrahamson et al. [181], where the authors proposes
indentation mechanism. The process of waviness formation has been further explored by
Bahrani et al. [182], and it is now an often-cited explanations for the mechanics of wave
propagation during impact welding. Furthermore, Hunt et al. [183], Cowan et al. [184],
Robinson et al. [185], have attempted to characterise the wave generation during impact
welding qualitatively and quantitatively. Hay et al. [186] discusses that the material

behaves like a fluid under specific types of impact.
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Fig. 8.13 Predicted (a) effective plastic strain and (b) von Mises stress fringe pattern at 3
us for an impact velocity of 500 m/s and 8 impact angles of 8 degrees

(b)

We have used the hydrodynamic methodology to explain the material behaviour during
high-velocity impact and in further elaborating the wave generation theory. However,
Hay et al. remarked that a thorough explanation of the wave creation process using
conventional hydrodynamic methodologies is difficult because of the unavailability of
vortex formation models for all Reynolds values [186]. Calculating metal viscosity over
the range of strain rates is also challenging. According to the data reported in the
preceding sections, SPH simulation accurately reproduces the empirically obtained
interface morphology (Fig. 8.14). More attention must be devoted to the movement of
individual particles in the model to understand better the dynamics behind the generation
of waves and vortex zones. Fig. 8.14 depicts a typical collision that results in the

production of waves.
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Fig. 8.14 Comparison of results of SPH simulation with the Bahrani-Black-Crossland
wave formation model

The collision point, which moves from left to right, is connected to the model's reference
system, which follows the material flow of D9 steel flyer tube. In the Bahrani-Black-
Crossland model, the flyer tube material is divided into two jets, one (salient jet) flows
towards leftand the other (re-entrant jet) towardsright. The jet from the flyer
tube interacts with one previous protrusion on the target tube in Fig. 8.14 (a). The jet is
diverted downwards, deforming the target tube and forming a depression there (Fig. 8.14
(c, e)), and, as a result, a new protrusion rapidly grows at the tube contact just at the right
of the depression (Fig. 8.14 (e)). This protrusion creates some depression on the flyer tube
and further diverts the material flow of the flyer tube, as shown in Fig. 8.14 (a). These
successive generations of depression and protrusions on both the flyer and the target tube
materials create a wavy interface in the MP welded joint. Fig. 8.15 and Fig. 8.16 compare
waviness morphology obtained at 18 kV of discharge voltage during SPH simulation as
well as experiment. A good agreement in simulation and experimental results is obtained
with the values of amplitude and wavelength of interface waviness being in close

proximity. The effect of contact angle and contact velocity on the amplitude and
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wavelength of waviness morphology is also studied, as shown in Table 8.6. No waviness
is observed below 400 m/s, above 800 m/s and below 8 degrees; hence no welding is

happening at those parameters.

(@)

Fig. 8.15 Comparison of waviness morphology in (a) Experiments and (b) Simulation

(b)

Fig. 8.16 (a) Optical micrograph showcasing waviness pattern of the welded interface in
experiments (b) Comparison with SPH (zoomed view) at 8-degree, 18 kV discharge
voltage
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Table 8.6 Variation of Wavelength (A\) and Amplitude (A) of waviness morphology in pm
with impact velocity and impact angle

Impact velocity 400 m/s 500 m/s 600 m/s 800 m/s
Impact angle
6 deg A=100,A=20 |A=105A=30 |A=115A=35 |A=120,A=40
8 deg A=150,A=40 |A=160,A=45 |A=180,A=55 |A=190,A=60
10 deg A=190,A=45 | N=215,A=50 |A=225A=60 |A=235A=70
12 deg AN=205A=50 |A=225,A=65 |A=235A=80 |A=250,A=100
8.4.4 Hydraulic burst test

The strength of the tube-to-end plug junction has been analysed using a hydraulic
pressure burst test at 300K. With the use of fluid, pressure is applied in all directions in
this procedure. It is a destructive testing approach for estimating a part's pressure
overload capability in pressurised settings [187]. To connect the joint to a hydraulic burst
tester at one end, EMW samples are welded to a fixture tube (used to close the tube to the
end plug joint) using inert tungsten gas (TIG) welding. At 300 K, three samples are
subjected to a hydraulic burst test.

Pressure|
120

Maximum pressure: 108.28 Mpa
Test medium: Water
Test result: Pass

100

(2] @
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(a) (b)

Fig. 8.17 (a) Pressure profile with time obtained from hydraulic burst test indicating the
failure of the tube at 108 MPa and (b) Hydraulic burst sample failed at D9 tube near the
TIG joint

At pressures reaching 105 MPa, all three samples rupture near 108 MPa (Fig 8.17 (a)) at
the D9 steel tube near the TIG welded joint region between the D9 steel clad and the fixture
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tube (used to close the tube-to-end plug joint). This means that EMW joints are more
durable than the weakest parent metals. Based on the first principle of the thin cylinder,

this measured rupture pressure reasonably fits the tube's rupture strength.

8.4.5 Micro-hardness test

The hardness variation across the joint interface is measured using a micro-hardness tester
with a 250-gm load. As illustrated in Fig. 8.18, the average microhardness values on the
D9 side and the SS 316LN side are 309 VHN and 280 VHN, respectively. A 3-5 percent
increase in hardness is noted on both sides of the contact, which can be attributed to the

strain hardening during the EMW process.
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Fig. 8.18 Micro-hardness distribution near the bonding interface for the MP welded
sample

8.4.6 X-ray computer tomography

X-ray computer tomography is a non-destructive technology for visualising several forms
of three-dimensional data about a solid object, such as microstructure, flaws, and
crystallography. Fig. 8.19 shows an X-ray tomography image of a D9-SS 316LN tube-to-
end plug MP welded sample, demonstrating deformation of the D9 outer tube onto the
tapered SS 316 LN end plug. The tomography used X-ray clearly distinguishes between a
uniform welded region without any fracture and a non-uniform, irregular non-welded
region with a gap along with the interface. The welding length is more than 5 mm from
this tomography image. Fig. 8.20 shows the reconstructed voxel image of size 4 um, which

further confirms the non-uniformity at the D9-SS 316 LN interface at the beginning of the
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working zone. However, uniformity can be seen in the latter half of the working length as

the welding proceeds in the welding direction.

— 5 Welding direction

Working zone

/

Non-welded region
Welded length
Non-welded/open length  showing uniformity

showing non-uniformity

(a) (b)

Fig. 8.19 (a) X-ray tomography of one of the samples and (b) high-resolution optical
image indicating uniformity in the welded region

Visible opening/non-
uniformity

(@) (b) ©)

Fig. 8.20 (a) Half-cut sample micro-tomography, (b) reconstructed voxel (volume pixel)
of the sample and (c) zoomed view showing opening/non-uniformity in welding at the
D9-SS 316LN interface
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8.4.7 Optical micrography and Scanning electron microscopy

The integrity of the EMW samples are checked in transverse and longitudinal directions
using optical micrography (OM) and scanning electron microscopy. Samples are cut
longitudinally and transversely using a WEDM (wire-cut electric discharge) machine to
characterise the joint. During the cutting operation, adequate coolant is utilised to avoid
any microstructural alterations. After that, silicon carbide (SiC) sheets having grit size in
the range of 100-2000 in increasing order are used to ground the samples, followed by
abrasive polishing. Fig. 8.21 show two optical micrographs of the D9-S5316 interface at
200 and 500 nm. Weld interface shows wavy morphology. These waviness patterns are
caused by the jet from the flyer tube penetrating the target end plug surface at the point
of impact. During high-velocity impact, Plastic deformation converts the grains to become
semisolid near the interface leading to the hydrodynamic behaviour of metal [34]. Periodic
and symmetric waves, comparable to explosive [188] and electromagnetic welding [189],
have been shown in wavy morphologies, indicating good joint quality. The unwielded
area shows no effect in grain morphologies. However, grains at the interface are severely
distorted, mirroring the waviness phenomenon of the weld. Due to fluctuations in the
magnetic field, the amplitude and wavelength of the waves alter gradually from the
vertical centreline along with the interface EMW of sheets [34]. However, in this tube-to-
end plug joining, the field shaper in the working zone produces a uniform magnetic field
circumferentially, resulting in a series of homogenous waves with comparable amplitude
and wavelength at the weld interface. The wavelength and amplitude are 32 and 73
meters, respectively. The intimate contact area and interlocks between two metal surfaces
are increased by these wavy morphologies [34]. The deformation of the D9 tube causes
grain refinement at the contact on the D9 side. The interface area is depicted in SEM
pictures at various magnifications in Fig. 8.22. Kulkarni et al. [180] have conducted an EDS
analysis of the experimental work to determine the composition at the interface area,

which they discovered to be a combination of both metals.
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(b)

Fig. 8.21 Optical micrographs at (a) 200x and (b) zoomed view at 500 showcasing the
waviness pattern at the interface
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Fig. 8.22 SEM micrographs of the interface between SS 316LN and D9 at (a) 2.0K X, (b)
50K %, (c) 10K x and (d) 15.0 K x

To analyse the composition or intermixing of materials at the interface in the welded
sample, SEM-EDS analysis is also carried across the interface region. The composition in

the diffusion zone is observed to be the mixture of both metals as shown in Fig. 8.23. It is
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evident that, D9 and SS316LN only have two uncommon elements between them which
is Mo and Tj, are presentin D9 but absent in SS316LN. EDS measurement shows that that
these two elements are present in the mixing zone/ diffusion zone, however, no detectable

transitions of Ti and Mo are observed in SS316 LN side.

Phase
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Fig. 8.23 EDS measurement in the D9-SS 316LN interface region showing composition at
the interface

8.5 Conclusions

EMW process is used in this chapter to build a D9-SS 316LN tube-to-end plug junction.
High-speed, flexible, and high-integrity weld joints are produced using a green and solid-
state welding technique. The high-speed impact welding technique is being studied
experimentally and simulated. Experimental procedures resulted in a leak-tight junction
with wavy interface morphology and no defects. SPH simulation has recreated the same

phenomenon. It is possible to draw the following conclusions.

e The Lagrangian mesh-based simulation indicates a good agreement of deformation
with experimental results.

e The D9-SS316LN tube-to-end plug interface shows wavy morphology with narrow
grain boundary-like bonding interfaces.

e The metal jet emission and weld interface morphology is reproduced successfully
using the SPH method.

e The SPH simulation results are validated with the Bahrani-Black-Crossland wave

formation mechanism.
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¢ Hydraulic burst tests show failure in the base tube area near the TIG joint and not the
EMW area, showcasing the excellent quality of the EMW joint.

e Samples show uniformity in the welded region in the working zone during X-ray
tomography.

e OM and SEM analysis have been used to explore further the waviness morphology

obtained in the SPH simulation.
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9 Conclusions and Scope of Future Work
_________________________________________________________________________________________________________|

9.1 Conclusions

In this thesis, research work is carried out to provide an alternative and effective way to
tackle problems being faced in the joining of tubes by EMF. The work carried out will be
helpful in the faster industrial adaptation of EMF technology for the joining of tubes.
Important conclusions and recommendations from the thesis work are summarised

below.

¢ Animproved multi-material Cu-SS tube-to-tube joining has been carried out using the
EMC process. The integrity of the joints is studied through the various destructive and
non-destructive processes, and the joints with strength higher than the base Cu tube
failure strength are obtained at particular discharge energies for threaded and knurled
surfaced joints. It has been further established that threaded surfaced joints are most
suitable for axial strength considering the ease of manufacturing of threads compared
to knurls.

e Furthermore, a strategy of developing FEM models to replicate the complete
experimental investigation is adopted to save time and resources and assist in further
optimisation of the joint for future works. A coupled FEM model produces results of
pull-out and compression tests of smooth surfaced EMC crimped Cu-SS tube-to-tube
joint within an error range of 5-7 %.

e Threaded surfaced joints are further investigated by varying the thread pitch and
thread angle, and it is observed that in this case, optimum results are obtained with the
thread having 60° thread angle and 1 mm thread pitch. The developed non-coupled
FEM model produces pull-out strength results within an error range of 2-9 %. The FEM
model is further validated by fitting into an empirical relationship.

¢ A novel hybrid joining technique is developed to overcome the shortcomings of an
EMC tube-to-tube joint by combining the EMC process with adhesive joining named
as EAAJ. A comparative experimental investigation is performed between EAAJ and
EMC process for the smooth-surfaced Cu-SS tube-to-tube joint. An increment in pull-
out and compressive strength by 2 to 3 times is observed, along with an improvement
in leak tightness by 1000 times in the case of the EAAJ joint compared to EMC joint.

Statistical Analysis further clarifies the picture and shows that type of process (EAAJ
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and EMC) contributes by 87.57%, and discharge energy contributes by 11.38 % to the
pull-out strength of the smooth-surfaced Cu-SS tube-to-tube Joint.

o A detailed experimental investigation further elaborates the EAA]J process to study the
effect of various parameters (discharge energy, adhesive application length, types of
adhesives and curing time) on EAAJ joint characteristics leading to the optimisation of
the process. Adhesive 638, discharge energy of 5.0 k], adhesive application length of 5
mm (lowest adhesive application length (25 % of working length)) and curing time of
96 hours is observed to be best suited for highest joint strength and leak tightness.
Furthermore, the three-way ANOVA analysis indicates that the contribution of type of
adhesives, adhesive application length and discharge energies on the pull-out strength
performance in the joint strength of an EAA]J joint are 64.40 %, 9.94 %, and 21.45 %,
respectively. The contribution % of discharge energy, adhesive application length, and
curing time on an EAA]J joint leak tightness are calculated to be 51.54 %, 28.34 %, and
15.62 %, respectively.

e Furthermore, the third type of EMJ process, namely EMW to join tubular components
is also investigated. An SPH-based FEM model is developed for D9 tube-to-SS 316 LN
end plug joining by the EMW process, which establishes a weldability window by
considering waviness formation as the criteria. The taper angle of 8° and impact
velocity of 500 m/s is observed to be optimum. The Lagrangian simulation is validated
with experimental deformation results, and the SPH simulation is validated with

microstructural results of waviness morphology.

Overall the current work proposes detailed experimental and numerical findings. The
results obtained through developed numerical models agree with general findings in
experiments that show the prediction capability of developed models. The present study
concludes that the EM] techniques are advantageous for creating multi-material tubular
joints. Finally, by modifying the elements in this study, one can commercialise these
applications of tube joining by EMF processes. The table below shows the discussed
processes to be used depending upon the output requirement and available discharge

energy.
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Representation of different joining processes to be used depending on the required
output

Required output
Leak tightness

Available EM Processes

dischar Moderate High b d
8¢ ENETEY | Joint strength to be use
(10_8 - 10_9 ) (10—11 )
(mbarl/sec) (mbarl/sec)

Low (3.4 kJ-5.0 kJ) v EMC
Low (3.4 kJ-5.0 kJ) v v EAAJ
High (10 KJ-15 k) v v EMW

9.2 Scope of Future work

Subsequent studies can be done in the current domain to widen the understanding further.

e An analytical methodology can be proposed for the current work to reduce the
dependency on the software packages, and such an analytical model can be used
in calculating other values like current amplitude and impact velocity before
experimentation to predict the

e The present work in chapter 4 and 5 assumes the value of coefficient of friction and
caliberate it with experimental output results which can be further improved by
performing experimental investigations to calculate the value of coefficient of
friction to further improve the simulation results.

e In the present study, the setup is designed based on the literature. However,
various aspects of the experimental setup can still be improved. A field shaper
which is an essential part of the setup and is used to intensify and concentrate the
magnetic field in the working zone, have limitations, as discussed in section 4.3.2
and 7.2.6, due to the slit of the field shaper. Therefore, further investigation can be

done to improve the shortcomings.
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e Furthermore, in order to be adopted in the industry, understanding setup life is
essential. Therefore, an investigation on the life and fatigue damage of disposable

tield shapers with prolonged application is needed.
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