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Preface

This book presents machine learning concepts applied in engineering mathematics
for applications in advanced welding and cutting processes. Few welding and
cutting case studies are presented with details on experimentation and characteri-
zation. Subsequently, parametrical interdependencies of various entities governing
the processes are investigated using data analysis and data visualization techniques
are an embodiment of machine learning. The contents present fundamental and
advanced terminologies of supervised learning where focus is laid on Python
libraries such as NumPy, Pandas and scikit-learn programming. It emphasizes on
the features and benefits of employing machine learning techniques for quantitative
analysis of manufacturing processes in the engineering domain. The book exposes
the beginners to basics of machine learning for applied sciences, enabling them to
acquire requisite knowledge on data sets and its branches for information excava-
tions and adapt to the global competitiveness and work on real-time technical
challenges of data. Besides, it also acts as a valuable resource for scholars with
ample domain knowledge using conventional mathematical tools for data analysis.
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Chapter 1
Supervised Machine Learning
in Magnetically Impelled ARC BUTT
Welding (MIAB)

1.1 Introduction

The MIAB welding process was initially investigated by the E. O. Paton Electric
Welding Institute during the 1950s. It was later developed for commercial appli-
cations by Kuka Welding systems, who named it the Magnet arc process. Today,
MIAB welding is used for a variety of applications throughout Europe and Ukraine
[1].

Magnetically impelled arc butt (MIAB) welding is a unique and advanced
process which utilizes relatively simple equipment, though based on a set of
complex interactions among an arc, an applied magnetic field and also an induced
magnetic field. These interactions are accompanied by various changes in terms of
arc length, temperature distribution, electromagnetic flux distribution, electrical and
mechanical properties of the material, etc. which occur during the heating of the
parts being welded. The result is a swift welding process that offers cost savings for
a range of joint configurations.

This process is generally employed for thin-walled tubes up to 4 mm in the
automobile, machine building, construction and other processing industries. MIAB
welding is extensively used in automobile industries in European countries and
seldom used in parts of the United States and the United Kingdom.

1.2 Process Principle

MIAB welding is a fully automated solid-state welding process. An electric arc is
made to strike between two tubes which are aligned in axial direction with a small
gap in between. The arc is impelled to move around the joint line by the force of
interaction between the arc current and an externally applied magnetic field.

© Springer Nature Singapore Pte Ltd. 2020
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The radial component of the magnetic flux density Br and the axial component of
the welding arc current Ia interact with each other exerting a force on the arc [2].
The mathematical expression of this electromagnetic force is given in Eq. (1.1).
This force impels the arc along the peripheral edges of the tubes.

~FBr ¼ K �~Ia �~Br ð1:1Þ

Coefficient K depends on the value of the arc gap between the two tubes to be
welded.

The force exerted on the arc current influences the speed of the rotating arc.
Therefore, it is clear that adjusting the strength of the magnetic field, the magnitude
of the arc current, or the width of the arc by changing arc current plays an important
role on the speed of arc. In particular, by sharply increasing the welding current for
a short time just prior to upset, a rapid expulsion of molten metal occurs which
enables cleaning action. This eliminates the need for shielding gas.

The rotating arc heats up the peripheral edges of the tubes to cause localized
melting and adjacent softening in the heat-affected zone (HAZ) and consequently
lowers the yield strength of the adjacent solid material to permit sufficient forging
action, a critical aspect of the process. The forging expels most of the molten metal
present and a solid phase bond is formed. A basic schematic of MIAB welding is
shown in Fig. 1.1, which depicts the welding of two tubes.

Fig. 1.1 Basic representation of the MIAB welding process
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As Fig. 1.1 indicates, an arc is impelled along the peripheral edges of the tubes
due to a magnetic field set-up using either permanent magnets or electromagnets.
The linear speed of the arc is approximately 250 m/s. The swiftly rotating arc, in
combination with the thermal conductivity of the tubes being welded, causes uni-
form heating at the joint. Subsequently, the molten abutting faces are pressed
together by a forging cylinder. This upsetting operation expels the molten material
out of the joint and creates a forging action on the remaining plasticized metal. This
forging action then forms a porosity-free weld. The process does not use filler
material. Shielding gas is usually not required [4]. When shielding gas is not used,
as in the case of this research, a short pulse of high current is included which expels
contaminated molten metal prior to upset.

MIAB welding is carried out in two stages:

A. First stage

The first stage of MIAB welding involves co-axial alignment and clamping of the
two tubes with a small gap between them. Then a DC current is made to flow
through the circuit formed by the power supply, the clamps and the tubes. Further, a
carbon rod is employed to strike an arc. Figure 1.3a depicts the situation wherein
the arc moves along the tube edges.

The arc is swivelled along the peripheral edges of the tubes at a high speed. Arc
rotation persists for a few seconds until the faying edges are heated to a high
temperature, i.e. beyond softening temperature.

B. Second stage

After the edges reach a suitable temperature they are pressed together with a
pre-determined forging pressure and the weld is set as shown in Fig. 1.3b.

The direction of the force is determined by applying Fleming’s left-hand rule,
according to which the rotating direction of the arc is always perpendicular to the
applied magnetic field and the arc current as shown in Fig. 1.2. The force occurs
due to the magnetic flux lines generated by the flowing current interacting with the
magnetic flux lines of the applied magnetic field. This phenomenon is shown
graphically in Fig. 1.4, which depicts a current carrying conductor under the

Fig. 1.2 Fleming’s left-hand
rule [3]
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(a) Stage I – Heating 

(b) Stage II – Forging 

Fig. 1.3 a MIAB welding—heating by arc movement and b MIAB welding—forging
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influence of an applied magnetic field. The force is generated on the side of the
conductor where the magnetic flux lines are dense [5].

In addition to the primary force on the arc that causes the arc to spin rapidly
around the part, there is an additional important force on the arc. This force is
generated when the radial component of the arc, Ir, crosses the axial component of
the magnetic field Ba, as shown in Fig. 1.5.

Initially, while MIAB welding a ferromagnetic material, the arc is pushed to the
ID of the joint due to arc blow effects. Upon heating, the Curie temperature is first
reached on the OD of the tube altering the distribution of magnetic flux in the joint

Fig. 1.4 Magnetic field exerting force on current carrying conductor [5]

Fig. 1.5 Effect of radial component of arc current on arc movement [2]
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and pushing the arc outward. The outward movement of the arc can play an
important role in generating uniform heating at the joint [2].

Applications
The range of tube diameters which can be welded on commercially available
equipment is approximately 10–220 mm with wall thickness of 0.7–13 mm (7 mm
and above has been MIAB welded but with a more complex weld cycle which
included the orbital motion of one tube). This comprises different types of tubes and
pipes

1.3 Process-State of Art

For a researcher investigating MIAB welding with a view to applying, it for
welding boiler tubes, the literature available is to some extent, scarce and inade-
quate. Many of the papers are translated from other foreign languages. In some
cases, the translations are not clear; adding to the difficulty in understanding. This
chapter presents a comprehensive overview of the earlier research work carried out
in the area of MIAB welding. It also reveals the disagreement among various
researchers with respect to the underlying concepts of MIAB welding; in particular,
the discrepancies pertain to the interaction between the arc and the applied and
induced magnetic fields.

1.3.1 Preliminary Explorations on MIAB Welding Process

This section reports the initial postulates on MIAB welding process (Table 1.1).

Tðy; tÞ ¼ qy
2kp

ffiffiffiffiffiffiffi

4at
p

y
exp � y2

4at

� �

� ffiffiffi

p
p

1� U
y
ffiffiffiffiffiffiffi

4at
p

� �� �� �� �

ð1:2Þ

where

T temperature (°C)
t arc rotation time (s)
q heat input of the arc (cal/cm °C)
y distance from arc along the tube (cm)
k coefficient of thermal conduction (cal/cm s °C)
a coefficient of temperature conduction (cm2/s) and

U y
ffiffiffiffiffi

4at
p

	 


function of Gauss probability
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Fig. 1.6 Melting patterns of
thick-walled tube reveal
melting on ID

Fig. 1.7 Magnetic flux in
tube-to-plate joint pushes arc
outward

Fig. 1.8 Arc trace on tube
end shows movement from
OD to ID
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1.3.2 Design/Developmental Aspects in MIAB Welding
Process

Authors
and year

Experimentation Observations Images
and
equations

Georgescu
et al. [15]

• Presented original
ROTARC portable
equipment, pneumatically
operated. The equipment
was designed for maximum
30 mm diameter pipes
welding. Original
pneumatic operating devices

• A longitudinal magnetic
system design was
presented that ensures easy
introduction/removal of
pipes because the parts were
made up of two-halves, due
to a system of longitudinal
small coils (parallel with the

See
Figs. 1.10
and 1.11

(continued)

Fig. 1.9 Magnetic arc blow
due to tube geometry effects

Fig. 1.10 MIAB set-up with
longitudinal small coils

Fig. 1.11 Transverse
magnetizing system
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(continued)

Authors
and year

Experimentation Observations Images
and
equations

were designed, especially
for high speed upset

pipes in Fig. 1.10). They
further introduced
transverse magnetizing
concept system (Fig. 1.11)
and its implication

Edson [16] • Reported the developments
aimed at increasing the
weldable wall thickness to
about 12 mm
(150KN-Machine Fig. 1.13)

• Limitations that arise while
welding tubes with higher
wall thickness were
highlighted

• The thickness limitation
crops up from the arc
rotating initially on the
inside edge and then
predominantly on the outer
edge of the tube faces

• As a result, uneven heating
and consequent poor quality
welds are obtained. This
radial movement of the arc
path occurs with any wall
thicknesses but becomes
less consistent as wall
thickness increases above
5 mm

• The second difficulty was to
ensure immediate arc
rotation in order to avoid
local melting and resultant
short circuiting

See
Fig. 1.12

Fig. 1.12 150KN MIAB
machine and monitoring
equipment
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1.3.3 Studies on Modelling and Simulation of MIAB
Welding Process

Authors
and year

Experimentation Observations Images
and
equations

Kim and
Choi [3]

• Developed a two-dimensional
finite element model for the
analysis of magnetic flux
density distributions produced
by electromagnets at the
MIAB weld joint

• Their experimental set-up,
shown in Fig. 1.13, utilized a
Gauss-metre at the centre of
the joint and the flux density
was measured at a varying
distance from the outer
surface of the pipes at various
distances from the exciting
coil

• It is important to maintain
maximum flux density at the
joint for best weld quality.
Therefore, the design of the
electromagnet system is very
important, as is the exciting
current applied to the
electromagnets

• Both the gap size between the
two pipes and the relative
permeability of the medium
therein had an effect on the
magnetic flux at the joint

See
Fig. 1.13

Vendan
et al.
[17]

• Performed non-linear
electromagnetic analysis to
determine the magnetic field
and electromagnetic force
distribution in MIAB process
using finite element package
ANSYS

• Typical results of this analysis
pertaining to magnetic field
were compared with the
experimental data for steel
tubes (outer diameter 47 mm
and thickness of 2 mm)

• The proposed
three-dimensional finite
element method model for
electromagnetic force
distribution facilitated
comprehensive understanding
of the arc rotation process in
MIAB welding

NA

Fig. 1.13 Method for
measuring magnetic flux
density
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1.3.4 Applications of MIAB Welding

Authors
and year

Experimentation Observations Images
and
equations

Fletcher
et al. [18]

• A prototype MIAB welding
machine was designed and
built which was capable of
welding natural gas pipelines
and to make welds in DN
150 pipe complying with the
performance requirements of
the Australian petroleum
pipeline standard AS2885.2

• A typical MIAB welded pipe
is shown in Fig. 1.14

See
Fig. 1.14

Tagaki
et al. [12]

• Developed an equipment for
rotating arc butt welding
suited to pipeline laying in
urban areas. The machine
was employed to weld pipes
of 60.5 mm outside diameter
with 3.8 mm wall thickness
and 89.1 mm OD with
4.2 mm mild steel town gas
pipelines

• It was shown that weld
quality of high reliability can
be obtained with high
efficiency and that the
welding equipment can be
effective in pipeline laying

NA

Schlebeck
[19]

• Presented the application of
MBL-P (Magnetically
Moved arc with pressure or
MIAB) in engineering
components such as CO2

pressure cylinder for fire
extinguishers, pipe screw
joint for hydraulic lines and
pipe/flange joints of 32–
85 mm nominal width.

• Figure 1.15 shows the MBL
welded CO2 pressure
cylinder for fire extinguishers
for which the cycle time is
20 s. The test pressure
amounts to 40 MN/mm2

• Figure 1.16 shows a full-size
MBL welded pipe screw
coupling for a hydraulic line
with operating pressures up
to 15 MN/m2

See
Fig. 1.15
See
Fig. 1.16

Westgate
and Edson
[20]

• Outlined the typical
industrial applications within
the automotive industry

• The application of MIAB
welding to weld parts in Ford
Transit car rear axle casing
containing two circular and
two square butt welds
(Fig. 1.17)

See
Fig. 1.17

Hagan
et al. [21]

• Summarized their use of
MIAB welding in the
manufacturing of the Fiesta
rear axle cross tube assembly

• In selecting MIAB welding,
they first considered the
other more common welding
methods, viz., Friction, Flash
and GMAW

• Friction was not acceptable
because of the difficulty in
maintaining the radial
relationship between the
shaped flange spindles and
the axle tube

(continued)
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(continued)

Authors
and year

Experimentation Observations Images
and
equations

Hiller
et al. [22]

• Used MIAB (in this case,
Magnet arc) welding in the
production of truck cab
suspension components

• This application involved
MIAB welding a cast iron
lever to an extruded steel
torsion tube to produce the
welded assembly (Fig. 1.18)

• The authors commented on
the many advantages of this
process, including short
welding times and the
excellent mechanical
properties of the solid-state
joint produced between cast
iron and steel

See
Fig. 1.18

Jenicek
et al. [23]

• Demonstrated that tubular
hollow bodies such as nuts,
sleeves and bushes could be
fastened to sheets using a
process with particular
economic viability, i.e. an
advanced variant of
magnetically impelled arc
butt welding-bush or nut
welding

• With extended drawn-arc
stud welding devices,
aluminium components with
an internal thread between
M8 and M24 were welded on
to perforated sheets made of
ENAW-AlMg3 and
ENAW-AlMgSi1

NA

Mori et al.
[24]

• Evaluated the feasibility of
the MIAB welding process
with aluminium and
aluminium-copper joints

• In this set-up, it was a
challenge to achieve the
required flux density at the
joint with non-ferrous
materials versus ferrous
materials. Hence, an iron
core was often inserted
inside the pipe

• Results achieved showed
good weld strength and
metallurgical integrity

NA

Fig. 1.14 MIAB welded
pipes

Fig. 1.15 MBL welded CO2

pressure cylinder for fire
extinguishers
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