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Abstract

Magnetically impelled arc butt welding (MIAB) is a solid-state pressure welding technique used to join tubes and pipes,
which does not require edge preparation and filler material. Heating the material on both the tube surface ends by producing
arotating arc using an electromagnetic force improves the arc rotation. Applying the forging pressure on the movable end of
the tube will join with the other end surface of the tube. Unlike conventional welding, the weld formation is developed with
a single-step process without several passes. The parameters such as welding current, exciting coil current, coil position, and
gap size between the tubes influence the weld strength. This review focuses on MIAB welding stages with process param-
eters and MIAB welded of similar and dissimilar materials, including the microstructure of weld and joint performance and
the process parameters that affect the property of welded materials and researcher inferences; applications were discussed.

Keywords MIAB - Arc rotation - Electromagnetic force - Dissimilar welding - Microstructure

1 Introduction

Magnetically impelled arc butt (MIAB) welding is a unique
method of joining tubes using electromagnets or permanent
magnets interacting with electric current. It forms an elec-
tromagnetic force (EMF or F), which creates an arc along the
pipe circumference. The components are forged after a spe-
cific heating period to form a weld [1, 2]. E.O. Paton Electric
Welding Institute initially explored this process during the
1950s and 1960s [3, 4]. This welding method is primarily
adopted in European countries for automotive components
of tubular parts with pipe thicknesses ranging from 0.6 to
16 mm (thick-walled tubes). Figure 1 shows the stages in the
MIAB welding. The main components of the MIAB welding
are tube material, power source, electromagnets or perma-
nent magnets, hydraulic power pack, and control unit. In the
MIAB welding setup, one tube is fixed, and the other tube
is movable. Both tubes are not rotating; instead, they move
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in linear motion. Selecting a magnet or electromagnetic coil
and maintaining a minimum distance from tube ends are
essential for MIAB welding. There are four steps in the tube
joining process, from arc initiation until forging. The four
stages of MIAB welding are arc initiation, beginning of arc
rotation, arc stabilization, and upsetting [5].

Stage 1: The first stage is the arc initiation process, where
the magnetic coil arrangement is kept on the tubes, which
allows the current flow through the tubes.

Stage 2: The materials must keep a minimum-defined gap
for creating an arc. The air gap between the tube material is
maintained at a minimum gap distance of 1.5 to 2 mm. The
welding current and magnetic coil switch produce an EMF
between the tube faying surfaces. The arc formation is gener-
ated on the interior surfaces of tube material.

Stage 3: The sustained arc starts rotating with a magnetic
coil current between the tubes in the arc rotation stage. The
electric arc slowly generates and attempts to get out from the
tube inner edges to the outer ends. It depends primarily on
the coil position, gap size, and coil excitation. The stabilized
electric arc gets a continuous uniform ring due to high rotat-
ing velocity, which heats the tube surfaces and produces a
thin molten layer.

Stage 4: The final stage is the upsetting stage, where
the development of molten metal structures in the arc gap
leads to high arc velocity variations to cause arc rotation
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instability. The increased current supply in milliseconds
generated in tube material forms a red-hot condition where
bridge formation occurs to perform the forging operation.
Then, the forging process takes place by applying pressure
on the movable tube material to join the molten tube edges.

The welding current is split into three stages, and the
duration is divided into four stages. Tables 1 and 2 demon-
strate their corresponding actions for the ferritic steel T11
material with an OD of 48 to 54 mm and a wall thickness of
6 to 7 mm [6, 7]. The duration and amperage requirements
for the various stages of MIAB welding are governed by the
process and the material being welded. Using the material’s
properties, it can predict the energy needed to heat it to its
solidus temperature. Compared to other solid-state welding
methods, the time taken for this type of weld is considerably
shorter. Limited exploration has been conducted on extend-
ing the implementation of the MIAB welding process to
non-ferrous materials, as its focus is primarily on ferrous
materials.

Fig. 1 Schematic diagram of (a)
stages in the MIAB welding a

]
)

Fleming’s left-hand rule principle defines arc rotation
perpendicular to the welding current and the magnetic field.
It is the same as the principle of the arc displacement process
shown in Figure 2 [8].

The axial welding current (/,) and radial magnetic flux
density (B,) induce a force which causes arc displacement
and pushes it towards the exterior edges of the tubes. The
Lorentz forces determine the EMF in the external magnetic
field that interacts with the electron on the arc. The EMF is
obtained from Eq. (1):

F=KI,xB, (1)

where K is the coefficient, which depends on the tube gap
size. The force applied to the welding current is proportion-
ate to the arc rotation in MIAB welding.

One of the notable advantages of MIAB welding is its
solid-state process, which results in a shorter weld cycle,
reduced energy input requirements, absence of component
rotation, and minimized material loss. MIAB welding is
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Table 1 Welding current stages in the MIAB welding for T11 [6, 7]
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Stage 3 — Arc rotation and heating on both tube edges
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Stage 2 — Arc formation by retracting tube 1

Magnct 2
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Stage 4 - Weld formation by forging

S. no. Current Action performed Current ranges (A) References
(1) Arc initiation current (I1) Tube pressing and initiation of the arc 280-300 [6,7]
2) Arc rotation current (12) Stable arc rotation and heating of tubes 200-220
3) Upset current (I3) Tube upsetting 1100
Table 2 Welding t,ime stages S.no.  Welding time Action performed Time ranges (s)  References
in the MIAB welding for T11
[6,7] €)) Tube pressing time (T1) Tube pressing 0.5-1 [6, 7]

2) Arc initiation time (T2) Initiation of arc and keeps rotating ~ 4-6

3) Arc rotation time (T3) Formation of stable arc and heats 20-30

the tube edges
(@) Upset time (T4) Tube upsetting 0.3

@ Springer



Welding in the World (2023) 67:2635-2649

2637

Force affecting radial displacement of the arc

Radial direction
Magnetic field direction
of magnetic ﬁeldi --------------

/Arc

Axial direction |

Axial direction
'

. ' .
of arc current ! of magnetic field

—

Arc current Radial direction

of arc current

Fig.2 Arc displacement process in MIAB welding [8]

differentiated from other solid-state welding processes by
its low cost, superior control, and reliability. This method is
unique because it may create strong welds without surface
preparation or with the weld tubes positioned with an axial
offset. However, there are some restrictions on its use with
tubes thicker than 6 mm, which prevents its wide adoption in
the industrial sector. As a result, more studies have examined
the viability of employing MIAB welding on thicker tubes
using conventional setups. To achieve successful MIAB
welds, certain conditions must be met, namely:

(a) On the two weld surfaces, the active locations of the
rotating arc should nearly match the thickness of the weld.

(b) Less than 0.7 mm of non-uniformity should be main-
tained on the faying surfaces [5].

The controlled conditions of the rotating arc depend on
the welding current, exciting coil current, coil position, and
gap size between the tubes. The rotation of the arc and its
position within the tube gap size depend on the strength of
the magnetic field and the welding current. The distance
between the tubes and the position of the magnet both affect
the distribution of the magnetic field. Heat is created on
the outside surface of the weld metal while the arc rotates,
which is subsequently dissipated by convection and radia-
tion. The weld quality can be negatively affected by uneven
heat generation brought on by the arc’s movement from the
inner to the outer diameter of the tube gap.

According to Taneko et al., when MIAB welding of steel
pipes, arc rotation velocity fluctuates over time and is separated
into three regions: low rotation velocity, high rotation velocity,
and the rotation velocity fluctuation region. The author con-
ducted experiments using various input current and magnetic
coil current in different areas of the tube. They noticed that
the arc rotational velocity increased by 8 to 10 m/s from the
low-velocity to the high-velocity region. This causes the arc
to accelerate from the high-velocity zone to the region of rota-
tional velocity variation at a speed of 50 to 55 m/s [9]. Also,

Sato et al. studied the arc rotation movement of the steel pipe
from the inner to outer edges of the tube end. They noticed
that the magnetic blow effect causes the arc to move toward
the inner diameter when initiated. This phenomenon is brought
on by the creation of a high-gradient external magnetic field as
a result of the interaction between the natural magnetic field
of the arc and the geometry of the tube [10]. Iordachescu et al.
investigated the longitudinal magnetization method to satisfy
the magnetic flux density. The authors further stated that arc
rotation and heating time are essential in delivering successful
weld joints, and also, high-quality welded joints are made by
controlling the arc displacement [11]. Kuchuk-Yatsenko et al.
controlled the radial arc displacement by changing the strength
and direction of the magnetic field. The strong magnetic field
surrounding the outer diameter pulls the arc towards the direc-
tion of the inner diameter. As a result, uniform heating at the
joint is ensured by the rotating arc and thermal conductivity
of the welded metal. Controlling the arc displacement created
the uniform weld joint [12]. Kim et al. proposed a 2D finite
element model to evaluate the magnetizing force distribution.
The higher magnetic field strength induces uniform heating
through the increased force on the arc and arc speed rotation.
It can be concluded that maximum flux density is needed to
attain better weld quality. This can be achieved by increasing
the coil current and decreasing the gap between the tubes and
coil position [13]. So, the magnetic flux density depends on
the coil position, coil current, and gap size between the tubes
or pipes.

Vendan et al. confirmed this by conducting a MIAB weld-
ing trial on high-pressure tubes (SA210 A-1). They worked
an experiment trial by adjusting the process parameters on
both weld tubes, performed a bend test, and obtained no open
discontinuity on both tube materials [14]. MIAB welding has
been the main technique for combining ferrous tubes to pro-
duce various components in the European automobile sector.
The power sector has also looked at MIAB welding to pro-
duce boiler tubes, heat exchangers, and other high-pressure
components used in hazardous and corrosive conditions. Balta
et al. confirmed this by FE analysis of the fender bracket, and
results are compared with the experiment. It showed no failure
in the MIAB-welded fender bracket and that MIAB-welded
components are appropriate for vibration-induced parts [15].
Systematically, this review gives a comprehensive overview
of the MIAB welding process parameters and their effects, as
well as the attributes of weld quality, material combinations,
and industrial applications associated with MIAB welding.
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2 Parameters influencing weld quality
in MIAB weld

The MIAB welding process greatly depends on the input
process parameters. The process parameters such as welding
current, coil position, coil current, and gap size between the
tubes influenced the weld strength. Variations in the weld-
ing current and time duration make the joints irregular if the
current is too high. Also, the tube thickness and the choice of
material determine the range of operating parameters. Panda
et al. investigated the arc speed of T11 steel tubes through
experimental and numerical studies. Input factors, including
welding voltage, magnetic coil voltage, welding current, and
magnetic current, are considered while evaluating it using
Multi-gene genetic programming (MGGP). According to the
MGGTP results, Figure 3 shows that the welding current con-
trols the arc speed more than the other factors [16]. In MIAB
welding, welding current is classified into three stages based
on welding time duration in each stage: arc initiation current,
arc rotation current, and upset current. The effects of process
parameters in MIAB welding are stated below.

2.1 Effect of arc initiation current

The arc initiation current delivers sufficient heat to the tubes
or pipes and interacts with the magnetic field producing a
rotating arc. The electric arc creates a uniform heat distri-
bution through the magnetizing coil on the tubes. Changes
in arc speed can also generate non-uniform heating, which
can be solved by modifying the magnetic field distribution
[17]. The amount of electric current flowing from the power
source point to the arc is inversely proportional to the dis-
tance between them. The electric current in front of the arc

Arc speed contribution (%)

Welding
Voltage

Welding
Current

Magnetic coil Magnetic coil

voltage current

Fig. 3 Percentage contribution of different inputs to arc speed in the
MIAB welding [16]

@ Springer

rises as it approaches the power supply point, while the cur-
rent behind it drops [9]. The arc movement is increased by
increasing the magnetic coil current and welding current,
which produces heat to the faying surfaces of both tubes.
Vendan et al. stated that the ferritic material of T11 crosses
the curie temperature (770 °C), which becomes paramag-
netic and pushes the arc toward the exterior edges of the
tube surface [18]. This can be confirmed by the arc move-
ment relation by the gap between the tubes and the welding
current with the magnetization current range of 0.3 to 0.7 A,
shown in Figure 4 [11]. In the area I region, the arc rotates
unpredictably for higher current but does not move at all for
low currents. The distance between the tubes cannot gener-
ate an acceptable magnetic force value, even with sufficient
welding current and magnetic fields. The stability of the arc
formation is discussed in area II, which rotates between the
tube interface. Due to an enormous gap value of the distance
between the tubes and inadequate current, the arc in area III
starts but ends quickly, i.e., it does not start rotating, or its
rotation is unstable. If the upsetting occurs during unstable
welding, the joint either does not form or has insufficient
strength (areas I or III). Vendan et al. experimented with
MIAB-welded T11 alloy steel joints for boilers and found
that the insufficient weld current at reduced gap distance
causes shorting of tubes [6].

2.2 Effect of arc rotation current
The arc rotation effectively regulates the heating of tube

edges, which changes the microstructure and the weld inter-
face. It occurs primarily due to the strong magnetic field
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Fig.4 Relation between the welding current intensity (A) versus dis-
tance between the tubes (mm): area [—with unstable rotation or with-
out arc movement; area II—proper arc initiation and stable rotation;
area [II—short lifetime arc with an unstable rotation or no movement
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carried by an electric current around the tube circumference,
and the amount of arc rotation current depends on the pipe
wall thickness and the induced current on the coil. Due to
the thin wall of the pipe, the arc rotates at high speed, and
the magnetic flux density also increases at the initial level.
This flux density can be measured by using a Gaussmeter.
It has been confirmed that the flux density increases with
arc rotation increase [10]. So, the arc rotation is influenced
mainly by magnetic flux density. In terms of evaluating the
weld quality, the arc rotation current is the most significant
factor. For the tube-to-tenon joint of mild steel, a better weld
is attained at the higher welding current of 250 A for 10 s
and an upset current of 400 A for 1 s at a 2-mm air gap, 50
V arc voltage, and 3000 gauss magnetic field [19]. The type
of material used determines the time duration and amperage
requirements in MIAB welding.

Figure 5 depicts the graphical comparison of the ultimate
tensile strength (UTS) of MIAB-welded T11 tubes with arc
rotation time (T3), demonstrating that the UTS is higher
when T3 is 20 s. The UTS value is moderately lower for T3
above or below 20 s. Figure 6 explains the current inputs,
such as I2 and I3 vs UTS. It demonstrates that the upset
current increases, diffusion increases, leading to increased
penetration depth and tensile strength. Therefore, the incre-
ment in arc rotation current and upset current enhances the
tensile strength of the T11 tubes. Previous studies on MIAB-
welded carbon steel tubes have shown that a lower arc rota-
tion current leads to incomplete expulsion of the decarbur-
ized zone, forming a light band zone with a more ferritic
structure along the weld line. This can be eliminated by a
higher upset current and showed better tensile properties at
the weld interface [20]. It has been demonstrated that the
upset current impacts expulsion during the upset stage. In
contrast, the arc rotation current is responsible for heating
the weld surfaces to the solidus temperature, which causes

tation time
- Ultimate Tensile Strength

Arc rotation time (s)
Ultimate Tensile Strength (MPa)

Trials

Fig.5 Graphical comparison of the ultimate tensile strength (UTS) of
MIAB-welded T11 tubes for arc rotation time (T3) [7]
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Fig.6 Graphical comparison of the ultimate tensile strength (UTS)
of MIAB-welded T11 tubes according to arc rotation current (I2) and
upset current (I3) [7]

the material to plasticize. In MIAB welding, welding time
and current impact penetration depth depend on the welding
geometry and material properties.

2.3 Effect of upset current on weld

The short pulse of high current applied before to upset is
known as upset current. It is crucial to remove contaminants
and molten metal from the weld interface. The microstruc-
ture depends on lower or higher upset current. The upset cur-
rent determines the width of the TMAZ region. The higher
the upset current causes, the smaller width of the TMAZ
region. A lower upset current produces low heat and an
incomplete expulsion of molten metal. Excess surface metal
expulsion from the weld interface can occur from the high
upset current, forming voids. Sivasankari et al. experimented
on carbon steel tubes (44 mm OD and 4.5 mm thickness)
by varying the upset current over 800 A. This provided suf-
ficient edge surface heating and significantly impacted the
weld structure, as shown in Figure 7. During the tension test,
fracture occurs in a weaker region where samples welded
using a lower upset current displayed a noticeable decarbur-
ized zone. Consequently, the fracture happens at the weld
due to its comparatively weaker microstructure.

In contrast, when samples are welded with a higher upset
current, the weld interface is strengthened due to the for-
mation of acicular ferrite. Acicular ferrite offers superior
strength and toughness and is the favoured microstruc-
ture in the weld interface [21]. Dhivyasri et al. confirmed
this on T11 tubes and observed that the lower upset cur-
rent gets a small amount of heat on the tube and forms a
low deformation at the upsetting phase, which resulted in
weak weld formation [7]. Kumar et al. conducted dissimilar
welding of T11 and T91 steel tubes with the upset current
range of 900-1100 A, which provides good weld strength
and homogenous microstructure [22]. The combination of
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Fig. 7 Effect of upset current (A) vs weld tensile strength (MPa) for
MIAB-welded carbon steel tubes [21]

lower arc rotation current and high upset current causes the
main void formation and poor weld. But Isravel et al. found
that the lower upset current and lower arc rotation current
deteriorate the UTS value in SA210 GrA tubes. That is rela-
tive to the number of voids with upset current interaction
[23]. From this, it can infer that the material properties and
geometry influence the welding current, time duration, and
pressure values.

2.4 Effect of coil position

In MIAB welding with electric current aid, the magnetic
field is obtained through several coils. The 1000-2000 amp-
turn (At) magneto motive force produces a 0.02-0.1 T [8].
The EMF equation states that increasing the welding cur-
rent and magnetic field results in a faster arc rotation. The
small gap between coil distances explained an outstanding
magnetic flux line distribution in the arc gap, i.e., induced
magnetic flux lines are formed in the space between the
coils. The magnetic flux distribution has been high at the
gap between the pipes by placing an electromagnetic coil at a
small gap-to-coil distance. Magnetic flux density has shown
an increase as the coil distance difference increases. Nor-
rish et al. developed a model for thin-walled transmission
pipelines using Maxwell magnetic simulation software. The
magnetic path configurations and the parameters confirmed
that uniform arc heating developed before forging [24].

2.5 Effect of gap size
Kachinsky et al. explained that a stable arc formation
depends on arc gap size and parallelism of tube ends. With

the help of magnetic flux density, the gap size is the distance
between the two tubes where the arc has been formed. The

@ Springer

Distance from outer surface of pipe (m)

Fig.8 Graphical comparison of magnetic flux density (T) corre-
sponding to exciting current (0.5 A, 1 A, 1.5 A, 2 A) in an outer sur-
face of the pipe at various distances (m) [26]

gap size increases as the end face of the pipe melts off. The
controlling magnetic field is present on the arc gap size,
enhancing the arc movement and developing the quality of
welded joints. The magnetic flux distribution is disturbed by
the gap size, which determines the rotating arc behaviour—
the tube gap size reduces and thus increases the flux density
of the material [25].

The gap size usually is 1.5-2 mm, which increases the
magnetic flux density and improves arc rotation. Although
the distribution of magnetic flux is smaller when the distance
exceeds 2 mm, the arc disappears. Figure 8 shows the graph-
ical comparison of magnetic flux density (T) corresponding
to exciting current (0.5 A, 1 A, 1.5 A, 2 A) in the outer
surface of the pipe at various distances (m). The magnetic
flux density values gradually rise when the distance between
the pipes shifts from the outside surface of the pipe towards
the middle [26].

2.6 Effect of exciting coil current

A 2D finite element model was developed by Kim et al. to
study the magnetic flux density distribution of electromag-
nets in the MIAB weld joint. By examining the radial mag-
netic field between the two steel pipes, they could determine
the relationship between the strength and quality of the weld
joint. They also concluded that a stronger magnetic field
causes the arc to experience a maximum force, which speeds
up the arc and increases heating [13]. Vendan et al. analyzed
the modelling of magnetic flux distribution in MIAB weld-
ing using finite element analysis. Using a three-dimensional
finite element model, the relationship between magnetic flux
density and the interdependence of MIAB welding param-
eters were demonstrated. These parameters include gap size,
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exciting coil current, and coil position relative to the weld
center. These parameters collectively govern the electromag-
netic force generated during the welding. This simplifies
designing an effective magnetic setup for MIAB welding
[27]. So, the design of the electromagnet and the amount of
exciting current used to determine the magnetic field distri-
bution is more significant. Vendan et al. utilized a 2D and
3D FEM model to evaluate the magnetic flux distribution
and electromagnetic force. They observed that the distribu-
tion of magnetic flux in the tube gap exhibited an inverse
relationship with the distance of the tube gap and the posi-
tion of the electromagnetic coil relative to the weld region.
Additionally, they found that the magnetic flux distribution
was directly proportional to the exciting coil current [3].

3 Properties of welded materials by MIAB
welding technique

3.1 Low-carbon steel

Low-carbon steels are iron-carbon alloys with a carbon
concentration of 0.1 wt%. At eutectoid temperature, the
carbon content is found in the single-phase a-ferrite, a fer-
romagnetic phase with a BCC structure [28]. In low-carbon
steel, spot and projection welds are attempted. The weld-
ing requires a high electrode force after the pulse current,
and the weld joints need a tempering process [29, 30]. Gas
tungsten arc welding (GTAW) and gas metal arc welding
(GMAW) are the standard welding methods used to join
low-carbon steel, but low efficiency and low quality are the
preliminary problems [31]. The following applications have
successfully used neodymium-doped yttrium aluminium
garnet (Nd: YAG) and carbon dioxide (CO,) systems [32].
MIAB welding is the perfect method for joining low-carbon
steel tubes, which shows the uniform bead and weld penetra-
tion in Figure 9 [6]. Researchers like Sivasankari et al. pre-
pared the MIAB welding experimental setup and procedure
for boiler-graded materials T11. The arc rotation speed and
arc characteristics were discussed, and the microstructural
analysis of several samples was carried out by varying the
input parameters [21]. Nandakumar et al. made a half-facto-
rial experimental design by changing arc stabilization time
and upset current during MIAB welding of T11 tubes [33].
Vendan et al. experimented with non-destructive testing for
MIAB-welded T11 joints, and the quality of the joints was
within the acceptable limit [34].

3.2 Medium carbon steel
Medium carbon steels are similar to low-carbon steels but

contain more carbon and manganese, with concentrations
of 0.3 to 0.5% and 0.6 to 1.65%, respectively. It is most

Fig.9 Uniform bead and weld penetration of MIAB-welded T11
tubes [6]

necessary when higher mechanical properties are required
for the products. Higher Mn, C, or both usually improve
section thickness, mechanical properties, or hardening depth
[35]. Medium-carbon steels may be tempered and quenched
by raising the carbon content to around 0.5% and increas-
ing the manganese content [36]. Mostly, these steels are in
tempered conditions and have tempered microstructure.
The continuous welding of medium carbon steels should
be performed either with controlled hydrogen fillers or a
low-hydrogen welding method. MIAB welding plays a sig-
nificant role in production with a better quality of welds for
higher productivity. During morphology inspection, MIAB-
welded samples revealed excellent weld integrity [23].

3.3 Aluminium alloys

Aluminium (Al) alloys occupy the highest quantity and
application in non-ferrous metals. Since extensive research
was carried out on the application, less knowledge of the
phase composition and transformations was obtained during
solidification, cooling, and heating [37]. The polymer-matrix
composites used in Al alloy have commonly been adopted
for aerospace structures [37-39]. Al alloys are considered
for heat treatment procedures such as precipitation harden-
ing, annealing, ageing at either room temperature or elevated
temperature, and quenching. Welding of alloys is considered
a challenge due to their high thermal conductivity and low
hydrogen solubility, regardless of the welding method used.
Laser welding provided some additional burden due to the
reflective surface produced during the process [40].

For non-ferrous materials, MIAB welding is challeng-
ing to attain the magnetic flux density at the welded region.
Mori et al. experimented with MIAB welding on aluminium
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and copper joints. A ceramic shading bar was positioned
between the pipes to measure the number of arc rotations.
The electromagnetic oscillograph records the arc rotation
as it passes through a specific section of the pipe circum-
ference. The shorter distance between the coils (2 L = 40
mm) produces a magnetic flux distribution by increasing the
exciting coil current. However, the arc rotation was insuffi-
cient because its non-magnetic material do not have uniform
fusion. It can be accomplished by placing a ferromagnetic
iron core on the pipes to enhance the magnetic flux density,
resulting in uniform weld strength. Even the actual distance
of the coil (2 L =230 mm) with the iron core of Al produces
a magnetic flux density nearly equal to that of steel pipes,
as shown in Figure 10. Welding aluminium-copper (Al-Cu)
joints effectively sets the Al on the negative side and the Cu
on the positive side. Additionally, the negative side of Al
produces arc penetrations on the inner area, and it rotates
the arc more, which tends to heat the end face of pipe [41].

3.4 MIAB welding of dissimilar grade materials

Generally, in boiler header assembly, P91 is used as the
header, and the pipe can be used from low-alloy steel such
as P11 or P22 steel [42, 43]. These involve welding between
these two distinct steel grades of Cr-Mo. The dissimilar
welding combination meets both the economic and techni-
cal factors and the demands for service. Ferritic/martensi-
tic steel has a lower thermal expansion property, which is
better than austenitic steel [44]. However, the failure rate
of different weldments increases due to carbon migration
from low-alloy to high alloy ferritic steel. The primary
cause of dissimilar welding is chromium element, the sig-
nificant driving force for carbon migration [45-47]. It can
even develop from the high-chromium content of filler metal
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i ® Al (21.=40 mm)
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Fig. 10 Graphical relationship between magnetic flux density (T) and
various exciting currents (A) [41]
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rods during conventional welding processes. The post-weld
heat treatment process reduces carbon migration of the
weld interface. It can homogenize the microstructure at the
weld interface and improve mechanical properties [48—50].
In MIAB welding, earlier researchers worked on similar
welding of T11, T91, and carbon steel tubes. Kumar et al.
performed the dissimilar welding of T11 and T91 tubes
using MIAB welding. They analyzed their mechanical and
microstructural characteristics, showing a good weld quality
strength. They also focused on post-weld heat treatment of
MIAB-welded dissimilar materials for further study [22].
Dinaharan et al. analyzed the MIAB-welded AISI 409 fer-
ritic steel by radiography test and ensured that they attained
better weld quality [51]. Hassel et al. employed MIAB weld-
ing to join dissimilar duplex and mild steel. They success-
fully obtained improved weld properties, and importantly,
no notable alteration was observed in the microstructure of
the duplex steel [52].

4 Weld macrostructure

Earlier researchers reported that the MIAB welding method
changed the base metal (BM) microstructure, resulting in the
development of a weld zone (WZ) and a thermo-mechani-
cally affected zone (TMAZ) [20, 22, 53]. The welded area,
known as the WZ, experiences a lot of plastic deformation
and heat. The zone adjacent to WZ is TMAZ, which is
subjected to thermal and mechanical deformations. This is
mainly happening due to the forging action on the tube mate-
rial. TMAZ has higher hardness than BM and has higher
ductility and tensile strength properties. Microstructural
variations in different zones have a significant impact on
the post-weld properties of the joint. As a result, research-
ers must assess the microstructure of the MIAB-welded
joint. MIAB-welded joints have different zones, shown in
Figure 11a [22]. Figure 11b shows the MIAB-welded dis-
similar joints of T11 and T91.

4.1 Weld zone

During the MIAB welding, the material coalescences with
the other end by forging and forms a weld zone (WZ). There
is tremendous heat in the WZ region, creating a plastic
deformation that promotes fine grains in the microstructure.
A typical microstructure of the MIAB-welded joint is shown
in Figure 12 [22]. Figure 12a and b show the MIAB-welded
dissimilar joints of the T11 and T91 microstructure. The
upset pressure during weld formation influenced the micro-
structural phase transition at the weld interface. The dislo-
cation density increases by applying the upset pressure, and
the dislocation act at the nucleating site. The hardness value
of the WZ region is very high compared to the other areas
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(a) (b)

Fig. 11 a Different regions of MIAB-welded joints (BM—base
metal, TMAZ—thermo-mechanically affected zone, and WZ—
welded zone) [22]. b Macrostructure of MIAB-welded dissimilar

Fig. 12 a Microstructure of (a)
MIAB-welded dissimilar joints

of T11 and T91 [22]. b MIAB-
welded dissimilar joints using
SEM analysis [22]

because of the fine-grained microstructure, and the region
serves as a nucleation site. R. S. Vidyarthy welded the AISI
409 FSS using multipass tungsten inert gas welding (M-TIG)
and activating flux tungsten inert gas welding (A-TIG) and
obtained a lower hardness value in the WZ of M-TIG than
A-TIG welding [54]. Krishnan et al. experimented with AISI
4009 ferritic stainless steel (FSS) using MIAB welding. They
found that the weld region is deformed and attained the fine-
grained microstructure affected by the compressive force
during the upsetting and heat energy of arc [51].

4.2 Thermo-mechanically affected zone

Figure 11a shows the TMAZ 1 and TMAZ 2 region occurs
nearer to the WZ, which is susceptible to mechanical and
thermal deformations. Recrystallization did not happen in
this zone due to inadequate deformation strain. Because of
inadequate deformation and heat exposure, the grain size
in the TMAZ is coarser than the weld area. All welded
samples have different TMAZ regions. However, the

joints of T11 and T91 (region a and b—TMAZ 1 of T11, region ¢ and

d—TMAZ 2 of T11, region e—BM of T11, region f and g—TMAZ 3
of T91, region h and i—TMAZ 4 of T91, region j—BM of T91 [22]

n

v
N T
PNt

microstructure near the weld interface changes depending
on the heat applied. The TMAZ 1 obtains lower deforma-
tion than the WZ region because of joint forms at the weld
interface. Figure 13 shows the different TMAZ regions of
MIAB-welded dissimilar T11 and T91 joints [22]. TMAZ
regions have higher hardness values, tensile strength, and
ductile properties than base metal regions.

The weld interface is surrounded by discrete TMAZs
because of the high amperage, high-speed arc rotation,
and large temperature gradients generated along the weld
line. According to Figure 11a, TMAZ 3 and TMAZ 4
are the areas where the weld thermal cycle has the least
impact on the microstructure, acting as the substrate to
start the solidification process before moving towards the
centre weld line. Due to the temperature effect, at areas
far from the weld interface, the TMAZ 3 and TMAZ 4
microstructure differs from that of the TMAZ 1 and TMAZ
2. The low temperature in the TMAZ 3 and TMAZ 4 zone
increases grain size during welding because the grains
recover, recrystallize, and expand significantly.
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Fig. 13 a TMAZ 1 region of
T11 [22]; b TMAZ 2 region of
T11 [22]; ¢ TMAZ 1 region of
T91 [22]; d TMAZ 2 region of
T91 [22]
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5 Mechanical properties of MIAB-welded
joint

5.1 Hardness

The microstructural variations in the TMAZ region that
occurred during MIAB welding of T11 steel tubes were
investigated by Sivasankari et al. They noticed that the base
metal’s hardness of the WZ increased due to the bainitic
transition, which also indicated better weld tensile strength
and ductility. In all three instances, the TMAZ is inferior to
the hardness measured in the weld region, and very narrow
TMAZs in the range of 1 mm are achieved in the welded
samples [53]. Vignesh et al. experimented with the MIAB
welding of T91 tubes, varying the upset current of 900,
1000, and 1100 A. Figure 14 depicts the hardness value of
T91 tubes with varying the upset current [55]. The hardness
trend strongly suggests that the magnetic field between the
tubes produces a large amount of heat when the upset current
is high (1100 A). It corresponds to a WZ that cools quickly
and hardens to about 600 HV.

Also, the heat created in the region where the tubes join
is reduced when the arc current is low (900 A), which typi-
cally leads to a lower hardness of 500 HV. As the upset
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Fig. 14 Hardness value of T91 tubes with varying upset current [55]

current increased, the hardness of the WZ increased. Duc-
tile cast iron (DCI) and alloy steel, according to Peng et al.,
have hardness values of about 190 and 200 HV, respectively.
The distribution of the microstructure and the change in
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hardness were related. In other words, the hardness gradu-
ally increased from the TMAZ to the WZ. While the hard-
ness distance from the weld slowly decreased, it suddenly
increased to more than 270 HV and reached a maximum of
482 HV. They found that Fe¢Si,C, constantly migrating close
to TMAZ, was formed in the WZ, causing a sharp increase
in the hardness close to the WZ [56].

5.2 Tensile strength

Dhivyasri et al. investigated the differences in the ultimate
tensile strength (UTS) of T11 tubes welded by the MIAB
welding. They used the PID controller to analyze the weld-
ing time and current for the penetration and weld bead,
which affects the UTS value [7]. Vignesh et al. successfully
welded the T91 tubes and used radiography tests (RT) and
computed tomography (CT) images to evaluate the welded
joint strength. They observed that the crack formation in the
WZ induced the fracture in the weld region [55]. Low-alloy
steel pipes 6 mm thick were successfully welded by MIAB
welding by Sivasankari et al. The influencing factors are arc
rotation current, upset current, and arc rotation time. When
the upset current was 800 A and the arc current was 310 A,
the maximum tensile strength was 511 MPa. The root bend
test revealed no defects from the fracture at the base metal
region [53]. Kachinsky et al. performed the MIAB weld-
ing on high-strength steels of thick-walled pipes (20 to 320
mm OD with up to 16 mm wall thickness). It is confirmed
that the welded joints have high-ductility properties and are
equivalent to that base metal strength [57]. High-perfor-
mance steel with excellent properties is required for various
applications, such as energy, construction, and automobile
[58]. Vendan et al. imported the data for parametric analysis
using machine learning terminologies. The imported data
predict the ultimate tensile strength, notch strength ratio, and
weld interface hardness values [59]. Using MIAB welding,
Peng et al. joined the dissimilar ductile cast iron (DCI) and
alloy steel metals. They performed the tensile test and deter-
mined that the tensile strength of the weld region was 382.4
MPa. Additionally, the trend values for tensile strength have
been increased and decreased. The fracture surface and other

welding defects showed no porosity, showing good mechani-
cal properties of the dissimilarly welded DCI and alloy steel
[56]. The different materials that can be welded using the
MIAB process are listed in Table 3. The welding current
values vary based on the material geometry and properties.

6 Welding defects

MIAB welding defects are categorized into two main divi-
sions: inadequate heat and enormous heat. Vignesh et al.
experimented with T91 steel tubes of different welding times
and varying the upset current. They analyzed the defects
using a radiography test (RT) and computed tomography
(CT), describing that the samples had more defects and
incomplete fusion areas [55]. Defect formation is developed
due to the improper optimization of welding parameters such
as tube thickness, upset current, and tube gap distances.
MIAB welding defects for thin-walled components can be
identified as fast and quickly reliable using scanning acoustic
microscopy (SAM) with a test duration of around 3 s. For
instance, SAM is fast, less expensive than the CT process,
and does not risk the operator's health [61].

6.1 Defects due to excessive heat

When the arc rotation current increases beyond the opti-
mal value prescribed for the material, it causes excessive
heating at joining surfaces, which causes the expulsion of
molten metal on the outer surface of the joints in the form
of slag, leading to reduced penetration. Excessive melting
was caused due to increased arc rotation current, was found
to be independent of the time, and increased the energy con-
sumption of the process. To set this arc rotation current to
an optimal value, a Proportional-Integral-Derivative (PID)
controller was designed by Dhivyashri et al., which can be
auto-tuned based on the feedback obtained [7]. Figure 15
shows the MIAB-welded T11 joint with excessive metal
expulsion, leading to material wastage and low weld qual-
ity. Due to the extreme running time of arc rotation, exces-
sive material heating occurs while running to an optimum

Table 3 Various materials
being welded by MIAB welding
technique

S.no. Materials Wall Arcinitia-  Arc rotation Upset Ultimate tensile References
thickness(mm) tion current current (/,) current strength (MPa)
(p ()

1. Alloy steel — 6.6-7 280 200 1100 506 [7]

2. Carbon steel 4.5 330 310 1000 471 £23.6 [20]

3. Alloy steel 6 310 290 1000 541 [53]

4. Carbon steel 4.5 300 280 1200 458 [21]

5. Carbon steel 5-6 330 310 1100 450 [14]

6. Alloy steel ~ 6-7 280 200 1100 506 [60]
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Fig. 15 MIAB-welded T11 joint with excessive metal expulsion [7]

with all current inputs. Arc rotation time plays a vital role
in creating a stable arc that heats the tube edges and exceeds
the optimal time, resulting from excessive melting. The arc
rotation time varies depending on the material properties
and its geometry.

6.2 Defects due to inadequate heat input

The main reason for cracks in MIAB-welded joints was
the inadequate heat input supplied during the welding.
Tordachescu et al. provide a longitudinal magnetic system
coupled with peripheral solenoids for better magnetic flux
concentration. It is found that the amount of welding current
lesser than the required level causes improper heating and
reduced deformation, which in turn causes the formation of
weaker weld joints. The authors further stated that magnetic
flux density significantly impacts producing better arc rota-
tion and providing the required heating duration [8]. The
defects of inadequate heat input are improved by proper arc
rotation time, which significantly improves the penetration
and tends to increase the tensile strength. This can be varied
depending on the material geometry and its properties.

7 Applications of MIAB welding technique

In power, oil, and gas sectors, the MIAB welding method
is widely used, replacing other welding processes like fric-
tion, flash, butt, and resistance welding [24]. The automo-
bile industry increases Al alloy usage for better heat reduc-
tion and lowers vehicle weight. MIAB welding offers many
advantages in joining Al alloys for automobile industries.
The most important thing is to join Al alloys with steel and
draw worldwide attention due to their high load-bearing
ability. Welding the rear axle of the Ford Fiesta car pro-
vides an instance where MIAB welding is employed on
a safety-critical joint. Since 1977, the flanged spindles
have been securely welded to a double-cranked cross tube
using MIAB welding. The joint dimensions are 60 mm
OD and 2.5 mm thickness, necessitating an arc heating
duration of approximately 2.5 s and a direct current of
around 600 A. Three automatic double-ended machines
simultaneously execute both welds. MIAB was selected
instead of friction welding due to the precise alignment
required between the spindle flanges and the cranked tube.
Another smaller application involves welding an end cap
to a low-carbon steel tube with dimensions of 22 mm OD
and 1 mm wall thickness. This welding process is utilized
for hatchback door gas struts. A fully automatic machine,
loaded in batches, completes the welding with a cycle time
of 6 s, using an arc time of less than 1 s [17]. Several
researchers attempted a similar joining of alloys in MIAB
welding and its characterization with varying input param-
eters. The titanium (Ti) alloy is a lightweight metal with
more strength than steel, demonstrating a high corrosion
resistance. Many researchers are still attempting joints on
titanium alloys with other alloys like Al and Cu. How-
ever, MIAB welding has already started joining Ti alloys,
and its characterization works in the industry. Success-
ful welds are made on different joining of alloys like Al
and Cu joints. Table 4 shows MIAB welding applications
with their respective dimensions. Moreover, it is a sin-
gle-step process that reduces working time and improves
productivity.

Table 4 Applications of MIAB

- T . . S. no. Description Outer diameter Wall thickness References
welding with their respective
dimensions 1. A welded joint of the tube 219 mm 8 mm (8]
2. Cardan shaft 75.2 mm 2.1 mm
3. Shock absorber 53 mm 1.8 mm
4. Pneumatic spring 53 mm 1.8 mm
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8 Conclusions

The research on MIAB welding has identified that it does not
require edge preparation, skilled labour, filler material, and
shielding gas. The tubes are not rotating and can be joined by
upsetting through the linear movement of the moving tube
material. The non-rotating parts of the welded tubes produce
minimum friction and increase machine life. Shorter weld
times, uniform heating, non-appearance of pores, and high
performance in the mass manufacturing industries are the
main benefits of MIAB welding. MIAB weld process runs
through the primary process parameters like magnetic coil
current, coil position, and welding current, which govern
the arc speed. To achieve better surface integrity of tubes,
the parameters must be maintained to obtain excellent weld-
ment. The following are the significant findings that may be
derived from this review article to improve weld strength:

(1) The welding current and time durations are kept within
the required range based on the material properties,
tube thickness, geometry, and gap size. However, sup-
pose these current and duration values are maintained.
In that case, the weld created may exhibit changes due
to weld surface imperfections or differences in upset
pressure and rate of application of pressure, magnetic
properties, and gap size.

(2) Maintaining the air gap distance of the tubes at 1.5 to
2 mm is essential. If the gap is over 2 mm, the arc will
not produce a long run, leading to no weld.

(3) Arc rotation evolves after the arc initiation, which
involves obtaining a defect-free weld.

(4) Arc speed is also a significant factor that can be
increased by higher EMF, forming a better weldment
of the tubes. The higher EMF has been achieved by
maintaining a tube gap distance, coil position, and coil
excitation.

(5) Increasing excitation current in the coil increases the
value of magnetic flux density in the tube gap distance.

(6) The upsetting phase is essential for maintaining a high
current above 800 A for 0.3 seconds before forging to
obtain a better weld quality. Below 800 A of upset cur-
rent produces a deformation zone at the weld interface.

9 Future outlook

(1) The cylindrical components can be welded within a
short period. But there is limited research on the dis-
similar joining of tube material, and it will explore the
benefits of this MIAB welding technique in automobile
and boiler components.

(2) The optimum values of welding input parameters are
not yet identified for the ferrous materials. It should
be tried using optimization techniques like response
surface methodology (RSM) and ANN, to simulate the
response results properly.

(3) Post-weld heat treatment should be carried out, and
the results should be compared between MIAB-welded
and post-weld heat-treated samples. Researchers will
explore the post-weld heat treatment of MIAB-welded
joints in the future, enhancing the weld quality.

(4) Researchers must explore the different thicknesses of
steel tube material with varying process parameters of
MIAB welding.
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