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Abstract
Magnetically impelled arc butt (MIAB) welding is the modern version of the ancient forge welding. The abutting edges are
preheated by a rotating arc and upset subsequently. This research work is focused on joining 4-mm thick AISI 409 ferritic
stainless steel (FSS) tubes using MIAB welding. Three process parameters namely arc rotation current, upset current, and arc
rotation time were varied during welding at five levels according to the chosen central composite design (CCD) of experiments.
An empirical relationship was developed to predict the effect of process parameters on the joint strength. The macrostructure and
microstructure observations were used to comprehend the predicted plots. Weld zone was composed of fine-grained and
deformed structure due to the application of heat and pressure and called as thermo mechanically affected zone (TMAZ).
Factors such as poorly forged structure, voids, and oxide particles influenced the joint strength adversely. In spite of significant
strengthening of the TMAZ, a clearly forged interface was essential to obtain higher joint strength.
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1 Introduction

Ferritic stainless steel (FSS) microstructure is substantially occu-
pied by ferritic phase which imparts body cubic centered (BCC)

crystalline structure. The performance of FSS under the influence
of a corrosive environment is analogous to austenitic stainless
steels (ASS) due to the alloying element chromium. FSS is eco-
nomical to ASS because the costlier alloying element nickel is
seldom used in the production of this steel. FSS has desirable
properties including resistance to stress-induced cracking during
corrosion, ability to resist oxidation at elevated temperature, and
adequate formability to make appliances in various shapes.
Therefore, FSS is preferred to make numerous components in
industries especially in automotive sectors and chemical process-
ing plants. Furthermore, FSS is abundantly utilized for domestic
applications such as utensil making and electrical items [1–4].

FSS can be readily joined using existing traditional fusion
welding methods. Toughness of the joints was found to be com-
promised. Undue coarsening of grains occurs in the heat-affected
zone (HAZ) that affects joint strength. Thermal cycle during fusion
welding provides adequate time to form unwanted intermetallic
compounds that reduce the resistance to corrosion [5–8]. Joining
of tubes necessitates the design of additional fixtures for holding.
Solid-state welding can suppress undesirable microstructural fea-
tures. Friction welding is useful to join tubes but internal flash
removal is challenging apart from rigid machine requirement [9].
Friction stir welding (FSW) is another option but the tool is ex-
pensive and undergoes rapid wear [10].
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Magnetically impelled arc butt (MIAB) welding is the
modern version of the ancient forge welding. MIAB was con-
ceptualized back in the 1970s and was termed as ROTARC
(rotating arc) welding [11]. The yield strength of the abutting
edge region is brought down by electric arc heating to be able
to forge. Tubes are fixed to match each other in a straight line
and an arc is established by keeping a gap between them. The
arc runs along the annular space at high speed under the in-
fluence of a magnetic field. The interaction occurring between
the arc and the magnetic field was reported to be complex to
comprehend. The heating period is determined until the emer-
gence of a molten layer that reduces the stability of the rotating
arc. A mechanical force is applied by means of hydraulic or
pneumatic arrangement at this stage to accomplish forging of
the heated edges. Forging action expels the little molten ma-
terial to form a flash and creates a solid-state joint. The joint
line does not have any solidified material and it is usually
denoted as thermo mechanically affected zone (TMAZ).
Coarsening of grains does not occur adjacent to the joint line
that avoids the formation of vulnerable heat-affected zone
(HAZ). No filler metal or shielding gas is used during the
process. The size of the flash and metal loss is lower compared
to friction welding and flash butt welding [12–15].

Iordachescu et al. [16] analyzed each stage of the MIAB
welding process using sequence of photographs and presented
the microstructure of ST37 steel joints. Vendan et al. [17]
stated that arc current had a remarkable influence on the size
of weld zone and depth of penetration in T11 tube weldments.
Vendan et al. [18] observed significant strengthening of the
joint region in T11 tubular joints. Vendan et al. [19] found that
the undesirable impurities were expulsed during upsetting and
inclusions were avoided in T11 steel joints. Sivasankari et al.
[20] observed several phase transformations in the joint region
of T11 steel tubes which caused an increase in hardness.
Vignesh et al. [21] suggested that computer tomography is a
reliable nondestructive method to find out the defect in MIAB
welded T11 steel joints. Panda et al. [22] applied a numerical-
based evolution approach to develop a functional relationship
between process parameters and arc speed to join T11 tubes.
Balta et al. [23] compared friction welding andMIABwelding
to join AISI 1141 tubes and reached a conclusion that MIAB
welding is a good alternative to conventional friction welding.
Mosayebnezhad and Sedighi [24] predicted the residual stress

of low alloy steel joints and correlated to the values measured
using the hole drilling technique. Kustron et al. [25] concluded
that the proper parameters for ultrasonic tests of thin-walled
joints can be estimated using numerical methods.

Literature survey revealed that the number of investigations
carried out to join metallic materials using MIAB welding is
very much limited to a few dozen articles. The primary focus
was to join piping steels such as T11 and T91. FSS is exten-
sively used in tubular form in a variety of industries. MIAB
welding is a good choice to join FSS tubes to reduce produc-
tion time. No studies were reported in literature to join FSS
tubes usingMIABwelding process. Understanding the micro-
structure evolution and the mechanical behavior as influenced
by the process parameters is important. Therefore, this re-
search work was focused to apply MIAB welding to join 4-
mm thick FSS tubes and examine the role of process param-
eters on the joint strength. Design of experiments (DOE) was
followed as a strategy to reduce the number of joints. An
empirical relationship was estimated to calculate the tensile
strength according to the selected process parameter range.
DOE approach was widely reported as a methodology for
welding processes to predict the responses [26–30].

2 Research methodology

2.1 Choosing the welding parameters

MIAB welding cycles had several welding parameters
(Starting current, Arc initiation time, Arc stabilization time,
Arc rotation current, Arc rotation time, Upset current, Upset

Table 1 MIAB welding window
of chosen parameters No Parameter Notation Unit Levels

−1.682 −1 0 1 1.682

1 Arc rotation current A amps 458 475 500 525 542

2 Upset current U amps 732 800 900 1000 1068

3 Arc rotation time T s 3.5 4.5 6.0 7.5 8.5

Table 2 Fixed welding
parameters Parameter Unit Value

Starting current amps 525

Arc voltage v 120

Arc initiation time s 0.7

Arc stabilization time s 2.5

Upset time s 0.3

Upset pressure MPa 120

Initial gap mm 1
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time, Upset pressure, and Initial gap) to vary which will even-
tually affect the joint microstructure and strength [16, 17].
Three welding parameters namely arc rotation current (A),
upset current (U), and arc rotation time (T) were chosen to
vary during the experimentation based on literature survey
and welding trials.

2.2 Choosing a window for the welding parameters

Each chosen parameter was varied between two limits
which were chosen based on few trail welds and the
expertise of the welders. No joining occurred in case
of lower level of parameter. Very high range of param-
eters resulted in excessive melting causing destabiliza-
tion of the arc and imperfect forging. A coding system
was followed to code the upper limit as +1.682 and the
lower limit as −1.682. Coding facilitates to record the
data during experimentation and post processing to de-
velop an empirical relationship for prediction. The cod-
ing for intermediate values was obtained using the fol-
lowing equation.

X i ¼ 1:682 2X− Xmax þ Xminð Þ½ �=Xmax−Xmin

�
ð1Þ

where Xi is the required coded value of a variable X; X is
any value of the variable from Xmin to Xmax; Xmin is the lowest
level of the variable; Xmax is the highest level of the variable.
Table 1 presents the chosen window of each process parame-
ters. The values of rest of the parameters were maintained
constant throughout all experiments as provided in Table 2.

2.3 Choosing the design of experiments

Central composite rotatable factorial design (CCD) for three
factors was chosen for MIAB welding experiments. Each
welding parameter had a variation at five levels as per the
chosen experimental design. A sum of 20 experiments is re-
quired to perform according to CCD applied for varying three
parameters. Experiments consisted of the combination of cen-
tral values of all process parameters (0,0,0) were carried out
repeatedly for six times. A complete theory to comprehend
this kind of CCD applied for various processes is presented
in established textbooks [31, 32].

2.4 MIAB Welding of FSS tubes

This research work used a 4-mm thick AISI 409 FSS tubes. The
outer diameter and the length were respectively 44 mm and 150
mm. The composition was tested using X-ray fluorescence
(XRF) and the percentage of each element is given in Table 3.
Figs. 1 and 2 respectively show the schematic of the stages of
MIAB welding process and the actual photograph of the exper-
imental facility used. The edges of the tubes were thoroughly
cleaned to remove any foreign material adhering to the abutting
surface. The order of experiments presented in Table 4 was ran-
domly done to avoid errors. Each experiment was given a code
MW01, MW02, etc., which is used in the figure captions for
simplicity. A photograph of typical batch of welded tubes is
shown in Fig. 3. The heat input was calculated as per the follow-
ing expression and furnished in Table 4. The heat transfer effi-
ciency was assumed to be 80%.

Table 3 Chemical composition of AISI 409 ferritic stainless steel

Element C Si Mn P S Cr Ni Mo Al Cu Co Fe

wt.% 0.026 0.467 0.74 0.019 0.015 12.65 0.109 0.028 0.004 0.047 0.039 Balance

Fig. 1 MIAB welding cycle
showing a clamping, b arc
initiation, c stable arc rotation,
and d upsetting
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H ¼ V I2T3 þ I3T4ð Þ
A

ð2Þ

where H is heat input (J/mm2), V is arc voltage (V),
I2 is arc rotation current (amps), T3 is arc rotation time
(s), I3 is upset current (amps), T4 is upset time (s), and
A is annular area (mm2).

2.5 Performing tensile testing

Wire electric dischargemachining (WEDM)was used to prepare
samples from the welded tubes for tensile testing. The gauge
length and the gauge width were respectively 40 mm and 7
mm. The flash was carefully removed and the surface was slight-
ly polished to avoid notch effect. They were pulled using a com-
puterized tensile testing facility (INSTRON1195) at a cross head

Fig. 2 Experimental facility for
MIAB welding

Table 4 Design matrix with its
experimental results Trial run Welding parameters Heat input (J/mm2) UTS (MPa) Joint efficiency (%)

A U T

MW01 −1 −1 −1 454 344 70.20

MW02 −1 −1 1 726 348 71.02

MW03 −1 1 −1 465 321 65.51

MW04 −1 1 1 738 329 67.14

MW05 1 −1 −1 497 359 73.27

MW06 1 −1 1 798 367 74.90

MW07 1 1 −1 508 331 67.55

MW08 1 1 1 809 355 72.45

MW09 −1.682 0 0 576 327 66.73

MW10 1.682 0 0 673 343 70.00

MW11 0 −1.682 0 615 351 71.63

MW12 0 1.682 0 634 337 68.78

MW13 0 0 −1.682 386 348 71.02

MW14 0 0 1.682 863 362 73.88

MW15 0 0 0 624 497 101.43

MW16 0 0 0 624 486 99.18

MW17 0 0 0 624 497 101.43

MW18 0 0 0 624 495 101.02

MW19 0 0 0 624 488 99.59

MW20 0 0 0 624 498 101.63
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speed of 1 mm/min until fracture. The values of ultimate tensile
strength (UTS) along with joint efficiency are recorded in
Table 4. The tensile strength of the purchased 409 FSS is 490
MPa. A batch of fractured tensile specimens at various locations
is shown in Fig. 4. Fractured surfaces of chosen specimens were
observed by FESEM (CARL ZEISS SIGMA HV).

2.6 Procedure to develop an empirical relationship

The response function which represents the UTS of the
welded joints as a function of arc rotation current (A), upset
current (U), and arc rotation time (T) is stated by

R ¼ f A;U ; Tð Þ ð3Þ

The second-order polynomial regression equation
representing the response “Y” for k factors is written as

Y ¼ b0 þ ∑
k

i¼1
bixi þ ∑

k

i¼1
bijxix j ð4Þ

The chosen polynomial for three factors is expressed for all
the responses as follows:

R ¼ b0 þ b1I þ b2F þ b3W þ b11I2 þ b22F2 þ b33W2

þ b12IF þ b13IW þ b23FW ð5Þ

where b0 is the average of responses and b1, b2, b3, b2, b11, b22,
b33, b12, b13, and b23 are the response coefficients that depend
on respective main and interaction effects of parameters. The
coefficients of each term were calculated using statistical soft-
ware (SYSTAT 12). The empirical relationship was devel-
oped after the values of coefficients were found. The coeffi-
cients were tested for their significance level at 95% confi-
dence level. Student t-test was used to eliminate insignificant
coefficients and the final model was arrived which included
only significant coefficients as given below.

UTS MPað Þ ¼ 493:224þ 7:095A−7:728U

þ 4:946T−54:216A2−51:035U2−47:147T2

ð6Þ
2.7 Checking the adequacy of the empirical
relationship

The empirical relationship was subjected to a statistical eval-
uation and the results are furnished in Table 5. The empirical
relationship was found to have large “R-square” value and
smaller standard error (SE). This observation assures that the
empirical relationship can be effectively applied for predicting
the response. Analysis of variance (ANOVA) of the empirical
relationship is given in Table 5. F-ratio of the developed rela-
tionship (309.032) is much larger compared to the tabulated
F-ratio (2.92) at 95% confidence level. Furthermore, the

Fig. 3 Batch of MIAB welded AISI 409 FSS tubes

Fig. 4 Batch of tensile tested
specimens fractured at a weld
interface and d base metal
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scattering range of predicted and actual values was observed
to be closer to the diagonal of the scatter plot in Fig. 5 which is
a validation for adequacy of the relationship.

2.8 Characterization of joints

Samples for microstructural study were carefully ground and
polished using a semiautomatic polishing machine. Alumina and
diamond suspension was used in the final stage to obtain a flat
surface resembling a mirror. Etching was performed using a solu-
tion of 5ml HNO3, 10ml glycerol, and 15 ml HCl to reveal the
grainy structure. Macrographs of the joint regions were recorded
using a stereomicroscope (OLYMPUS SZX16). Optical micro-
graphs were captured using a conventional microscope
(OLYMPUS BX51 M). EBSD was performed in an FEI
Quanta FEG SEM equipped with TSL-OIM software.
Microhardness indentations (500 g load for 15 s)weremade across
the fusion zone at the center of the thickness.

3 Results and discussion

The effect of each chosen process parameter on the joint
strength was estimated using the developed empirical relation-
ship. The coded values of each parameter were substituted to
obtain the predicted value. Each parameter coded value was
substituted five times (−1.682,−1, 0, 1, and 1.682) while keep-
ing the rest of the parameters at central points (coded value of
0) to obtain the predicted trend. The predicted trends are
expounded in this section and related to the observed changes
in microstructural characterization.

3.1 Effect of arc rotation current

Arc rotation current is the current flowing across the faying
surfaces during the stable arc rotation period. This is respon-
sible for heating the surfaces to molten state and prepares the
joint region to enable hot forging [13]. The influence of arc
rotation current can be obtained by microstructural character-
ization of trail welds of MW09 (−1.682,0,0), MW15 (0,0,0),
and MW10 (1.682,0,0) which are taken as typical samples to
represent the effect. Hence, the role of arc rotation current on
the macrographs can be assessed from Fig. 6a, g, and b. It is
obvious that the size of TMAZ increases as the arc rotation
current is increased. The increase in arc rotation current sup-
plies more heat energy for joining. According to Kachinskiy
et al. [13], the welding arc has an axial component and the
magnetic field has a radial component. The interaction of the
radial component of the magnetic field induction with the
axial component of the welding current creates a driving arc
force in the gap between the pipes. Increased arc current am-
plifies the magnetic force in the gap which further impels the
rotating arc [22]. The rate of heating is eventually increased at

higher current (Table 4). The addition of heat preheats more
and more material adjacent to the joint region. Therefore, the
size of TMAZ is enlarged. A careful observation of Fig. 6a
reveals that the preheating and the axial shortening are low at
458 amps. The joint is barely forged and the forging is insuf-
ficient. The heat energy available is insufficient for making a
sound joint. Vignesh et al. [21] observed the emergence of
cracks and unbonded regions at the lowest current of their
experimental conditions. On the other hand, the joint prepared
using 542 amps ejected more molten metal (Fig. 6b) which is
inferred from the bigger size of the flash. The joint interface
shows an array of dark spots which may represent voids or
trapped oxide particles. Vendan et al. [17] reported a complete
melting of the edges at the higher current limit of their exper-
imentation which resulted in chaotic expulsion of material
during forging. The joint prepared using 500 amps shows
(Fig. 6g) properly consolidated structure, continuous inter-
face, and optimum upset.

The effect of arc rotation current on the grain structure of
the weld interface can be understood from Fig. 7a, g, and b.
The size of the grain structure becomes bigger as the arc rota-
tion current is increased. The average grain size was measured
to be 2.82 μm at 458 amps and 11.3 μm at 542 amps. The
forging force was not varied during welding but the grain
structure evolution was not the same. This is due to the size
of the grains during the heating period just before upsetting.
The increase in arc rotation current increased the heat energy
which increased the size of the preheated grains next to weld
interface. Increasing heat energy slows down the cooling rate.
Slower cooling rate provides extra time to expose the grains to
heating. The upsetting is not done in an enclosure. The joint
region is not constrained from expansion. This condition fa-
vors the grain growth. Hence, an increase in arc rotating cur-
rent causes an increase in grain size.

The predicted effect of arc rotation current on the joint
strength is plotted in Fig. 8. The predicted UTS was

Fig. 5 Scatter diagram for the developed empirical relationship
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328 MPa at 458 amps and increases to 493 MPa at 500 amps.
UTS drops with further increase in arc rotation current and is
predicted to be 352 MPa at 542 amps. Improper forging is the
cause of early failure at 458 amps which failed at the interface.
The consolidated structure is inefficient to withstand the ten-
sile load and ripped apart in a short duration. The fracture
surface (Fig. 9a) is extremely flat and does not show the for-
mation of dimple structure. There is an evidence for acceler-
ated failure. The presence of voids reduced the supporting area
to resist the tensile load and resulted premature failure during
tensile test at the weld interface. The fracture surface (Fig. 9b)
shows a large size crack which is caused due to progression of

fracture through voids at the interface. Stress concentration
occurs due to voids which initiates failure at an early stage
and prevents to resist more load. The joint strength is high at
500 amps due to properly forged structure which allowed to
resist more tensile load and did not fail early. The joint frac-
tured away from the interface at the base metal. The fracture
surface shows (Fig. 9g) a network of well-developed dimples.

3.2 Effect of upset current

Upset current is the current supplied during the upsetting pe-
riod of the MIAB welding cycle. The purpose of the upsetting

Fig. 6 Optical macrographs of
the MIAB weld joints of trial
runs; a MW09, b MW10, c
MW11, d MW12, e MW13, f
MW14, and g MW15
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Fig. 7 EBSD (IPF + grain boundary) maps of the weld interface of MIAB weld joints of trial runs; aMW09, bMW10, cMW11, dMW12, eMW13, f
MW14, and g MW15

425Int J Adv Manuf Technol (2022) 118:417–432



current is to obtain a uniform melt on the surface of the pipes
to be welded. Intensive renewal of the melt at the butt surface
leads to the formation of a welded joint during the upsetting
process. It further provides a cleaning action through proper
expulsion of impurities [33]. The effect of upset current can be
explained by the microstructural characterization of trial welds
of MW11 (0,−1.682, 0), MW15 (0,0,0), and MW12 (0,1.682,
0) as representative samples. Hence, the effect of upset current
on the macrographs can be seen from Fig. 6c, g, and d. It is
discernable from the macrographs that the size of TMAZ be-
comes larger with an increase in upset current. The variation in
upset current causes a variation in heat input as documented in
Table 4. More heat energy is supplied to the joint region as the
quantity of upset current increases [22]. This overheats the
material which is already preheated during arc rotation period.
The net effect is an increase in the size of TMAZ at the end of
upsetting stage. The macrograph at upset current of 732 amps
shows (Fig. 6c) that the deformation during upsetting is small
and the forging is not achieved completely. The joint hangs on
the interface without intense penetration of deformed material
because of lower heating. Vendan et al. [17] observed little
flash and inadequate penetration at lower upset current and
concluded that the upset current governed the forging stage
of the MIAB welding cycle. The macrograph at upper limit of
1068 amps shows (Fig. 6d) broadened TMAZ and the flash
size is bigger. There are possibilities of oxide particles and
void formation appearing as dark spots at the weld interface.
The higher limit of upset current led to excessive heating
which increased the thickness of molten metal. The
macrograph of the joint at 900 amps (Fig. 6g) appears to be
optimum without excessive flash or lack of consolidation.
Sivasankari et al. [33] stressed that the increase in upset cur-
rent purged the contaminants from the joint region and pro-
moted the quality of the joints.

The impact of upset current on the grain structure of the
weld interface can be comprehended from Fig. 7c, g, and d.
The increase in upset current caused an enlargement of grain
structure. The average grain size was estimated to be 2.76 μm
at 732 amps and 11.16μmat 1068 amps. The preheating cycle
(arc rotation current, arc rotation duration) was the same for
these joints. Therefore, the preheated grain size before upset-
ting was the same. Both current and pressure are applied dur-
ing upsetting. The magnitude of the latter factor was kept
constant. Upsetting current supplies more heat attempting to
increase the grain size. The upset pressure deforms the mate-
rial attempting to reduce the grain size. The trend observed in
Fig. 7 shows an increasing curve. Since a constant upset pres-
sure was applied, the increase in upset current increased the
size of grains due to higher heat input. The effect of heating
overrides the effect of deformation to enlarge the grain struc-
ture. The effect can be compared to the effect of an-
nealing a fine-grained material. The fine grains tend to
grow up during annealing. Similarly, the upset current

disrupts the fine grain structure and supplies additional
heat energy to grow up.

The predicted effect of upset current on the joint strength is
presented in Fig. 10. The predicted UTS was 362 MPa at 732
amps and increases to 336MPa at 500 amps. UTS reduces with
further increase in upset current and is predicted to be 352MPa
at 1068 amps. Insufficient forging is the cause of poor joint
strength at upset current of 732 amps. The joint failed at the
weld interface quickly without reaching the ultimate tensile
load. The fracture surface (Fig. 9c) shows no evidence of neck-
ing due to flat nature of the surface. Failure occurred in the early
stage without the development of dimples. Similarly, the joint
at upset current of 732 amps encountered premature failure
during tensile testing. The voids at the interface reduced the
effective area to withstand the tensile load. They accumulate
unnecessary stress at the interface and act to initiate failure. The
fracture surface is observed (Fig. 9d) to have failure marks of
voids in the form of dark pits on it. The joint prepared using
upset current of 900 amps provided highest joint strength fail-
ing at a distance from the weld interface on the base metal (Fig.
4b). The consolidated forged structure is optimum to arrest the
failure of the interface.

3.3 Effect of arc rotation time

Arc rotation time (or arc duration) is the duration that the arc
rotates along the annular space. This is the heating period of
the welding cycle to prepare the joint region for upsetting [17].
This parameter can be compared to friction time in friction
welding process [9]. The role of arc duration can be inferred
through microstructural characterization of trail welds of
MW13 (0,0,−1.682), MW15 (0,0,0), and MW14 (0,0,1.682)
which typically correspond the effect. Therefore, the effect of
arc duration on the macrographs can be understood from Fig.
6e, g, and f. The macrographs in this order show clearly that
the size of TMAZ increases with an increase in arc duration.

Fig. 8 Variation of UTS as a function of arc rotation current
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The arc duration determines the available quantity of heat
energy from the rotating arc as calculated in Table 4. The
increase in arc duration results in the supply of more heat
energy to the joint region [21]. The rate of heating, i.e., the
slope of arc duration and the heat energy is increased sharply.
Increased heat energy is conducted in the traverse direction for
preheating more adjacent region. This is the cause for the
enlargement of TMAZ region. The macrograph (Fig. 6e) at
arc duration of 4 s shows that the upsetting is insufficient and
the axial shortening is low. This observation suggests that the

welding condition resulted in poorly forged structure. The
heat input at 4 s did not provide sufficient preheating for
proper forging. The macrograph at 8 s (Fig. 6f) shows a larger
size flash and ejected molten metal. The interface is crumbled
and not perfectly straight. There are dark spots at the interface
that represent the locations of voids and oxide particles. The
increase in arc rotation time allowsmore volume of material to
be heated because of increase heat transfer. Conversely, the
macrograph (Fig. 6g) at 6 s shows a perfectly aligned interface
without any kind of inclusions. The size of flash and the axial

Fig. 9 SEM micrographs of
failed tensile specimens of the
MIAB weld joints of trial runs; a
MW09, b MW10, c MW11, d
MW12, eMW13, fMW14, and g
MW15
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shortening appear to be optimum. Vendan et al. [17] observed
that arc rotating time is crucial to obtain sound joints because
it contributes for a longer duration of the weld cycle.

The influence of arc duration on the grain size of the weld
interface can be assessed from Fig. 7e, g, and f. The grain size
became larger with an increase in arc duration as expected.
The average grain size was calculated to be 2.94 μm at 4 s and
12.06 μm at 8 s. The forging conditions (upset pressure, upset
current, and upset time) were identical for those joints. Same
degree of deformation did not yield same degree of grain
refinement. The variation of grain size is owing to variation
in grain size at the end of the heating period. Increased arc
duration contributed to incremental supply of additional heat
energy. Increase in preheating caused grain coarsening in ad-
jacent regions to the weld interface. Higher heat input reduces
the rate of cooling. Hence, the grain refinement did not occur
to the same level. The drop in cooling rate subjects the grains
to further heating. More the grain size during heating period
more will be the grain size after upsetting because the forged
material is not constrained to expand.

Fig. 11 shows the predicted effect of arc duration on the
joint strength. The predicted UTS was 352 MPa at 4 s and
increases to 493 MPa at 6 s. UTS drops with further increase
in arc rotation current and is predicted to be 368 MPa at 8 s.
The joint fabricated at 4 s did not have sufficient upset tomake
a proper forged structure. This kind of joint does not endure
more loading and separates into two pieces in a shorter dura-
tion at the weld interface. The fracture surface (Fig.9e) does
not show signs for the evolution and the growth of dimples.
The failure progressed at rapid pace to fracture the specimen.
The joint made at 8 s also succumbed to failure at an early
stage. The existence of voids did not allow to accept higher
loading. The fracture surface (Fig.9f) shows partially grown
up dimple structure. The dark empty spaces represent the
spots of voids and initiation of failure. Voids lead to undesir-
able stress contraction at the juncture of discontinuities at the
weld interface. A higher joint strength at 6 s is attributed to
excellent forged structure which received the highest load un-
til the ultimate point crossed. The weld interface remained
intact (Fig. 4b) and failure took place at the interface. Failure
occurred by the coalescence of completely grown up dimples.

3.4 General discussion

The nature of the joint interface presents a crucial effect on the
joint strength. An interface free from contamination and voids
as well as fully forged structure is required to achieve higher
joint strength. A slight variation in the process parameter and
their improper choice may have an adverse effect on the pro-
cess [17]. Extreme limits of the chosen parameter range pro-
vided improper forging and voids at the interface. Figure 12
presents optical macrographs of some of the joints prepared
between the limits. Micron-sized voids and oxide particles are

found in some joints (Fig. 12a and b). They create spots of
poor adhesion at the interface and act as failure initiating sites
during the tensile test. The interface is clear and straight in
some joints (Fig. 12c and d). There is no external evidence for
the presence of voids. However, there is a possibility for in-
ternal oxide particle and pores. This is the cause for the vari-
ation of tensile strength between limits as plotted in Figs. 8,
10, and 11. Since the welding cycle is shorter in MIAB
welding, a shielding gas is seldom used. Iordachescu et al.
[16] believed that nitrogen or other reducing or inert gases
could enhance the weld quality. Vendan et al. [19] found small
sized pores at TMAZ and attributed the pore formation be-
cause of the interaction with atmospheric gas molecules. They
suggested that the use of shielding gas could possibly elimi-
nate pores.

Figure 13 records various kinds of interfaces observed in
the joints. Large size of discontinuous voids and small size of
continuous voids are respectively observed in Fig. 13a and b.
Void acts as a discontinuity across the joint region and mag-
nifies the applied stress as a result of notch effect. The fracture
propagates easily through continuous voids. A higher limit of
the heat input is observed to form voids. A layer of excessive
molten metal appears which causes a momentary instability
during upsetting. The interface is not perfectly straight and
adhering which leaves voids. The interface is slightly darker
and has black spots in Fig. 13c. This condition represents the
presence of oxide particle which does endure the tensile load.
The brittle oxide particle fractures easily leaving the joint
weaker. The interface in Fig. 13d has a remnant of a solidified
material of few microns thick. This is a common feature in
MIAB welded joints as reported by earlier investigators [16,
19, 20]. Sivasankari et al. [33] called this kind of layered
region as a light-banded zone. They reported that the magni-
tude of the upset current influences the formation. Higher
upset current completely eliminated this layer. This layer does
not impact the joint strength adversely. However, a thick

Fig. 10 Variation of UTS as a function of upset current

428 Int J Adv Manuf Technol (2022) 118:417–432



solidified layer may reduce the load-bearing capacity to some
extent. The interface is hard to find at the middle of the mi-
crograph in Fig. 13e. The molten metal was completely ex-
pelled during upsetting leaving no traces of solidified layer.
The preheated edges were properly forged similar to a typical
solid-state joint. This kind of interface is highly preferred be-
cause it provides higher joint strength closer to the strength of
the base metal.

Figure 14 reveals optical micrographs of the joint region
from unaffected base metal to weld interface. It is obvious that
the grain structure is a function of the distance from the weld
interface. The grain size continuously reduces towards the
weld interface. The amount of deformation and the quantity
of heat prevailing would reduce as the distance from the weld
interface increases. Weld interface is subjected to intense

deformation which drastically refines the grain structure. On
the other hand, the edges of TMAZ receive little deformation
which is inadequate to make a huge refinement. Nevertheless,
the grain size of TMAZ at any given location did not exceed to
that of base metal. Similar observation was recorded by
Iordachescu et al. [16]. They stated that different regions are
subjected to different intensities of the thermal cycle. The peak
temperature and the cooling rate vary while moving away
from the joint region. MIAB welding did not produce a coars-
er grain region commonly known as HAZ in typical fusion-
welded joints. The grain growth during arc rotation time is
offset by the effect of upsetting. The previous grain structure
is masked by the deformation grain structure. Furthermore,
Vignesh et al. [21] stated that the welded tubes can be handled
without using safety gloves or any devices to hold. They stat-
ed that the cooling rate is much faster that the welding cycle
does not cause accumulation of heat on the tube. The possi-
bility for grain coarsening is remote.

Figure 15 presents the hardness profiles of some of the
joints. Similar pattern was found in all the joints. The hardness
of the TMAZ is almost 300 HV higher to that of base metal
AISI 409 FSS. MIAB welding provided enormous strength-
ening of the joint region. Ferrite phase did not transform into
martensite or other kinds of bainite structure as seen in Fig. 13.
The high amount of Cr element bars the transformation of
ferrite into austenite during a heating cycle. Therefore, the
strengthening did not occur due to the emergence of hard
phases during the thermal cycle. Fine grain structure and the
deformation of material imparted strengthening. Deformation
generates huge amount of strain fields within TMAZ.
Strengthening of the weld zone is advantageous to obtain
higher joint strength and push the fracture location towards

Fig. 12 Optical macrographs of
the MIAB weld joints of trial
runs; a MW03, b MW04, c
MW06, and d MW08

Fig. 11 Variation of UTS as a function of arc rotation time
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Fig. 14 Optical micrographs of
MIAB welded joint M18
showing; a base metal; b edge of
TMAZ, cmiddle of TMAZ, and d
near weld interface

Fig. 13 Optical micrographs of
the MIAB weld interface
showing; a large voids (MW14),
b continuous voids (MW12), c
oxide particles (MW06), d
solidified layer (MW08), and e
clear interface (MW15)
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base metal. MIAB welding provided similar kind of strength-
ening on several materials [18, 20]. Iordachescu et al. [16]
observed a hardness of 260 HV at the midpoint of TMAZ
which is 80 HV higher than their base metal ST37 steel.
Vignesh et al. [21] reported a hardness of 620 HV at the
middle of TMAZ which is 340 HV higher compared to their
base metal T11 pipe steel. Although all the joints exhibited
strengthening of TMAZ, many joints failed at the weld inter-
face. The nature of the interface is an important aspect of
MIAB welding as mentioned previously.

4 Conclusions

MIAB welding was used efficiently to join 4-mm thick AISI
409 FSS tubes. DOE approach was used for experimentation
to develop an empirical expression for the prediction of joint
strength under various welding conditions. The conclusions
from the present research are summarized below.

& Lower limits of process parameters showed improper
forging due to lack of preheating and consolidation.
Higher limits of process parameters caused a momentary
instability during upsetting and produced voids as well as
oxide particles at the weld interface. The joint failed pre-
maturely because of these issues. The variation in joint
strength between the limits of process parameters was at-
tributed to spots of low adhesion due to micron size voids
and oxide particles.

& The weld region was fully composed of deformed struc-
ture which was affected by the heat energy of the arc and
the compressive force of the upsetting stage. Hence, the
weld region was called as TMAZ.

& The increase in chosen process parameters, namely, arc
rotation current, upset current, and arc rotation time
caused an enlargement of TMAZ region and increased

the grain structure of the weld interface. This result is
due to an increase in heat energy supplied to the joint
interface for preheating and during upsetting.

& The grain structure of the TMAZ was dependent on the
distance from the weld interface. The increase in distance
from the weld interface reduced the available heat and
the deformation. The size of the grains in TMAZ was
lower to that of base metal. Ferritic phase did not experi-
ence any phase transformation due to the thermal cycle of
MIAB welding.

& TMAZ exhibited significant strengthening due to grain
refinement and deformed structure. Nevertheless,
obtaining a clearly forged interface without any contami-
nation was necessary to obtain higher joint strength and
move the fracture location towards base metal. Highest
joint strength matching to the base metal was obtained
under a welding condition of A = 500 amps, U = 900
amps, and T = 6 s.
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