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thermal expansion, and heat or the metallurgical difference 
like solid solubility and lattice transformation between the 
aluminum alloy and steel require the proper heat input to 
the joint interface to prevent deformation or defects such as 
blow hole, cracks, insufficient fusion, and excessive growth 
of brittle Fe-Al intermetallics (IMC) [4]. In fusion welding 
method, especially, the formation of Fe-Al IMC layer at the 
joint interface is inevitable but its highly brittle characteris-
tics stands in need to control the growth of IMC layer to be 
less than 10 μm [5–7].

Therefore, many of research have been carried out to 
figure out the applicability of GMAW in joining of steel to 
aluminum alloy by investigating the growth mechanism of 
Fe-Al IMC, chemical compositions of supplementary medi-
ums such as electrode filler wire, and coating or interlayer 
on the base metal. Based on the Fe-Al IMC layer is formed 
mainly by the melting pool temperature and time [8, 9], 
Wang et al. [10] found that the chemical reaction between 
Fe and Al requires lower enthalpy than Fe and Zn, or Al and 
Zn, so that the Fe-Al IMC is formed primarily during join-
ing. Moreover, several researchers attempted to predict the 

1  Introduction

It is known that the gas metal arc welding (GMAW) is still 
one of the challenging ways to join aluminum to steel due to 
the sensitive and complicated mechanism of the arc [1–3], 
but its high thermal efficiency with high joining speed in 
complex joint geometry is still attractive to be adopted in 
the dissimilar materials joining. Furthermore, huge gap of 
thermo-physical properties such as thermal conductivity, 
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Abstract
In joining of aluminum alloy to steel by pulsed current gas metal arc welding (GMAW) process, drastic input of heat 
energy from the arc heat source causes an excessive growth of brittle Fe-Al intermetallics layer and blow holes. In this 
study, application of additional underneath magnetic field (B) to GMAW was attempted to clarify the effect of controlled 
Lorentz force on heat input, joining mechanism, and Fe-Al IMC growth at the joint interface. 1.2  mm thick AA5052 
aluminum alloy and hot-dip galvanized steel were joined in lap configuration by varying the B direction to control the 
Lorentz force. Arc phenomenon and weld pool flow, macroscopic and microscopic observation of the joints, and corre-
sponding tensile-shear strength of the joints were investigated to understand the joining mechanism. It was found that the 
additional underneath Lorentz force to the rear side oscillated the arc to the steel side depending on the welding current 
and decreased the energy density to the base metal. Further, the Lorentz force transformed bead formation and suppressed 
IMC layer growth with showing the maximum tensile-shear strength as 187 MPa.
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growth of IMC layer as a function of temperature variation 
per the unit time which follows the parabolic law of diffusion 
[11–13]. For the effect of supplementary elements on the for-
mation of IMC, Dong et al. [4] and Su et al. [9] investigated 
the effect of additional element in the filler wire, and found 
that Si contained wire can suppress the diffusion of Fe to Al 
by resulting the Si to permeate to the diffusion path of Fe 
to Al. Das et al. [11] and Goecke et al. [12] adopted a cold 
arc GMAW system and changed pulse parameters to join the 
AA5052 aluminum alloy to hot-dip galvanized (GI) steel. 
The authors confirmed that the decreased IMC layer thick-
ness with increased joint strength by lowering the heat input 
by pulsed current. Further, Gatzen et al. [13] reported the Zn 
coating can increase the arc size or the wet length of alumi-
num during the cold metal transfer method adopted pulsed 
GMAW process. Hong et al. [14] simulated the heat loss at 
the joint interface by zinc evaporation and reported that the 
mass evaporation of zinc during joining can significantly 
affect to the formation of IMC layer. Windmann et al. [15] 
adopted Al-Si3-Mn filler wire with heat input ranges from 
240 to 300 J/mm. The authors reported that the maximum 
joint strength was achieved as 175 MPa with 2–7 μm thick 
IMC layer. Sierra et al. [16] have used the heat inputs of 120–
150 J/mm by pulsed GMAW can form 2 μm thick IMC layer 
in joining 6XXX aluminum alloy to GI steel with the maxi-
mum strength as 180 MPa. Likewise, many of researches 
indicated that the point of achieving adequate strength of 
the joint is directly related to the control of lower heat input 
which in turn the control of IMC layer thickness, but the heat 
input control to lower level in GMAW process is still chal-
lenging and joining parameters for the proper amount of heat 
input to the joint interface are still ambiguous.

As an effort to control the heat input, several research-
ers added magnetic field, which is based on the Flaming’s 
law as in Fig. 1, near to the torch to apply the additional 

Lorentz force into GMAW heat source by varying the field 
type as cusp, axial, longitudinal or transverse, or rotating 
shape, respectively [17–24]. The studies found that the 
application of additional magnetic field can change the arc 
phenomenon, metallurgical effect or the temperature distri-
bution of the weld pool surface significantly. They showed 
that the application of additional Lorentz force can lead the 
suppression of natural convection and the homogenized 
temperature gradient of the weld pool surface, droplet trans-
fer mode [25–28]. This indicates that the temperature of 
joint interface during joining can be differed by the elec-
tromagnetically manipulated heat and the mass transfer 
process. However, most of the studies on the application 
of an additional magnetic field have focused on configura-
tions in which the field is applied near the torch, and have 
been conducted mainly for bead-on-plate (BOP) welding or 
homogeneous-metal joints.

Because the arc is highly sensitive to changes in the 
applied magnetic field, even small variations in field 
strength or orientation can lead to noticeable changes in the 
arc root position and the resulting heat-input distribution, 
however, careful tuning of the heat source conditions is 
required in such around-torch configurations. For dissimi-
lar Al–steel thin-sheet lap joints, where localized control 
of weld-pool flow and interfacial reactions is particularly 
important [13, 14], an underneath magnetic field applied 
from beneath the base metal can therefore be considered a 
useful complementary configuration; however, only a few 
experimental or quantitative studies have investigated this 
approach in pulsed GMAW of aluminum alloys to steel, and 
the corresponding joining mechanisms remain unclear. In 
the underneath configuration adopted in this study, the mag-
netic field is suggested through the setting magnetic coils 
under the Al–GI steel lap joint as a basic study to examine 
and to reduce direct disturbance of the arc column while 
enhancing the Lorentz force acting on the molten metal near 
the joint interface, thereby enabling more selective control 
of weld-pool flow, wetting behaviour, and Fe–Al intermetal-
lic layer formation in the actual joining region.

Therefore, the purpose of this study is to clarify the join-
ing mechanism and to assess the applicability of an additional 
underneath magnetic field in pulsed GMAW of aluminum 
alloy to galvanized steel lap joints. In this approach, elec-
tromagnetic coils are placed under the base metals so that 
the resulting Lorentz force is strengthened in the weld-pool 
region rather than in the arc column, enabling more direct 
control of heat and mass transfer at the joint interface. Under 
the applied underneath magnetic field, an additional Lorentz 
force is expected to be generated perpendicular to the cur-
rent flow direction and is expected to accelerate or decelerate 
the conventionally induced electromagnetic force around the 
joint area, depending on the field direction.

Fig. 1  Electromagnetic field and force
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1.2 mm thick AA5052 aluminum alloy and hot-dip galva-
nized (GI) steel were adopted as base metals and joined via 
direct-current (DC) pulsed GMAW to investigate the effect 
of the additional magnetic-field direction on the joining 
mechanism and weldability of the aluminum–steel joints. 
Based on the previous study [29], the welding parameters 
including the current waveform were fixed, while the direc-
tion of a constant additional magnetic field was treated as 
a process parameter and varied toward the aluminum side, 
steel side, rear side, and front side, respectively. To eluci-
date the joining mechanism, arc phenomena including metal 
transfer and weld-pool surface flow were observed, and the 
corresponding bead geometry and Fe–Al intermetallic com-
pound (IMC) formation were characterized metallurgically. 
Finally, the mechanical properties of the joints and their 
fracture surfaces were evaluated.

2  Experimental method

2.1  Experimental setup

A 12 μm thick Zn layer existing hot-dip galvanized (GI) 
steel plate and AA5052 aluminum alloy plate were adopted 
as base metals and joined in a lap configuration using pulsed 
GMAW with a 1.2 mm diameter AA4047 (Al-Si 12%) filler 
wire. The dimension of both base metals was 100 (width) × 
200 (length) × 1.2 (thickness) mm, respectively. The chemi-
cal composition and mechanical properties of the base met-
als and filler wire are listed in Tables 1 and 2, respectively.

Figure 2 shows the overall experimental setup. As shown 
in Fig. 2 (a), electromagnetic coils were set between the 
moving stage and base metals to maintain the position to the 
welding torch. A schematic illustration of welding set-up is 
plotted in Fig. 2 (b). The aluminum plate was overlapped by 
10 mm on the steel plate, and the joining line was located 2 
mm away from the overlapped aluminum edge to the alumi-
num side with 15° tilting in both the travel angle (15°) and 
work angle (15°), respectively, to maintain a stable arc. Pure 
argon gas (99.9%) was employed as the shielding gas, and 
its flow rate was fixed at 18 l/min. Based on a preliminary 
study showing one drop per pulse (ODPP) conditions with 
a 50 Hz of current waveform frequency, contact tip to work 

distance (CTWD), the average welding current with corre-
sponding wire feed rate, and voltage were fixed as 15 mm, 
50 A, 3.7 m/min, 19.6 V, respectively. Furthermore, welding 
speed was adopted 10 mm/s.

A schematic set-up of electromagnetic coils which are 
for generating additional underneath magnetic fields is plot-
ted in Fig. 2 (c). Two electromagnetic coils were set 10 mm 
away from the bottom side of the steel base metal, and the 
coils were connected to the power source with the serial cir-
cuit. The electromagnetic coils were fixed at the supporting 
leg-bar which is set independently from the moving stage to 
maintain the distance to the joining line. The synthetic vec-
tor of magnetic was set al.ong or perpendicular to the joining 
line to vary the additional magnetic field direction from the 
steel side to the aluminum side (hereafter, BAL), the alumi-
num side to the steel side (hereafter, BST), along the join-
ing direction (hereafter, BFR), and the opposite to the joining 
direction (hereafter, BRE), respectively. Since arc has very 
high temperature approximately 6500 to 10,000 K [30, 31] 
and strong radiation, the stable existence of magnetic field 
at the center of heat source on the joining line was focused 
in this study, and the electromagnetic flux density distribu-
tion before joining was measured to examine the effect of 
interaction between additional underneath magnetic field and 
joining process. Corresponding to the setup of the additional 
magnetic field in Fig. 2, the magnetic flux density environ-
ment measured by Gaussmeter is plotted in Fig. 3. The under-
neath magnetic field was generated using a pair of identical 
electromagnet coils which was turned by 0.3 mm2 copper 
cable for 0.17 A of excitation current following JIS Z 8000-1 
standard placed beneath the GI steel sheet with a lift-off dis-
tance of 10 mm (Fig. 2). The two coils were connected in 
series and powered by a DC supply (24 V) to produce a nomi-
nal magnetic flux density of 1.0 mT at the top surface of the 
base metal. The magnetic flux density was measured using 

Table 1  Chemical composition and mechanical properties of the base metals and filler wire
Material Chemical Composition (wt%)
AA5052 Mg Mn Zn Fe Si Cr Cu Ti Al

2.5 0.1 0.1 0.4 0.25 0.15 0.1 0.15 Bal.
AA4047 Si Fe Cu Mn Mg Zn Be Al -

11.0–13.0 0.8 0.3 0.15 0.1 0.2 0.0003 Bal. -
GI steel C Si Mn P S Sol-Al Fe - -

0.012 0.01 0.15 0.015 0.007 0.032 Bal. - -

Table 2  Mechanical properties of the base metals and filler wire
Material Yield Strength 

(MPa)
Ultimate Tensile 
Strength (Mpa)

Elon-
gation 
(%)

AA5052 193 220 12
AA4047 131 268 17
GI steel 164 294 53
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the welding coordinates was changed. The welding param-
eters and applied magnetic field directions in this study are 
illustrated in Table 3, respectively.

2.2  Experimental method

2.2.1  Arc phenomenon and weld pool flow

The arc phenomenon and corresponding convective pattern 
of weld pool surface flow were observed to investigate the 
effect of the direction of underneath additional magnetic 
field on heat energy distribution to material flow.

In the set-up of arc phenomenon observation, a high-
speed camera (Memrecam Q1v, nac Image Technology) was 

a Gaussmeter (MG-3003SD Tesla/Gaussmeter, FUSO). For 
the height-dependent distribution map (Fig. 3), the probe was 
scanned at Δx = 2 mm and Δy = 2 mm intervals perpendicular 
to and along the joining line direction, respectively, and at Δh 
= 1.2 mm and 3 mm intervals in the height direction between 
the base metal and the torch. At each point, the reading was 
recorded after stabilization, and three repeated measurements 
were conducted to assess repeatability. The instrument reso-
lution was 0.01 mT and the repeatability was within ± 0.02 
(standard deviation) mT, which was adopted as the measure-
ment uncertainty. Because the coil set was rotated to vary the 
field direction while keeping the same current and lift-off dis-
tance, the field magnitude distribution was essentially identi-
cal among orientations and only the field direction relative to 

Fig. 3  Magnetic flux density dis-
tribution depending on distance 
from the joining line at different 
heights. (a) Magnetic flux density 
along the B direction, (b) Mag-
netic flux density perpendicular 
to the B direction

 

Fig. 2  Experimental set up of additional underneath magnetic field applied pulsed GMAW
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synchronized with a wave data logger (NR-500/NR-HV04, 
Keyence) which is connected to clamp-meter (3285, Hioki) 
and workpiece for measuring current and voltage wave 
form. In here, a function generator (WF1973, NF Corpora-
tion) was additionally adopted to send 5 V signal to the cam-
era and data logger simultaneously for triggering. Because 
the arc plasma in pulse GMA process emits strong radia-
tion and the emission is differed depending on the current 
wave form, the arc was illuminated by using the varied three 
neutral-density (ND) filters; (1) ND8 – ND8 – ND8 for the 
peak current section, and (2) ND8 – ND8 – ND2 for the base 
current section. A lens (Micro-NIKKOR, Nikon) with 1/4 
focus ratio applied 200 mm focal length was adopted, 4000 
fps frame rate with 20 µs exposure time was applied to cap-
ture the arc in 640 × 480 pixels. In order to observe the arc 
phenomenon clearly, the entire arc was observed from two 
angles: (1) viewing angle for the arc front that is observed 
from the welding finish location to the start location direc-
tion and (2) viewing angle for the arc side from the steel side 
perpendicular to the joining line.

In case of the convective patterns of weld pool surface, 
the flow pattern was observed by tracing the movement of 
0.03 mm diameter zirconia particles through the 640 nm 
wavelength laser assisted 4000 fps high-speed video cam-
era (Memrecam Q1v, nac Image Technology) system syn-
chronized with data logger. In this system, an additional 
lens (AF Micro Nikkor 200 mm, Nikon) was attached with 
a bandpass filter (THORLABS UV/IR cut filter MP-49 S) 
to the high speed camera system interacting with a laser 
light source which provides a strong monochromatic light 
to irradiate the strong radiation of arc plasma covering the 
weld pool surface area. As shown in Fig. 4 which shows 
the results of spectral analysis of Ar arc plasma in previous 
study [29], the emission line spectrum of the Ar arc has high 
radiant intensity in the region of 690 to 850 nm. In con-
trast, the radiant intensity around 640 nm shows lower than 
the region of 690 to 850 nm. This indicates that the use of 
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Fig. 4   Line profile of argon arc spectrum [34]
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changes in the peak- and base-current segments and the 
pool-surface fluctuation induced by droplet impingement. 
First, for each tracer, the frame in which a zirconia particle 
first emerged at the weld-pool surface was defined as the 
initial tracing time, and its position in the subsequent frames 
was tracked continuously. By comparing these images with 
the current waveform recorded by the synchronized data 
logger, the end of the pulse cycle immediately before the 
onset of the next peak-current segment was defined as the 
second reference time, and the instantaneous velocity was 
calculated from the change in zirconia particle coordinates 
between these two times divided by the corresponding time 
interval. Thereafter, this second reference time was updated 
pulse by pulse, and the same procedure was repeated until 
the zirconia particle was observed to cease its motion in the 
X-direction due to pool solidification and to move along the 
Y-direction at a speed equal to the nominal joining speed. 
By using only this relatively stable time window within 
each pulse cycle, frames in which the tracer image could be 
disturbed by droplet impingement or rapid arc fluctuations 
were excluded, thereby minimizing the frame-to-frame trac-
ing error.

The overall observation setup for the arc phenomenon 
and convective patterns of weld pool surface is schemati-
cally illustrated in Fig. 6.

2.2.2  Metallurgical and mechanical evaluation

Cross-sectional views of the joint samples were etched with 
5% nital reagent for 5 s and modified Tucker’s reagent for 
10 s after polishing with SiC papers of 400 to 4000 grit 
and 9, 3, and 1 μm diamond suspensions, and an SEM–
EDS analysis was conducted to determine and character-
ize the IMC layer at the joint interface. SEM-EDS analysis 
were conducted to investigate the formation of Fe-Al IMC 
at the joints interface and to characterize their element 

640 nm laser light source and corresponding bandpass filter 
allows to observe the molten pool with reflected light while 
suppressing the influence of arc light. To capture the weld 
pool images by removing the wavelength of arc plasma as 
shown in Fig. 5, the laser light source was synchronized 
with the high-speed camera to irradiate only during the cam-
era exposure time. 6.4 µs laser pulse width was exposed in 
every 10 µs with 4000 fps of high-speed camera recording 
in 640 × 480 pixels. After the observation of zirconia move-
ment, the coordinate was calculated through homography 
model [32, 33] from the captured image through the camera. 
Defining the X coordinate as perpendicular to the joining 
line and Y coordinate as opposite direction to the joining 
direction, respectively, the location of particle followed the 
assumption that X = 0 mm is on the meeting point of X 
coordinate and joining line. The tracing of zirconia particle 
trajectories and the calculation of their velocities were con-
ducted so as to minimize the influence of the characteristic 

Fig. 6   A schematic illustration of 
arc phenomenon and convective 
weld pool surface flow observa-
tion setup

 

Fig. 5   Defined coordinate of weld pool flow observation
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current – voltage wave forms during 160 ms after when the 
welding heat source is reached to approximately 100 mm 
away from the welding start location is measured. The mea-
sured welding current-voltage wave forms are plotted in 
Fig. 8 (a), and the magnified waveforms from 98 ms to 121 
ms which showed the overlapped pulse cycle are shown in 
Fig. 8 (b).

Although the welding process parameter was fixed, the 
actual pulse frequency was increased slightly as B was 
applied. Compared to the average frequency of current – 
voltage waveforms in BXX in Fig. 8 (a); 51 Hz, slightly 
higher but different frequencies were achieved as the B 
direction was changed (52 Hz by BAL, 53 Hz by BST, 55 
Hz by BFR, and 54 Hz by BRE) indicating the decreased 
heat input to the base metal and increased numbers of drop-
let. Considering one of the driving forces that decides the 
droplet detachment is Lorentz force as schematically shown 
in Fig. 9, it can be explained that the addition of exter-
nal underneath magnetic field increased the Lorentz force 
between the molten wire and the edge of the solid wire as 
simply described in Eq. (1) to Eq. (2), so that the pinch 
effect is slightly accelerated and the numbers of droplet 
detachment is increased.

F = J × Bconv.� (1)

F = J × (Bconv. + B)� (2)

At here, F is Lorentz force acting on a point particle with 
electric charge which flows with current density J. Bconv. 

composition. Moreover, the tensile-shear test based on 
ASTM E8 standard was carried out on seven specimens for 
each process condition to investigate joint strength through 
the Instron-type tensile-shear strength testing machine at a 
crosshead speed of 1 mm/min, and the fracture surface of 
the samples were compared by SEM analysis.

3  Result and consideration

3.1  Arc phenomenon

Based on Fig. 7 which illustrates two different observation 
positions (Front and side view) and corresponding scale, 
the arc shape and corresponding location of the arc formed 
on the base metal was observed to investigate the effect of 
the direction of underneath additional magnetic field on the 
heat source formation. Furthermore, corresponding pulsed 

Fig. 8  Direction of additional 
underneath magnetic field varied 
voltage and current waveforms. 
(a) Measured current and voltage 
waveforms (b) Magnified current 
and voltage waveforms between 
98 ms to 121 ms

 

Fig. 7  Location of arc phenomenon observation; front view and side 
view
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variation of the current – voltage in a pulse cycle which 
are marked as (1) to (10) in Fig. 8 (b). In case of (1) in 
Figs. 10 and 11, it shows the end of the previous pulse cycle 
which is in the base current section which is in same tim-
ing of the pulse cycle with (10). (2) to (3) are the arc during 
the peak current section and following (5) to (10) are that 
during the base current section, respectively. Hence in here, 
comparison of arc phenomenon will be mainly focused on 
(1) to (9). In addition, due to the arc during the peak current 
section has much strong radiation than during the base cur-
rent section has, arc in the peak current during (2) and (3) 
were taken by using a combination of three ND 8 filters but 
the rest of period were taken by that of two ND 8 filters and 
a ND 2 filter.

Figure 10 (a) describes the front view of arc phenom-
enon in a current waveform cycle of BXX. The arc showed 
a slightly asymmetric shape that the arc at the aluminum 
side with longer radius compared to the arc at the steel side, 
and the front side of the arc formed the longer radius than 
the rear side in the side view as shown in Fig. 11 (a). Since 
the strong electric arc tends to maintain its shape with strong 
radiation as brighter emission, the tilting of the torch leads 
the formation of shorter radius of arc to the tilted side and 
vice versa on the base metal. Moreover, because the heat 
energy of arc follows Gaussian heat energy distribution, it 
was able to notice that the asymmetric ellipsoidal shape was 
distributed as lower energy heat density in wider range to 
aluminum side as relatively darker arc images. From this, 
the drastic heating of aluminum base metal was prevented, 
compared to the heat energy distribution to the steel side. In 
comparison of (9) to (10) in both Fig. 10 (a) and Fig. 11 (a), 
the increase of light intensity of the arc in grey scale value 
was observed in (10) as more bright color in the arc during 
the increase of current which follows the increase of voltage 
as shown in Fig. 8 (b). This indicates the start of new cur-
rent wave form which can be confirmed as the same as (1) 
to (2). It was also observed that that the current was soared 
from (1) to (2) in Fig. 8. (b) as to approximately 325 A, and 
the current was maintained to (3) until the molten filler wire 
is detached as shown in (4). Especially during (2) to (3), the 
Lorentz force which is proportional to the square current 
detached the molten from solid electrode filler wire before 
the diameter of the molten wire is growing bigger than that 
of the solid wire. It indicates that the globular metal transfer 
as one ODPP. In the side view of BXX in Fig. 11 (a), cath-
ode spots were formed on both base metal and on the weld 
pool, respectively, as shown as the bright and high intensity 
spots due to its high current density. Especially in (1), and 
(5) to (9), slight movement of arc root along the locations 
where the cathode spots were formed. This is attributed to 
the lower work function value of the aluminum oxide per-
mits formation of the arc root as listed in Table 4 which 

Indicates magnetic field density during welding, and B is 
a density of additional underneath magnetic field, respec-
tively. Furthermore in Fig. 8 (b), both the current and volt-
age were decreased as B applied, and the achieved current 
– voltage values were similar. Especially in Fig. 8 (b) (2) 
to (3), although the voltage waveforms of B applied con-
ditions during the peak current session were similar with 
BXX, the average peak current until the droplet detachment 
in B applied conditions (320.4 A in BAL, 320.3 A in BST, 
320.1 A in BFR, and 320.3 A in BRE) were lower than that 
in BXX (325.3 A) indicating the required power (P = VI; V 
is voltage, I is current, respectively) which is to detach the 
molten wire against to the surface tension force from the 
molten wire. Similarly, during the base current session as 
shown in Fig. 8. (4) to (10), overall current and voltage of 
B applied conditions (23.4 A in BAL, 23.6 A in BST, 23.7 
A in BFR, and 23.6 A in BRE) were slightly lower or lower 
than BXX (26.3 A). Interestingly, however, the voltage in 
BFR was gradually increased from 16.2 V to 16.7 V in Fig. 
8. (7) to (9), but that in BRE was decreased gradually from 
17.6 V which is the similar value of BXX (17.8 V) to lower 
value as 16.4 V. Since the voltage is highly related with arc 
shape and length which is related to the resistance and is 
easily affected by Lorentz force, this will be discussed later 
together with arc shape images. From slightly increased fre-
quency and lowered current and voltage waveforms of B 
applied conditions, however, it can be concluded that the 
existence of additional external magnetic field during the 
welding can affect to the bead formation and actual input 
heat to the base metal.

High-speed video images of arc phenomenon observed 
from the opposite to the joining direction are shown in Fig. 
10 as the front view, and that observed from the steel side 
are shown in Fig. 11 as the side view, respectively. The plot-
ted arc images in Figs. 10 and 11 are corresponded to the 

Fig. 9  Schematic illustration of forces and their directions in metal 
transfer during GMAW
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Fig. 10  Arc shapes during a 
pulsed wave form; observed 
from the opposite to the joining 
direction. (a) Front view of arc 
phenomenon in BXX, Front view 
of arc phenomenon in BST) (b) 
Front view of arc phenomenon 
in BAL, (c) Front view of arc 
phenomenon in BST (d) Front 
view of arc phenomenon in BFR, 
(e) Front view of arc phenom-
enon in BRE
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Fig. 11  Arc shapes during a 
pulsed wave form; observed from 
the steel side. (a) Side view of arc 
phenomenon in BXX, (b) Side 
view of arc phenomenon in BAL, 
(c) Side view of arc phenomenon 
in BST, (d) Side view of arc phe-
nomenon in BFR, (e) Side view 
of arc phenomenon in BRE
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drastically with the detachment of the molten wire as globu-
lar type metal transfer in (3) to (4) by showing ODPP.

Since the arc plasma during electrode positive polarity 
DC pulsed GMAW in this study is a flow of electron from 
the base metal surface to the filler wire and characterizing 
the arc formation only as the Gaussian distribution is ambig-
uous to define, the overall shape was simply described but 
the tilting or expansion of arc was characterized by the 
range of arc formation on the aluminum base metal which 
is detected by grey scale value as intensity. The arc cover 
range in representative timings when in peak current (2), 
base current (8), and near to the end of base current Sect. (9) 
are compared in Fig. 12.

Although the B applied conditions followed similar 
metal transfer with BXX, it was observed that the arc was 
bended in different directions; the arc was tilted to the rear 
side, front side, the aluminum side, and steel side in BAL, 
BST, BFR, and BRE, respectively.

In case of BAL, the comparison of arc dimension on the 
aluminum base metal in Fig. 12 (a) to (c) did not show the 
clear change from BXX. However, the arc observed from 
side view in Fig. 11 (b) showed the arc was expanded or 
tilted significantly to the rear side which is along the 

provides an example of material properties of a possible alu-
minum oxide (Al2O3) on the aluminum base metal. Since the 
cathode spot is known that its high current density provides 
intensive joule heating at its formation area, it indicates 
that the aluminum oxide was removed by the cathode spots 
on the base metal surface before and during the melting of 
the aluminum base metal. On the other hand, this high heat 
energy at the base metal surface can indicate that there is 
possible formation of an excessive Fe-Al IMC layer, porosi-
ties due to the low boiling point of Zn, and deformation by 
the high thermal expansion coefficient of Al and Zn. About 
the arc phenomenon when the B was applied as shown in 
(b) to © in Figs. 8, 10 and 11, respectively, it showed similar 
tendency with BXX that the current was elevated quickly 
and maintained the strengthened arc with wire melting in 
the peak current section. Then, the current was decreased 

Table 4  Material properties of al, al oxide, Fe, Zn, and Si [29]
Properties Al Al2O3 Fe Zn Si
Melting temperature (K) 933 2345 1808 693 1683
Boiling temperature (K) 2792 - 3134 1180 3538
Work function (eV) 4.26 3.36–3.84 4.81 4.4 4.85
Ionization voltage (V) 5.99 - 7.87 8.15 9.39

Fig. 12  Arc plasma location on the aluminum surface with its intensity depending on the time. (a) Front view at 102 ms, (b) Front view at 109 ms, 
(c) Front view at 118 ms, (d) Side view at 102 ms, (e) Side view at 109 ms, (f) Side view at 118 ms
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side to 8.9 mm in the steel side during the peak current sec-
tion, respectively, while BXX showed 8 mm in aluminum 
side to 5.5 mm in steel side. In addition, during the base cur-
rent section, BFR showed the arc range from 8.4 mm in the 
aluminum side to 0.1 mm in the steel side, and BRE showed 
3.7 mm in the aluminum side to 5.4 mm in the steel side dur-
ing the base current section, respectively. In the base current 
section, the arc range of BXX in the front view was from 
5.4 mm in the aluminum side to 2.3 mm in the steel side. 
However, there was almost no change in arc shape at the 
front and rear part which are observed from the side view as 
can be compared in Fig. 12.

Therefore, the B deflects the arc via J × (Bconv. + B) 
on B applied direction and J × (Bconv. − B) on the oppo-
site direction, thereby redistributing the heat-flux onto the 
aluminum base-metal surface in a direction-dependent man-
ner. Specifically, BAL promotes rear side direction develop-
ment of the arc, BST forward development, and BFR and 
BRE lateral spread toward the aluminum and the steel sides, 
respectively, leading to lowered heat input per unit area by 
mitigating the energy density to the corresponding regions 
on the aluminum surface. Because frames during peak and 
base current used different ND filters, interpretation was 
carried out through spatial patterns within each stage rather 
than absolute intensities, noting that the base-current period 
exhibits a more pronounced spread due to weaker arc iner-
tia or confinement by lenses. Cathode spots contributed 
concentrated Joule heating and oxide cleaning along their 
formation/trace paths. While arc momentum/confinement 
during the peak current limits relatively the magnetic effect, 
the base-current period shows a broader magnetic-driven 
lateral spread, widening the heat-supply area to the Alu-
minum. Since the metal transfer remained globular ODPP 
for all cases, the primary role of the field is not to change 
the transfer mode but to reorganize the heat source energy-
density map on the Al surface with increased frequency. In 
sum, by choosing the field orientation as a design variable, 
one can deliberately bias and enlarge the heat-flux distribu-
tion toward the aluminum surface, establishing the initial/
boundary conditions for the subsequent weld-pool surface 
convection while suppressing local overheating and redis-
tributing the shear-driving fields.

3.2  Weld pool surface flow

Based on the defined coordinates in Figs. 5 and 13 (a) to (e) 
plots the convective pattern of the weld pool surface dur-
ing the joining, and Fig. 13 (f) plots the location of droplet 
impingement which affects to the weld pool flow by physi-
cal contact of molten wire to the weld pool. Because the 
physical impingement of droplet fluctuates the weld pool 
with unstable wave, the origin of coordinate in overall flow 

direction of additionally added Lorentz force in both peak 
and base current section. Compared to the side view of arc 
shape by BXX in Fig. 11 (a), BAL showed that the rear part 
of the arc formed thicker and smooth shape than the rear 
part of arc in BXX. In contrast, the front part of the arc in 
BAL showed relatively flatter bottom edge side with nar-
rower center width than the arc in BXX. Especially in Fig. 
12 (d) which is at the peak current section, the arc of BAL 
was formed in shorter range as approximately 5 mm to front 
side than that of BXX as 6 mm, but the rear side showed that 
the arc by BAL was formed to 7 mm which is longer than 
that by BXX as 5 mm. In total arc range in the peak current, 
BXX formed as approximately 11 mm but BAL formed 
slightly increased 12 mm. During the base current section 
in Fig. 12 © and (f)which show much lower current as in 
Fig. 8 (b), the arc cover range showed much clear gap. In 
this period, arc by BXX was formed approximately from 2.5 
mm in the front side to the 3.6 mm in the rear side range as 
totally 6.1 mm, but BAL formed 1 mm in the front side with 
6 mm in the rear side as total 7 mm which is also slightly 
increased range than BXX.

In case of BST in Fig. 11 ©, the arc shape from the side 
view showed the opposite tendency compared to the BAL 
showed. Contrary to the shape of arc front in BAL, that in 
BST showed thicker and smooth shape of arc at the arc front 
part but the arc rear part showed flatter bottom edge com-
pared to the BXX and BAL. In case of the arc dimension of 
BST, it was measured as approximately 7.2 mm in arc front 
side to 5 mm in the rear side during peak current in Fig. 12 
(d), and 5.3 mm in arc front side to 2 mm in the rear side 
during the base current in Fig. 12 © and (f), respectively, 
and their total range was wider than BXX. In the front view 
as in Fig. 10 © and Fig. 12 (a) to (c), however, not that much 
of change was observed which is similar as BAL.

Considering that B generates the additional Lorentz force 
(hereafter, F) interacting with the welding current, which is 
from the wire to the base metal, the direction of F during 
BAL is to be the rear side and that during BST is to be the 
front side, respectively. This indicates that the newly formed 
F vector was added to the conventional Lorentz force vec-
tor, so the increased force in the area where the conventional 
and the newly formed force are in the same direction pushes 
the arc to the opposite area where the force is reduced. 
Hence from here, it can be concluded that the dimension of 
arc on the base metal can be decided by the F, and its loca-
tion is also determined by F direction.

Similar with the arc front and rear part of BAL and BST 
observed from the side view, the comparison of the arc shape 
by BFR and BRE confirmed that the front view showed the 
opposite tendency to each other, and in detail, BFR showed 
the arc range from 10 mm in the aluminum side to 4.2 mm 
in the steel side, and BRE showed 6.5 mm in the aluminum 
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In all conditions in Fig. 13, the flow direction of the par-
ticles, especially P2 to P8 in BXX, BAL, BST, BFR and P2 
to P7 in BRE, respectively, showed two flow pattern stages 
subsequently: (1) the aluminum side directional backward 
flow, and then (2) the backward flow.

In the first time, the weld pool surface flow showed the 
biased surface flow pattern to the aluminum side from the 
steel side. Notably, it can be also observed that the zinc coat-
ing next to the molten aluminum at the toe side is expanded 
indicating the melting of the zinc layer. After melting of 
the zinc layer, the detached or split top surface of the steel 
side layer, which can be considered as slag or zinc oxide 
firm, was floated along the weld pool surface continuously 
as backward climbing to the aluminum side. In here, fur-
thermore, the floating of zirconia particles, which were 
set between the base metals along the joining line, was 
observed. Most of floated particles in this area moved to 
the aluminum side firstly by backward climbing of weld 
pool surface with relatively higher velocity, and then they 
moved backward with deceleration. Although several stud-
ies found temperature gradients of weld pool surface in thin 
plate welding is not so much drastic [26], the aluminum 
toward backward climbing flow indicates that the weld pool 
has inward flow pattern which follows the Marangoni effect 
‘in’ the weld pool. Therefore, as shown in Fig. 14, it can be 
explained that the zinc evaporates drastically inducing the 
heat loss at the joint interface through its latent heat, so that 

investigation and that in flow velocity were defined indepen-
dently in this study. A floated particle near the root (alumi-
num side) was defined as P1, and the number was increased 
to P11 as close to the toe (steel side), and the movement 
of each specific particle was colored differently. The curves 
in each graph in Fig. 13 represent the moving trajectories 
of the zirconia particles, and the velocity of each particle 
is correspondingly illustrated with same colors in Fig. 15. 
Defining the joining line as the X-coordinate origin in Fig. 
13, the moving trajectories of the zirconia particles were 
obtained by extracting the coordinates of the particles in 
the images. The movement of tracer particles were obtained 
in every 0.1 s which is corresponding to five cycles of the 
current waveform. Correspondingly in Fig. 15, the origin 
of coordinates was re-defined as the center of the DIZ to 
simplify and minimize the errors of collected data from the 
fluctuation of weld pool by the impact of the droplet during 
the impingement. In Fig. 15 (a) to (e), the X-axis shows the 
distance between the center of the droplet impinged zone 
(DIZ) to the tracer particle, and the Y-axis represents the 
velocity (| V | ) of the particle. Following the same coordi-
nate system with Fig. 15 (a) to (e), Fig. 15 (f) to (j) describes 
the X-velocity (Vx) of weld pool which indicates the veloc-
ity variation in the perpendicular direction which is from the 
DIZ to toe side and to the root side. Furthermore, Fig. 15 (k) 
to (o) shows the backward longitudinal velocity of the tracer 
particle as Y- velocity (Vy).

Fig. 13  Comparison of convective weld pool surface flow and droplet impingement. (a) Flow of BXX, (b) Flow of BAL, (c) Flow of BST, (d) Flow 
of BFR, (e) Flow of BRE, (f) Droplet impinged locations
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of weld-pool region (s = 5 − 9mm), the flow becomes a 
quasi-linear rearward drift at low speed, with Vxsettling 
to small positive values. This indicates that, even without 
B, the combined action of plasma-jet shear and Marangoni 
shear aligned with the local thermal field around the DIZ 
drives an initial aluminum-biased rearward flow, which 
relaxes to a linear, low-speed rearward state as the increase 
of s.

Under the BAL in Fig. 13 (b), combining with Fig. 15. 
(b), (g), (l), the tracers curve toward the aluminum side 
( x < 0) and move rearward ( y > 0) rapidly in the near-
DIZ (s = 0 − 2mm), with | V |  and Vy  starting larger than 
in BXX over the same interval. Vxbegins from the toward 
the aluminum side but crosses zero within a short distance, 
indicating suppressed lateral spread compared with BXX. 
In the transition region (s = 2 − 5mm), the trajectory cur-
vature decays faster than in BXX; | V |  and Vy  decrease 
mildly while Vx stays near zero or small positive values, 
keeping the lateral component weak. By the rear side of 
the weld-pool region (s = 5 − 9mm), the flow has already 
settled which is similar to BXX, but reached at a shorter dis-
tance. Mechanistically, the applied additional magnetic field 
supplies a rearward F  that adds constructively to the base-
line plasma-jet and Marangoni shear driving the backflow. 
With equal pulse energy, the heat flux over the aluminum 
surface is more broadly dispersed with reducing heat input 
per unit length, which may reduce the relative influence of 

the temperature gradient of the molten aluminum between 
at the top surface and at the joint interface is being drastic. 
This points that the surface tension gradient of the molten 
aluminum is increased, hence it can be inferred that the 
accelerated Marangoni effect formed the backward climb-
ing tendency on the weld pool surface flow.

Assuming the distance from DIZ center location as s and 
comparing the velocities curves; | V | , Vx, Vy  of BXX in 
Fig. 15 (a), (f), (k), BXX in Fig. 13 (a) shows the tracers 
curve toward the aluminum side ( x < 0) and move rear-
ward ( y > 0) rapidly in near-DIZ (s = 0 − 2mm), with 
| V |  and Vy  attaining their maxima while Vx < 0. In the 
transition region (s = 2 − 5mm), the trajectory curvature 
decays quickly, | V | and Vy  decrease mildly, and Vx crosses 
zero, neutralizing the lateral bias. After that, in the rear side 

Fig. 15  Comparison of weld pool flow velocity. (a) Velocity of BXX, 
(b) Velocity of BAL, (c) Velocity of BST, (d) Velocity of BFR, (e) 
Velocity of BRE, (f) X-velocity of BXX, (g) X-velocity of BAL, (h) 

X-velocity of BST, (i) X-velocity of BFR, (j) X-velocity of BRE, (k) 
Y-Velocity of BXX, (l) Y-Velocity of BAL, (m) Y-Velocity of BST, (n) 
Y-Velocity of BFR, (o) Y-Velocity of BRE

 

Fig. 14  Schematic illustration of weld pool flow in cross-sectional 
view
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side on the weld pool surface, especially in Fig. 16 (c), it is 
inferred that the expected F in the weld pool accelerates toe-
down and root-up tendency in weld pool morphology, hence 
it limits mechanically the aluminum toward and backward 
flow. Thereby, the baseline rearward driving is being attenu-
ating. Compared to BXX, BFR shows smaller initial Vy  and 
earlier linearization but at lower overall speeds, together 
with a later Vx zero-crossing and weaker lateral spread; 
compared with BAL, which adds rearward driving with 
larger Vy  and earlier Vx to be 0, and a shorter distance to lin-
earization. However, BFR presents the opposite tendency; 
suppressed Vy , delayed Vx zero-crossing, and minimal lat-
eral dispersion. In short, BFR is characterized by reduced 
initial curvature, low-speed linearization, and lateral sup-
pression, indicating that a longitudinal field diminishes the 
thermally aligned driving to the rear.

In case of BRE based on Fig. 13 (e) and Fig. 15 (e), 
(j), (o), the surface trajectories in the near-DIZ region 
(s = 0 − 2mm) shows larger start | V |  and Vy  than 
in BXX and BFR, while Vx starts as negative but very 
quick cross of zero and becomes positive. In the transi-
tion region (s = 2 − 5mm), Vx > 0 persists and grows, 
yielding pronounced lateral spread toward the Steel side, 
whereas Vy  decays mildly so that the trajectory paths 
remain curved toward the toe. In the rear side of weld pool 
region (s = 5 − 9mm), linearization is delayed, | V |  
and Vy  remain elevated, and Vx approaches to positive. 
As shown in Fig. 16 (e), contrary to BFR, it is expected 
that the applied field supplies the steel side direction F on 
the weld pool surface and the toe-up but root-down direc-
tional Fs that reposition the surface-shear path closer to the 
high temperature region which is under the heat source. 
Therefore, the thermally aligned rearward driving which 
is composed of plasma-jet and Marangoni effect sustains 
Vy , while the +x component of F rapidly establishes and 
amplifies Vx > 0, producing the steel-side bias and speed 
retention. Compared with BFR, which exhibits smaller Vy  

lateral temperature gradients ( ∂ T/∂ x) and accentuates the 
rearward temperature gradients ( ∂ T/∂ y). Consequently, 
relative to BXX, BAL consistently exhibits enhanced initial 
Vy, an earlier zero-crossing of Vx, and a shorter distance to 
linearization.

In opposite, tracers, which is in the DIZ-normalized 
coordinate s of BST from Fig. 13. (c), start with smaller 
| V |  in Fig. 15 (c) and Vy  in Fig. 15 (h) than BXX and 
BAL, while Vx in Fig. 15 (m) quickly crosses from nega-
tive to positive, yielding pronounced lateral spread; this 
persists through the transition and the rear side of weld-pool 
regions, producing a delayed linearization and a broader 
trajectory bundle. Mechanistically, the field supplies a for-
ward F  that partially cancels the baseline rearward driving 
(plasma-jet and Marangoni shear), reducing Vy . Compared 
with BAL, which adds rearward driving as larger Vy , earlier 
Vxto be 0, and shorter distance to linearization, BST consis-
tently shows lower Vy , sustained positive Vx, and a delayed 
linearization.

Subsequently, BFR in Fig. 13 (d), Fig. 15 (d), (i), (n), 
shows that the tracers in near-DIZ (s = 0 − 2mm) exhibit 
weak initial curvature toward the aluminum side and lim-
ited rearward acceleration, that is smaller starting of | V |  
and Vy  than in BXX and BAL. Vx begins as negative but 
increases with a shallow slope, leading to a delayed zero-
crossing and suppressed lateral spread. In the transition 
region (s = 2 − 5mm), the paths are linearized early into 
a rearward drift, | V |  and Vy  stabilize at low levels, and 
Vx passes near zero slightly but gradually. In the rear side 
of weld pool region (s = 5 − 9mm) a low-speed linear 
rearward flow persists, with Vx approaching small posi-
tive values. In this case, it can be explained that the applied 
magnetic field produces a F  configuration which disfavors 
the initial climbing by showing effective inducing of a toe-
down and root-up tendency in the weld pool as summarized 
in Fig. 16 which shows an expected F in the weld pool dur-
ing welding. Although the F mainly pushes to the alumium 

Fig. 16  Schematics of Lorentz force direction in underneath magnetic field applied GMAW
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The overall average velocities at the center region (P2 
to P7 in Fig. 13) of the weld pool surface are compared in 
Fig. 17, and transformed force in the arc heat source by F 
which is induced by B with its effect are illustrated in Fig. 
18, respectively. Taken together Figs. 17 and 18, the mecha-
nism of transformed weld pool surface flow by B is dis-
cussed in here.

Figures 17 and 18 show that the additional underneath 
magnetic field B interacts with the welding current to gen-
erate F = J × B, which tilts the plasma jet as confirmed 
in 3.1 Arc phenomenon. Since the tilting or bending of arc 
redistributes current density, and strengthens the surface 
shear along F as shown in Fig. 18, thereby setting the direc-
tion and magnitude of the weld-pool surface flow. In BAL, 
a rearward component of F adds to the intrinsic rearward 
driving, so Vy  is relatively larger while Vx by increased 
shear forceto the rearward and approaches zero early, pro-
ducing a rear-dominant and laterally suppressed pattern. In 
BST, a forward component of F partially cancels the rear-
ward driving, reducing Vy  while maintaining Vx > 0, which 
yields steel-side lateral spread and delayed linearization. 
In BFR, the longitudinal action of F gives large | V | and 
Vy  near the DIZ that decay rapidly to a low-velocity linear 

with delayed Vx zero-crossing, and early low-speed linear-
ization, BRE features larger initial | V |  and Vy , the fastest 
growth and saturation of positive Vx, and a longer distance 
to linearization with higher speeds. Relatively, compared 
to BXX, BRE consistently shows earlier and stronger steel 
side bias which is (positive Vx), sustained rearward compo-
nent, and delayed linearization.

In Fig. 13 (f), averaged DIZ locations in all B applied 
conditions formed around that in BXX following their F 
direction on the weld pool surface. However, their offset 
from the DIZ of BXX shows only minor x y offsets. This 
indicates that the applied magnetic field does not materially 
shift the droplet impact center due to the strength of Lorentz 
force which is proportional to the current density and 
inversely proportional to the distance from the additional 
underneath magnetic field. Instead, the effect of F controls 
primarily the redistribution of the heat energy distribution 
of the heat source on the base metal and the material flow 
on the weld pool surface, rather than a re-targeting of the 
droplet landing point.

In short, the droplet path remains effectively pinned, and 
the observed differences arise from re-weighting of rear-
ward (Y) vs. lateral (X) driving components at the surface.

Fig. 18  Mechanism of weld pool flow velocity increase

 

Fig. 17  Average velocity of weld pool center area
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evaporated, due to the heat conduction during the joining 
process. Especially, it was found that the expanded zone at 
the bottom side of the steel plate was reached to the edge 
of the base metal in the B applied conditions. Compared 
to BAL, the expansion of steel bottom side in BST showed 
shallower dimension. Considering the direction of F in BAL 
and BST is opposite to each other; F to rearward in BAL 
and F to forward in BST, it can be inferred that the relatively 
drastic heating of the steel base metal in BAL induced the 
increased amount of zinc melting or evaporation.

Besides, an Al-Oxide removed cleaning effect zone 
(CEZ) showing a rough and white-colored region which is 
located next to the aluminum side joints and after the crater 
at the joining finish location was observed in all conditions 
as a result of the clean effect. In here, the cathode spots in 
EP polarity emit electrons from the oxide film on the sur-
face of the aluminum base metal with high current density. 
Hence, the aluminum oxide, which has approximately 2345 
K of melting point [32], could be removed by the joule heat-
ing during joining. Notably, the changes of average CEZ 
length after the crater and CEZ width next to the bead as 

drift. In BRE, the longitudinal F directed toward the steel 
side causes the earliest and strongest rise of positive Vx 
together with sustained Vy , leading to a pronounced steel-
side bias with speed retention. Overall, the orientation of 
B re-weights rearward and lateral driving, fixing the initial 
curvature, the timing of the Vx’s zero crossing, the distance 
to linearization, and the degree of velocity retention are in 
full agreement with the averaged curves in Fig. 17 and the 
mechanism sketched in Fig. 18.

3.3  Bead profiles

The top–bottom and cross-sectional bead profiles of joints 
obtained by B direction varied pulsed GMAW process are 
compared in Fig. 19, and corresponding bead dimensions 
are listed in Table 5, respectively.

It was confirmed that the weld seams obtained in all con-
ditions were fairly smooth, but the aluminum was welded 
while the steel was brazed due to the gap of melting point. In 
addition, it was found that the bottom side of the steel was 
expanded because the Zn layer on its surface was molten or 

Table 5  Comparison of bead profile dimension
B direction Cleaning effect zone 

length after crater (mm)
Cleaning effect zone 
width (mm)

Bead width (mm) Wet length (mm) Bead height (mm) Wet 
angle 
(°)

BXX 2.82 3.57 12.68 9.11 1.7 26
BAL 2.14 3.55 11.38 8.54 2.0 27
BST 4.78 3.62 11.45 8.29 1.84 28
BFR 3.17 4.24 12.45 9.07 2.11 38
BRE 2.99 3.18 12.98 9.88 1.5 22

Fig. 19  The bead profiles of the additional magnetic field varied pulse GMAW joints
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forms the bead as flatter and wider shape implying the effect 
of additional Lorentz force direction.

In the cross-sections of all conditions, blow holes were 
observed, as summarized in Table 6, but their average diam-
eter and area fraction varied depending on the B direction. 
In BFR and BRE, the average blow hole diameters were 
as small as 37 μm (0.037 mm with 0.013 standard devia-
tion) and 23 μm (0.023 mm with 0.007 standard deviation), 
respectively, and the porosity area fraction in the cross-sec-
tion was also low (0.339% for BFR and 0.16% for BRE). 
Therefore, these blow holes are unlikely to act as critical 
defects that strongly deteriorate the mechanical properties 
of the joints. In BXX, the average blow-hole diameter was 
approximately 50 μm (porosity area fraction: 0.45%, stan-
dard deviation: 0.03), and a maximum diameter of 0.124 
mm was observed at the root. In BAL and BST, blow holes 
were formed mainly near the toe. However, a relatively 
upward directional large worm hole and a void with a length 
of about 1.078 mm and a diameter of about 0.48 mm were 
also observed at the root of BAL and BST, respectively. Par-
ticularly in BST, a larger number of blow holes were found 
in the lower region of the bead than in BAL. In addition, 
solidified Zn with a serrated morphology was observed in 
BST between the deformed aluminum base metal and the 
steel base metal.

The formation of blow hole, worm hole, and void at 
the root area is attributed to the evaporation of Zn which 
composes the coating layer on the GI steel surface. Since 
the melting (693 K) and boiling (1180 K) point of Zn are 
lower than that of Al and Fe, the Zn was evaporated drasti-
cally with high vapor pressure. However, the root which has 
structural limitation does not allow the evaporated zinc to be 
extracted properly with the turbulent flow of weld pool and 
faster cooling than the toe area by higher heat conductiv-
ity. Based on the formation of blow hole and worm hole is 
mainly because the solidification of the weld is slower than 
the growth of the porosity, the structural limitation of the 
root and effect of additional Lorentz force in BAL condition 

plotted in Table 5 could be confirmed that their increase or 
decrease were correspond to the F direction. In case of the 
CEZ length, BFR joints and BRE joints showed slightly 
increased value as 3.17 and 2.99 mm, respectively, compared 
to BXX joints which formed 2.82 mm. However, BAL joints 
which had rearward F and BST joints which had forward 
F showed decreased average CEZ length as 2.14 mm and 
that as 4.78 mm, respectively. Similarly, CEZ width was also 
increased or decreased by following the F direction. BXX 
joints formed 3.57 mm, and BAL and BFR formed 3.55 mm 
and 3.62 mm in similar, but BFR showed increased to 4.24 
mm and BFR showed decreased to 3.18 mm.

Additionally, it was found that the bead dimension 
was varied by the direction of F. Except BRE joints, the 
wet length was mostly decreased and the bead height was 
increased in B applied conditions compared to BXX joints. 
In BRE joints whose F direction was to the steel side, the 
wet length was increased from 9.11 to 9.88 mm, and the 
bead height and the wet angle were decreased from 1.7 mm 
to 1.5 mm and from 26 ° to 22 °, respectively, when it was 
compared to BXX joints.

Different from BXX, the final geometry of B applied 
GMAW joints showed unique morphologies. In case of 
BRE which has longer wet length and lower bead height 
than BXX, for example, it showed a flat-close shape. Fur-
ther, the geometry showed the relatively thicker near the toe 
but thinner root with two humps on the bead top surface. 
As discussed in 3.1 Arc phenomenon to 3.2 Weld pool sur-
face flow, this shows an agreement that F in the weld pool 
which is generated by interaction between B and the current 
flow in the weld pool during joining pushes up the molten 
aluminum near the toe side but pull down the root area to 
be flat. As referring Fig. 16 which is about the directions 
of F under the application of additional magnetic field, the 
change of bead geometry can be explained. In BRE, mainly 
three directions of the additional Lorentz force are formed. 
Around the current flow between the electrode filler wire 
and base metal, the rear side directional additional magnetic 
field forms the steel side directional force. Interacting with 
the current in the weld pool which is from the plasma arc 
heat source under the low electrical resistance, at the same 
time, the vertical directional additional Lorentz force is gen-
erated. Especially, the current flow in the weld pool from the 
arc to the root (aluminum) side which is perpendicular to the 
additional magnetic field, the downward directional Lorentz 
force is generated and pulls down the weld pool. In contrast, 
the current flow to the toe (steel) side, which has opposite 
directional flow compared to the current from to root side, 
newly generated additional Lorentz force acts as an upward 
force in here. Consequently, the weld pool of BRE condi-
tion experiences the steel side biased arc with downward 
and upward forces in its root and toe area, respectively, and 

Table 6  Comparison of defects in the joints
B 
direction

Blow hole 
area frac-
tion (%)

Maximum 
blow hole 
diameter 
(mm)

Average blow 
hole diameter 
with standard 
deviation (mm)

Worm 
hole and 
void 
(mm)

BXX 0.451 0.124 at 
root

0.048 (± 0.03) -

BAL 0.922 0.1 in 
worm hole

0.051 (± 0.027) Worm 
hole 1.078 
at root

BST 0.418 0.1 as void 0.059 (± 0.023) Void 0.48 
at root

BFR 0.339 0.064 0.037 (± 0.013) -
BRE 0.16 0.038 0.023 (± 0.007) -
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of the additional magnetic field direction varied process. 
From the top to the bottom in Fig. 22, the obtained SEM 
macrography of BXX joints, BAL, BST, BFR, and BRE are 
plotted, respectively. In the plotted SEM macrography, bot-
tom side of the interface indicates steel, while upper side is 
aluminum alloy. The thickness of the IMC layer was mea-
sured at forty locations along the joint interface and their 
average value and corresponding standard deviation were 
considered. Corresponding to Fig. 22, the result of EDS spot 
analysis identifying the element intensity in atomic parent-
age of Al, Fe, Si and Zn elements along the IMC layer is 
plotted in Table 7, and the distribution of average IMC layer 
thickness with standard deviation is compared in Fig. 21, 
respectively.

Figure 21 shows overall distribution of Fe-Al IMC layer 
thickness with standard deviation. It was confirmed that 
the IMC layer thickness was increased drastically in BXX 
toward the center of the joint but it was decreased drasti-
cally again as close to the toe; Location A: approximately 
0.67 μm, Location B: 10.06 μm (standard deviation ± 2.88), 
Location C: 21.71 μm (± 4.33), Location D: 3.77 μm (± 
1.17), and Location E: 0.41 μm. Considering the previous 
study [7] that above than 10 μm of Fe-Al IMC layer can 
be a critical factor of joint strength deterioration, the thick 
IMC layer from Location B to somewhere between Loca-
tion C and D with high standard deviation is associated with 
lower tensile-shear strength. Especially Location C of BXX 
which shows significantly thicker layer than other locations, 
its formation can be explained by the energy distribution of 
the heat source. In case of the boundary area of the joints 
such as Location A or E, they get small amount heat energy 
from the arc plasma which follows the Gaussian energy dis-
tribution, but at the center of the joints (Location C), heat 
energy contained droplet and arc plasma which has much 
higher energy density than at the joint boundary transfers 
the heat directly. Thus, IMC whose growth follows tempera-
ture variation per unit time could be formed at the center 

which leads relatively slower cooling by pushing the arc on 
the weld pool backwards can explain the frequent formation 
of the blow hole and worm hole at the root area. In case of 
BST, it generates the front side directional F on the weld 
pool by welding current flow through the arc plasma. Fur-
thermore, the current flow in the weld pool forms the upward 
additional force at the weld pool front part and that from the 
rear side generates the downward force at the weld pool rear 
part during joining, respectively. Thus, the aluminum base 
metal in BST condition can be heated earlier and smoother 
than that in the BXX, but it indicates that the following rel-
atively drastic cooling, and the weld pool current induced 
additional magnetic downward driving force entrapped the 
evaporated the zinc in the weld pool, so that the zinc moved 
to the aluminum base metal side and remained as unstable 
solidification. Additionally, considering about the F in the 
rear part of weld pool during BAL is upward, more numbers 
of blow hole formation at the lower location in the bead by 
BST is agreed with formation of worm hole in BAL and that 
of void in BST.

3.4  Formation of Fe-Al IMC layer

Based on the five locations at the joint interface where from 
root to toe, SEM-EDS analysis was carried out to character-
ize the Fe-Al intermetallic (IMC) layer distribution at the 
joint interface. Figure 20 illustrates the investigated loca-
tions schematically. Subsequently, Fig. 22 shows the SEM 
macrographs of the IMC layer at different joining conditions 

Table 7  EDS point analysis corresponding to Fig. 22
Point Al Fe Si Zn Expected IMC Point Al Fe Si Zn Expected IMC
1 54.2 45.8 - - Fe2Al5 14 65.1 24.1 3.8 6.9 Fe-Al-Zn
2 67.6 29.5 2.9 - FeAl3 15 26.1 72.5 0.4 1.0 Fe2Al5
3 74.9 25.1 - - FeAl3 16 61.6 27.7 0.6 10.1 Fe-Al-Zn
4 51.4 48.6 - - FeAl 17 65.4 26.2 0.6 7.9 Fe-Al-Zn
5 72.9 24.5 2.6 - Fe-Al-Si 18 75.9 24.1 - - FeAl3
6 60.0 25.7 7.8 6.4 Fe-Al-Zn 19 70.5 25.5 4.0 - Fe2Al5
7 75.8 23.6 0.2 0.3 FeAl3 20 24.6 73.0 2.3 - Fe3Al
8 - - - - Fe-Al-Si 21 71.0 25.4 3.1 0.5 FeAl3
9 49.1 42.3 8.1 0.4 FeAl 22 42.5 54.0 3.3 0.2 FeAl
10 49.1 46.4. 3.1 1.4 FeAl 23 41.9 58.1 - - FeAl
11 69.1 30.4 0.5 - Fe2Al5 24 77.4 - - - FeAl3
12 67.8 32.2 - - FeAl2 25 71.6 23.0 5.4 - FeAl3
13 84.4 - 15.6 - Al-Si

Fig. 20  Measured locations of IMC layer thickness

 

1 3



The International Journal of Advanced Manufacturing Technology

joining. Especially, the middle of the joint where gets the 
edge directional driving force at the bottom of the weld pool 
by arc pressure and additional Lorentz force pushed the 
molten zinc by the edge directional momentum, and by the 
capillary effect between the liquid Zn and the solid Al dur-
ing cooling. Contrast to the middle of the joints, Locations 
A and E in Fig. 23 showed that the Zn contained IMC such 
as Fe2Al5.xZnx IMC at the joint interface. Considering that 
Fe-Al-Zn IMC was not attained at Location B because the 
Zn was evaporated drastically or transferred to the edge of 
the joint after the dissolution stage, it can be inferred that the 
transferred liquid Zn was precipitated to Fe2Al5 IMC during 
cooling due to the high affinity of Al to Zn. As known as 
the Zn contained Fe-Al IMC is significantly more ductile 
than only Fe-Al IMCs [38], it can be inferred that the IMC 
distribution at the root and toe which formed lower than the 
required 10 μm thickness layer with Zn contained composi-
tion may not result the brittle cleavage fracture at the joint 
interface of these area.

BXX condition which is the conventional DC pulse 
GMAW condition in Fig. 23 shows the average values of 
the IMC layer thickness in Location A to C increase from 
0.67 μm (≈ 1 μm) to 21.71 μm (± 4.33) and decrease again 
as close to Location E as 3.77 μm (± 1.17) to 0.41 μm (≈ 0 
μm). This can be attributed to the ratio of heat energy distri-
bution in GMAW heat source. Moreover, this indicates that 
the growth of IMC layer is determined by the temperature 
variation in unit time based on the Fick’s second law. BXX 
shows that the IMC layer in Location A and B formed the 
thicker layer than that in Location D and E, respectively. 
This is attributed to the structural limitation induced higher 
heat conductivity in the root side. A tight set of base metals 
allows the domination of heat conduction to be stronger in 
the heat transfer, therefore the root side faces more dras-
tic temperature variation than the toe side faces. Since the 
growth of Fe-Al IMC layer is following the parabolic law 
of diffusion as a function of temperature and time [12], the 
drastic temperature variation in this area finally forms the 
thicker layer than in the toe area.

Compared to BXX, the B applied joint showed the 
significantly decreased thickness of IMC layer due to the 
decreased heat input by the moving of heat source. The max-
imum average IMC layer thickness of BXX was attained as 
21.71 μm (± 4.33) at the Location C, while that of BAL, 
BST, BFR, and BRE showed 7.82 μm (± 0.83), 6.54 μm 
(± 0.61), 7.17 μm (± 1.04), and 5.65 μm (± 0.46) in Loca-
tion C, respectively. In pulsed GMAW which cyclically 
provides a current waveform as a mixture of peak and base 
current, the application of additional magnetic field results 
the strong additional Lorentz force in the peak current sec-
tion, but the lower level of the additional Lorentz force is 
either generated in the base current section. From this, the 

with significant thickness. In contrast, all B applied con-
ditions were confirmed that their maximum average IMC 
layer thickness was formed in Location C as 7.82 μm (± 
0.83), 6.54 μm (± 0.61), 7.17 μm (± 1.04), 5.65 μm (± 0.46) 
in BAL, BST, BFR, and BRE, respectively, but their thick-
ness are thinner than 10 μm and it can be inferred that joint 
strength can be improved compared to BXX. Not only the 
thickness of IMC layer, but also the distribution tendency of 
the layer was different depending on the B direction, but this 
will be discussed together with IMC composition together 
at the end of this chapter.

In all conditions as shown in Fig. 22, the morphology 
of the Fe-Al IMC layer was a smooth interface between 
the IMC and the steel, but serrated shaped interface was 
observed toward the aluminum side due to the non-uniform 
diffusion of Fe to Al. Furthermore, Fe-Al-Si and Fe-Al-Zn 
compounds were formed at the boundary of the Fe-Al IMC 
as similar with other studies [35, 36] which employed con-
ventional GMAW. The intensity of Fe and Al in IMC layer 
indicates the possible formation of various IMCs. Substitut-
ing the atomic percentage value of the Al and Fe elements 
in into Al-Fe binary phase diagram, it was confirmed that 
the IMC at the joint interface was mainly composed of Al-
rich IMCs such as FeAl3 and Fe2Al5 with Fe-Al-Si or Al-Si 
coverage as shown in Table 7. As the melting temperature of 
Zn (693 K) is lower than Al (925 K) and Zn as a solute has 
lower mutual affinity to Al or to Fe than the Al to Fe [37], 
it can be concluded that the molten Zn at the joint interface 
was transferred to the root and toe with non-precipitation 
of liquid Zn to Fe-Al IMC in the middle of the joint during 

Fig. 21  IMC layer thickness distribution; average layer thickness with 
standard deviation
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surface than the heat source in BXX distributes. Although 
some spots such as Location B and D may get higher heat 
input compared to BXX condition during joining because 
the arc moves with the Gaussian heat energy distribution, 

electric arc heat source moves periodically along the var-
ied additional force direction as shown in Fig. 11 in Sect. 
3.1 Arc phenomenon, and it distributes the same amount 
of total heat energy to the wider range of the base metal 

Fig. 23  Comparison of tensile-
shear strength
 

Fig. 22  SEM macrography of IMC layer in the additional magnetic field direction varied DC pulse GMA joints
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3.5  Mechanical evaluation of the joint

The comparison of tensile-shear strength of the joints is 
shown in Table 8; Fig. 23 to investigate the effect of joint 
geometry on the strength. Figure 23 (a) show the average 
tensile-shear strength with wet length of the bead, and Fig. 
23 (b) shows representative curves of strength-displacement 
curve, respectively. The tensile-shear test was carried out on 
seven specimens in each condition to secure the mechanical 
characteristics of the joint.

The maximum average tensile shear strength of the 
conventional BXX joints was 149.67 MPa, and their joint 
efficiency was approximately 68% of that of the aluminum 
base metal (220 MPa). Conspicuously, it was confirmed 
that applying the additional underneath magnetic field 
increased the tensile-shear strength; approximately 170.0 
MPa in BAL, 163 MPa in BST, 177 MPa in BFR, 187 MPa 
in BRE, respectively. Especially, the maximum average 
tensile-shear strength was attained in BRE with approxi-
mately 85% joint efficiency as the application of additional 
Lorentz force expanded the area where the heat source cov-
ers and decreased the heat input per unit area to the base 
metal. This may because the periodical movement of the 
arc during joining led the expansion of the joining area and 
the actual input heat to the joint interface was decreased 
with decrease of IMC layer thickness as confirmed in Fig. 
21. Interestingly, in case of BST, it achieved higher tensile 
shear strength than BXX but failed in lower displacement as 
shown in Fig. 23 (b).

Corresponding to the tensile-shear strength of the joints 
in Fig. 23; Table 8; Fig. 24 shows SEM macrography of the 
fracture surface of the joint to the aluminum side as a result 
of the tensile-shear test. It was confirmed that BXX joints 
was failed near or along the fusion line, along the vertical 
direction of the bead. In case of the maximum average ten-
sile shear strength condition which is BRE, the specimens 
were mainly failed around the HAZ area showing the frac-
ture surface with mainly the shortest average radius of dim-
ples. All the conditions showed the dimples at the fracture 
surface implying the ductile fracture, but BXX shows the 
grain boundary peeled out surface was observed at the same 
time. This indicates the fracture of BXX joint, which also 
showed excessive IMC layer thickness at the center of the 

the moving heat source provides the decreased amount of 
heat to the joint area in a given time. Therefore, the addi-
tional magnetic field applied joint can achieve the decreased 
thickness of the IMC layer.

Corresponding to the moving heat source by the F, the 
distribution of IMC layer thickness in B applied conditions 
showed the increase and decrease tendency along the F 
direction. Referring Figs. 16 and 18 which show the tilt-
ing and moving of arc and the direction of the additional 
Lorentz force generated by the welding current and B, 
respectively, it can be confirmed that that BAL and BST in 
Fig. 21 show the similar IMC layer thickness distribution 
tendency with BXX. However, BAL and BST showed dif-
fered IMC layer thickness due to the heat generation at the 
spots per unit time was changed. Similarly, BFR and BRE 
showed that their IMC layer distributions have the opposite 
directional tendency each other because the arc was tilted 
to the aluminum side and the steel side, respectively. The 
IMC layer thickness gap between Location B and D in BFR 
was higher than that in BRE due to the formation of arc in 
BFR was concentrated at the root area whose heat transfer is 
more affected by the heat conductivity of base metals than at 
the toe area. Based on the formation of IMC in a spot is gov-
erned by the temperature variation per unit time, therefore, 
it can be inferred that the drastic temperature variation by 
the higher heat conductivity at the root allowed the root side 
biased IMC layer thickness distribution. In contrast, BRE 
concentrates the arc to the toe side direction whose tem-
perature history can show smoother tendency than the root. 
Thus, the IMC layer shows toe side biased distribution, but 
it forms the thinner layer gap between Location B and D due 
to the smoother temperature variation at the joint interface.

Table 8  Tensile-shear strength
Condition Additional 

Lorentz 
force 
direction

Tensile-shear strength (MPa) Joint 
Effi-
ciency
(%)

Minimum Maximum Average

BXX - 123.9 175.3 149.67 68.0
BAL to rear side 154.0 182.5 169.99 77.3
BST to front side 154.3 170.2 163.39 74.3
BFR to alumi-

num side
173.6 185.1 177.19 80.5

BRE to steel side 179.1 190.1 186.81 84.9

Fig. 24  Comparison of fracture surface of the joints
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on the current path: (i) that generated by the welding 
current flowing between the electrode wire and the base 
metal, and (ii) that generated by the current flowing in 
the base metal, especially in the weld pool.

2)	 Compared with the conventional pulsed GMAW joints, 
the joints welded with the magnetic field directed 
toward the rear side exhibited an increased wet length 
and a reduced bead height. This behavior is attributed 
to the Lorentz force generated by the welding current, 
which deflects the arc toward the steel side and pro-
motes spreading of the molten aluminum. In addition, 
the magnetic field associated with the current flowing in 
the weld pool deforms the bead top surface, acting as an 
upward driving force in the toe region (steel side) and 
a downward driving force in the root region (aluminum 
side).

3)	 When the Lorentz-force direction was oriented along the 
joining line rather than perpendicular to it, blow holes 
and worm holes were more frequently formed owing to 
more drastic solidification caused by a Lorentz-force-
induced arc tilt and by upward and downward weld-
pool flow at the rear part of the weld pool, respectively. 
The root region has higher heat conductivity than the 
toe, solidification proceeds more rapidly and the evapo-
rated Zn is more easily trapped, leading to concentrated 
porosity at the root.

4)	 Compared with the average IMC layer thickness in con-
ventional pulsed GMAW joints, the additional under-
neath magnetic field assisted pulsed GMAW process 
produced a significantly thinner Fe–Al IMC layer. This 
reduction is attributed to decreased local heat generation 
at the joint interface, because the periodically displaced 
arc distributes a given total heat input over a wider area 
than in the conventional condition. These results indi-
cate that the rate of heat input per unit length at the joint 
interface strongly governs the growth of the Fe–Al IMC 
layer.

5)	 The highest average tensile-shear strength, 186.81 MPa 
(approximately 85% joint efficiency), was obtained 
under the magnetic field to rear side condition, which 
also exhibited an increased wet length. This improve-
ment is ascribed to the combined effects of reduced 
heat input and increased wet length when the additional 
Lorentz force is directed toward the steel side. The frac-
ture mode under this optimum condition was predomi-
nantly ductile, propagating from near the fusion line 
along the thickness direction of the weld.

Overall, it was confirmed that applying an underneath 
magnetic field toward the rear side during pulsed GMAW 
improves the joint quality of AA5052 aluminum alloy–GI 
steel lap joints. The improved joint quality was evidenced 

joint interface, was propagated with both ductile and brittle 
fractures. Noting that the porosities such as blow hole, warm 
hole, or void were observed at the root area in BXX, BAL, 
and BST, respectively, but dimples were mainly observed in 
all conditions as plotted in Fig. 24, it can be inferred that the 
porosities at the root area which are formed by the evapora-
tion of Zn worked as notch for stress intensification in the 
root. Since the joining process in this study does not pro-
vide leg length and penetration depth in the joint due to its 
aluminum welding - steel brazing characteristics, the wet 
length of the bead was considered as the morphological fac-
tor. The result indicated that the change of wet length in Fig. 
23 can improve the tensile-shear strength of the joint cor-
roborating with the wet length increased conditions; BFR 
and BRE shows the increased joint strength. However, it 
was inferred that the correlation between the wet length and 
the joint strength has to be treated as an additional factor 
to guarantee the strength of the joint because the length in 
BAL and BST were less than BXX and their joint strength 
was increased slightly compared to their decrease of wet 
length. Therefore, it can be concluded that the control of 
the temperature variation of the joint under the given heat 
input with preventing the possible formation of defect has to 
be considered as a way of improving tensile-shear strength 
of dissimilar material joints. Further, it is realized that the 
application of additional Lorentz force affected significantly 
to the joint strength in pulse GMAW by controlling the peri-
odical change of heat source direction leading a change of 
heat energy distribution with physical phenomenon control-
ler to the weld pool.

Consequently, it was found that the application of addi-
tional magnetic field to the rear direction can enhance the 
joint strength by decreasing the heat input to the joint inter-
face, and by suppressing the formation of porosities by con-
trolling of Zn evaporation during joining.

4  Conclusions

In this study, 1.2 mm thick dissimilar AA5052 aluminum 
alloy and hot-dip galvanized (GI) steel plates were joined 
by a pulsed GMAW process assisted by an additional under-
neath magnetic field. The effects of the additional Lorentz 
force on the arc behavior, weld pool surface flow, formation 
of the Fe–Al intermetallic compound (IMC) layer, and the 
resulting mechanical properties of the joints were analyzed. 
The major conclusions can be summarized as follows:

1)	 The arc direction, weld-pool surface flow pattern, and 
corresponding flow velocity varied with the direction 
of the additional Lorentz force. The additional Lorentz 
force can be divided into two components depending 
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by decreased effective heat input, suppressed defect for-
mation with increased wet length, and suppressed Fe–Al 
IMC layer growth, which collectively led to an increased 
tensile-shear strength. From a configuration standpoint, the 
underneath approach adopted in this study applies a modest 
magnetic flux density on the order of 1 mT at the work-
piece surface. This differs from under-torch (around-torch) 
magnetic strategies, which can directly interact with the 
arc column and often require modifications near the torch. 
In contrast, the present coil-in-fixture arrangement can be 
implemented beneath the workpiece and is compatible with 
simple clamping for thin Al/steel lap joints. Therefore, these 
results can suggest a feasible route for integrating magnetic-
field assistance into automotive and aerospace production 
lines where stable and improved joint strength is required 
for thin parts. In addition, the present findings may motivate 
future research to further control heat input and magnetic 
flux density together with joint geometry and Zn distribu-
tion when joining aluminum alloys to Zn-coated steel using 
pulsed GMAW, or delineate an industrial process window 
by optimizing magnetic flux density and duty cycle, while 
evaluating long-term robustness, cost, and cycle-time 
impacts for practical implementation.
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