
Introduction

     Laser beam welding (LBW), electron beam welding
(EBW), and plasma arc welding (PAW) are considered as
high-power-intensity heat source welding methods due to

the function of the keyhole mode, which promotes deep
penetration and enhances mechanical properties (Refs.
1–3). Due to the welding equipment costs, PAW is more
widely applied in various industries to join different materi-
als than LBW and EBW (Refs. 4–6). Gas metal arc welding
(GMAW) has the features of high deposition and a wider
process zone as well as lower power density, which allows ex-
tensive application in the industrial field (Refs. 7, 8). Hybrid
arc welding methods have been regarded as effective in im-
proving joint properties in the scope of welding (Ref. 9). A
series of hybrid welding technology for the aforementioned
methods is performed, such as plasma-GMAW (Ref. 10) and
double-electrode GMAW (DE-GMAW) (Ref. 11). DE-GMAW
achieves the welding process of double wires located in the
same molten pool, which improves welding speed and pro-
ductivity (Ref. 12). There is a 7.5-deg angle between two re-
spective wire electrodes and the vertical, and the distance
between the electrode tip spacing is 9 mm (Ref. 13). There-
fore, two wires operate close in the torch and may render
magnetic interaction. Pulsed GMAW (GMAW-P) could
achieve a stable welding process by droplet transfer with one
drop per pulse, and pulsed mode is applied to this method to
minimize magnetic interaction, which is claimed as double-
pulsed GMAW (DP-GMAW) )(Ref. 14).
     Hybrid arc profiles and their interactions have an impor-
tant effect on the hybrid welding process and weld quality. Liu
et al. studied the DP-GMAW arc profile variation process and
found that the arc profile variation and droplet transfer in the
thermal peak were higher than in the thermal base, but the
variance of arc size in the thermal peak was opposite (Ref.
15). Schnick et al. analyzed arc interactions and their influ-
ence on the gas shield flow in the DP-GMAW process, which
enhanced the understanding of the causes of periodic insta-
bilities and joint imperfections (Ref. 13). Wu et al. investigat-
ed the double arc interaction and quantitative analysis of dou-
ble arc offset of DP-GMAW and felt that electromagnetic
field, arc pressure, and arc stiffness had important effects on
arc offset behavior (Ref. 16).
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ABSTRACT
    Low-carbon steel Q235B was successfully joined by
plasma-pulsed gas metal arc welding (plasma-GMAW-P)
with an external magnetic field. The arc profile, temperature
field, electrical signal, microstructure, and mechanical prop-
erties of this method were analyzed. The results indicated
that the coupling degree of the two arcs increased with the
strengthening of the magnetic field current. However, when
the magnetic field current was greater than 1 A, the arc pro-
file changed slightly with the increase of the magnetic field
current. Fixed on the magnetic field current, the coupling
degree first increased and then decreased with the
increase of the plasma welding current, GMAW-P welding
current, plasma gas flow rate, and nozzle height,
respectively. The maximum temperature had no obvious in-
fluence on joint penetration at different magnetic field cur-
rents. However, the average temperature had an inverse ef-
fect on joint penetration at different magnetic field
currents. The weld fusion zone joint tensile test results
showed that the ratio of depth to width increased with the
application of magnetic field currents. Moreover, tensile
strength on the upper and lower part of the tensile samples
were 521 and 488 MPa, respectively, which were 4.6% and
3.2% higher than those without the magnetic field. The mi-
crohardness of the weld joints was higher than that
without the magnetic field.
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     However, few studies are implemented in the area of arc
characteristics of plasma-GMAW. Plasma-GMAW was first
studied by Essers et al. in 1972 and could be achieved in a
single torch (Refs. 17–19). The plasma arc plays a role in the
keyhole and preheating wire in the plasma-GMAW process.
The gas metal arc is significant in gaining stable droplet
transfer (Refs. 20, 21). Lower porosity, less welding spatter,
and higher efficiency are observed in this method with the
complementary advantages of PAW and GMAW (Ref. 22).
Meanwhile, two different welding arc plasmas interact in the
workpiece together, which improves welding heat and effi-
ciency compared to a single welding arc plasma (Refs. 23,
24). According to the space position combination structure,
the plasma-GMAW method is divided into the coaxial and
paraxial plasma-GMAW. At present, the majority of re-
searchers primarily concentrate on coaxial plasma-GMAW,
but the structure of the single coaxial hybrid welding torch
is complicated, and the plasma current is only focused on
low (Ref. 25). Additionally, by comparison, the paraxial plas-
ma-GMAW hybrid has a smaller constricting nozzle, gaining
a more concentrated plasma arc (Ref. 26).
     Therefore, it is significant and necessary to study and un-
derstand the paraxial plasma-GMAW hybrid arc profile and its

interaction. Paraxial plasma-pulsed GMAW (plasma-GMAW-P)
under the control of the external magnetic field welding
method is proposed in this article. Arc profile and the distribu-
tion of the temperature field in this method were analyzed by
a charge-coupled device (CCD) camera, electrical signals, and
an infrared thermal imager, separately. In addition, the plas-
ma-GMAW-P process with different magnetic field currents on
medium-thick plates was also carried out to demonstrate the
advantage of the external magnetic field.

Experimental System and Procedure

Experimental System

     The schematic diagram of the experimental welding sys-
tems is shown in Fig. 1A, including the PAW power source,
GMAW-P power source, magnetic field power source, CCD
camera, infrared thermal imaging, current and voltage sen-
sors, data acquisition card, welding robot, and hybrid weld-
ing torch. As shown in Fig. 1B, a tandem was realized in the
single torch with both the PAW torch and the GMAW torch
at a certain angle with the axis of the plasma torch. Field
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Fig. 1 — Experimental setup. A — Schematic diagram of plasma-GMAW-P hybrid welding system; B — hybrid welding torch; C — 
mode of the magnetic field.

Table 1 — Detailed Welding Parameters

  Parameter Iw/A IM/A q/ v/ H/mm I/A
       Set L•min-1 mm•s-1

        #1 120 160 3     5 6 0, 0.5, 1, 1.5, 2, 2.5,
3, 3.5, 4, 4.5, 5

        #2 80, 100, 120, 160 3  5 6 1.0
140, 160

        #3 120 80, 120, 160, 3 5 6 1.0
200, 240

        #4 120 160 2, 3, 4, 5 5 6 1.0

        #5 120 160 3    5 5, 6, 7, 8 1.0

A B C
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cores were located on both sides of the shielding gas cover
and applied as a magnetic conductor by connecting to the
field coil. There are 500-turn field coils at every coil frame.
The application mode of the magnetic field and the direc-
tion of the magnetic field line are depicted in Fig. 1C. The
magnetic field lines were generated by the magnetic field
power source, then transmitted to the plasma and GMAW-P
arc. The direction of the generated magnetic field was verti-
cal to both arcs. Therefore, the plasma and GMAW-P arc
were coupled under the function of the magnetic field. The
hybrid welding torch and a CCD camera (the Xiris XVC-1000
weld camera, 55 frames/s acquisition rate) were fixed on the
robotic manipulator, and the entire welding speed was ad-
justed by the welding robot directly. The plasma-GMAW-P
arc profile in the whole welding process was captured with
the CCD camera. The infrared thermal imaging camera
(FLIR A315) was fixed directly below the welding workpiece
to measure the back temperature of the specimens by sur-
facing welding, and every welding parameter was measured
three times, then the average temperature was taken. The
electrical signal acquisition system was composed of a Hall
current sensor, a Hall voltage sensor, a National Instru-
ments PCI-6251 data acquisition card, and a computer con-
trol system.
     The transferred PAW arc was realized by the PAW power
source under the direct current straight polarity condition
(maximum current of 300 A). The GMAW-P arc was burning
by the GMAW-P power source under the direct current re-
verse polarity condition (maximum current of 400 A).
Therefore, the plasma and GMAW-P arc repelled each other
in the actual welding process. The magnetic field was pro-
duced by the direct current magnetic field power source
(maximum current of 30 A).
     The medium-thick plates of lower-carbon steel Q235B
were used and welded by plasma-GMAW-P utilizing a 3.2-mm
tungsten electrode in a 3-mm orifice diameter. The specimen
dimensions were 200  100  8 mm, and the specimens’ sur-

faces were brushed by a buffing machine and then cleaned
with acetone and alcohol in turn. ER50-6 wire with a diameter
of 1.2 mm was chosen as filler metal. Argon (80 vol-%) and
carbon dioxide (20 vol-%) were used as shielding gas with a
flow rate of 12 L/min. Pure argon (99.99%) was employed as
plasma gas. The other detailed parameters are shown in Table
1. The distance from the end of PAW to the workpiece is the
nozzle height. Plasma welding current, GMAW-P mean cur-
rent, plasma gas flow, welding speed, nozzle height, and mag-
netic field current were represented by Iw, IM, q, v, H, I, respec-
tively. Moreover, Table 2 lists the detailed pulse parameters
involving pulse current (Ip), base current (Ib), pulse time (tp),
base time (tb), and pulse frequency (f).

Experimental Procedure

     In the plasma-GMAW-P hybrid process, the plasma arc and
GMAW-P arc were burning and stable, then the magnetic field
power source was opened in the welding process. Subsequent-
ly, the CCD camera, infrared thermal imaging, and electrical
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Fig. 2 — Arc profile of plasma-GMAW-P. A — Gray-scale
image; B — pseudocolor image.

Fig. 3 — The successive images in the one-pulse period of
plasma-GMAW-P. A, D — Pulse base phase; B, C — pulse peak
phase.

Fig. 4 — Schematic diagram of forces on the arc profile.

Table 2 — Detailed Pulsed Parameters

  IM/A Ip/A Ib/A tp/ms          tb/ms          f/Hz

   80 127 67 3 10.5 74

   120 170 95 3.5 7 95

   160 200 125 3 3.5 153

  200 234 148 3 2 200

  240 281 171 2.5 1.5 250

A AB B C D
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signal acquisition system were also used. The PAW arc was lo-
cated in front of the welding direction, which formed a keyhole
in the workpiece. The GMAW-P arc was in the rear.
     All the workpieces were polished to remove the surface oxi-
dation film before welding and then cleaned by alcohol and
acetone. All the metallographic specimens, tensile specimens,
and bending specimens were cut out from the weld joints by
wire cutting after welding. After the metallographic speci-
mens were ground, polished, then etched, the metallographic
test was conducted through the Olympus-DSX510 optical mi-
croscope. Welding reinforcement and back-side regions of the
test specimens and bending specimens were removed by the
milling machine. The tensile and bending tests were carried
out by an electronic tensile testing machine (CSS-44400) with
a travel speed of 1 mm/min. Apart from the tensile and bend-
ing tests, the microhardness of the welding joints was meas-
ured via a digital microhardness tester (ArtCAM-400SSI-C)
with a load of 2.94 N and time of 10 s.

     Pseudocolor processing in Xiris WeldStudio™® software
(2.0.3, Xiris Automation, Burlington, Ontario, Canada) could
convert the required gray-scale images from the CCD camera
to pseudocolor images to analyze conveniently in Fig. 2. As
shown in Fig. 2, the plasma arc was perpendicular to the weld-
ing workpiece and the GMAW-P arc was biased to the work-
piece because the axes of the two arcs had certain angles. Ac-
cording to the arc profile, the plasma-GMAW-P arc shape
could be divided into the following three regions: plasma arc,
GMAW-P arc, and coupling arc. The successive images of the
arc profile of plasma-GMAW-P without the magnetic field in
the one-pulse period were depicted in Fig. 3, according to ex-
perimental parameter Set #1 in Table 1. The images of the
plasma-GMAW-P arc profile in the pulse base phase of the
GMAW-P current are shown in Fig. 3A and D. The images of
the plasma-GMAW-P arc profile in the pulse peak phase of the
GMAW-P current are sketched in Fig. 3B and C.
     The main forces acting on the plasma-GMAW-P arc pro-
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Fig. 5 — Schematic diagram of the plasma-GMAW-P arc pro-
file at different magnetic field currents. A — 0 A; B — 0.5 A; 
C — 1 A; D — 1.5 A; E — 2 A; F — 2.5 A, G — 3 A; H — 3.5 A; I —
4 A; J — 4.5 A; K — 5 A.

A B

C D

E

G

F

H

I J

K

Results and Discussions

Layout Yu Supplement 2019111 Jan 21.qxp_Layout 1  12/11/20  4:20 PM  Page 4



file are Lorentz force, electromagnetic force, repulsive force,
surface force, plasma flow force, etc. However, the Lorentz
and repulsive force significantly influence the arc profile in
the welding process in Fig. 4, which could be calculated by
the following formulas, respectively. 

(1) Lorentz force, F. Lorentz force is produced in the ex-
ternal magnetic field and can be calculated by Equation 1 as
follows:

F = BIL (1)

where B and I are magnetic field intensity and current, 
respectively.

(2) Repulsive force, FL. Repulsive force can be calculated
by Equation 2 as follows:

     where I1,  l, and L represent the plasma current, GMAW-P
current, and the distance between the plasma axis tungsten
and wire, respectively. K is the coefficient (K =  / 4;  is di-
electric permeability).

The Effect of Welding Parameters on the
Plasma-GMAW-P Arc Profile

     To explore the effect of external magnetic field intensity on
the plasma-GMAW-P process, the successive images of the hy-
brid arc profile in the one-pulse period are shown in Fig. 5, ac-
cording to experimental parameter Set #1 in Table 1. As
shown in Fig. 5, the arc profile was changed at different de-
grees with the increase of the external magnetic field current.
     Figure 5A illustrates the plasma-GMAW-P arc profile
without the applied external magnetic field. As seen in Fig.
5A, when the GMAW-P current was in the pulse base phase,
the plasma arc was completely perpendicular to the welding
workpiece due to the feature of arc stiffness by itself. How-
ever, the plasma arc was inclined forward when the GMAW-

P current was in the pulse peak phase, which was mainly at-
tributed to the improvement of the repulsive force between
the two arcs due to the increase of the GMAW-P current in
the pulse peak phase. Moreover, the plasma arc was perpen-
dicular to the welding workpiece again when the GMAW-P
current was in the pulse peak phase once again.
     The morphology of the hybrid arc changed with the in-
crease of the external magnetic field current. The morpholo-
gy of the plasma-GMAW-P hybrid arc at different magnetic
field currents varying from 0.5 to 5 A in 0.5 A increments is
illustrated from Fig. 5B to K, respectively. When the mag-
netic field current didn’t exceed 1 A, the plasma arc was al-
ways perpendicular to the welding workpiece in the pulse
base phase of the GMAW-P current. This may be because
the Lorentz and repulsive forces were so much smaller that
the plasma arc was still perpendicular to the welding work-
piece due to arc stiffness, resulting in the least coupling be-
tween the plasma and GMAW-P arc. However, the coupling
degree increased when the GMAW-P current was strength-

FL = K
I1I2
L

(2)
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Fig. 6 — Schematic diagram of the plasma-GMAW-P arc pro-
file at different plasma welding currents. A — 80 A; B — 100
A; C — 120 A; D — 140 A; E — 160 A.

Fig. 7 — Schematic diagram of forces in the welding process.
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ened in the pulse peak phase, mainly attributed to the en-
larging of the GMAW-P arc column area.
     Plasma-GMAW-P arc profiles with magnetic field cur-
rents varying from 1.5 to 5 A are depicted from Fig. 5D to
K, which show that the plasma arc was biased to the left
side of the GMAW-P arc under the action of Lorentz force
in the pulse base phase of the GMAW-P current. When the
GMAW-P current remained in the pulse peak phase, the
plasma and GMAW-P arc were changed as follows: the mag-
netic field current increasing from 1.5 to 4 A, the plasma
arc was perpendicular to the welding workpiece. This was
mainly because the GMAW-P current was increased in the
pulse peak stage, which strengthened the repulsive force
between the plasma and GMAW-P arc. As a result, the plas-
ma arc moved far away from the GMAW-P arc. Nonetheless,
under the combined action of the Lorentz force and the arc
stiffness of the plasma arc, the plasma arc was perpendicu-
lar to the workpiece. However, when the magnetic field cur-
rent was 4.5 and 5 A, separately, the plasma arc was still bi-
ased to the GMAW-P arc in the pulse peak phase of the
GMAW-P current. This was because even if the increase of
the GMAW-P current increased the repulsive force, it was
still less than the Lorentz force. Besides, compared to the

arc profile at different magnetic field currents, when the
magnetic field current was more than 1 A, the coupling de-
gree between the plasma and GMAW-P arc was approxi-
mately no longer increased in the pulse peak phase.

The Effect of the Plasma Welding Current on
the Plasma-GMAW-P Arc Profile

     To explore the effect of the plasma welding current on
the plasma-GMAW-P arc profile, the successive images of
the arc profile in the one-pulse period are shown in Fig. 6 ac-
cording to experimental parameter Set #2 in Table 1. By
comparison, the plasma-GMAW-P arc profile was changed as
follows: due to the existence of the external magnetic field,
the plasma arc was always perpendicular to the welding
workpiece whether the GMAW-P current was in the pulse
base phase or peak phase. When the plasma welding current
increased from 80 to 120 A, the plasma arc column and dif-
fusion angle increased, which increased the coupling degree
of the hybrid arc. However, when the plasma welding cur-
rent was increased from 140 to 160 A, the coupling degree
of the hybrid arc weakened and the coupling position be-
tween the plasma and the GMAW-P arc improved, which
may be attributed to the increase of the plasma arc column
and the diffusion angle. Meanwhile, a partial plasma arc was
located below the GMAW-P arc, which produced the upward
force on the GMAW-P arc in Fig. 7. Therefore, the coupling
position of the hybrid arc improved. However, the coupling
degree weakened with the increase of the repulsive force.
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Fig. 8 — Schematic diagram of the plasma-GMAW-P arc pro-
file at different GMAW-P welding currents. A — 80 A; B — 120
A; C — 160 A; D — 200 A; E — 240 A.

Fig. 9 — Schematic diagram of the plasma-GMAW-P arc pro-
file at different plasma flow rates. A — 2 L/min; B — 3 L/min;
C — 4 L/min; D — 5 L/min.
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The Effect of the GMAW-P Current on the
Plasma-GMAW-P Arc Profile

     To explore the effect of the GMAW-P current on the plas-
ma-GMAW-P arc profile, the successive images of the arc
profile in the one-pulse period are shown in Fig. 8, according
to experimental parameter Set #3 in Table 1. When the
GMAW-P current was in the pulse base phase, the plasma
arc was still perpendicular to the workpiece even if the
GMAW-P current was increased. This indicated that the in-
creased repulsive force was less than the Lorentz force. Be-
sides, the plasma arc also had the feature of arc stiffness,
and the hybrid arc profile was also changed in the pulse peak
phase of the GMAW-P current. When the GMAW-P current
was less than 160 A, the coupling degree of the hybrid arc
was increased with the strengthening of the GMAW-P cur-
rent. Whereas, the plasma arc was still perpendicular to the
workpiece, which was similar to the condition in the pulse
base phase. When the GMAW-P current was more than 160
A, the coupling degree of the hybrid arc decreased as the
GMAW-P current increased. This was because the repulsive
force grew due to the increase of the GMAW-P current.

The Effect of Plasma Gas Flow on the Plasma-
GMAW-P Arc Profile

     Figure 9 depicts the plasma-GMAW-P arc profile at differ-
ent plasma gas flows, according to experimental parameter
Set #4 in Table 1. As seen in Fig. 9, when the GMAW-P cur-
rent was in the pulse base phase, the plasma arc was perpen-
dicular to the welding workpiece by Lorentz force under the
function of the external magnetic field. However, when the
GMAW-P current was in the pulse peak phase, the plasma
arc was changed as follows: Firstly, as shown in Fig. 9A,
when the plasma flow rate was 2 L/min, the plasma arc tilt-
ed forward in the pulse peak phase of the GMAW-P current.

This was mainly because the Lorentz force was less than the
arc repulsion force. Secondly, as shown in Fig. 9B, the cou-
pling degree between the plasma and GMAW-P arc was the
largest when the flow rate of plasma gas raised to 3 L/min.
However, the coupling degree between the GMAW-P and
plasma arc decreased when the flow rate of plasma gas was 4
and 5 L/min as shown in Fig. 9C and D, respectively. The
main reason was with the increase of the plasma gas flow
rate, the plasma gas outside the plasma arc column was sig-
nally increased in Fig. 10, then the blocking effect on the
GMAW-P arc was generated. As a result, the coupling degree
between the plasma and GMAW-P arc was reduced.

The Effect of Nozzle Height on the Plasma-
GMAW-P Arc Profile

     Figure 11 depicts the plasma-GMAW-P arc profile at dif-
ferent nozzle heights, according to experiment parameter
Set #5 in Table 1. When the GMAW-P current was in the
pulse base phase, the hybrid arc profile was changed as fol-
lows: when the nozzle height was 5 and 6 mm, the plasma
arc was perpendicular to the welding workpiece. However,
when the nozzle height increased to 7 and 8 mm, the plasma
arc was inclined to the side of the GMAW-P arc. There were
two reasons for this: one was the action of Lorentz force in
the external magnetic field, and the other was the increase
of arc length decreased the stiffness of the plasma arc.
Therefore, the deviation degree of the plasma arc increased
with the increase of nozzle height. Besides, the plasma and
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Fig. 10 — Schematic diagram of the increase of plasma gas.

Fig. 11 — Schematic diagram of the plasma-GMAW-P arc pro-
file at different nozzle heights. A — 5 mm; B — 6 mm; C — 7
mm; D — 8 mm.
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GMAW-P arc were coupled when the GMAW-P current was
in the pulse peak phase. The coupling degree between the
plasma and GMAW-P arc was the largest when the nozzle
height was 6 mm. The coupling position of the two arcs in-
creased with the increase of nozzle height, which was attrib-
uted to the increase of the plasma arc column and the diffu-
sion angle as a result of raising the nozzle height. Part of the
plasma arc was located at the bottom of the GMAW-P arc in
Fig. 7, which produced an upward thrust on the GMAW-P
arc, causing the increase of the coupling position.

Analysis of Temperature Field Based on
Infrared Thermal Imaging Technology

     Figure 12 illustrates the back-surface temperature and
cross-section morphology of surfacing specimens, both taken
at the same time, under different magnetic field currents. Be-

cause the welding workpiece had a certain distance from the
infrared thermal imaging, the back-surface temperature of all
measured workpieces was between 0 and 800C.
     According to the change of the temperature field, the
maximum and minimum temperatures were extracted. The
correlative curves of the joint penetration at the same time
as the maximum temperature of the back surface, as well as
the average temperature of the back surface at different
magnetic field currents are illustrated in Fig. 13A and B, re-
spectively. The maximum temperature varied mainly from
580 to 700C. When the magnetic field current was 1.5 A,
the maximum temperature reached 691C, increased by
6.7% compared to the maximum temperature without the
magnetic field. Besides, the joint penetration was obviously
improved. The curve between the maximum temperature of
the back-surface sample and joint penetration at the same
magnetic field current had no obvious change. Figure 13B
sketches the relevant curve of joint penetration and the av-
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Fig. 12 — Back-surface temperature field distribution of
welded specimens and cross-section morphology under dif-
ferent magnetic field currents. A — 0 A; B — 0.5 A; C — 1 A; D
— 1.5 A; E — 2 A; F — 2.5 A; G — 3 A; H — 3.5 A; I — 4 A; J —
4.5 A; K — 5 A.
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erage temperature of the back surface at the different mag-
netic field currents, which was considered as approximately
the inverse proportion between the average temperature
and joint penetration. It is possible the reason was that the
hybrid arc shrunk and coupled under the effect of the mag-
netic field, causing the more concentrated arc heat source.
Therefore, the heat going into the incoming workpiece in-
creased, urging the increased joint penetration and the de-
creased average temperature.
     To verify the advantage of the external magnetic field fur-
ther, a butt joint was welded with the magnetic field currents
of 0 and 2 A. The other detailed welding parameters were fixed
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Fig. 13 — The correlative curves of joint penetration and the back-surface temperature at different magnetic field currents. A —
The correlative curve of the joint penetration and the maximum temperature; B — the correlative curve of the penetration and the
average temperature.

Fig. 14 — Macro morphology and cross sections of welded
joints at different magnetic field currents. A — 0 A; B — 2 A.

Fig. 15 — Schematic of broken specimens after tensile test
at different magnetic fields.

Fig. 16 — Bended butt joint specimens at different magnetic field currents.
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on experimental parameter Set #1 in Table 1. Weld formation,
microstructure, and mechanical properties tests of butt joints
at the two currents were compared.

Variation in Weld Appearance

     Figure 14 depicts the surface appearance and cross sec-
tions of welded joints at different magnetic field currents.
Compared with the front side and back side of the weld
joints, it was found that smooth and uniform surfaces were
acquired in two ways. The clear fish scale appeared obviously
in the weld surface without the magnetic field. Meanwhile,
the weld width of the upper part of the welded joints was in-
creased from 10.07 to 10.42 mm with the magnetic field
current of 2 A, increasing the ratio of depth to width. How-
ever, due to the effect of the coupling arc, the weld width of
the middle and the lower part of the welded joints decreased
from 4.73/4.57 to 4.13 mm/1.81 mm, respectively, which
increased the ratio of depth to width of the welded joints.

Variation in Mechanical Properties

Tensile and Bending Tests

     Figure 15 shows the tensile test results at different mag-
netic field currents. It was found that all the broken speci-

mens were fractured at the base metal in two ways. Figure
16 illustrates the macro morphology of the welding joints at
different magnetic fields after the bending test. The bending
degrees of two joints were approximately similar.

Tensile Test on Fusion Zone of Joints

     Compared to the tensile and bending tests, the results
of all the tensile and bending specimens at different mag-
netic field currents were similar. Therefore, to verify the
advantages of the magnetic field, some novel test speci-
mens were obtained in Fig. 17A, which could determine
the strength of the fusion zone. The tensile test results of
the fusion zone are sketched in Fig. 17B and C. The result
showed that when the magnetic field current was 2 A, ten-
sile strength on the upper and lower part of the tensile
samples were 521 and 488 MPa, respectively, which were
4.6% and 3.2% higher than those without magnetic field.

Hardness Profile

     The microhardness of welded joints at different magnetic
field currents is depicted in Fig. 18. As shown in Fig. 18, the
black arrow shows the direction and location of hardness
measurements. By comparison, the microhardness of weld-
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Fig. 17 — The tensile test results of the fusion zone. A —
Schematic diagram of tensile samples and the sampling loca-
tions; B — the tensile strength at different welding currents; 
C — the macroscopic picture of fractured tensile samples.

Fig. 18 — Microhardness profile on cross sections of weld
joints at different magnetic field currents.
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ed joints improved with the application of the external mag-
netic field.

Microstructure

     Optical microstructures and compositions directly deter-
mined the performance of welded joints (Ref. 27). Figure 19
depicts the optical microstructure of welded joints at differ-
ent magnetic field currents, including the weld zone, fusion
zone, and heat-affected zone (HAZ). As seen in Fig. 19, com-
pared to the weld zone at different magnetic fields, the acic-
ular ferrite slightly increased with the increase of magnetic
field intensity. The size of the epitaxial growth increased,
and the grain size in the HAZ decreased when the magnetic
field current reached 2 A, which was possible due to the arc
coupling stirring the weld pool.

Conclusion

     The conclusions were as follows:
1. There was an obvious distinction in the plasma-GMAW-

P arc profile at different welding parameters. It was found
that the plasma and GMAW-P arcs were coupled by the
Lorentz force, and the coupling degree of the two arcs in-
creased with the strengthening of the magnetic field current.
When the magnetic field current was greater than 1 A, the arc
profile was changed slightly with the increase of the magnetic
field intensity. Besides, fixed on the magnetic field current of
1 A, the coupling degree first increased and then decreased
with the increase of the plasma current, GMAW-P current,
plasma gas flow rate, and nozzle height, respectively.

2. The correlative curves between the back-surface tem-
perature and joint penetration illustrated that the maximum
temperature had no obvious effect on joint penetration.

However, the average temperature had an inverse effect on
joint penetration at different magnetic field currents. A pos-
sible reason was that the heat of the coupled arc was more
concentrated under the action of Lorentz force. Therefore,
the heat transferred into the workpiece was increased, caus-
ing the increase of the penetration and the decrease of the
temperature on the back of the surfacing specimen.

3. Compared with the average plasma-GMAW-P, the ratio of
depth to width of welded joints increased with the increase of
magnetic field current. Under the action of the external mag-
netic field current, all tensile specimens were fractured at the
base metal and the bending degree of two joints was similar.
The weld fusion zone joint tensile test result showed that
when the magnetic field current was 2 A, tensile strength on
the part and the lower part of the tensile samples were 521
and 488 MPa, respectively, which were 4.6% and 3.2% higher
than those without magnetic field. The hardness test showed
that the hardness of the weld zone was higher than that with-
out the magnetic field. The reason was that more acicular fer-
rites in the weld zone were generated under the magnetic field.

     The work was financially supported by major scientific
and technological innovation projects in Shandong Province
(2019JZZY010366) and Young Taishan Scholars Program of
Shandong Province (tsqn20161062).

1. Auwal, S. T., Ramesh, S., Yusof, F., and Manladan, S. M. 2018.
A review on laser beam welding of copper alloys. International Jour-

WELDING RESEARCH

JANUARY 2021 / WELDING JOURNAL 11-s

Fig. 19 — Optical microstructures of welded joints at different magnetic field currents. A–C — 0 A; D–F — 2 A.
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