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Abstract: This paper studied the effect of the longitudinal magnetic field (LMF) on the microstructure
evolution and mechanical properties of AZ40 argon tungsten arc welding joints. Magnetic field-
assisted argon tungsten arc welding technology was used to achieve butt welding of an AZ40 Mg
alloy sheet with a thickness of 1.5 mm. The microstructure of the Mg alloy weld was studied by using
metallographic microscopy and scanning electron microscopy. Mechanical performance of the Mg
alloy weld was evaluated by using a hardness tester and universal tensile machine. The experimental
results revealed that the average crystallite dimension of the weld zone of the Mg alloy joint reached
43 um without an LMEF. By introducing LMF-assisted technology, the weld structure was significantly
refined and the average crystallite dimension of the weld seam was reduced by 39.5% to 26 um with
a coil current of 1.2 A. For the joint without magnetic field assistance, the optimum tensile strength
of the AZ40 weldment was 225 MPa under a welding current of 80 A, and fracture occurred in the
center of joint welding seam. Under an LMF coil current of 1.2 A, the joint strength increased from
the initial 225 MPa to 254 MPa, and fracture occurred at the weld edge with obvious plastic fracture
characteristics. It can be confirmed that the LMF-assisted welding process effectively improved the
microstructure characteristics of the weld seam and strengthened the microhardness and mechanical
performance of the AZ40 joint.
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1. Introduction

In the face of increasingly serious environmental pollution problems, higher require-
ments have been put forward for materials used in industrial production in order to reduce
pollution and save energy [1-3]. Especially for the transportation industry, there is in
dire need to develop an efficient connection process that can significantly reduce energy
consumption by reducing the weight of institutions. Mg alloy has the characteristic of
high specific strength, which can effectively reduce transportation costs [4-6]. It has great
potential for application in the transportation industry. Different welding techniques such
as resistance spot welding, friction stir welding, diffusion welding, laser welding, and
argon tungsten arc welding have been developed to weld magnesium and its alloy [7-10].
Nevertheless, defects such as porosity and grain coarsening are prone to occur in Mg
alloy welds, resulting in the comprehensive performance of Mg alloy joints not meeting
practical requirements.

For the past few years, LMF auxiliary process has been studied to enhance the welding
performance of various alloys [11,12]. The LMF auxiliary welding process was mainly
developed according to the principle of the electromagnetic induction (EI) theory. Based
on the EI theory, alternating current through the induction coil will lead to alternating the
magnetic field, causing an induced current to form in molten bath. Lenz’s law revealed that
there was an interaction between the induced current (I) and the alternating magnetic field
(B), which ultimately led to the generation of electromagnetic forces. And electromagnetic
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force drove the molten pool to flow in different directions, ultimately refining the mi-
crostructure of the welds by affecting the crystallization process of the molten bath [13,14].
Liu et al. [15] have found that under the influence of LMF, the Lorentz force forced rotational
motion to evenly distribute heat on the mother plate and changed the flow trend of liquid
metal in the Al alloy melt. It should be noted that compared to welding joints without
LMF assistance, joints with LMF assistance had higher mechanical properties. With a coil
current of 2.5 A and a magnetic field strength of 17.8 mT, the optimal tensile-shear force of
an Al/steel joint reached 2.018 kN, which was 45% higher than that of an Al/steel joint
without LMF auxiliary process. Sun et al. [16] investigated the effect of LMF on the cold
metal transition welding of Al/Ti alloy. The experimental results indicated that LMF could
affect the wettability and flow ability of liquid filler wires. The magnetic field-assisted
process reduced the wetting angle of the weld seam and enlarged the welding area, which
was beneficial for strengthening the mechanical performance of the welded joint. Under
the action of a magnetic field, the maximum tensile-shear force of Al/Ti welded joints was
4.105 kN, which was 93.4% higher than that of traditional arc-welded joints.

This article plans to study the influence of magnetic field assistance on AZ40 Mg alloy
arc welding joints through experiments. The welding quality difference between traditional
Mg alloy arc welding joints and magnetic field-assisted joints was studied and compared by
means of microstructure observation, microhardness testing, tensile strength testing, and
fracture characteristics analysis. Finally, the influencing mechanism of the LMF auxiliary
welding process was analyzed and discussed.

2. Materials and Methods

The parent metal used in this paper was a 1.5mm thick AZ40 Mg alloy plate, and its
chemical composition is listed in Table 1. Pre-welding experiment, the AZ40 plate was
processed into a rectangular sample of 60 mm x 60 mm. The oxide skin on the substrate
surface was removed with sandpaper and then degreased with acetone. The filling metal
was AZ40 wire with a diameter of 1.5 mm, and its chemical composition was the same as
that of the Mg alloy base material.

Table 1. The main chemical composition of parent material (wt.%).

Element Zn Mn Fe Al Mg
AZ40 0.8 0.3 0.02 42 Bal.

Figure 1 illustrates a sketch diagram of the argon tungsten arc welding of the Mg alloy
plate assisted by LME. In the process of LMF auxiliary welding, a Panasonic YC-400TX
pulse machine was applied to carry out the welding of the Mg alloy plate. In Figure 1, the
LMF was generated by a coil wound around the iron ring. Due to the application of an LMF
to the argon arc, charged particles in the arc moved at a certain angle with the direction of
the applied LMF. Eventually, the charged particles cross magnetic field lines, resulting in
the formation of Lorentz forces. The charged particles moved circularly around the arc axis,
driven by a Lorentz force. Positively charged particles contracted and spiraled around the
vertical axis of the arc, while negatively charged particles moved in the opposite direction.
In addition, the synchronous movement of the coil and welding gun could effectively
reduce magnetic bias blowing. Table 2 shows the main experimental parameters.

Metallographic samples were cut along the direction perpendicular to the weld of the
joint, and then grinded, polished and corroded. Finally, the microstructure was observed
by using a BETICAL-CR35 optical microscope. A Vickers hardness tester was used to detect
the hardness along the vertical and horizontal directions of the weld. The mechanical
performance of the AZ40 Mg alloy weldment was tested by utilizing a universal tensile
testing machine with a stretching velocity of 1 mm/min. Figure 2 presents a schematic
diagram of the stretched sample. In order to reduce the error, six samples were tested
for each welding parameter. In addition, the fracture morphologies of the sample were
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observed and analyzed by using scanning electron microscopy (SEM) equipped with a
backscatter electron (BSE) probe.

Welding torch

Magnet exciting coil

Weld seam

AZAQ plate © Welding direction AZAQ plate

Figure 1. Schematic illustration of LMF auxiliary welding of AZ40 Mg alloy plate.

Table 2. The main experimental parameters applied in LMF welding of AZ40 plate.

Parameter Value
Welding current/A 80
Welding voltage/V 12

Arc length/mm 2
Argon flow rate/ (L-min~1) 10
Coil current/A 0.3-1.5

40

102

Figure 2. Schematic drawing sample of Mg alloy joint.

3. Results and Discussion
3.1. Microscopic Characteristics of Weld

Figure 3 presents the typical morphology of an AZ40 Mg alloy weldment. From
Figure 3, it can be observed that both the SEM and BSE images indicate that the Mg alloy
joint weld seam was well formed, without welding defects such as holes and cracks. In
order to study the effect of an LMF on the microstructure evolution of the weld seam,
AZ40 weldments were cut along the direction perpendicular to the length of the weld
seam, and the cross section area of the weld seam was polished and corroded to the obtain
metallographic structure, as shown in Figure 4. The average grain sizes of the base metal
and the weld seam were obtained with the aid of the different magnetic field auxiliary
currents, calculated, and listed in Table 3. Figure 4a presents a metallographic diagram of
the AZ40 Mg alloy base material. It can be observed that the grains of the base material
were small and uniform, with an average grain size of about 14 pm. Figure 4b shows
a typical weld metallographic diagram of a Mg alloy joint obtained without the LMF-
assisted process. As presented in Figure 4b, the grains in the weld zone become abnormally
coarse compared with the Mg alloy parent material, with an average grain size of about
43 um. According to the Hall Patch formula, the appearance of coarse grains in a weld
seam will significantly reduce the mechanical performance of an AZ40 joint. Figure 4c
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shows the metallographic structure of the weld seam with the assistance of an LMF (coil
current of 1.2 A). Obviously, compared with the weld without magnetic field assistance
(Figure 4b), the grain morphology of the weld seam was more uniform and the average
crystallite dimension was greatly reduced to about 26 pm. The above experimental results
indicate that the LMF-assisted welding technology can effectively refine the microstructure
of AZ40 welds and enhance welding quality. This was mainly because the electromagnetic
force induced by the LMF promoted the rotation of charged particles in the welding arc,
and the change in arc shape was conducive to increasing the flow of liquid metal. The
high-temperature metal flow continuously scoured the molten pool, making the x-Mg and
3-Mgi7Al;, eutectic structure in the weld more refined.

Weld zone " AZ40 plate {

1 mm

(b) BSE image

AZA40 plate Weld zone AZ40 plate

1 mm

Figure 3. Typical morphology of an AZ40 weldment with the longitudinal magnetic field (LMF)
auxiliary process (coil current of 1.2 A): (a) scanning electron microscopy (SEM) image of AZ40
weldment, (b) backscatter electron (BSE) image of AZ40 weldment.
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Figure 4. Metallographic structure diagram of AZ40 weldment: (a) base material, (b) weld area of
argon arc welding joint, (c) weld area of magnetic field-assisted argon arc welding joint.

Table 3. The average grain size of the base metal and the weld seam obtained with various magnetic
field auxiliary currents.

Sample

Base Metal

AZ40 Joint AZ40 Joint AZ40 Joint AZ40 Joint AZ40 Joint AZ40 Joint
(0A) (0.3A) (0.6A) (0.9A) (1.2 A) (1.5A)

Average grain size

(um)

43 41 37 32 26 30
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3.2. Hardness Analysis

Vickers hardness testing was carried out on the weld zone of the traditional argon arc
welding joint and the external magnetic field-assisted joint, respectively, and the results are
shown in Figure 5. For the horizontal direction of the weld seam, Figure 5a indicates that
the hardness value of the weld seam area was significantly lower than that of the parent
Mg alloy material. As mentioned in the above section, the decrease in the hardness value
of the weld zone is mainly attributed to the grain coarsening. It is well known that micro
hardness results can reflect the microstructure variation in materials. Tabor’s empirical
formula indicates that the smaller the average crystallite dimension, the higher the micro
hardness [4]. As the magnetic field-assisted process was applied during the arc welding
process of the AZ40 Mg alloy, the crystallite dimension of the weld seam was refined
and the microhardness value was also increased, as shown in Figure 5b. Compared with
Figure 5a, it is worth noting that the magnetic field-assisted process not only improved the
Vickers hardness value of the weld zone but also reduced the fluctuation in the hardness
value of the weld seam. Figure 5¢,d shows the hardness test results in the vertical direction
of the weld seam of the Mg alloy weldment. Similar to the distribution pattern of the
hardness in the horizontal direction, the magnetic field-assisted process also increased
the hardness value of the weld in the vertical direction and stabilized the hardness value.
Similar experimental results were reported by Li et al. [12].
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Figure 5. Weld hardness testing results: (a) horizontal direction without LME, (b) horizontal direction
with coil current of 1.2 A, (c) vertical direction without LMF, (d) vertical direction with coil current of
1.2 A.

3.3. Tensile Strength and Fracture Features

Figure 6 reveals the effect of an LMF on the strength of Mg alloy joints. Figure 6 indi-
cates that the influence of magnetic field assistance on the strength of the AZ40 weldment
was mainly manifested as follows: as the magnetic field current increased, the strength
of the AZ40 joint first increased and then decreased. For traditional Mg alloy argon arc
welding joints (coil current of 0 A), the tensile strength of AZ40 weldment is only 225 MPa,
owing to the abnormally large grain size in the weld seam during the solidification process
of the molten pool. With a coil current of 0.3-1.2 A, the tensile strength of the AZ40 weld-



Crystals 2024, 14, 449

6 0f 9

ment continued to increase. When the magnetic field current was 1.2 A, the optimal tensile
strength of the AZ40 joint reached 254 MPa, which was 12.9% higher than the joint without
LMF assistance. At this point, the weld strength was slightly lower than the strength of
the AZ40 Mg alloy base material (262 MPa). The LMF significantly enhanced the strength
of the Mg alloy joints, mainly because the magnetic field auxiliary process improved the
microstructure of AZ40 weldment, as presented in Figure 4. According to the Hall Patch
formula, the finer the grain size in the weld seam, the higher the joint strength. As the
magnetic field current continued to increase, the tensile strength of the AZ40 weldment
decreased slightly. This is because with the increase in induced current, there is an increased
thermal effect in the melt pool, which reduces the degree of supercooling and the nucleation
rate, ultimately affecting the mechanical performance of the weldment. In terms of the
typical stress—strain curve of AZ40 joints (Figure 7), it can be found that the LMF auxiliary
welding process not only greatly improves the tensile strength of the AZ40 weldment but
also effectively improved the elongation of the joints.
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Figure 6. The influence of LFM current on the strength of AZ40 weldment.

(@) B
,50 | Without magnetic field (25)0_ With coil current of 1.2A B
,/}////
< 2001 H 200
& ;
=
Z 10F : 150
= /
RS 100 | //
/
{
s0F sof -/
f/
/
0 : 0F i
A S D T DU DU DU D T A TP D T WU B DU S T
o 1 2 3 4 5 6 7 & 9 0 1 2 3 4 5 6 7 8% 9
Strain/% Strain/%

Figure 7. Typical stress—strain curves of AZ40 Mg alloy joints: (a) without magnetic field, (b) with

coil current of 1.2 A.

Figures 8 and 9 present the typical fracture characteristics of Mg alloy joints. Figures 8 and 9
indicate that the external magnetic field-assisted welding technique had a significant impact
on the fracture characteristics of the AZ40 weldment. For traditional arc welding joints,
the coarse crystallite dimension in the weld zone led to a deterioration in the mechanical
properties. In this case, fracture occurred in the weak weld zone under the action of the
electronic tension machine (Figure 8a) and there was a large platform on the fracture surface
(Figure 9a). As indicated earlier, the external magnetic field-assisted technology effectively
improved the microstructure of weld seam, resulting in a significant reduction in grain size.
At this point, the mechanical performance of the weld zone was strengthened, and fracture
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occurred near the base metal (Figure 8b). The fracture surface exhibited obvious plastic
fracture features (Figure 9b).

<
=

1 mm

Figure 8. Fracture location of AZ40 weldment: (a) without magnetic field, (b) with coil current of
1.2 A.

S
tof 1.2

Figure 9. Fracture characteristics of AZ40 weldment: (a) without magnetic field, (b) with coil current
of 1.2 A.

3.4. Mechanism of LMF-Assisted Welding

The above experimental results verify that the LMF auxiliary welding process can
refine the microstructure of weld seams and enhance the mechanical performance of AZ40
weldments. According to the principle of electromagnetic induction, as a coil passed
through alternating current an alternating magnetic field B was generated, which in turn
generated an induced current I in the molten bath. The interaction between the induced
current (I) and the alternating magnetic field (B) ultimately produced a Lorentz force, E, as
shown in Figure 10. The influence mechanism of Lorentz forces on joints mainly include
the following two aspects. On the one hand, there is the electromagnetic stirring effect.
With the external magnetic field applied in the argon arc welding of the AZ40 Mg alloy, the
magnetic field produced an electromagnetic stirring effect on the molten bath and drove the
liquid metal flow in the molten bath. In addition, during the initial crystallization process,
the dendrites grown in the melt pool broke into fragments. Apparently, these dendritic
fragments served as new nucleation points, which were beneficial for improving the
nucleation rate of the weld and ultimately refining the weld microstructure. Simultaneously,
the semi-melted structures at the edge of the molten bath were stripped into the molten
bath and became new nucleating particles to further refine the grain. On the other hand, in
the argon arc welding process of the Mg alloy, a large temperature gradient was formed
in the molten bath, which promoted the formation of coarse structure. However, the
application of the LMF auxiliary process promotes the flow of the molten bath and reduces
the temperature gradient, thereby effectively refining the microstructure of AZ40 welds.
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Figure 10. LMF auxiliary welding mechanism illustration of AZ40 Mg alloy.

In addition to electromagnetic stirring, the magnetic field also has an electromagnetic
damping effect on the molten bath. According to the theory of electromagnetics, when
a current with a current density of I passes through a metal with a resistance of R and a
specific heat capacity of ¢, the following thermal effect Q is generated:

Q = I’Rt (1)

As the mass of the molten pool was m, the thermal effect caused the temperature of
the molten bath to increase by AT:

2
AT = Q _ IRt )
mc  mc

IfD = %, the temperature change caused by induced current can be simplified
as follows:

AT = DI? 3)

For a certain welding pool, the decrease in temperature is directly proportional to the
square of the induced current. The constant D reflects the sensitivity of undercooling to the
Joule heating effect, which is therefore referred to as the undercooling sensitivity coefficient.

According to Equation (3), the induced current generated by the LMF has a dual
function. On the one hand, it strengthened the flow of the molten bath and promoted grain
refinement, which increased the tensile strength and hardness of the Mg alloy welded joints.
On the other hand, the reduced undercooling led to a coarsening of the microstructure
of the AZ40 Mg alloy weldment and a decrease in the mechanical properties. Under the
combined effect of the two aspects, it can be determined from the above experimental
results that when the magnetic field current was set to 1.2 A, the Mg alloy welded joint had
excellent welding quality.

4. Conclusions

This paper studied the influence and mechanism analysis of an LMF on the microstruc-
ture and properties of AZ40 welds, and the conclusions are summarized as follows:

1.  With a magnetic field current of 1.2 A, the average crystallite dimension of the weld
seam of the joint decreased from an initial state of 43 pm to 26 um, indicating that the
LMF auxiliary welding process had an obvious grain refinement effect.

2. The magnetic field-assisted process not only enhanced the microhardness of the weld
seam but also reduced the fluctuation in the hardness value of the weld seam.

3.  With a magnetic field current of 1.2 A, the joint strength reached 254 MPa, which was
12.9% higher than that of the AZ40 joint without LMF assistance.
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