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Abstract
The longitudinal magnetic �eld assisted CMT+P process is used for arc fuse additive manufacturing of
aluminum alloy. Analyze the forming and organization properties of additive components. The excitation
frequency is 40Hz ~ 70Hz, and the excitation current is 4A ~ 8A, during the additive manufacturing
process. The results show that the external magnetic �eld can improve the forming and organization
properties of the material, but the size of the magnetic �eld has a reasonable matching interval. The
optimal parameter is when the excitation frequency is 50Hz and the excitation current is 5A. The
in�uence of the magnetic �eld promotes the �ow process in the molten pool, increases the
homogenization of alloying elements, reduces the temperature gradient and promotes the equiaxed
crystallization and re�nement of crystal grains. The surface tension of the molten pool is weakened
under the action of an external magnetic �eld. The size and frequency of the magnetic �eld affect the
stability of the molten pool �ow and the crystallization of the molten pool.

1. Introduction
The material utilization rate is not high in the traditional manufacturing process, because the parts are
generally made by cutting, milling and other methods. Herranz et al. [1] used traditional milling methods
to manufacture aircraft structural parts and found that the material utilization rate was only 5%.
Therefore, the method of additive manufacturing is proposed. Wire + Arc Additive Manufacturing (WAAM)
has attracted attention because of its higher e�ciency compared with other additive methods. Traditional
cold metal transition (CMT) technology used in additive manufacturing is prone to porosity. Cong et al. [2]
used the CMT Pulse (CMT+P) process to add aluminum alloy and signi�cantly reduce the porosity of the
component. However, when the CMT+P process is used for adding materials, the forming accuracy of the
parts still cannot meet the requirements, and the organization and performance still need to be optimized
and improved. Song et al. [3] combined the advantages of addition and subtraction and adopted the "3D
welding and milling" method to improve the surface accuracy of parts. Yin et al. [4] obtained the
regression equation based on the quadratic regression rotation combination test, which can effectively
predict the width of the cladding layer. Martina et al. [5] used a high-pressure interlayer rolling and feeding
method to convert the columnar crystals of the transverse members into 56-139 micron equiaxed
crystals. Asala et al. [6] used post-deposition heat treatment (PDHT) to treat additive components to
eliminate softening and analyze performance from a microstructure perspective.

The external magnetic �eld can control the arc shape and the droplet transition process, control the metal
�ow in the molten pool, and have a good performance on the forming and microstructure properties of
the parts. Takeda et al. [7] studied the time response of an arc driven by an external magnetic �eld, and
obtained arc plasma trajectories under different magnetic �eld parameters. Chang et al. [8] applied an
appropriate magnetic �eld to increase the droplet transfer frequency of gas metal arc welding (GMAW)
and reduce spatter. Luo et al. [9] improved the droplet transfer process of carbon dioxide gas shielded
welding (CO2 welding) by increasing the longitudinal magnetic �eld, reduced spatter, and obtained a
uniform and re�ned weld microstructure. Liu et al. [10] signi�cantly improved the structure and properties
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of aluminum alloys by using alternating magnetic �eld aging treatment. Zhu et al. [11] studied the
changes of microstructure and mechanical properties with excitation current. Therefore, based on the
CMT+P method and the longitudinal magnetic �eld, it is of great signi�cance to study the in�uence of the
magnetic �eld on the surface forming and microstructure properties of WAAM parts.

2. Material And Experiments
2.1 Material and equipments

The experiment uses Φ 1.2mm ER2319 Al-Cu aluminum alloy welding wire for additive processing. The
alloy composition of this material is shown in Table 1 below. The additive manufacturing system is
shown in Fig. 1. The additive manufacturing process is implemented using Fronius CMT (A-4600)
welding machine and wire feeder (marked 1 in Fig. 1) and ABB robot (marked 2 in Fig. 1) in CMT+P mode.
The magnetic �eld is introduced by the magnetic �eld generator (marked 3 in Fig. 1) and the excitation
power supply MCWE-40/2000 (marked 4 in Fig. 1). The additive process takes place on the
workbench(marked 5 in Fig. 1). Each machine is cooled by a water tank (marked 6 in Fig. 1). OLYMPUS
type metallographic microscope is used to observe the metallographic structure of the sample after
welding. 

 

Si Fe Cu Mn Mg Zn Ti Zr Al

0.20 0.30 5.80-

6.80

0.20-

0.40

0.02 0.10 0.10-

0.20

0.10-

0.25

Balance

Table 1 Alloy composition of ER2319 (wt.%)

2.2 Experiment method

The thickness of the component is measured with an ultrasonic thickness gauge with an accuracy of
0.01mm. The speci�c operation is as follows: select the surface of one side of the component as the
measurement object, and divide it into n 1cm·1cm grids. Take a point in each grid and measure the
thickness of each point with an ultrasonic thickness gauge. Calculate the variance of the thickness hi and

the average thickness at n different positions. The surface �atness formula is shown in formula 1. 

Where: "Pa" is the surface �atness, "n" is the number of measuring points, "hi" is the thickness of the i-th

measuring point, and  is the average thickness of n measuring points. The smaller the "Pa", the better
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the surface �atness of the component, and the smoother the surface of the component, the better the
forming effect. The larger the "n" value, the more accurate the surface �atness characterization.

3. Results And Discussions

3.1 The in�uence of external magnetic �eld on the
morphology

3.1.1 The in�uence of different excitation frequencies on
morphology
When the excitation current is constant (5A), the excitation frequency (Ef) is 40-70Hz, and the component
morphology which under the in�uence of magnetic �eld (MF) is shown in Fig. 2.

The outer wall of the component is relatively �at without the in�uence of the magnetic �eld, but the
stacking width inside the component is not consistent (Fig. 2 (a) red box). The shape of the component
gets better and then worse as the Ef increases. Compared with the absence of a magnetic �eld, the
surface unevenness is optimized at Ef = 40Hz. The surface of the element is smooth at Ef = 50Hz. when
Ef = 60 Hz and Ef = 70 Hz, the surface of the part �ows and even collapses, which seriously affects the
forming accuracy.

The wall thickness of the component is measured with an ultrasonic thickness gauge, and the surface
�atness of the component under each Ef is calculated, as shown in Fig. 3.

The thickness of the outer wall is more stable after the external magnetic �eld is applied. The outer wall
becomes more uniform as the Ef increases. Among them, the characteristic parameter with the smallest
�uctuation is Ef = 50Hz. When Ef = 70Hz, the thickness has a large range of �uctuations, showing defects
of macroscopic morphology.

For the above phenomenon, we believe that it is mainly caused by the interaction of the surface tension
(Fs), the magnetic �eld force (Fm) and the induced current (Ii) generated in the molten pool. M. O. et al.
[12] established a welding pool model for simulation analysis and found that the metal �ow on the
surface of the weld pool is mainly affected by Fs. Fs is re�ected in the molten pool as the viscous force
on the surface of the molten pool. The decrease of Fs will weaken the viscous force on the surface of the
molten pool, which is easy to cause the molten pool to �ow outward. In the absence of a magnetic �eld,
Fs plays a leading role in the �ow of the molten pool. Heat accumulation easily occurs in the arc additive
process. Since Fs will gradually decrease with the increase of temperature, it will cause uneven wall
thickness of the additive component and poor molding quality. After applying a magnetic �eld, as Ef
increases: the inductive reactance in the magnetic �eld generator gradually increases, so Fm will
gradually decrease; Ii gradually increases, so the Joule heat generated in the molten pool gradually
increases, and Fs will gradually decrease.
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When the excitation frequency is low (Ef = 40Hz), Fm is large, which plays a leading role in the �ow of the
molten pool, and Fs is relatively small. The molten pool metal �ows under the restriction of Fm.
Compared with the non-magnetic �eld, the shape of the component becomes better. However, because
the Fm is too large, the �ow velocity of the molten pool is too fast and unstable, and the optimization
effect of component forming is not outstanding. When the excitation frequency is moderate (Ef = 50Hz),
Fm is relatively reduced, and Fs is further reduced. Fm still plays a leading role in the �ow of the molten
pool. Because of the moderate Fm, the �ow of the molten pool is slow and stable, and the components
are formed well. When the excitation frequency is high (Ef = 60Hz-Ef = 70Hz), Fm is further reduced and
Fs is further reduced. At this time, because Fm is too small, the �ow of the molten pool cannot be
effectively restricted, and Fs is also reduced too much. Therefore, the viscosity of the molten pool drops
and �ows around.

3.1.2 The in�uence of different excitation current on
morphology
When the excitation frequency is constant (50Hz), the excitation current (Ec) is 4-8A, and the component
morphology which under the in�uence of magnetic �eld (MF) is shown in Fig. 4.

The forming quality of the component is good �rst and then bad as the excitation current increases.
When Ec=4A, the surface of the component is uneven, and the forming quality is not as good as when
there is no magnetic �eld. When Ec=5A, the surface of the part is smooth and the forming quality is
relatively best. The phenomenon of surface �ow appears as the excitation current continues to increase.
When Ec=8A, the surface of the component collapses, and the quality of component forming is poor.

Surface �atness under excitation current is shown in Fig. 5.

The thickness of the outer wall is more stable after the external magnetic �eld is applied. The outer wall
becomes more uniform as Ec increases. The characteristic parameter with the smallest �uctuation is Ec =
5A. When Ec = 8A, the thickness has a large range of �uctuations, showing defects of macroscopic
morphology.

In the absence of a magnetic �eld, Fs plays a leading role in the �ow of the molten pool. After applying a
magnetic �eld, as Ec increases: Fm will gradually increase and Ii will gradually increase, so the Joule heat
generated in the molten pool will gradually increase, and Fs will gradually decrease.

When the excitation current is small (Ec = 4A), Fm is small and Fs is relatively large, which plays a leading
role in the �ow of the molten pool. Therefore, similar to the absence of a magnetic �eld, the component
forming changes are not obvious. When the excitation current is moderate (Ec = 5A), Fm is relatively
increased, and Fs is relatively decreased. Fm plays a leading role in the �ow of the molten pool. Because
of the moderate Fm, the �ow of the molten pool is slow and stable, and the components are formed well.
When the excitation current is large (Ec = 6A - Ec = 8A), Fm increases further and Fs decreases further. Fm
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still plays a leading role in the �ow of the molten pool, but the molten pool �ow is too fast and unstable
due to the large Fm, resulting in poor forming of the component.

3.2 The in�uence of external magnetic �eld on
microstructure

3.2.1 Effect of excitation frequency on microstructure
From the microstructure diagram shown in Fig. 6, it can be found that the external magnetic �eld plays an
important role in the crystallization and solidi�cation process.

The overall microstructure of the component is layered in the absence of a magnetic �eld. It is mainly
composed of small equiaxed crystals and columnar crystals. When Ef = 40Hz, due to the small
electromagnetic stirring effect, the microstructure changes little. When Ef=50Hz, the coarse columnar
crystals are almost completely transformed into �ne equiaxed crystals, and the crystal grains become
smaller and uniform. As the excitation frequency continues to increase (Ef=60-Ef=70), directional
columnar and dendritic crystals are formed.

3.2.2 Effect of excitation current on microstructure
The in�uence of different excitation current on microstructure is shown in Fig. 7.

There are obvious coarse and �ne grain regions in the microstructure. When Ec=5A, the structure is
almost completely transformed into �ne equiaxed crystals, and the grain re�nement effect is the most
obvious. The grains gradually coarsened with the increase of Ec. When Ec=6A, the equiaxed crystal is
coarse. When Ec=7A, the crystal grains grow directionally to form columnar crystals. When Ec=8A, the
solidi�ed structure is composed of coarse columnar crystals and columnar dendrites.

3.3 The in�uence of external magnetic �eld on mechanical
properties
In order to more quantitatively re�ect the in�uence of the magnetic �eld, tensile tests and hardness tests
were carried out on the components. According to the experimental data, the in�uence of the magnetic
�eld parameters on the mechanical properties of the additive components is analyzed.

3.3.1 In�uence of excitation frequency on mechanical
properties
The mechanical properties of parts under different Ef is shown in Fig. 8. The green line is the component
elongation (%), which corresponds to the green axis on the right side of the �gure. The remaining
parameters correspond to the left axis.
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The hardness of the component is the maximum at the wall, followed by the "+" shape, and then the "T"
shape, and the minimum at the corner. Calculate the difference between the maximum and minimum
hardness of the component under different excitation frequencies. it can be obtained that the component
hardness difference is 4.58 HV when there is no magnetic �eld. when Ef = 50Hz, the component hardness
difference is the smallest, which is 3.09 HV. The hardness of each part of the component is more uniform
under this parameter.

As the excitation frequency increases, the tensile properties of the component increase �rst and then
decrease. When Ef=50Hz, the tensile strength, yield strength and elongation of the component are
relatively highest. Compared with no magnetic �eld, the tensile strength is increased by 10%, the yield
strength is increased by 4%, and the elongation is increased by 5.56%.

3.3.2 In�uence of different excitation current on mechanical
properties
The mechanical properties of components under different Ec is shown in Fig. 9.

When Ec=5A, the hardness difference of each part of the component is the smallest, and the hardness of
each part of the component is uniform.

As Ec increases, the tensile properties of the element �rst increase and then decrease. When Ec=5A, the
tensile strength, yield strength and elongation of the component are relatively high.

3.4 Effect mechanism of external magnetic �eld on
structure properties
The change of WAAM composition under the action of the external magnetic �eld mentioned above is
caused by the crystallization and solidi�cation process of the molten pool under the action of the
magnetic �eld, as shown in Fig. 10. Due to the external magnetic �eld, an induced current (Ii) appears in
the high temperature molten pool. Ii will drive the melt to move, and the direction of movement depends
on the direction of the magnetic �eld.

When no magnetic �eld is applied, the strati�cation of the component microstructure is mainly affected
by two aspects: (1) The strati�cation of the two adjacent stacked layers. During the additive process, the
welding starting points of the two adjacent stacked layers are not on the same vertical line. At the
beginning of welding the �rst layer, due to the low substrate temperature, the rapid cooling makes the
molten pool easy to form �ner equiaxed crystals. However, with the input of heat, the rapid cooling effect
disappears, the heat dissipation conditions are poor, and the crystal grains become coarse; when the
second layer is welded after cooling, the welding starting point is not above the welding starting point of
the �rst layer, but above the �rst layer with coarse grains. Therefore, the phenomenon of organization
delamination of two adjacent accumulation layers is produced. (2) Single-layer organization
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strati�cation. The rapid cooling of the bottom of the single-layer molten pool forms equiaxed crystals.
The crystals in the middle of the molten pool grow along the direction of the maximum temperature
gradient. Since the heat �ow direction diffuses in the stacking direction perpendicular to the substrate, the
columnar crystal grains grow in the direction perpendicular to the substrate. As a result, delamination of
single-layer columnar crystals and equiaxed crystals occurs.

After the magnetic �eld is applied, the stirring force generated by the magnetic �eld will continue to
destroy the semi-solidi�ed grains. Damaged crystal grains form more nucleation bases, the number of
crystal grains increases, and the crystal grains are re�ned. The excitation frequency and excitation current
have different in�uence rules on the crystallization of the molten pool. As the excitation frequency
increases (Ef=40Hz-Ef=70Hz), Fm gradually decreases, Ii gradually increases, and the electromagnetic
damping effect in the molten pool increases. When Ef=40Hz, Fm is larger, and the molten pool �ows
under the action of a larger magnetic �eld. However, due to the low stirring frequency of the molten pool,
the grain re�nement effect is not obvious. Compared with the case without a magnetic �eld, the structure
and performance of the component are no different. When Ef=50Hz, the magnetic �eld force is moderate,
the frequency is moderate, the stirring effect of the molten pool is good, the crystal grains are almost all
re�ned, and good structure and performance are obtained. When Ef=60Hz and Ef=70Hz, Fm is smaller
and stirring force is smaller. Due to the large electromagnetic damping effect in the molten pool, the
growth of crystal grains is promoted, resulting in coarse crystal grains and poor structural performance of
the components. As the excitation current increases (Ec=4A-Ec=8A), Fm gradually increases. When
Ec=4A, Fm is small, the stirring effect of the molten pool is not obvious, and the structure and
performance of the components are not much different from those without magnetic �eld. When Ec=5A,
the Fm is moderate, the stirring effect of the molten pool is good, and good organizational properties are
obtained. When Ec=6A-Ec=8A, Fm is large, which makes the molten pool stirring unstable, uneven
temperature �eld distribution in the molten pool, and poor component structure and performance.

The driving force has a greater in�uence on the bottom of the molten pool than it is close to the surface
of the molten pool. The alloy elements at the bottom of the molten pool are transported to the weld zone
through the movement of the melt, which increases the uniformity of the alloy element distribution in the
weld zone. The �ow of the molten pool reduces the temperature gradient in the weld zone and reduces
the possibility of columnar crystal formation. In addition, the movement of the molten pool will increase
the squeezing force between the semi-solidi�ed grains, so the equiaxed crystal ratio increases, and the
width of the �ne equiaxed crystal region increases.

4. Conclusion
By applying an external magnetic �eld to the WAAM process and adjusting the appropriate Ef and Ec, the
magnetic �eld strength matching the additive process can be obtained, and a good macroscopic
appearance can be obtained. Through experimental comparison, the following conclusions are drawn:
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1. The results show that the external magnetic �eld has a certain restrictive effect on the �ow of the
molten pool. Within a certain range of magnetic �eld strength and frequency, the organization and
performance of the material are improved. When Ef = 50Hz and Ec = 5A, the magnetic �eld strength and
frequency of the magnetic �eld have a relatively stable in�uence on the WAAM process, and the material
has the best tensile strength and yield strength. As Ef and Ec continue to increase, the tensile strength
and yield strength of the material decrease. Ef and Ec have different in�uences on the �ow of the molten
pool.

2. The in�uence of the magnetic �eld promotes the �ow process and electromagnetic stirring in the
molten pool, increases the homogenization of alloy elements, reduces the temperature gradient, and
promotes the equiaxed crystallization and re�nement of crystal grains. The variation range of the
maximum and minimum hardness difference of each part of the additive component is smaller, and the
hardness distribution is more uniform.

3. Under the action of an external magnetic �eld, the surface tension of the molten pool is weakened, and
the stability of the �ow of the molten pool and the crystallization of the molten pool are mainly related to
the size and frequency of the magnetic �eld.
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Figure 1

Additive manufacturing system
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Figure 2

Morphology of WAAM components (a) Without MF, (b) With MF (Ef = 40Hz) , (c) With MF (Ef = 50Hz) , (d)
With MF (Ef = 60Hz) , (e) With MF (Ef = 70Hz)

Figure 3

Flatness of component surface at different Ef
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Figure 4

Morphology of WAAM components (a) Without MF, (b) With MF (Ec = 4A) , (c) With MF (Ec = 5A) , (d) With
MF (Ec = 6A) , (e) With MF (Ec = 7A) , (f) With MF (Ec = 8A)

Figure 5

Flatness of component surface at different Ec
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Figure 6

In�uence of excitation frequency variation on microstructure (a) Without MF, (b) With MF (Ef = 40Hz) , (c)
With MF (Ef = 50Hz) , (d) With MF (Ef = 60Hz) , (e) With MF (Ef = 70Hz)
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Figure 7

In�uence of excitation current variation on microstructure (a) Without MF, (b) With MF (Ec = 4A) , (c) With
MF (Ec = 5A) , (d) With MF (Ec = 6A) , (e) With MF (Ec = 7A) , (f) With MF (Ec = 8A)
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Figure 8

Mechanical properties of components under different excitation frequencies
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Figure 9

Mechanical properties of components under different excitation currents
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Figure 10

The melt produces an induced magnetic �eld under the external magnetic �eld


