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Abstract: The droplet transfer behavior and stability of the swing arc additive manufacturing process
of AZ91 magnesium alloy based on the cold metal transfer (CMT) technique were studied by analyz-
ing the electrical waveforms and high-speed droplet images as well as the forces on the droplet, and
the Vilarinho regularity index for short-circuit transfer (IVSC) based on variation coefficients was used
to characterize the stability of the swing arc deposition process. The effect of the CMT characteristic
parameters on the process stability was investigated; then, the optimization of the CMT characteristic
parameters was realized based on the process stability analysis. The results show that the arc shape
changed during the swing arc deposition process; thus, a horizontal component of the arc force
was generated, which significantly affected the stability of the droplet transition. The burn phase
current I_sc_wait presented a linear function relation with IVSC, while the other three characteristic
parameters, i.e., boost phase current I_boost, boost phase duration t_I_boost and short-circuiting
current I_sc2, all had a quadratic correlation with IVSC. A relation model of the CMT characteristic
parameters and IVSC was established based on the rotatable 3D central composite design; then, the
optimization of the CMT characteristic parameters was realized using a multiple-response desirability
function approach.

Keywords: magnesium alloy; swing arc additive manufacturing; CMT; droplet transfer; stability
analysis; parameter optimization

1. Introduction

Metal resource consumption is increasing due to the needs of economic develop-
ment, and most countries have made great efforts to strike a balance between economic
growth and environmental protection. This pressure can be effectively reduced using
high-performance lightweight metals, so their exploration and use have become popular
research topics. As one of the Earth’s most abundant metal elements, magnesium has a
density of only 1.74 g/cm3. Magnesium alloys have the characteristics of high specific
strength and specific stiffness; excellent shock resistance and impact resistance; and good
properties of thermal conductivity, damping and electromagnetic shielding. They also have
the advantages of easy processing and recycling [1–4]. As a result, it has been discovered
that magnesium alloys have significant application value and a wide range of potential
applications in the fields of transportation, national defense, communication and medicine,
and other industrial fields [5]. In engineering applications, casting is still the main pro-
cessing method for magnesium alloys [6]. However, the tendency to obtain coarse grains
when casting magnesium alloys results in poor mechanical properties and thus severely
constrains the further application of magnesium alloys.
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The direct production of large components and complex precision parts is greatly
facilitated by additive manufacturing (AM). As one of the important techniques of AM,
wire arc additive manufacturing (WAAM) is a direct energy deposition technique that uses
arc welding procedures to fabricate components using layer-by-layer deposition, and it has
been widely used for manufacturing parts of aluminum alloy [7,8], nickel-based alloy [9,10],
stainless steel [11] and other metal materials. However, porosity, grain coarsening and
thermal cracking are more likely to occur during the conventional WAAM process of
magnesium alloys due to the high sensitivity to heat inputs induced by its unique physical
and chemical properties [12]. As an improved technique of gas metal arc welding (GMAW),
cold metal transfer (CMT) can realize a low-heat-input process with the precise control of
the wire movement and the welding parameters by using a push–pull mechanism coupled
with a high-speed digital process control system; thus, it helps to solve the above problems.
Moreover, a stable and spatter-free WAAM process for magnesium alloys is made possible
by the retraction control of the filler wire during the short-circuiting stage [13]. Therefore,
the CMT technique shows significant technical advantages and broad application prospects
in the fields of the WAAM of magnesium alloys.

By analyzing the electrical signals during the GMAW process, the arc stability can be
determined as an index of the stability of the welding process [14]. Suban and Tusek [15]
used the probability distribution of welding current to evaluate the influence of shielding
gas components on arc stability during the GMAW process of low-carbon steel and found
that the high current intensity in the short-circuit stage led to strong spatter caused by
the breakage of the liquid bridge, making the welding process unstable. Chen et al. [16]
explored the effect of the CMT characteristic parameters on the welding process stability
of mild steel using the probability distributions of the CMT period and short-circuit time
and indicated that fairly regular and stable processes could be achieved when the boost
duration ranged from 1.6 ms to 3.6 ms at the boost current of 300 A. Singh et al. [17] used
cyclograms of welding current vs. welding voltage to characterize arc stability and the
spatter during the CMT weld-brazing process of aluminum/steel dissimilar alloys, and the
results showed that the good repeatability of the cyclograms represented strong arc stability
and the absence of spatter. The optimization of the welding parameters (i.e., welding
current and welding voltage) by realizing the accurate control of the different stages of
the GMAW process can reduce spatter and improve the stability of the welding process.
Zhang et al. [18] achieved the desired one-droplet-per-pulse (ODPP) transfer by selecting
the appropriate combination of the duration and amplitude of the peak current in the
pulsed GMAW (GMAW-P) process of titanium alloy, and the stability of the GMAW-P
process was greatly improved due to the precise control of the heat input in different stages
of the droplet transition process. Subsequently, a much stronger droplet oscillation with a
significantly lower heat input was realized with the active control of the current waveform
during the GMAW-P process [19], which further increased the process stability.

Swing arc welding can effectively improve the weld appearance and grain refinement [20]
and can also significantly reduce the formation of defects such as cracks and porosity [21,22].
In addition, the application of swing arc can increase the width of the deposited layer,
thus improving the efficiency of WAAM [23]. However, much of the research on swing
arc welding/deposition focuses on the microstructure and properties of the welded joint
or deposited layer, while there is little analysis on the process stability when the swing
arc is introduced. For example, though the spatter issue occurs when the swing arc is
introduced [23], it has not attracted the attention of researchers. As is well known, welding
spattering can lead to problems such as low wire utilization, poor bead formation, poor me-
chanical performance of the obtained joints and an extensive post-cleaning process [24–26].
In the multi-layer and multi-pass WAAM process, the spatter on the deposited pass is
extremely detrimental to the deposition process stability of the subsequent pass and even-
tually to the performance of the WAAM component. Therefore, in order to ensure the
appearance quality and performance of the deposited component, it is necessary to conduct
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research on the process stability of CMT swing arc deposition and the optimization of the
CMT characteristic parameters.

As mentioned above, the introduction of the swing arc can cause spatter issues during
the deposition process. Therefore, it is necessary to analyze the effect of the forces on the
droplet during the CMT-WAAM process of AZ91 magnesium alloy based on the static
equilibrium when the swing arc is applied, which can provide the theoretical analysis of
spatter formation during the swing deposition process. Then, the influence of the CMT
characteristic parameters in different stages on the stability of the swing arc deposition
process can be investigated using the Vilarinho regularity index for short-circuit transfer
(IVSC) based on the coefficient of variation of electrical signals, as well as droplet transfer
analysis. Finally, the stable swing arc deposition process can be achieved by optimizing the
CMT characteristic parameters based on the above-mentioned process stability analysis.

2. Experimental Methodology

The substrate used in the experiment was an as-cast AZ91 magnesium alloy plate
with dimensions of 200 mm × 150 mm × 8 mm, and the deposited material was AZ91
magnesium wire with a diameter of 1.2 mm. The chemical composition of the substrate plate
and wire is illustrated in Table 1. The welding system was composed of a Motoman HP6
industrial robot and a Fronius Advanced 4000R welding machine equipped with a RCU
5000i controller, and the CMT program of C1904 was used to conduct the deposition process.

Table 1. Chemical composition of the substrate plate and wire (wt. %).

Material Al Zn Mn Si Fe Cu Ni Mg

Base metal plate 8.70 0.58 0.24 0.02 0.002 0.005 0.001 Bal.
Wire 8.62 0.55 0.33 0.0067 0.0040 0.00019 0.00023 Bal.

Before the deposition, the surface of the substrate plate was polished and wiped with
ethanol to remove the oxide film and oils. The contact tip-to-work distance (CTWD) was
maintained at 12 mm, and the welding gun was perpendicular to the substrate. Pure
argon was used as the shielding gas, and the flow rate was 15 L/min. Based on the trial
experiments and our previous research studies [27,28], the pre-flow time and post-flow
time of the shielding gas were set at 1 s and 2.5 s, respectively, to ensure the protection
effect on the start and end positions. During the deposition process, the substrate plate was
fixed with a clamping device to prevent deformation. The introduction of the swing arc
was realized using the ‘single oscillation’ weaving mode of the robot. The swing frequency
and the swing amplitude were 5 Hz and 5 mm, respectively, and the dwell time on both
sides and in the middle were both 0.1 s. The traveling speed of the welding torch was kept
at 0.54 m/min.

Figure 1 shows the acquisition system consisting of a high-speed camera and an
electrical signal acquisition device. The high-speed camera with an acquisition frequency
of 500 fps was used to capture the droplet transfer, and a 1000 W high-voltage short-arc
spherical xenon lamp was employed as the backlight source. A Hall current sensor and
a Hall voltage sensor were used to capture the welding current and welding voltage
signals, respectively, and a PCI-1742 data acquisition card with the sampling frequency of
50 kHz was used to send the electric signals to the computer. The program compiled using
LabVIEW software was used to synchronously trigger the high-speed camera and electrical
signal acquisition system.

A low-heat-input and spatter-free CMT welding process can be achieved as mentioned
above, with the precise control of welding parameters such as welding current using
high-speed digital process control. The schematic of the welding voltage and current
waveforms used in the CMT welding of magnesium alloy is shown in Figure 2. There
are four main characteristic parameters that can be controlled during the CMT welding
process, i.e., boost phase current I_boost (A), boost phase duration t_I_boost (ms), burn
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phase current I_sc_wait (A), and short-circuiting current I_sc2 (A). When the arc is ignited
after the detachment between the wire and the molten pool, the welding current is rapidly
changed from I_sc2 to I_boost so as to keep the arc burning and the wire melting, and the
duration of I_boost (i.e., the current of the peak phase) is controlled by t_I_boost. Then,
the welding current is reduced to I_sc_wait, and the droplet gradually moves closer to the
molten pool during the base phase. The short-circuit phase (S/C phase) occurs when the
droplet comes into contact with the molten pool, and the welding current is immediately
adjusted to the S/C pulse current and then is decreased to I_sc2. Finally, the droplet
detaches from the wire into the molten pool, and a new CMT cycle occurs.
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The precise control of the process stability in different stages can be achieved by adjust-
ing the above CMT characteristic parameters. Based on the default electrical waveforms of
the C1904 program at the wire feeding speed of 9 m/min (i.e., electric waveforms of sample
number 1 in Table 2 as the basis for adjustment), the process stability under the conditions of
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different CMT characteristic parameters was analyzed. The CMT characteristic parameters
for the swing arc deposition of Mg alloy are listed in Table 2.

Table 2. CMT characteristic parameters for the swing arc deposition of Mg alloy.

Sample Number I_boost (A) t_I_boost (ms) I_sc_wait (A) I_sc2 (A)

1 300 2 50 60
2 100 2 50 60
3 150 2 50 60
4 400 2 50 60
5 450 2 50 60
6 300 0.5 50 60
7 300 1 50 60
8 300 3 50 60
9 300 4 50 60

10 300 2 10 60
11 300 2 30 60
12 300 2 80 60
13 300 2 90 60
14 300 2 50 20
15 300 2 50 40
16 300 2 50 80
17 300 2 50 100

3. Results and Discussion
3.1. Cause Analysis of Spatter under Swing Arc

The forces on the droplet can be divided into two categories according to their effects
on the droplet transition to the molten pool: positive ones and negative ones. The main
forces acting on the droplet during the CMT deposition process include gravity (G), surface
tension (Fγ), arc force (Farc) and mechanical retraction force (Fb) [29]. The reason for
the formation of spatter during the CMT swing arc deposition process of Mg alloy can
be investigated by analyzing the forces on the droplet. Among the above forces, G is
determined by the droplet quality (i.e., the amount of melted wire); Fγ is determined by
the surface tension coefficient and the curvature radius of the liquid surface; Farc is related
to the current and the arc shape; and Fb mainly depends on the retraction speed of the wire.
The introduction of the swing arc has little effect on the G, Fγ and Fb of the droplet, but
it leads to an obvious change in Farc due to the arc shape variation and thus affects the
stability of the deposition process. During the CMT swing arc deposition process of Mg
alloy, the arc force mainly includes electromagnetic force, plasma fluid force and reaction
force of metal vapors.

Due to inertia, the arc and the droplet tend to keep moving in the same direction
when the torch swings. Therefore, the arc shape becomes asymmetrical during the swing
deposition process, as shown in Figure 3. The arc force during the swing deposition process
is different from that during the linear deposition process, because the arc force is related to
the arc shape [30]. Since the arc is bell-shaped and symmetrical along the wire axis during
the linear deposition process, the arc force is also symmetrical, and there is no component
in the horizontal direction. However, in the swing deposition process, the torch movement
alters the shape of the arc and reduces its straightness, resulting in a horizontal component
of the arc force acting on the droplet.

The electromagnetic force (Fm) is a vector with magnitude and direction, and it can be
determined using Equation (1):

Fm= J × B (1)

where J is the current density and B is the electromagnetic flux density. During the linear
deposition process, the current density is uniform, so the axial electromagnetic force is
directed along the wire. However, during the swing arc deposition process, the offset arc
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acts on the side of the droplet, resulting in the uneven distribution of current density, as
shown in Figure 4a. Therefore, the axial electromagnetic force hinders the droplet transition
when the droplet diameter is greater than that of the wire. The axial electromagnetic force
(Fm

z) on the droplet can be calculated according to Equation (2) [31]:

Fm
z =

µ0 Iarcing
2

4π

[
ln

r
R

sinα − 1
4
− 1

1 − cosα
+

2

(1 − cosα)2 ln
2

1 + cosα

]
(2)

where µ0 is the dielectric permeability, Iarcing is the current of the CMT arcing phase
(i.e., I_boost and I_sc_wait) and α is the arc anode half angle.
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When the droplet comes into contact with the molten pool, the change in the droplet
shape leads to a change in the current density, as shown in Figure 4b. At this moment, a
radial electromagnetic force is generated at the necking, at which time the necking shrinks
under the action of the radial electromagnetic force, thus promoting the droplet transition
to the molten pool. The radial electromagnetic force (Fm

r) can be calculated according
to Equation (3):

Fm
r =

µ0 Isc
2

4π

(
R2 − r0

2
)

(3)

where Isc is the current in the CMT short-circuit phase and r0 is the radius of the necking.
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The pressure near the electrode is greater than that near the substrate plate due to the
uneven electromagnetic force inside the arc, and this pressure difference causes the particles
in the arc to move towards the substrate, forming a flow pressure called plasma fluid force.
The plasma fluid force (Fp) acting on the droplet can be calculated with Equation (4) [32]:

Fp= CD1 Ap1(
ρpvp

2

2
) (4)

where CD1 is the fluid drag coefficient, Ap1 is the area of fluid action, ρp is the plasma
density and vp is the plasma movement velocity. As shown in Figure 5, the plasma fluid
force acts along the arc axis, and the plasma fluid moves in the negative direction of the arc
pressure gradient, thus promoting the droplet transition.
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During the CMT deposition process, metal vapors are formed due to the low evapora-
tion temperature of the magnesium alloy, and the reaction force of metal vapors pushes the
droplet away from the arc axis [5]. The reaction force of the metal vapors (Fv) is also a kind
of fluid force, and its magnitude and direction are determined by the flow and direction of
the metal vapors. Fv can be calculated according to Equation (5) [32]:

Fv= CD2 Ap2(
ρvvv

2

2
) (5)

where CD2 is the metal vapor drag coefficient, Ap2 is the area of metal vapor action, ρv is
the metal vapor density and vv is the metal vapor movement velocity.

The magnitude and direction of the arc force are related to the welding current and
arc shape. During the CMT swing arc deposition process, the magnitude of the arc force
does not change because the current remains stable. However, the change in the arc
shape caused by the introduction of the swing arc alters the direction of the arc force
and generates a component in the horizontal direction, which could lead to large spatter,
especially during the multi-layer and multi-pass WAAM process. By adjusting the CMT
characteristic parameters, it is achievable to control the forces acting on the droplet in order
to eliminate the spatter and guarantee the stable droplet transition process.

3.2. Effect of the CMT Characteristic Parameters on Process Stability

The appearance of the deposited layer is shown in Figure 6. It is obvious that the
aforementioned CMT characteristic parameters, i.e., boost phase current I_boost (A), boost
phase duration t_I_boost (ms), burn phase current I_sc_wait (A) and short-circuiting current
I_sc2 (A), had a significant impact on the appearance of the deposited layer due to their
effects on the process stability.
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The heat input (HI) of the CMT deposition process can be calculated according to
Equation (6):

HI =
η ∑n

i=1 UiIi
nvt

(6)

where n is the number of electrical signal samples; Ui and Ii are the instantaneous voltage
and instantaneous current, respectively; vt is the traveling speed; and η is the thermal
efficiency factor, which was taken as 0.7 in this paper. As shown in Table 3, the CMT
characteristic parameters of t I_boost and t_I_boost had a significant effect on the heat
input, while I_sc_wait and I_sc2 had little influence on the heat input.

Table 3. Phase duration, heat input and IVSC with different CMT characteristic parameters.

Sample
Number

Boots Phase
(ms)

Burn Phase
(ms)

S/C Phase
(ms)

CMT
Cycle (ms)

Heat Input
(J/mm) IVSC

1 1.995 6.732 3.620 12.247 159.749 0.264
2 3.048 4.519 4.399 11.966 82.270 0.393
3 3.044 4.454 3.832 11.330 102.832 0.293
4 1.924 7.804 3.883 13.610 188.64 0.334
5 1.973 9.084 4.240 15.198 201.647 0.458
6 0.464 6.789 3.407 10.560 104.617 0.307
7 0.937 6.557 3.426 10.820 117.957 0.258
8 2.962 7.246 4.266 14.374 181.512 0.309
9 3.940 8.037 4.544 16.422 226.065 0.464

10 2.001 6.019 3.385 11.305 161.453 0.154
11 1.989 6.165 3.367 11.421 159.789 0.220
12 1.975 8.184 4.233 14.291 156.514 0.416
13 1.978 10.147 5.836 17.862 150.157 0.457
14 1.994 7.080 4.257 13.231 151.995 0.370
15 1.993 6.834 3.794 12.520 153.177 0.304
16 1.992 6.670 3.622 12.184 157.179 0.268
17 1.995 6.817 3.907 12.619 158.564 0.293

One way to characterize the process stability of CMT deposition is to analyze the
stability of the electrical signals, and the common indicators for this analysis include the
probability density distribution, U-I diagram, standard deviation and coefficient of varia-
tion. Probability density distribution and U-I diagram can provide a visual representation
of the stability of the deposition process, but it is difficult to analyze them quantitatively.
The coefficient of variation can not only provide the quantitative characterization of process
stability for visual comparison but also eliminate the effects of standard deviation induced
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by the differences in measurement scales and magnitudes. Therefore, the coefficient of
variation can provide a more accurate characterization of electrical signal dispersion. In
CMT deposition, the process stability can be characterized using the Vilarinho regularity
index (IVSC) related to the coefficient of variation [33,34], which is calculated as shown
in Equation (7):

IVSC =
σtsc

tsc
+

σtarcing

tarcing
(7)

where σtsc is the standard deviation of the short-circuit time, σtarcing is the standard de-
viation of the arc burning time, tsc is the mean short-circuit time and tarcing is the mean
arc burning time. As mentioned, because the regularity index (IVSC) takes into account
not only the standard deviation but also the mean value, a lower IVsc indicates a more
regular transition (i.e., stable process). Table 3 shows the IVSC values with different CMT
characteristic parameters.

It can be seen that the deposited layer was poorly formed and that the surface had
clear ‘grooves’ at I_boost of 100 A (i.e., sample number 2) or t_I_boost of 0.5 ms (i.e., sample
number 6), as indicated in Figure 6b,c. The unstable deposition process, as well as low heat
input, resulted in a small amount of molten metal, poor wettability of the molten metal and
discontinuous deposition process, eventually leading to a very poorly formed deposited layer.

The change in electrical signal stability can reflect the trend change of the droplet tran-
sition. Figure 7 shows the regression analysis results of the CMT characteristic parameters
and coefficients. It is obvious that I_boost, t_I_boost and I_sc2 both displayed a quadratic
correlation with IVSC, while I_sc_wait displayed a good linear function relation with IVSC.
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In order to clarify the effects of the CMT characteristic parameters on the droplet
transition and process stability, the droplet transition process and the synchronous electrical
signal waveforms were analyzed, and the high-speed droplet images corresponds to the
area of electrical signal waveforms between the dotted lines. Figure 8 shows the electrical
signal waveforms and the corresponding droplet transfer process at I_boost of 450 A
(i.e., sample number 5) and t_I_boost of 4 ms (i.e., sample number 9). The electrical signal in
both situations showed abnormal CMT cycles with very short duration, which manifested in



Materials 2023, 16, 3236 10 of 19

an extremely short period in the base phase and the short-circuit phase. The corresponding
droplet transition process showed that when the abnormal CMT cycle occurred, the droplet
directly made contact with the molten pool to form a short-circuit phase and then rapidly
detached from the wire. Therefore, the abnormal CMT cycle had no obvious base phase to
maintain the arc burning nor short-circuit phase to facilitate the detachment of the droplet,
thus leading to the instable deposition process. The high heat input of the peak phase not
only melted more metal, but also reduced the viscosity coefficient of the liquid metal [35],
so the droplet was prone to necking during the peak phase, and the radial electromagnetic
force became a motive force for the droplet transition at that moment. Due to the rapid
transfer of the droplet to the molten pool caused by the gravity and electromagnetic forces,
the abnormal CMT cycle occurred. As shown in Figure 8a, when I_boost was 450 A, the
high peak current led to a great instantaneous electromagnetic pinch force, resulting in a
high probability of necking; thus, a greater number of abnormal CMT cycles appeared.
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The electrical signal waveforms and the corresponding droplet transfer process at
I_sc_wait of 90 A (i.e., sample number 13) are shown in Figure 9. There were excessively
long CMT cycles with abnormal short-circuit transition, leading to an increase in IVSC.
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The corresponding droplet transfer process showed that the droplet was spattered when
it approached the molten pool, thus preventing the contact between the droplet and the
molten pool. According to Equation (2), the excessive base current (i.e., high I_sc_wait)
resulted in an increase in the arc force; thus, the repulsion of the droplet closer to the molten
pool became more obvious, which not only resulted in a longer base phase but also caused
spattering in an outward direction along the axis of the arc, thus destabilizing the CMT
deposition process.
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Figure 10 shows the electrical signal waveforms and the corresponding droplet transfer
process at I_sc2 of 20 A (i.e., sample number 14) and I_sc2 of 100 A (i.e., sample number 17).
Under the condition of low or high short-circuit current, the liquid bridge formed at the
end of the short-circuit phase became thick, making the liquid bridge prone to spattering
when it was pulled off. However, the inducements and spattering patterns were different
under these two conditions. When the short-circuit current was low, the spatter was
located in an area where the liquid bridge was pulled off, as shown in Figure 10a, due
to the high viscosity coefficient of the liquid metal induced by the low heat input of the
short-circuit phase. When the short-circuit current was high, a relatively high current was
passed through the necking, which caused the liquid bridge to explode due to overheating
and vaporize, resulting in spattering. Therefore, the spatter was repelled in the outward
direction with respect to the liquid bridge axis, as shown in Figure 10b.

3.3. Optimization of the CMT Characteristic Parameters

The process stability of the CMT swing arc deposition of AZ91 magnesium alloy is
affected by the four above-mentioned CMT characteristic parameters, so the selection of
CMT characteristic parameters for process optimization must be implemented using a
proven and reliable method. Design of experiment (DoE) can provide a scientific/statistical
approach for evaluating process variables, and it has the advantage of possible reduction
in the number of experiments required for establishing relationships between input and
output parameters [36]. In this paper, an experiment based on the rotatable 3D central
composite design was used to systematically establish the relationship between CMT char-
acteristic parameters and the corresponding IVSC. For a set of measurable and controllable
independent variables xk, the response variable y can be expressed as

y = f (x 1, x2, x3, . . . . . . , xk) (8)

Based on the previous analysis, large I_sc_wait increased the repulsion, so the instabil-
ity caused by I_sc_wait could be avoided by keeping it at a small value, i.e., I_sc_wait of
10 A. Therefore, I_boost, t_I_boost and I_sc2 were selected as the input parameters, with
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IVSC as the output parameter. The range of the CMT characteristic parameters for the swing
arc deposition process are presented in Table 4.
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Table 4. Range of the CMT characteristic parameters.

Deposition Parameter I_boost (A) t_I_boost (ms) I_sc2 (A)

Parameter range 170–330 1–2.5 50–90

As aforementioned, the design of experiment used in this paper was based on a rotat-
able central composite design, and the number of experimental runs n can be determined
with Equation (9):

n = mc + mr + m0 (9)

where mc is the number of two-level trials (corner points) and its value can be determined
with mc = 2p; mr is the number of trials at the asterisk (center points) and its value can be
determined with mr = 2p; m0 is the number of zero-level trials (original point) and its value
can be determined with m0 = r4; p is the number of input factors; and r is the length of the
asterisk arm. As mentioned, the number of input factors p was 3, while the length of the
asterisk arm r was 1.682 in the three-factor central composite design. Therefore, mc, mr and
m0 were 8, 6 and 9, respectively, and the number of experimental runs n was 23.

In this paper, the three experimental factors, i.e., I_boost, t_I_boost and I_sc2, were
recorded as x1, x2 and x3, respectively, and IVSC was recorded as y. The upper and lower
bounds of the jth factor are Z2j and Z1j (j = 1, 2, . . . , p), respectively, and the interval
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of zero-level variation Z0j and the variation spacing ∆j can be calculated according to
Equations (10) and (11):

Z0j =
Z1j +Z2j

2
(10)

∆j =
Z2j − Z0j

r
=

Z2j − Z1j

2r
(11)

The true values of the corresponding level codes of I_boost, t_I_boost and I_sc2 were
calculated according to Equations (11) and (12) respectively, and the results are shown in
Table 5. The design table of the CMT characteristic parameters and the corresponding IVSC
are presented in Table 6. The CMT characteristic parameters for the swing arc deposition
process were set based on a trial of a rotatable 3D central composite design.

Table 5. Variables and levels for the CMT characteristic parameters.

Level I_boost (A) t_I_boost (ms) I_sc2 (A)

+1.682 330 2.5 90
+1 297.5 2.2 82
0 250 1.8 70
−1 202.5 1.3 58

−1.682 170 1 50

Table 6. Design table of the CMT characteristic parameters and the corresponding IVSC.

Sample
Number Z1 Z2 Z3 I_boost (A) t_I_boost

(ms) I_sc2 (A) IVSC

1 1 1 1 297.5 2.2 82 0.187
2 1 1 −1 297.5 2.2 58 0.177
3 1 −1 1 297.5 1.3 82 0.410
4 1 −1 −1 297.5 1.3 58 0.452
5 −1 1 1 202.5 2.2 82 0.415
6 −1 1 −1 202.5 2.2 58 0.439
7 −1 −1 1 202.5 1.3 82 0.497
8 −1 −1 −1 202.5 1.3 58 0.461
9 1.682 0 0 330 1.8 70 0.226

10 −1.682 0 0 170 1.8 70 0.428
11 0 1.682 0 250 2.5 70 0.307
12 0 −1.682 0 250 1 70 0.482
13 0 0 1.682 250 1.8 90 0.349
14 0 0 −1.682 250 1.8 50 0.450
15 0 0 0 250 1.8 70 0.401
16 0 0 0 250 1.8 70 0.376
17 0 0 0 250 1.8 70 0.395
18 0 0 0 250 1.8 70 0.414
19 0 0 0 250 1.8 70 0.367
20 0 0 0 250 1.8 70 0.360
21 0 0 0 250 1.8 70 0.392
22 0 0 0 250 1.8 70 0.369
23 0 0 0 250 1.8 70 0.399

In the case of p = 3, mathematical models based on second-order polynomials were
developed for predicting the responses. The models can be expressed as follows:

y = b0 + ∑3
j=1 bjxj + ∑2

k=1 ∑3
j=2 bkjxkxj + ∑3

j=1 bjjx2
j (12)

where x1, x2 and x3 correspond to the three experimental input variables, i.e., I_boost,
t_I_boost and I_sc2, respectively; y is the response variable, i.e., IVSC; and b0, bj, bk and bjj
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are the regression coefficients. Therefore, the mathematical model based on the results in
Table 6 is as follows:

y = 0.39 − 0.068Z1 − 0.066Z2 − 0.014Z3 − 0.049Z1Z2 − 0.0055Z1Z3

−0.001Z2Z3 − 0.019Z2
1+0.00446Z2

2+0.006227Z2
3

(13)

Significance tests are required to ensure the credibility and fit of the regression equation.
The analysis of variance for y is presented in Table 7. SS and df are the sum of squares
and the degrees of freedom, respectively, and MS is the mean square calculated with
SS/df. F indicates the significance, and a larger F represents a more significant variable
and a better fit of the regression. P is the probability used to test the hypothesis at the
95% confidence level in this paper, and when its value is less than 0.05, it indicates that the
factor is significant.

Table 7. Analysis of variance for response y.

Source SS df MS F p

Model 0.15 9 0.017 23.39 <0.0001 Significant
Z1 0.063 1 0.063 87.60 <0.0001 Significant
Z2 0.059 1 0.059 82.12 <0.0001 Significant
Z3 0.002639 1 0.002639 3.68 0.0771

Z1Z2 0.019 1 0.019 27.09 0.0002 Significant
Z1Z3 0.000242 1 0.000242 0.34 0.5710
Z2Z3 0.000008 1 0.000008 0.011 0.9175
Z1

2 0.005983 1 0.005983 8.35 0.0126 Significant
Z2

2 0.000316 1 0.000316 0.44 0.5182
Z3

2 0.0006162 1 0.0006162 0.86 0.3706

The results in Table 7 show that the F of the model is 23.39, indicating that the model
is significant. For the condition of P less than 0.05, Z1, Z2, Z1Z2 and Z1

2 are the terms with
significant impact. Therefore, by removing the insignificant terms, the optimized regression
equation can be obtained as follows:

y = 0.39 − 0.068Z1 − 0.066Z2 − 0.049Z1Z2 − 0.019Z2
1 (14)

The coefficient of determination R2, as the percentage of the variability, indicates
the degree of prediction of the regression model, and its maximum value is 1. The R2 of
Equation (14) is 0.8998, so the optimized regression equation has a high goodness of fit. By
converting the above regression equation from the coded space to the real space, it can be
expressed as follows:

y =− 0.4591+0.00690518x1 +0.42933x2 − 0.0023007x1x2 − 0.00000860779x2
1 (15)

The straight line in Figure 11 represents the predicted value of y (i.e., IVSC) equal to
its actual values. As shown in Figure 11, the actual values of y for the tests in Table 6 are
distributed around the straight line, which can also indicate that the obtained regression
equation fits significantly. Therefore, it can reflect the relationship between the CMT
characteristic parameters and IVSC.

As indicated by IVSC with different CMT characteristic parameters, a regression model
was established to predict the process stability of swing arc deposition. The results in
Table 7 show that the effect of I_sc2 on the model is insignificant. The response surface of I_
boost, t_ I_boost and IVSC at different I_sc2 levels within its range in Table 5 (i.e., 50–90 A)
was established, and the results are shown in Figure 12. Using the response surface method,
the experimental errors can be taken into account, and the complex functional relationships
can be fitted to a continuous surface within a certain region. Thus, the optimal value of
IVSC with the lowest value can be found.
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Table 8 shows the optimal combination of the CMT characteristic parameters (i.e., I_ boost,
t_ I_boost and I_sc2) obtained with the established prediction model, as well as the corre-
sponding predicted and actual IVSC. Figure 13 shows the electrical signal waveforms and
droplet transfer process of the deposited layer obtained using the optimum parameters in
Table 8. As indicated in Figure 13, the electrical waveform was stable and free of abnor-
malities, and the phenomenon of droplet deviation during the CMT swing arc deposition
process of Mg alloy could be eliminated using the optimized characteristic parameters.

Table 8. Optimization of the CMT characteristic parameters and the corresponding IVSC.

Characteristic Parameters I_boost (A) t_I_boost (ms) I_sc2 (A) Predicted IVSC Actual IVSC

Optimum 312.5 2.5 75.5 0.134 0.153

As shown in Figure 14, the generation of spatter could be effectively reduced during
the multi-pass deposition process. Figure 15 shows that the deposited layer was composed
of equiaxed grains, and there were significant differences in the average grain size in the
transition zone between the adjacent deposited layers. The previous deposited layer could
provide good heat dissipation conditions for the subsequent deposited layer, resulting
in the formation of fine equiaxed grains on one side of the fusion line. Meanwhile, the
previous deposited layer was reheated during the deposition process of the subsequent
layer, leading to the formation of coarse equiaxed grains in the former layer near the fusion
line. Furthermore, a defect-free microstructure was obtained, indicating good quality
of the deposited layer and the interface of the successive deposited layers. In sum, a
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stable process of CMT swing arc deposition without spatter could be realized using the
optimum parameters obtained with the established prediction model, and the deposited
layers showed good appearance with no obvious defects.
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4. Conclusions

In this paper, a stable deposition process was realized by optimizing the CMT charac-
teristic parameters, i.e., I_sc_wait, I_boost, t_I_boost and I_sc2. The primary conclusions
obtained in this study are as follows:

(1) During the swing arc deposition process, a horizontal component of the arc force was
formed, thus significantly affecting the stability of the droplet transition.

(2) The Vilarinho regularity index for short-circuit transfer (IVSC) based on the coefficient
of variation could be used to characterize the stability of the deposition process.
I_sc_wait had a linear function relation with IVSC, while I_boost, t_I_boost and I_sc2
all presented a quadratic correlation with IVSC.

(3) A prediction model of IVSC was established based on a rotatable 3D central composite
design method; then, the optimization of the CMT characteristic parameters could be
realized using this model.

(4) The optimum combination of CMT characteristic parameters for the swing arc depo-
sition process of Mg alloy was I_boost of 312.5 A, t_I_boost of 2.5 ms, I_sc_wait of
10 A and I_sc2 of 75.5 A, which could guarantee a stable deposition process and good
appearance of the defect-free deposited layer.

Author Contributions: Conceptualization, S.H.; Methodology, Y.C. and C.Y.; Formal analysis, Z.Z.;
Investigation, C.Y. and X.B.; Resources, Y.C. and X.B.; Data curation, Z.Z.; Writing—original draft,
Z.Z.; Writing—review & editing, J.S.; Supervision, J.S. and S.H.; Funding acquisition, J.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (grant
No. 52075377).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw/processed data required to reproduce these findings cannot
be shared at this time due to technical or time limitations.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Saremi, S.G.; Mirsalehi, S.E.; Shamsipur, A. Transient liquid phase bonding of AZ31 magnesium alloy: Metallurgical structure

and mechanical properties. J. Manuf. Process. 2018, 35, 140–148. [CrossRef]
2. Li, W.Y.; Niu, P.L.; Yan, S.R.; Patel, V.; Wen, Q. Improving microstructural and tensile properties of AZ31B magnesium alloy joints

by stationary shoulder friction stir welding. J. Manuf. Process. 2019, 37, 159–167. [CrossRef]
3. Kolodziejczak, P.; Kalita, W. Properties of CO2 laser-welded butt joints of dissimilar magnesium alloys. J. Mater. Process. Tech.

2009, 209, 1122–1128. [CrossRef]

https://doi.org/10.1016/j.jmapro.2018.08.002
https://doi.org/10.1016/j.jmapro.2018.11.014
https://doi.org/10.1016/j.jmatprotec.2008.03.072


Materials 2023, 16, 3236 18 of 19

4. Song, G.; Diao, Z.; Lv, X.Z.; Liu, L.M. TIG and laser-TIG hybrid filler wire welding of casting and wrought dissimilar magnesium
alloy. J. Manuf. Process. 2018, 34, 204–214. [CrossRef]

5. Hu, S.S.; Zhang, H.; Wang, Z.J.; Liang, Y.; Liu, Y.Q. The arc characteristics of cold metal transfer welding with AZ31 magnesium
alloy wire. J. Manuf. Process. 2016, 24, 298–306. [CrossRef]

6. Weiler, J.P. Exploring the concept of castability in magnesium die-casting alloys. J. Magnes. Alloys 2021, 9, 102–111. [CrossRef]
7. Sun, J.M.; Hensel, J.; Köhler, M.; Dilger, K. Residual stress in wire and arc additively manufactured aluminum components.

J. Manuf. Process. 2021, 65, 97–111. [CrossRef]
8. Vishnukumar, M.; Pramod, R.; Kannan, A.R. Wire arc additive manufacturing for repairing aluminium structures in marine

applications. Mater. Lett. 2021, 299, 130112. [CrossRef]
9. Xi, N.Y.; Fang, X.W.; Duan, Y.S.; Zhang, Q.; Huang, K. Wire arc additive manufacturing of Inconel 718: Constitutive modelling

and its microstructure basis. J. Manuf. Process. 2022, 75, 1134–1143. [CrossRef]
10. Seow, C.E.; Zhang, J.; Coules, H.E.; Wu, G.Y.; Jones, C.; Ding, J.L.; Williams, S. Effect of crack-like defects on the fracture behaviour

of wire + arc additively manufactured nickel-base alloy 718. Addit. Manuf. 2020, 36, 101578. [CrossRef]
11. Zhang, Y.Q.; Cheng, F.J.; Wu, S.J. The microstructure and mechanical properties of duplex stainless steel components fabricated

via flux-cored wire arc-additive manufacturing. J. Manuf. Process. 2021, 69, 204–214. [CrossRef]
12. Zhou, W.; Long, T.Z.; Mark, C.K. Hot cracking in tungsten inert gas welding of magnesium alloy AZ91D. Mater. Sci. Tech. 2007,

23, 1294–1299. [CrossRef]
13. Wang, P.; Zhang, H.Z.; Zhu, H.; Li, Q.Z.; Feng, M.N. Wire-arc additive manufacturing of AZ31 magnesium alloy fabricated by

cold metal transfer heat source: Processing, microstructure, and mechanical behavior. J. Mater. Process. Tech. 2021, 288, 116895.
[CrossRef]

14. Guo, N.; Xu, C.S.; Du, Y.P.; Chen, H.; Fu, Y.L.; Feng, J.C. Influence of calcium fluoride on underwater wet welding process stability.
Weld. World. 2019, 63, 107–116. [CrossRef]

15. Suban, M.; Tušek, J. Methods for the determination of arc stability. J. Mater. Process. Tech. 2003, 143–144, 430–437. [CrossRef]
16. Chen, M.A.; Zhang, D.; Wu, C.S. Current waveform effects on CMT welding of mild steel. J. Mater. Process. Tech. 2017, 243, 395–404.

[CrossRef]
17. Singh, J.; Arora, K.S.; Shukla, D.K. Lap weld-brazing of aluminium to steel using novel cold metal transfer process. J. Mater.

Process. Tech. 2020, 283, 116728. [CrossRef]
18. Zhang, Y.M.; Li, P.J. Modified active control of metal transfer and pulsed GMAW of titanium. Weld. J. 2001, 80, 54–61.
19. Xiao, J.; Chen, S.J.; Zhang, G.J.; Zhang, Y.M. Effect of current waveform on droplet oscillation in GMAW. Adv. Mat. Res. 2013,

652–654, 2285–2288. [CrossRef]
20. Yuan, T.; Luo, Z.; Kou, S. Grain refining of magnesium welds by arc oscillation. Acta. Mater. 2016, 116, 166–176. [CrossRef]
21. Zhan, X.H.; Zhang, D.; Liu, X.B.; Chen, J.; Wei, Y.H.; Zhou, J.J.; Liu, R.P. Comparison between weave bead welding and multi-layer

multi-pass welding for thick plate Invar steel. Int. J. Adv. Manuf. Tech. 2017, 88, 2211–2225. [CrossRef]
22. Zhu, C.X.; Cheon, J.; Tang, X.H.; Na, S.J.; Lu, F.G.; Cui, H.C. Effect of swing arc on molten pool behaviors in narrow-gap GMAW

of 5083 Al-alloy. J. Mater. Process. Tech. 2018, 259, 243–258. [CrossRef]
23. Xu, X.F.; Ding, J.L.; Supriyo, G.; Diao, C.L.; Williams, S. Preliminary investigation of building strategies of maraging steel bulk

material using wire+arc additive manufacture. J. Mater. Eng. Perform. 2018, 28, 594–600. [CrossRef]
24. Mai, S.; Kiyomitsu, K.; Rui, T.; Izumi, F.; Yu, Y.; Takayoshi, N.; Norimichi, T. Control system for reducing weld spatter during the

welding process by using high-speed visual sensing. Mech. Eng. Lett. 2017, 3, 16–00679.
25. Liu, H.Y.; Li, Z.X.; Li, H.; Shi, Y.W. Study on metal transfer modes and welding spatter characteristics of self-shielded flux cored

wire. Sci. Technol. Weld. Join. 2008, 13, 777–780. [CrossRef]
26. Molleda, F.; Mora, J.; Molleda, J.R.; Mora, E.; Mellor, B.G. The importance of spatter formed in shielded metal arc welding. Mater.

Charact. 2007, 58, 936–940. [CrossRef]
27. Bi, J.; Shen, J.Q.; Hu, S.S.; Zhen, Y.H.; Yin, F.L.; Bu, X.Z. Microstructure and mechanical properties of AZ91 Mg alloy fabricated by

cold metal transfer additive manufacturing. Mater. Lett. 2020, 276, 128185. [CrossRef]
28. Yin, C.X.; Shen, J.Q.; Hu, S.S.; Zhang, Z.R. Microstructure and mechanical properties of AZ91 magnesium alloy fabricated by

multi-layer and multi-pass CMT based WAAM technique. Result. Eng. 2023, 18, 101065. [CrossRef]
29. Yan, Z.Y.; Zhao, Y.; Jiang, F.; Chen, S.J.; Li, F.; Cheng, W.; Ma, X.Q. Metal transfer behaviour of CMT-based step-over deposition in

fabricating slant features. J. Manuf. Process. 2021, 71, 147–155. [CrossRef]
30. Yang, M.X.; Li, L.; Qi, B.J.; Zheng, H. Arc force and shapes with high-frequency pulsed-arc welding. Sci. Technol. Weld. Join. 2017,

22, 580–586. [CrossRef]
31. Fan, Y.Y.; Fan, C.L.; Yang, C.L. Research on short circuiting transfer mode of ultrasonic assisted GMAW method. Sci. Technol.

Weld. Join. 2012, 17, 186–191. [CrossRef]
32. Kim, Y.S.; Eagar, T.W. Analysis of metal transfer in gas metal arc welding. Weld. J. 1993, 72, 269–278.
33. Meneses, V.A.D.; Gomes, J.F.P.; Scotti, A. The effect of metal transfer stability (spattering) on fume generation, morphology and

composition in short-circuit MAG welding. J. Mater. Process. Tech. 2014, 214, 1388–1397. [CrossRef]
34. Truppel, G.H.; Angerhausen, M.; Pipinikas, A.; Reisgen, U.; Paes, L.E.D.S. Stability analysis of the cold metal transfer

(CMT) brazing process for galvanized steel plates with ZnAl4 filler metal. Int. J. Adv. Manuf. Tech. 2019, 103, 2485–2494.
[CrossRef]

https://doi.org/10.1016/j.jmapro.2018.06.005
https://doi.org/10.1016/j.jmapro.2016.10.001
https://doi.org/10.1016/j.jma.2020.05.008
https://doi.org/10.1016/j.jmapro.2021.02.021
https://doi.org/10.1016/j.matlet.2021.130112
https://doi.org/10.1016/j.jmapro.2022.01.067
https://doi.org/10.1016/j.addma.2020.101578
https://doi.org/10.1016/j.jmapro.2021.07.045
https://doi.org/10.1179/174328407X213026
https://doi.org/10.1016/j.jmatprotec.2020.116895
https://doi.org/10.1007/s40194-018-0642-2
https://doi.org/10.1016/S0924-0136(03)00416-3
https://doi.org/10.1016/j.jmatprotec.2017.01.004
https://doi.org/10.1016/j.jmatprotec.2020.116728
https://doi.org/10.4028/www.scientific.net/AMR.652-654.2285
https://doi.org/10.1016/j.actamat.2016.06.036
https://doi.org/10.1007/s00170-016-8926-4
https://doi.org/10.1016/j.jmatprotec.2018.04.026
https://doi.org/10.1007/s11665-018-3521-5
https://doi.org/10.1179/174329308X380354
https://doi.org/10.1016/j.matchar.2006.09.011
https://doi.org/10.1016/j.matlet.2020.128185
https://doi.org/10.1016/j.rineng.2023.101065
https://doi.org/10.1016/j.jmapro.2021.09.027
https://doi.org/10.1080/13621718.2016.1277625
https://doi.org/10.1179/1362171811Y.0000000058
https://doi.org/10.1016/j.jmatprotec.2014.02.012
https://doi.org/10.1007/s00170-019-03702-5


Materials 2023, 16, 3236 19 of 19

35. Song, K.Y.; Wang, Z.J.; Hu, S.S.; Zhang, S.Q.; Liang, E.B. Welding current influences on Inconel 625/X65 cladding interface. Mater.
Manuf. Process. 2018, 33, 770–777. [CrossRef]

36. Shanmugam, R.; Ramoni, M.; Thangamani, G.; Thangaraj, M. Influence of additive manufactured stainless steel tool electrode on
machinability of beta titanium alloy. Metals 2021, 11, 778. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/10426914.2017.1364851
https://doi.org/10.3390/met11050778

	Introduction 
	Experimental Methodology 
	Results and Discussion 
	Cause Analysis of Spatter under Swing Arc 
	Effect of the CMT Characteristic Parameters on Process Stability 
	Optimization of the CMT Characteristic Parameters 

	Conclusions 
	References

