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Abstract: Gas metal arc welding-based additive manufacturing (GMA-AM) is a promising, low-cost
approach to fabricate large-scale and complex geometry components using layer-by-layer deposition
of metals. However, the low forming accuracy of GMA-AM still limits its one-off industrial applica-
tion due to the strong and nonlinear interactions between arc-droplet transfer and molten pool. To
fully understand the influential mechanism of this inherent interaction in the GMA—-AM process to
precisely control the part accuracy, the arc—droplet transfer behavior in the GMA-AM process with
different current waveforms was firstly studied experimentally. The phenomena of the arc swing and
the differing droplet transfer with the increase in deposited height were interpreted. The thermal
force status of the molten pool and its balance boundary conditions were also theoretically analyzed.
Finally, the microstructure and the hardness of the AM parts with different cooling times were tested
and analyzed. The experimental results demonstrate that using the spray droplet transfer mode
can generate a stable AM process under direct current application conditions, but it easily ends the
AM process at the third or fourth layer deposition owing to excessive heat input. A more highly
accurate deposition morphology can be obtained in one droplet per pulse mode under pulsed current
application conditions, which also indicates that the AM process with a constant current welding
supply is stabler and easily produces better deposition than the process with a constant voltage
welding supply. With the increase in cooling time, the microstructure evolved from fine ferrite to
equiaxed ferrite and to columnar ferrite combined with acicular ferrite with a lower proportion of
pearlite in the vertical direction of the part, and the average hardness changed to ~168 HV (bottom),
~175 HV (middle), and ~250 HV (top). The analysis indicates that the heat accumulation of the molten
pool is a critical factor that affects the deposition accuracy. To this end, a novel strategy that uses the
heat accumulation to compensate for the energy formed in the molten pool is proposed to further
reduce the arc heat input and weaken the heat accumulation, and its feasibility is discussed.

Keywords: WAAM; droplet transfer; arc stability; arc self-regulation; deposition accuracy

1. Introduction

Metal wire additive manufacturing (AM) technology is a new way to deposit materials
layer by layer instead of obtaining an over-dimensioned working blank and removing
needless materials. Specifically, it is considered as the approach with the most potential for
economic development to fabricate special parts with large-scale dimensions, complex ge-
ometry, and costly metal material, such as steel bars for use in construction [1], lightweight
aircraft components [2], large thin-walled components for use in rocket barrels, repair
parts for engineering machinery [3,4], etc. Many AM techniques have been developed for
constructing metal structures, including selective laser melting [5,6], direct metal deposi-
tion [7,8], electron beam freeform fabrication [9], ultrasonic additive manufacturing [10],
wire and arc additive manufacturing (WAAM) [11-14], etc.

In comparison with the laser-based AM process, WAAM has some outstanding advan-
tages, including low cost, high deposition efficiency, and wide material utilization [15,16].
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The fabricated components are all formed with welding metal and present many remark-
able merits, such as a high density, good metallurgical and mechanical performance, and
a homogeneous chemical composition. Particularly in the fusion arc welding process,
gas metal arc welding (GMAW)-based AM is a popular metal AM technology. In this
arc additive manufacturing process, an electric arc, used as the heat source, is generated
between the wire tip and the base metal or the underlying solidified layer metal and quickly
fuses the solid wire to achieve high deposition rates. Thus, GMA-AM might be utilized
to additively fabricate large-scale structure metal components. However, the inherent
complex interaction of the arc droplet and the molten pool affects the process stability, the
final weld bead appearance, or the additively manufactured morphology, which restricts
the one-off industrial application of components due to poor forming accuracy or other
defects. Therefore, improving or enhancing manufacturing accuracy by developing new
methods is still a focal research point.

A series of literature studies reporting GMA-AM investigations focusing on the
control of the formation shape by adjusting the processing parameters and establishing
an indirect model of welding parameters and weld bead parameters can be found in
refs. [17-19]. Spencer et al. investigated the effect of temperature on the surface finish,
residual stresses, and mechanical properties of components formed with a robotic GMA-
AM system and improved the surface quality by controlling the layer temperature using
an infrared thermometer [20]. Zhang et al. developed an automated welding-based rapid
prototyping system and validated the feasibility of using GMAW technology for building
three-dimensional geometry. A metal transfer control system was also employed to control
the size and frequency of the droplets in order to improve the deposition accuracy [21].
Song and Park proposed a novel hybrid approach using GMAW as an additive technique
and milling as a subtractive technique, thereby exploiting the advantages of both processes
and improving the surface quality [22]. Wanjara et al. developed electromagnetically
confined, welding-based additive manufacturing to build overhanging structures or tilt
structures at a large slant angle [23]. Xiong et al. showed that the bead width in the
multi-layer deposition process can be maintained to improve dimensional accuracy and
conserve materials and energy by adjusting the deposition velocity using a passive vision
sensor system [24-26].

Many publications have reported that the arc stability and droplet transfer behavior in
the GMAW process directly determine the weld bead formation and surface quality [27-32].
However, the multi-experienced-thermal loading process of GMA-AM shows a great
distinction with respect to the conventional GMAW process, which mainly includes the
heat dissipation boundary of the molten pool, the heat-mass transition, the interaction
of the arc—droplet system, and the thermodynamic equilibrium state of the molten pool.
Moreover, a few investigations in these fields have been systematically reported. Therefore,
it is necessary to comprehensively understand the arc characteristics and droplet transfer
behavior of the GMA-AM process, as well as the key factors that cause the changes in arc
stability and droplet transfer, to effectively improve the fabricated product accuracy and
design a new method. To this end, this paper firstly developed a rapid prototyping control
system combining a high-speed-camera-based vision acquisition system. The variations in
the arc and droplet transfer were captured, and the dynamic mechanism of arc interaction
with droplet transfer was systematically elaborated using welding theoretical physics. The
experimental results and discussions lay a good foundation for better understanding the
influential mechanism of the GMA—-AM process from the perspective of the interaction
of the arc droplet and the molten pool. Moreover, based on this significant investigation,
the precise forming technology of GMA-AM could be developed and applied to the
manufacturing of gear and roller parts for use in weaponry, double-arm stern frames for
large ships, and multi-axial piping structures for use in construction, as well as automobile,
hull, or pressure vessel manufacturing [33,34].
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2. Materials and Methods

A Q235 steel plate with dimensions of 100 mm x 50 mm x 4 mm was used as a
substrate. An ER50-6 welding wire was used as the deposition metal, and its diameter was
1.2 mm. Pure argon was used as the shielding gas, with a flow rate of 20 L/min. The welding
process performed by using the low carbon wire ER50-6 is relatively stable, easily forming
a good welding bead with little spatter and a good crack resistance. Therefore, the ER50-6
solid wire is widely used for welding conventional carbon steel, carbon structural steel, etc.,
and the additively manufactured components are widely used as flanges, abutments, or
seal pressure vessels [35]. The chemical compositions of Q235 steel and the ER50-6 welding
wire are shown in Table 1.

Table 1. Chemical compositions of Q235 steel and ER50-6 welding wire (wt.%).

Elements C Mn Si S P Cu Fe
Q235 0.17 0.30 0.15 0.035 0.015 / Bal.
ER50-6 0.06-0.15 1.40-1.85 0.80-1.15 <0.035 <0.035 <0.50 Bal.

A rapid prototype of a GMA-additive manufacturing system, shown in Figure 1, was
established to control the deposition parameters and acquire electric signals. This system
mainly included three parts: a rapid prototyping system, a vision-based acquisition system,
and a welding system.
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Figure 1. Schematic diagram of the experimental system.

The rapid prototype system consisted of host and target computers and a data ac-
quisition card, as well as MATLAB/Simulink XPC Target software tools (MathWorks
corporation, Natick, MA, USA). Before starting the experiment, the host computer transmit-
ted the welding parameters to the target machine to automatically conduct the experiments.
The motion system was controlled by the motion control card embedded in the host com-
puter. The current and voltage signal acquisition system included a Hall current sensor
CSMS500FA /100 mA (Xian Pushuo Electric company, Xi’an, China). To accurately acquire
the arc voltage and the current data, the Advantech ADAM-3014 isolation module (Ad-
vantech Technology China Co., Ltd., Shenzhen, China) was applied in the Advantech
PCL-812PG data acquisition. A high-speed camera made by Olympus Corporation was
used to sample the metal transfer and the arc dynamics in the GMA-AM process. The
deposition parameters are shown in Table 2. A K1346-13/Idealarc® CV400 MIG Welder
(Lincoln, Cleveland, OH, USA) was employed to output the arc energy, and also an LN-7
GMA wire feeder was used to fill the wire.



Crystals 2023, 13, 546

40f15

Table 2. GMAW-AM depositing parameters.

Wire Feed Moving Wire Extension Heat Input
No Voltage (V) g ced (cm/s)  Speed (cm/s) (mm) (J/cm)
#1 32~34 10.58 5.33 12 ~1114
#2 28~30 10.58 5.33 12 ~1013

In this work, experiments were designed by applying direct current (DC) and pulsed
current (PC), and were performed to investigate the effect of arc-droplet interactive behav-
ior on the deposition morphology when the heat input to the substrate was kept constant. In
the DC GMA-AM process, a constant voltage welding machine was used and the welding
current was adjusted by the wire feed speed. In the PC GMA-AM process, a DELEX VIRIO
MIG-400L welding supply was used to output a pulsed current waveform with a constant
current source. The deposition direction is shown in Figure 1. The pulsed parameters are
listed in Table 3.

Table 3. Pulsed GMAW-AM depositing parameters.

Peak Current Base Current Pulse Frequency . o Moving Speed Heat Input
No A) A) (Hz) Duty Ratio (%) (cm/s) (J/em)
#3 420 5.33 ~923
#4 580 100 100 20 5.33 ~1103
#5 500 5.33 ~1013

The parameters listed in Tables 2 and 3 are the optimized parameters determined
from many previous experiments. To determine the influential mechanism of the process
parameters on the forming accuracy of the AM, two experiments with different deposition
morphologies in the DC GMA-AM process were selected in this section. Although the
parameters listed in Table 2 affect the arc shape, the droplet transfer, and the molten
pool dynamics, all the actions of these parameters can be normalized by the heat input.
Furthermore, the GMAW process is stable when the melting speed of the solid wire is equal
to the wire feeding speed when the moving speed of the work piece is constant. The wire
extension can be maintained at a certain length due to the inherent arc self-regulation, which
determines a stable arc voltage with low fluctuation. Hence, only the voltage parameter
in Table 2 was selected as the variable. In the PC GMA-AM process, the purpose of these
experiments performed with the parameters in Table 3 was to demonstrate the feasibility
of controlling the heat accumulation and the droplet transfer mode by adjusting the peak
current. Meanwhile, the peak current of the pulsed GMAW process was mainly used to
melt the solid wire and the substrate. The base current was only used to keep the arc
burning constantly. Therefore, the amount of the heat input to the molten pool mainly
depended on the peak current and its action time, namely the duty ratio. Hence, the
variation in the peak current was only used to reveal the change in the heat input to the
molten pool and the final forming accuracy.

The wall-like AM parts were cut using a wire cutting machine, and their cross-sections
were mechanically ground and polished to obtain a mirror-like surface by following a
standard metallographic procedure. The microstructure of the parts was observed and ana-
lyzed by optical microscopy (OM) and scanning electron microscopy (SEM). Microhardness
measurements were carried out on the as-etched specimens, in compliance with ISO 6507-1,
using a Zwick/Roell ZHV Vickers (ZWICK ROELL Co. Ltd., Frankfurt, Germany) hardness
tester equipped with an optical microscope. On each layer of the deposition, 20 points
were selected to perform the microhardness measurements. The average hardness of these
locations was also computed, and the variation in the average hardness of the different
layers was analyzed. A 200 N load with a dwell time of 10 s was used for all indentations.
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3. Results and Discussion
3.1. Deposition Morphology

The series of experiments were repeatedly conducted by using the parameters listed
in Tables 1 and 2, and the final morphologies are shown in Figure 2.

(b)

Figure 2. The additively manufactured morphologies (a) with DC and (b) with PC.

Figure 2a shows the deposition results of the DC GMA-AM process with different
droplet transfer modes. As Figure 2a #1 shows, there is a small variation in the width and
the height of the deposited layers in the vertical and the horizontal directions with the
same depositing parameters, and a vertical wall with six layers was eventually obtained.
Figure 2a #2 shows the morphology manufactured by a low heat input, the same wire
feeding speed, and the same depositing speed with sample #1. The morphology of the
surface is not smooth and a few pores are present. The width and the height of the layers
deposited by the globular transfer mode change significantly, and only four layers were
deposited. The morphologies of the additively manufactured parts agree with the results
reported by Xiong [36]. It was also demonstrated that the more heat input to the substrate
plate, the lower the accuracy of the AM part.

Aldalur determined that the pulsed GMAW process can more easily achieve a low
heat input and generate a small droplet transition compared to the conventional GMAW
process [37]. Figure 2b #3 depicts the formation deposited by the one droplet multi-pulse
mode in a single bead multi-layer of the PC GMA—-AM process. According to Zhai’s
comparative study of droplet transfer modes on weld bead appearance during pulsed
GMAMW, a better weld bead appearance with a small penetration/width ratio and lower
fuming on the steel plate could be achieved with the one droplet per pulse welding
process [35]. This geometrical weld bead is more beneficial for deposition of the next layer.
The analysis indicates that the droplet is transferred from the wire tip to the molten pool by
the one droplet multi-pulse mode, and the arc dynamic might be fully changed or even
be extinguished in the base current period due to the large difference between the pulse
peak current period and the pulse base current period. This action restrains the fluid flow
of the weld metal and disturbs the solidification of the weld pool. The final deposition
appearance is uneven and sunken, which impedes the subsequent formation of the liquid
metal. Figure 2b #4 shows the formation deposited by the multi-droplet per pulse transfer
mode. In this case, a high depositing efficiency could be obtained, but a larger arc energy
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is needed to melt the solid wire quickly; thus, the heat input to the molten pool quickly
increases, which in turn disturbs the force balance of the molten pool boundary, resulting
in a poor forming accuracy. What is more, most of the previous layer of the deposition
may re-melt, resulting in a morphology with a lower depth/width ratio. When the droplet
was transferred by the one droplet per pulse mode, a high quality deposition was obtained
because of the dynamic balance between the heat input and the droplet transition. With
appropriate depositing and wire feed speeds, the droplet transferred by the one droplet per
pulse mode can be adequately spread on the substrate or the deposition surface, but also the
heat input to the substrate can be precisely controlled, maintaining the uniformity and the
continuity of the weld metal solidification. At last, a high quality deposition is generated, as
shown in Figure 2b #5. According to the results of Zhai’s investigation [35], they postulated
that the droplet transfer frequency and its dimensions significantly affect the penetration
and the width of the molten pool. This conclusion fits with our experimental results.
However, the reasons given by Zhai do not fully explain our results. They suggested that
the high frequency impact of the droplet on the molten pool increases the penetration;
however, we regard this as a result of the contribution of the excessive heat input from the
arc energy, because if the multi-droplet per pulse mode is generated in the GAMW process,
a large current and a long arc length have already been set, which generates more arc heat.

The above experiments demonstrate that the forming accuracy of the PC GMA-AM
process is clearly higher than the DC results, which is in accordance with the study of
Aldalur Eider [38]. In order to clearly understand the influential mechanism of the welding
current waveform on the deposition morphology and to precisely control the forming
accuracy of the AM parts, in this study, the arc—droplet interaction, which is closely related
to the final manufactured shape, was visually analyzed by using captured images and
welding physics.

3.2. Arc Characteristics and Droplet Transfer Behavior in the GMA—AM Process
3.2.1. DC GMA-AM Process

To clearly understand the different mechanisms of the droplet transfer and the arc
dynamics in the deposition process from bottom to top of the wall, in this section, images
of the arc shapes and the droplet transfer were taken by a high speed camera at 2000 fps.
The images of the arc shape and the droplet are shown in Figure 3. The No #1 parameters
listed in Table 2 were chosen in this experiment because of the stable mass transfer process
and a better weld bead shape, shown in Figure 1a.

Figure 3a,b shows typical images of the arc shape and the droplet transfer when
depositing the first layer on the substrate. The arc shape shows a typical bell-like geom-
etry, and the droplet drops from the wire tip using a spray transfer mode and enters the
molten pool along the positive direction. According to the explanation of Xiong [36], this
phenomenon always occurs in the conventional GMAW process, and the stability of the
arc—droplet system mainly depends on a balance between the wire feed speed, the welding
speed, the arc voltage, and the substrate dimensions. Thus, the final shape can be manipu-
lated by controlling the arc length and the droplet transfer mode. Moreover, the heat input
to the molten pool can be quickly dissipated via a substrate with large dimensions, and
then a good weld bead with the desired depth-to-width ratio is finally obtained.

Xiong investigated the effects of the main process parameters such as the inter-layer
temperature, the wire feed speed, the travel speed, and the ratio of wire feed speed to
travel speed on the surface roughness of thin-walled parts by using process experiments
and modeling simulations [36]. However, the evolution of the droplet, the arc shape, or the
molten pool dynamics do not explain the physical processes. Changes in the arc voltage
and the heat input to the molten pool with an increase in the deposition layer could alter the
droplet transfer mode, which further determines the droplet mass transfer from the wire tip
to the molten pool. Therefore, precise control of the droplet transfer is very important and
assists in generating a consistent and uniform deposition layer. Consequently, it is necessary
to study the arc dynamics and the droplet transfer behavior in the GMAW-AM process.
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Figure 3. Typical images of arc shape and droplet transfer with a DC waveform (no #1). (a) Arc shape
in the first layer deposition. (b) Droplet transfer in the first layer deposition. (c) Arc shape in the
fourth layer deposition. (d) Droplet transfer in the fourth layer deposition.

Typical images of the arc shape and the droplet captured at the fourth layer are shown
in Figures 3c and 3d, respectively. They show that the arc shape has clearly changed, and
the cathode spot moves from one side to the other side of the molten pool, causing the
liquid metal to fluctuate. Moreover, the droplet transition changes from spray transfer to
globular transfer, and even a short circuit transition occurred between the higher melting
layer and the wire tip, which easily causes the molten pool to lose stability in the additive
manufacturing process due to heat accumulation. From the arc self-regulation principle of
the constant supply of welding voltage, it is indicated that the intrinsic adjustment of the
arc length weakens the arc stability when the arc voltage is reduced and the height of the
deposited layer is increased.

A comparison of Figure 3a,c indicates that the location of the cathode spot on the
molten pool surface changes to be more acute and flexible, resulting in a varying droplet
transfer axial direction, which also seriously affects the splash phenomenon because the
partial droplet metal is transferred from the wire tip to the molten pool. This leads to an
unstable mass transfer process in each of the deposition layers. The heat-mass transmission
plays a dominant role in determining the deposited precision of the part. In particular,
the thermal force balance of the molten pool directly decides the forming accuracy of the
GMA-AM components. In addition, in the DC GMA-AM process, the influence of the
heat accumulation on the stability of the molten pool is reflected more significantly in the
third deposition layer, and thus the final, sixth layer was deposited by using the same
parameters as the first layer deposition. According to Zhao's reports [39], the distribution
of the forces acting on the molten pool is shown in Figure 4. Figure 4a,b shows the loading
states of the molten pool in the first layer and the fourth layer, respectively. When the
arc—droplet transfer process is stable in the GMA-AM process, the final morphology and
accuracy are mainly determined by the volume size and the dynamic stability of the molten
pool. A lower depth-to-width ratio of the molten pool is expected to maintain the height
and the width of the deposition layer; therefore, the heat input to the current molten pool
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should be low to re-melt the previous deposition layer as little as possible. Thus, the force
balance of the molten pool mainly depends on the surface tension, F§, and the joint force
of the arc force and gravity, which is illustrated in Figure 4b. With the increase in the
number of depositing layers, there are two main changes in the molten pool. One is that a
small change in the braced force, F;,, occurs due to the lower amount of remelted previous
deposition layer, and another is that the surface tension, F5s, changes less because of the
increase in the temperature of the molten pool brought about by the heat accumulation.
Therefore, the boundary of the molten pool easily loses balance, resulting in a side-stream
shape. This has been demonstrated in Zhao's results [39]. Hence, precisely controlling the
heat input to the molten pool is the key to achieving a good deposition morphology with
the desired accuracy.

Fa

Fa

Fs Fs

Substrate  Molten Deposited Molten
pool layers pool

(a) 1st layer (b) 4th layer
Figure 4. The acting force distribution of the molten pool.

3.2.2. PC GMAW-AM Process

In this section, a pulsed current was employed to reduce the heat input and precisely
control the droplet transition. In the pulsed GMA-AM process, some pulsed parameters
need to be adjusted to meet the requirements of the arc—droplet system. Therefore, the
effects of the pulsed parameters on the droplet transfer behavior and the forming accuracy
were carefully studied. In these experiments, the moving speed of the work piece was
3.2 m/min and the wire feeding speed was 6.35 cm/min. The other parameters are shown
in Table 3.

The captured images of the arc and the droplet are shown in Figure 5. Figure 5a—c
shows typical images of the arc shape and the droplet transition using the multi-droplet per
pulse cycle, the one droplet per pulse cycle, and the one droplet multi-pulse cycle mode in
the deposition of the first layer deposition, respectively. Figure 5d—f shows typical images
of the arc shape integrated with the droplet using the one droplet multi-pulse cycle, the
one droplet one pulse cycle, and the multi-droplet per pulse cycle mode in the deposition
of the fourth layer, respectively.

When the peak current was 420 A, the droplet transition presented a one droplet
multi-pulse transfer mode. This is because the peak current is too small, resulting in a low
heat input and a small electromagnetic contraction force acting on the liquid wire tip to
transfer the droplet. Therefore, the solid wire was melted by increased energy derived from
the pulsed current and the resistance heat and a larger droplet was generated. Thus, the
liquid metal might be transferred to the molten pool by overcoming the surface tension.
When peak current was 500 A, the droplet was transferred by using the one droplet per
pulse pattern, and had smaller dimensions, which can be seen in Figure 5b. When the peak
current was further increased to 580 A, the droplet transfer mode was changed from the
one droplet per pulse to the multi-droplet per pulse cycle due to the larger heat input and
the larger electromagnetic contraction force, as well as the smaller surface tension of the
wire tip. Finally, the spray transfer mode occurred, which can be seen in Figure 5a.
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Figure 5. Typical images of the arc shape and droplet transfer with a pulsed current waveform.
(sample #5). (a) Multi-droplet per pulse cycle mode in the first layer deposition. (b) One droplet per
pulse cycle mode in the first layer deposition. (c) One droplet multi-pulse cycle mode in the first layer
deposition. (d) One droplet multi-pulse cycle mode in the fourth layer deposition. (e) One droplet
per pulse cycle mode in the fourth layer deposition. (f) Multi-droplet per pulse cycle mode in the
fourth layer deposition.

As seen in Figure 5d—f, the most stable additive manufacturing process is when the
droplet transition occurs using the one droplet per pulse cycle pattern. According to Zhu's
reports [40], the combination of the pulsed arc and the pulsed droplet transfer mode obtains
the best thermal and the mechanical transfer characteristics, which is more suitable for the
WAAM process. Moreover, in the peak current period, the arc energy is mainly used to
melt the solid wire and fuses the pre-deposited solidification layer to form a molten pool
with a fixed voluminal size. The melted droplet could separate from the wire tip and enter
the molten pool along the axial direction of the arc column. Furthermore, the arc length, in
this transfer process, could be appropriately adjusted by the arc intrinsic self-regulation of
GMAW, which is shown in Figure 6, and thus the arc could be kept very stable, which in
turn maintained the uniformity and continuity of the deposited layer width.

Bingtil reported that the arc inherent self-regulation strongly affects the stability of the
arc—droplet system in GMAW [41]. In Figure 6, the Ap, line is the external characteristic of
the welding supply. By and By, show the static variations in the long and short arc of the
GMAW, respectively. Cm is the wire feed rate which is equal to the wire melting speed.

When the arc length is reduced, the static curve changes from By, to Byy. Conse-
quently, the current fusing wire increases from I, to Iy. The correlation of the melting
rate with the welding current shows that the melting rate increases, which can be shown
by Vim2 > V1. Their correlations can be expressed by the following:

Vi = Ki-T — KU

where Kj and K|, represent the current and the voltage melting coefficients, respectively.
These values correlate to the resistivity, diameter, wire extension, and the potential gradient
of the arc column. The value, in this work, is considered as a constant.
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Figure 6. Diagram of arc inherent self-regulation.

When the equal working point of the arc changes from the O, to Op,, despite the
O meeting the characteristic matching requirement between the weld power source
and the arc, it cannot satisfy the balance of the wire feed and the melting speeds. The
increased current melts more wire and the arc length increases. Consequently, the new
balance point of the arc can only be achieved by regulating the melting rate of the wire.
When the wire extension is reduced, the burning arc moves to the conductive nozzle and
ceases the welding process when the conductive nozzle is completely melted. Hence, in
this process, the arc inherent self-regulation was achieved by adjusting the wire feed speed.

In brief, the experiments designed with different current waveforms and the analyses
of the GMA—-AM process demonstrate that the arc-droplet interaction could be weakened
by the liquid bridge transfer mode in the DC GMA-AM process, and the heat mass transfer
could be precisely controlled by using the one droplet per pulse mode in the PC GMA-AM
process. However, the significant heat accumulation in the molten pool could not be appre-
ciably weakened in these AM processes; the final deposition morphology was poor and the
forming accuracy was low. Therefore, effectively reducing the heat accumulation of the
molten pool to maintain its dynamic balance and maintain this status in the next deposition
is key to improving the AM accuracy of the parts. Lots of publications have reported many
new methods for resolving this problem, including interlayer cooling, immerged water
cooling, liquid nitrogen cooling, and low heat input welding methods [42-45]. Although
these methods are able to reduce the heat accumulation to a certain extent, they reduce the
deposition efficiency, enhance the complexity of the AM equipment, and so on. That is to
say, the mentioned approaches have not completely resolved heat accumulation. Based on
this work, we have proposed a novel idea that the heat accumulation might be used as a
part of energy to melt the previous solidified metal, i.e., the heat input to molten pool. In
summary, the energy utilized to form the molten pool includes two parts: the arc droplet
heat input and the heat accumulation. Based on this assumption, we have conducted some
works, including mathematical modeling and experiments, which will be presented in the
next publication.

3.3. Microstructure and Microhardness of the Deposited Layers

Based on the analysis of the arc—droplet transfer behavior of PC GMA-AM and the
observations of the deposition morphologies, it was shown that the thermal mass transfer
mode can be precisely controlled by adjusting the pulsed parameters. Moreover, the
pulsed current can stir the molten pool and refine the grain structure, which has been
reported in the literature [37]. Hence, in this section, the cross-sections of the parts with PC
application were analyzed, and their microhardnesses were measured. The optimized No
#5 parameters in Table 3 were chosen. The interlayer temperature was precisely controlled
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by the cooling time (1 min, 3 min, and 5 min), and then three deposited parts with ten
layers were obtained, which are shown in Figure 7.

i

Fine ferrite

C‘olumnay'

ferrife
Acicular
ferrite < a

Equiaxed ferrite

(b)

Figure 7. Cont.
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(c)

Figure 7. Microstructure of the deposited parts with different interval cooling times. (a) 1 min,

(b) 3 min, and (c) 5 min.

The morphologies of the parts shown in Figure 7 indicate that the depth and the
height of the molten pool clearly changes with an increase in the interval cooling time.
Along with the deposition direction, the thin-walled parts were divided into three regions,
including the top section III, middle section II, and bottom section I. The three regions
were analyzed by optical microscopy and SEM. The results show that the microstructure
of the parts is almost completely composed of ferrite, with a smaller pearlite phase. The
morphologies of the ferrite can be classified into four types, a fine ferrite phase, an equiaxed
ferrite phase, a columnar ferrite phase, and acicular ferrite, which is shown in Figure 7a.
These experimental results agree with those of Hu [46]. Moreover, in a comparison with
Hu's results [46], it was found that the grain size of the AM parts obtained by our method
is smaller, and the grain structure is well distributed in the bottom and middle areas.

It is shown in region I in Figure 7 that the fine ferrite structure was generated, although
the interval cooling time changed from 1 min to 5 mins. Compared with the middle areas,
it could be seen that the ferrite grains were equiaxed, especially on the grain boundary, and
the grains in Figure 7c, image Il were the smallest. At the top of the samples in Figure 7a,
region IlI, it was shown that there was columnar ferrite located at the grain boundary and
acicular ferrite located in the grain. The top of the sample in Figure 7b and the sample in
Figure 7c indicate that there was a narrow columnar ferrite. As a result of the different
rapid solidification processes with different cooling times, the heat accumulation largely
determined the final microstructures of the deposited parts. A lower heat accumulation
resulted in the formation of fine equiaxed grains, which might significantly affect the
mechanical properties of the deposited component [46,47].

Figure 8 depicts the microhardness (HV) distribution of the samples in the cross-
sections shown in Figure 7. Figure 8 shows the hardness curve of the samples from the
center axis of the bottom to the top with different heat accumulations. From the hardness
curves, it was shown that the hardnesses of the three samples were similar to each other in
the bottom and the middle regions, while the hardness curves at the top of the cross-sections
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were different. The average hardnesses of the bottom and the middle areas of samples
were below 180 HV. However, the hardness of the top area of the samples clearly changed
from 220 HV to 260 HV. From the three hardness curves, it was clearly observed that the
hardness at the top of the surface area with a cooling time of 3 mins was the highest, as
coarse ferrite grains were formed under a suitable thermal cycle temperature. In addition, it
was easily found via a comparison with the literature [46] that the average hardness of the
parts made with PC GMA-AM was higher than those made with DC GMA-AM because
of the strong stirring action of the pulsed arc force in the molten pool and the restraining
action of the lower heat input.

280

260 L —0— Cooling time 1 min
—0— Cooling time 3 mins
—~— Cooling time 5 mins

N
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T
\4\
—r—
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Distance from substrate / mm

Figure 8. Micro-hardness of parts with different interval cooling times.

4. Conclusions

In this study, the effects of the process parameters on the arc shape, the droplet
transfer mode, the deposition morphology, and the hardness in pulsed GMA-AM were
experimentally investigated, and its influential mechanism was discussed. The conclusions
are as follows:

(1) In the DC GMA-AM process, although a sound deposition morphology can be
achieved by using the droplet spray transfer mode, the stable AM process can be easily dis-
turbed owing to the arc self-regulation, accumulating too much heat to finish the entire AM
process. In the PC GMA-AM process, the one droplet per pulse cycle droplet transfer mode
is considered as the best transfer pattern, producing a more accurate deposition formation.

(2) The constant current welding supply is more suitable for application in GMA-AM
because of the weakened arc self-regulation, and using a pulsed current in the GMA-AM
process more easily and precisely controls the heat input and the heat accumulation to
achieve a high deposition accuracy of the parts.

(3) The heat input not only affects the droplet transfer behavior but also changes
the spreading behavior of the liquid metal on the substrate, as well as the thermal force
balance of the molten pool in different deposition layers. The proposed strategy uses the
heat accumulation of the previous deposition to compensate for the energy formed in the
molten pool, potentially significantly reducing the heat accumulation and producing highly
accurate AM components.

(4) The microstructure of the deposited parts in the middle region was equiaxed ferrite
grains. With an increase in the interlayer cooling time, the microstructures of the bottom,
middle, and top regions were fine ferrite, equiaxed ferrite, and columnar ferrite integrated
with acicular ferrite and a lower proportion of pearlite, respectively. The average hardnesses
of the bottom, middle, and top areas along the deposited direction were ~168 HV, ~175 HYV,
and ~250 HV, respectively.
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