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Abstract The surface temperature of the thin-walled parts
deposited by gas metal arc welding (GMAW)- and double-
electrode gas meal arc welding (DE-GMAW)-based additive
manufacturing (AM) techniques was captured through the in-
frared thermography technique. The dimensions of the molten
pool in the deposition process including length, depth, and
width were reduced in different degrees by the bypass arc
during the DE-GMAW-based AM. The volume of the molten
pool can decrease by about 30% in DE-GMAW under the
same deposition rate. The volume of the high-temperature
metal for the deposited parts during DE-GMAW-based AM
was smaller than that during GMAW-based AM when depos-
iting the high layer. The mean temperature of the deposited
parts after the cooling process in DE-GMAW-based AM was
lower under the same condition. The bypass arc in DE-
GMAW-based AM is conducive to the reduction of the heat
accumulation in the deposited thin-walled parts without a cor-
responding decrease in the deposition rate.

Keywords Additive manufacturing - Double-electrode
GMAW - Thermal behavior - Thin-walled part - Infrared
thermography

1 Introduction

Additive manufacturing (AM) is an advanced fabrication
technology that can make components through layer-by-layer
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deposition based on the virtual solid models. Due to its advan-
tages of low production costs, short production time and ma-
terials saving, AM has become a research hotspot all over the
world [1]. Especially with the increasing requirement of in-
dustrial production, fabricating metal functional parts directly
by additive manufacturing has attracted the attention of many
researchers over the recent years [2]. Depending on the energy
source utilized in the deposition process, metallic AM tech-
nologies can be classified into three groups: laser-based, elec-
tron beam-based and welding arc-based [3]. The equipment
expenditure and maintenance costs were high in laser and
electron beam-based AM. In contrast, the welding arc-based
AM has the advantages of low equipment cost and running
cost [4]. Moreover, the metal wire was usually served as the
deposited raw material in welding arc-based AM processes;
thus, it was a cleaner technique with fewer contamination
issues, compared with the AM process using powder [5].
Based on the welding methods used in AM, it can be classified
into the following groups: gas metal arc welding (GMAW),
gas tungsten arc welding (GTAW), and plasma arc welding
(PAW). It is generally known that the wire in GMAW acted as
a consumable electrode is melted by the welding arc directly.
This will lead to high deposition rate in GMAW-based AM. It
is more suitable to fabricate the medium and large scale struc-
ture metal parts by GMAW based AM.

However, the high deposition rate will bring large heat
input into the fabricated part in the deposition process. It
has bad effects on the final residual stresses, geometry
accuracy, and mechanical properties of the formed parts.
Especially during single-pass multi-layer GMAW-based
AM, the heat accumulation of the deposited part be-
comes serious as the deposited height increases [6].
This is a common problem that restricts the development
and application of GMAW-based AM technique. Some
investigations about the heat accumulation in GMAW-
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based AM have been explored. Spencer et al. [7] im-
proved the surface finish of the deposited parts by con-
trolling the temperature of the parts through an infrared
(IR) thermometer during the GMAW-based AM, but this
was at the expense of reduced process efficiency. Zhang
et al. [8] presented a wave-controlled short-circuit trans-
fer mode in GMAW-based AM, with some advantages
including low heat input, and smooth integration between
droplet and weld pool, but the current waveform of
welding process must be acquired by experiments in ad-
vance. Zhao et al. [6] analyzed the thermal behavior dur-
ing single-pass multi-layer GMAW-based AM by 3D fi-
nite element numerical simulation. The results showed
that adopting the same depositing directions can signifi-
cantly improve the heat diffusion condition of the com-
ponent. During single-pass multi-layer GMAW-based de-
position, Xiong et al. [9, 10] proposed an improved neu-
ron self-learning PSD controller to achieve the desired
bead widths of the deposited parts, neglecting the error
of the deposition height. Ding et al. [11] proposed an
adaptive medial axis transform (MAT) algorithm for
GMAW-based additive manufacturing. It can improve
geometrical accuracy and save materials more than 27%
when fabricating thin-walled structures.

After the summarization of present literatures, the com-
monly used measures to relieve the heat accumulation are
decreasing the welding current, increasing the travel speed,
or prolonging the inter-layer cooling time. These will cause
lower deposition rate or make the deposition process time-
consuming and weaken the advantages of GMAW based
AM. In the welding field, the double-electrode gas metal arc
welding (DE-GMAW) technique [12—15] was characterized
as reducing the heat input into the base metal distinctly
through the bypass arc under the same deposition rate. It has
been applied into the weld-based additive manufacturing in
our previous research [16]. The forming characteristics of
multi-layer single-bead deposition by DE-GMAW were in-
vestigated and the effect of the bypass current on the forming
dimensions and the materials utilization was illustrated in that
work.

In order to gain a deeper understanding of DE-GMAW-
based AM, it is necessary to investigate the thermal process
of this deposition. In this paper, an infrared camera was used
to capture the surface temperature of the deposited parts dur-
ing GMAW- and DE-GMAW-based AM processes. The in-
frared camera is a non-contact device that detects infrared
energy and converts it into an electronic signal, which is then
processed to produce a thermal image on a video monitor and
perform temperature calculations. In AM researches, Bai et al.
[17, 18] utilized the IR imaging for calibrating input material
thermal parameters to improve the prediction accuracy of ther-
mal finite element analysis for GMAW-based AM. Rodriguez
et al. [19] developed an integrated thermal imaging system in
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electron beam melting AM with a higher level of feedback
that can allow for captured IR images to be analyzed and
processed as a means to identify absolute thermal non-
uniformity on the part’s surface. Farshidianfar et al. [20]
established an infrared thermal imaging system to compare
the effects of cooling rate and melt pool temperature on the
microstructure of 316 L stainless steel produced by laser-
based additive manufacturing. Thus, the infrared thermogra-
phy technique is a convenient, non-contact, non-destructive,
and real-time test method for detecting the object temperature
in AM process. This paper aims at investigating the influence
of the bypass arc on the thermal behavior when depositing the
thin-walled parts by DE-GMAW-based AM, compared with
the GMAW-based AM.

2 Experimental system

The DE-GMAW-based additive manufacturing system is
shown in Fig. 1. The /, Iy, and J,,, Were wire melting current,
bypass current, and base metal current, respectively. DE-
GMAW was established by introducing a GTAW torch to
form a bypass current loop for the wire melting current. In
that way, the base metal current was decoupled from the melt-
ing current and the heat input into the base metal was lower
with the same wire melting rate. In this work, the Panasonic
YD-500FR welding machine with constant voltage mode was
the GMAW power supply and the Rilon WS-400 with con-
stant current mode was the bypass arc power supply. During
the deposition process, both welding torches were always stat-
ic and the thin-walled part was fabricated with the movement
of the work flat. After the deposition of each layer, the work
flat should descend with a certain height. The HO8Mn2Si steel
wire with 1.2 mm diameter served as a consumable material
deposited on the Q235 low-carbon steel plates with dimension
0of 250 mm x 80 mm x 9.5 mm. The diameter of the tungsten
electrode used in the GTAW torch was 3.2 mm. The shielding
gas for GMAW torch was Ar (95%) and CO, (5%) gas mix-
ture with a constant flow rate of 15 L/min, and the pure Ar gas
was supplied for the GTAW torch with 8 L/min flow rate. The
relative position of two welding torches and the distance be-
tween the torches and substrate were just the same with that in
Yang et al. [16].

The main experimental parameters are listed in Table 1.
Two groups of experiments for depositing thin-walled parts
by DE-GMAW and GMAW have been explored with the
same wire feed speed and deposition velocity. The bypass
current in the DE-GMAW-based AM was always 80 A, while
the GMAW-based AM was without the bypass arc. In the
deposition process, the surface temperature of the deposited
thin-walled parts was captured by the IR camera, as shown in
Fig. 1.
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Fig.1 Schematic diagram of DE-
GMAW-based AM system with
the IR camera
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2.1 IR camera

The IR camera applied in this work was FLIR SC620. The
specifications of the interest for this IR camera are provided in
Table 2. As shown in Fig. 1, the IR camera was directly facing
the plane of the welding torches and the deposited part. For
protecting the IR camera lens from the welding spatter, the
camera was located at a distance of 1 m from the GMAW
torch which provided a resolution of 0.66 mm/pixel. During
the deposition process, the surface temperature of the formed
parts was recorded by the camera and the data was stored in
the related computer for further analysis.

It should be noted that the related parameters setting for the
infrared thermography has significant influence on the tem-
perature measurement results. The IR camera worked with a
frame rate of 15 Hz. The temperature measurement range of
the IR camera was 0—500 or 200-2000 °C. In the metal depo-
sition process, the maximum temperature of the deposited
parts was more than 1450 °C (the melting point of the steel)
and the temperature measurement range was set as 200—
2000 °C. In the cooling process, if the maximum temperature
was below 500 °C, the temperature range switched to 0—
500 °C. This was because the temperature of some place on
the deposited part was likely below the 200 °C after cooling
for a period of time. If the larger range was used in this case,
the temperature measurement will be inaccuracy. The
switching time was shorter than 5 s, and it had a slight effect

Table 1 Experimental

parameters of DE- Parameter Value

GMAW-based AM
Wire feed speed (m/min) 4.92
Arc voltage (V) 23.5
Deposition velocity (mm/s) 5
Deposited length (mm) 180
Inter-layer cooling time (min) 5
Total number of layers 20

Infrared Camera

on the results. The emissivity of the object was also essential
for the IR thermography. In this work, after the calibration test
using the thermocouple, the emissivity of the deposited parts
was set as 0.84, neglecting the influence of the temperature
and object’s status.

2.2 Error analysis of IR thermography

The temperature measurement accuracy of IR thermography
in DE-GMAW-based AM was essential for the subsequent
analysis. The typical thermal images of the deposition process
and the cooling process captured by the IR camera are shown
in Figs. 2a and 2b, respectively. The surface temperature dis-
tribution of the deposited part was generally distinct while the
temperature of some place in the thin-walled part was not
accurate.

In Fig. 2a, the zone under the GMAW torch marked by the
red line is worth discussing. Normally, this zone should be
molten pool. Thus, the temperature of this place is more than
the melting point of the steel at about 1400—-1500 °C actually.
But, the measured temperature was only about 540 °C. The
main reason for this error was the difference of thermal emis-
sivity between the solid and liquid steel. In the calibration test,
the measured point by the thermocouple was not in melting
point. The calibrated emissivity of the deposited steel part was
only suitable for the solid condition. According to Schopp
et al. [21] and Goett et al. [22], the emissivity of the liquid

Table 2 IR camera specifications

Detector type Uncooled microbolometer
Spectral range (pum) 7.5~13.0

Resolution (pixels) 640 x 480

Frame rate (Hz) 30, 15,7.5

Standard temperature range (°C) 0~500, 200~2000
Measuring accuracy (%) +2
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Fig. 2 The typical temperature a
field distribution of the thin-
walled part by the IR camera. a In
deposition process. b In cooling
process

GTAW torch
\ -~
-

S235 steel (a material was similar with the Q235) above the
melting point is about 0.1-0.3, decreasing with an increase of
the temperature. In this work, the emissivity was set as 0.84,
much larger than the one of liquid steel. According to the
Stefan-Boltzmann law, the measured temperature is inversely
proportional to the emissivity. It naturally led to the lower
measured temperature in molten pool. If the emissivity was
set as 0.2, the temperature of the zone encompassed by the red
line in Fig. 2a was about 1455 °C. This result was more correct
and approximated well to the real one. Therefore, the mea-
surement error in the molten pool was due to the inaccuracy of
the emissivity. Furthermore, the temperature of the zone ahead
of molten pool along the deposition direction was also incor-
rect due to the disturbance from welding arc and fume.
Although the measurement error has some influence on the
thermal analysis for DE-GMAW-based AM, the majority of
the data calculated through the IR thermography was reliable

Fig. 3 The temperature
distribution of molten pool in the
deposition process
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and accurate. Particularly, after the extinction of welding arc,
the molten pool cooled and solidified. The temperature mea-
surement in this period will not get affected by the welding arc
and the inaccuracy of the emissivity. As shown in Fig. 2b, the
surface temperature of the deposited part in cooling process is
clear and accurate. Therefore, for the convenience of the cal-
culation, the emissivity was always set as 0.84 in this work.

2.3 Extraction of molten pool

As explained in Section 2.2, the great difference in emissivity
of the thin-walled part between the solid state and liquid state
will lead to the significant error in the temperature measure-
ment of the molten pool. The calculated temperature of molten
pool using the emissivity of solid state was far lower than the
melting point of the steel. In this way, the temperature of the
molten pool was also far lower than the temperature of the

Length of molten pool

Solid metal
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solid metal nearby the molten pool. Therefore, this measure-
ment error can supply an approach to extract the profile of the
molten pool in the deposition process. As illustrated in Fig. 3,
the temperature distribution picture of the molten pool and its
vicinity was enlarged and the boundary of the molten pool
was distinct. The temperature data of this area can be extracted
by the included FLIR software ResearchIR, and accordingly,
the information of the molten pool will be acquired. The tem-
perature distribution of two red marked lines at the molten
pool, in the vertical and horizontal direction, respectively, is
presented in Fig. 4.

As shown in Fig. 4a, the horizontal coordinate denotes the
distance from the top to the point of line 1, and the vertical
coordinate shows the corresponding temperature. According
to the temperature distribution of line 1, the depth of molten
pool can be figured out. There were two mutations in temper-
ature as illustrated in Fig. 4a. The top of line 1 was in the air;
thus, the temperature of pixel 0 was the lower threshold of the
measurement range of about 200 °C. From the air to the mol-
ten pool, the temperature rose very fast. Pixel 1 was the first
mutation and can be seen as the boundary of the air and molten
pool. Due to the great difference in emissivity between the

Fig.5 The final thin-walled parts
deposited by a DE-GMAW and b
GMAW

Pixel

solid and liquid steel, the temperature of molten pool mea-
sured by the IR thermography using the solid steel’s emissiv-
ity was far lower than the melting point with enormous error.
The metal nearby the molten pool should be solid with high
temperature close to the melting point. In Fig. 4a, the temper-
ature of pixel 7 was only 580 °C, while the temperature was
1000 °C on pixel 8 and then reached more than 1200 °C on
pixel 9. It was exactly in accordance with the previous analy-
sis. Therefore, pixel 7 was the other mutations and can be seen
as the boundary of the molten pool and solid metal.
Accordingly, the distance between the boundaries was the
depth of the molten pool. At this moment, the depth of the
molten pool was 7 pixels, approximately equal to 4.6 mm in
this work.

In Fig. 4b, the temperature distribution of line 2 was similar
with that in line 1. Using the same method, the left and right
boundaries of line 2 also can be achieved. But, the difference
of the two boundaries was not the length of the molten pool.
As illustrated in Fig. 3, the length of the molten pool was the
horizontal distance of the left-most and right-most feature
points. Through the ResearchIR software, the area of the mol-
ten pool marked by red line in Fig. 2a was also obtained.

@ Springer
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Fig. 6 The evolution of molten
pool in the tenth layer deposition
during the DE-GMAW-based
AM process

3 Results and discussion

The final thin-walled parts deposited by DE-GMAW and
GMAW are shown in Fig. 5. Generally speaking, the forming
appearance of the parts was good without the overflowing and
collapsing of welding pool. The forming characteristics of the
deposited parts were in accordance with the results in our
previous work [16]. In this section, the molten pool, the
high-temperature metal, and the mean temperature of the de-
posited parts will be discussed.

3.1 Molten pool
The molten pool in the deposition process was crucial. The

evolution of molten pool within the tenth layer deposition
during DE-GMAW-based AM is shown in Fig. 6. As

Fig. 7 The molten pool in the
deposition process during DE-
GMAW- and GMAW-based AM

DE-GMAW

< ol

N olten poo :
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deposition time goes on, the molten pool has little change.
Only at the last moment of the deposition process, the molten
pool has a tendency to flow down due to the low arc,
extinguishing end in the same deposition direction according
to Xiong et al. [23]. The information of the molten pool within
a certain layer has been extracted for 6 to 30 s in the deposition
process.

The typical molten pool in the deposition process during
the DE-GMAW- and GMAW-based AM is shown in Fig. 7.
This moment was in the middle of the 20th layer deposition in
both AM processes. It was obvious that the molten pool of the
GMAW-based deposition was larger. The dimensions and area
of the molten pool in the GMAW-based AM and DE-GMAW-
based AM are shown in Fig. 8 after data processing. In order
to extract the molten pool accurately, the results in the depo-
sition process from the 5th layer to 20th layer were used to

s O = m—
— - - Molten pool ‘

”~ -
)
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Fig. 8 The information of the a,

(op

molten pool in DE-GMAW- and
GMAW-based AM. a Length of
the molten pool. b Depth of the
molten pool. ¢ Area of the molten

pool 20
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analyze the molten pool. In Fig. 8, the length, depth, and area
of the molten pool showed a little change in different layers
during the DE-GMAW-based AM and GMAW-based AM.
This illustrated that after the fifth layer deposition, the process
was stable. The molten pool in DE-GMAW-based AM was
about 20% shorter than that in GMAW-based AM. The depth
of the molten pool in GMAW-based AM was 4.43 mm, while
it was 4.25 mm in DE-GMAW process. The difference of the
depth in both deposition processes was slight. The area of the
molten pool in DE-GMAW was about 25% compared to that
in GMAW process.

According to the cross section of the final parts, the width
of the thin-walled part deposited by GMAW was 9.12 mm,

Fig. 9 The surface temperature
distribution of the thin-walled part
after the 20th layer deposition in
DE-GMAW- and GMAW-based
AM
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—e— GMAW

! ! ! 1

15 20
Layer number

while it was 8.0 mm in DE-GMAW-based AM. It can be
viewed as the width of the molten pool. Therefore, the geom-
etry dimensions of the molten pool in DE-GMAW-based pro-
cess were all lesser than those in GMAW-based process.
Obviously, the volume of the molten pool was smaller in
DE-GMAW-based AM. Assuming the molten pool was
semi-ellipsoid, the volume of liquid metal decreased by about
30% in DE-GMAW-based AM. The liquid metal in the molten
pool was composed of the deposited metal from the wire and
the melting base metal. In this work, the deposited metal per
unit time was almost the same in the two deposition processes
due to the same wire feed speed and deposition velocity. Thus,
the melting base metal in GMAW-based AM was more than
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Fig. 10 The volume of high-
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that in DE-GMAW deposition process. It indicated that with
the bypass arc, the heat input into the deposited parts in DE-
GMAW was lesser than that in GMAW-based AM.

3.2 The volume of high-temperature metal

According to the thermal images, the surface temperature dis-
tribution of the thin-walled part was apparent. The volume of
the high-temperature metal in the deposited part after deposi-
tion of each layer can reflect the heat accumulation of the
whole part. As shown in Fig. 9, the high-temperature area of
the thin-walled parts can be obtained directly by the software
ResearchIR. With a simplified calculation, the volume of the
high-temperature metal was equal to the product of the width
and the high-temperature area. The results of the high-
temperature metal are shown in Fig. 10. In both deposition
processes, the volume of the high-temperature metal increased
with the rising layer number at the first 12 layers and then
tended towards stability. This indicated that the heat accumu-
lation of the deposited parts was increasingly serious as the
deposited height increased. For the condition above 500 °C in
Fig. 10a, in the first ten layers, the volume of the high-
temperature metal in both deposition processes was nearly
the same. In the last ten layers, the volume of the high-
temperature metal in DE-GMAW-based AM was apparently

Fig. 11 The temperature
distribution of the final thin-
walled parts after cooling for
5 min during DE-GMAW- and
GMAW-based AM

GMAW 136°C
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smaller than that in GMAW-based AM. For the condition
above 300 °C, the result was similar with this.

The proposed reason for the results is the different heat
conduction conditions in the two AM processes. In GMAW-
based AM, the width of the thin-walled part was larger than
that in DE-GMAW-based AM. Therefore, the heat conduction
to the substrate was worse in DE-GMAW-based AM, espe-
cially at the first several layers with lower deposition height.
Although the heat input entering into the deposited part during
the DE-GMAW process was lower, the volume of the high-
temperature metal was not small than the one in GMAW-
based process. As the deposition height increased, the heat
conduction to the substrate became more difficult in both pro-
cesses. For DE-GMAW-based AM, the lower heat input re-
sulted into the smaller volume of the high-temperature metal.
Thus, the volume of the high-temperature metal in DE-
GMAW reduced about 10% in the higher deposition layers,
compared to the GMAW-based AM.

3.3 The mean temperature

The temperature distribution of the thin-walled part after the
cooling process is important for the deposition of the next
layer in AM process. When the deposition of the 20th layer
was complete, the temperature distribution of the thin-walled
part after cooling for 5 min in both AM processes is shown in

|/ DE-GMAW 126C
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Fig. 12 The mean temperature of the thin-walled part after cooling

Fig. 11. The mean temperature was 126 °C in DE-GMAW-
based AM, while it was 136 °C in GMAW-based AM. The
mean temperature of the thin-walled part after cooling in each
layer is shown in Fig. 12. As the layer number increased, the
mean temperature of the deposited parts raised gradually in
both AM processes. At the first three layers, the mean temper-
ature in the DE-GMAW process was higher than that in the
GMAW process. At the subsequent layers, the mean temper-
ature became lower in DE-GMAW-based AM. The reason for
this result was similar with the one for the volume of the high-
temperature metal in Section 3.2. At the last ten layers, the
mean temperature of the deposited part can drop more than
10 °C in DE-GMAW-based AM, compared to the GMAW-
based AM with the same condition. Therefore, the bypass arc
in DE-GMAW-based AM has a remarkable influence on the
thermal behavior when depositing the thin-walled parts. It
contributes to reducing the heat accumulation of the deposited
parts.

3.4 Future work

According to the above discussion on the thermal behavior of
DE-GMAW- and GMAW-based AM processes, the bypass
arc can reduce the heat input into the deposited thin-walled
part with the same deposition rate in DE-GMAW-based AM.
Meanwhile, the bypass arc also can influence the deposited
dimensions regularly in the DE-GMAW-based AM process
[16]. The advantages of this AM technology should be
adopted to achieve high-quality metal parts with a high-
efficiency deposition process. There are still some contents
worthy of further study. In our later work, based on the re-
search of the thermal behavior for the DE-GMAW-based AM
process, the influence of the bypass arc on the microstructure
and mechanical properties of the deposited metal part such as
aluminum alloy and high-strength steel needs further re-
searches. It is meaningful to fabricate metal parts with good
mechanical properties and microstructure through adjusting
the bypass current if possible. Moreover, in order to help the
DE-GMAW-based AM to become an industry-acceptable and

stable process, it is necessary to monitor and control this de-
position process in the future.

4 Conclusions

Based on the analysis and discussion above, the conclusions
can be obtained as follows:

1. The information of molten pool in the deposition process
for thin-walled part can be extracted from the infrared
image. The dimensions and volume of molten pool in
DE-GMAW-based AM were smaller than those in
GMAW-based AM under the same deposition rate.

2. The volume of the high-temperature metal in the deposi-
tion process was smaller in the DE-GMAW-based AM,
especially during the deposition of high layer.

3. The mean temperature of the deposited part after the
cooling process of each layer was lower in the DE-
GMAW-based AM, compared with the GMAW-based
AM under the same condition.

4. The bypass arc in DE-GMAW-based AM can reduce the
heat input into the deposited part with the same deposition
rate, compared with the GMAW-based AM.
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