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Observation of Arc and Metal Transfer Behavior 
according to Shielding Gas in the WAAM of Ti–6Al–
4V Alloy Using the Pulsed Gas Metal Arc Process

Arc physics, deposition characteristics, and the mechanism of spatter 
generation were elucidated
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Abstract 

In arc welding and wire arc additive manufacturing 
(WAAM) of Ti alloys, pulsed gas metal arc (GMA) 
processes have a higher deposition than short-
circuiting GMA mode processes, such as cold metal 
transfer, surface tension transfer, and controlled 
short-circuit processes. In this study, pulsed GMA 
WAAM of Ti–6Al–4V alloy was conducted under 
Ar, Ar50%/He50% mixed, and He shielding gases. 
Owing to the thermionic emission of electrons 
from the Ti substrate, cathode jets were emitted 
from the high-temperature region of the weld pool, 
which interfered with droplet transfer into the weld 
pool. The arc shape surrounding the droplet varied 
according to the shielding gas, and the arc was 
established at the bottom of the hanging droplet 
under the He shielding gas, which disturbed droplet 
detachment. Two spatter generation modes of 
droplet ejection from the weld pool surface and in-
flight droplet repelling were observed, and droplet 
ejection was the most frequent spatter generation 
mechanism. The mixed shielding gas showed the 
best performance in terms of arc stability, wire 
melting, droplet transfer, and spatter suppression. 
The arc, cathode, and metal transfer characteristics 
were elucidated in this study, and a suitable gas 
composition for pulsed GMA WAAM of Ti alloys was 
proposed.
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Introduction
In the additive manufacturing (AM) of metallic compo-

nents, wire-based processes have many advantages over 
powder-based processes. Wire-based AM processes ensure a 
higher deposition rate, better material efficiency, and reduced 
surface roughness (Refs. 1, 2), which are indispensable attri-
butes in the AM of large metal products. Laser beams (Ref. 3), 
electron beams (Ref. 4), and arc plasmas (Ref. 5) have been 
utilized as heat sources in wire-based AM processes, and 
wire arc additive manufacturing (WAAM) is popular owing 
to its flexibility, versatility, and productivity.

Gas tungsten arcs (GTAs), plasma arcs (PAs), and gas 
metal arcs (GMAs) have been used as electric arcs in WAAM. 
Among them, GMA WAAM has the highest deposition rate 
and enables coaxial wire feeding, while GTA and PA WAAM 
utilize lateral wire feeding (Refs. 6, 7). Therefore, GMA WAAM 
has been investigated for various metals since the earliest 
stage of WAAM and was called metal rapid prototyping in 
its early years (Refs. 8–11).

Titanium alloys have an excellent strength-to-weight ratio 
and corrosion resistance (Ref. 12); however, their applica-
tion is limited owing to their high material and processing 
costs. To overcome the difficulties of conventional Ti alloy 
processing (such as machining, forming, and welding), AM 
has been selected as a cost-effective manufacturing process 
for Ti alloys (Ref. 13). In particular, WAAM is advantageous 
owing to its high material efficiency in the AM of expensive 
Ti alloys as well as its high productivity (Ref. 14).

In arc welding and WAAM of Ti alloys, an arc plasma is gen-
erated between the anode and cathode, and electrons are 
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emitted from the cathode by thermionic emission (Refs. 15, 
16). Current density is determined by the cathode’s surface 
temperature, and the cathode spots are concentrated in the 
relatively high-temperature region. When a Ti alloy substrate 
is used as the cathode, cathode spots wander on the weld 
pool, and intense cathode jets from the cathode spots disturb 
the liquid metal transfer from the anode electrode (Ref. 17). 

To minimize the effect of the cathode jet, controlled 
short-circuit metal transfer modes, such as cold metal 
transfer (CMT), surface tension transfer (STT®), and  
controlled short-circuit (CSCTM) processes, have been 
employed in the GMA WAAM of Ti alloys (Refs. 18–22). 
However, the deposition rate in the short-circuiting mode 
is lower than in the pulsed mode or spray transfer mode. To 
the best of our knowledge, GMA WAAM of Ti alloys using the 

pulsed mode or constant-voltage spray transfer mode has 
not been introduced.

Pulsed gas metal arc welding (GMAW-P) of Ti alloys was 
conceptualized 40 years ago (Ref. 23), but only a few papers 
have been published on this topic. Zhang and Li (Ref. 24) pro-
posed an active pulse control technology; however, cathode 
behavior was not discussed. Shinn et al. (Ref. 25) applied a 
laser beam to a weld pool, and a cathode spot formed at the 
laser illumination location by laser heating. Otani (Ref. 26) 
reported that high-speed torch oscillations could suppress 
arc wandering. Despite these studies, there is still a need for 
more-practical solutions.

The shielding gas composition plays a crucial role in 
electrode melting and metal droplet transfer (Refs. 27, 
28), and the He gas (Ref. 26) or Ar–He mixture (Ref. 29) is  

Fig. 1 — Schematic of the experimental setup.

Table 1 — Chemical Compositions of Deposition Wire and Ti-6Al-4V Substrate (wt-%)

Filler Metal: AWS ER Ti-5

Ti Al V C Fe N O

89.4 6.20 3.95 0.008 0.15 0.001 0.13

Base Metal: Ti-6Al-4V

Ti Al V C Fe N O

89.0 6.36 3.95 0.011 0.18 0.011 0.01
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recommended as the shielding gas in GMAW of Ti alloys. 
However, the effect of shielding gas composition on GMAW 
or WAAM has not been fully elucidated. 

In this study, the arc and droplet transfer behaviors accord-
ing to shielding gas composition were investigated using 
high-speed photography. Ar, Ar 50%/He 50%, and He were 
supplied as shielding gases, and the arc, cathode, and droplet 
behaviors were observed. Droplet ejection from the weld 
pool, rather than in-flight repelling of droplets by the cathode 
jet, was the more-frequent spatter generation mechanism, 
and Ar50%/He50% was confirmed as an adequate shielding 
gas in GMAW-P WAAM of Ti.

Experimental Setup
The overall WAAM setup is illustrated in Fig. 1. The sub-

strate was Ti–6Al–4V alloy plates with a thickness of 10 mm 
(0.393701 in.), and the welding wire was an AWS ER Ti-5 solid 
wire with a diameter of 1.2 mm (0.0472441 in.). The substrates 
were machined to dimensions of 150 × 60 mm (5.90551 × 
2.3622 in.), and their surfaces were cleaned by stainless brush 
grinding and ethanol wiping. The chemical compositions of 
the substrate and welding wires are listed in Table 1.

A Fronius 3200 CMT (Fronius, Wels, Austria) was used as 
the arc power source, and the wire was coaxially delivered to 
the substrate through a wire feeder, torch cable, and depo-
sition torch. The deposition torch was set perpendicular to 
the substrate, and the filler was deposited with a length of 
120 mm (4.72441 in.) along the longitudinal direction. The 
contact-tip-to-workpiece distance (CTWD) was 15 mm 
(0.590551 in.). The shielding gas was supplied coaxially 
through a torch nozzle at a flow rate of 20 L/min. The shielding 
gas compositions used were Ar 100%, an Ar 50%/He 50% 

Fig. 2 — Schematic of the pulse current profile.

Table 2 — Pulse Shape Parameters

Parameter Value

Peak current (Ip ) 450.0 A

Base current (Ib) 70.6 A

Droplet detachment  
current 285.0 A

Pulsing current time 1.6 ms

Droplet detachment time 1.0 ms

Current rise_tau 0.2 ms

Current drop_tau 0.4 ms

Current rise slope 300.0 A/ms

Current decrease slope 500.0 A/ms

Pulsing frequency 123.7 Hz
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mixture, and He 100%. The purity of the Ar and He gases 
was 99.999%. The mixed gas was supplied by a gas mixer, 
MX-3L (Yutaka-Crown, Tokyo, Japan).

The power source generates pulsed current waveforms 
according to a built-in current profile called a synergic line. 
The synergic current profiles are programmed to implement 
one drop transfer per pulse according to the wire feed rate,
and the schematic is presented in Fig. 2. For one drop of 
transfer per pulse, the peak current is set over the transition 
current, which is a threshold current that enables the spray 
metal transfer mode while the base-current is set below the 
transition current. The pulse parameters used in this study 
are listed in Table 2. The welding wire was deposited under a 
torch travel speed of 0.5 m/min (1.64042 ft/min) and a wire 
feed speed of 9.0 m/min (29.5276 ft/min).

Color and monochromatic high-speed cameras were 
employed to record the arc, wire melting, and cathode spot 
behaviors. Laser illumination with a wavelength of 808 nm 
was incorporated in high-speed imaging to minimize the 

Fig. 3 — Schematic of the high-speed imaging system: A — Arrangement of the welding system, cameras, and 
illumination laser in the y-z plane; B — arrangement of the high-speed cameras in the x-y plane.

A B

A B

Fig. 4 — Welding current and voltage waveform 
according to shielding gas: A — Ar; B — Ar/He 
mixture; C — He.

C
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interference of arc light — Fig. 3. The color high-speed camera 
recorded the arc behavior by adopting proper neutral density 
(ND) filters, whereas the monochromatic camera recorded 
the droplet transfer behavior by adopting a band-pass filter 
with a wavelength of 808 nm and a full width at half maxi-
mum (FWHM) of 3 nm. The details of the imaging setup are 
provided in Ref. 20. The current and voltage waveforms were 
recorded at a frequency of 50 kHz using an analog-to-digital 
converter in sync with high-speed imaging.

Results

Arc Behavior

The arc current and voltage waveforms were stable regard-
less of the shielding gas composition — Fig. 4. The current 
and voltage waveform characteristics varied according to the 
shielding gas composition when the same reference pulse 
profile was selected for all cases. When the pulsing frequency 

Table 3 — Measured Current and Voltage Waveform Parameters

Parameter Ar Ar50%/ 
He50% He

Average current (A) 173.1 168.1 164.9

Peak current (A) 461.0 416.1 368.3

Standard deviation of peak 
current (A) 11.3 5.8 49.5

Average voltage (V) 23.3 25.7 26.4

Peak voltage (V) 38.0 39.3 40.4

Standard deviation of peak 
current (V) 1.3 0.4 1.3

Fig. 5 — Arc plasma behavior recorded using an ND32 filter.

weld  
pool

weld  
pool

weld  
pool
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was fixed, the average current decreased and the average 
voltage increased with increasing He content, which resulted 
from the decrease in the peak current and the increase in 
the peak voltage, respectively, as summarized in Table 3. The 
standard deviations of the peak current and voltage were the 
lowest for the mixed shielding gas, which indicates that the 
deposition had the best repeatability under the mixed gas.

The arc plasma behavior was analyzed by high-speed imag-
ing using ND32, ND500, and ND4000 filters — Figs. 5, 6. The 
ND32, ND500, and ND4000 filters attenuated the inlet light 
intensity by 1/32, 1/500, and 1/4000, respectively.

The arc plasma consisted of a high-brightness inner 
region and low-brightness outer region. A bright inner arc 
was established between the end of the electrode wire and 
the substrate, and a weak outer arc was connected to the 
side surface of the electrode and the substrate. Under the Ar 
shielding gas, the outer arc had a relatively large area, and a 
considerable distance was observed between the inner and 
outer arc boundaries. The outer arc region decreased with 
increasing He content. The arc was more bell-shaped under 

Fig. 7 — Cathode spot diameter in one pulse period 
according to shielding gas: A — Ar; B — Ar/He 
mixture; C — He. The diameters were measured from 
color images recorded using an ND4000 filter.

A B

C

Fig. 6 — Arc plasma behavior recorded using an ND500 filter.
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Ar shielding gas and more ball-shaped under He shielding 
gas. These phenomena have been described in previous stud-
ies as originating from differences in the ionization voltage, 
electron-side condensation, and thermal pinch effect (Refs. 
16, 27, 30–33).

The intense cathode jets from the substrate were the 
most critical differences between the arcs of the Ti alloys 
and other metals — Fig. 6. The cathode jet was generated 
from the substrate surface and ejected toward the outside 
of the arc. It was more distinguishable in the Ar-shielding 

Fig. 8 — Droplet transfer behavior under Ar shielding gas. Arrows indicate droplets for each period.

Fig. 9 — Droplet transfer behavior under the mixed shielding gas. Arrows indicate droplets for each period.

Fig. 10 — Droplet transfer behavior under He shielding gas. Arrows indicate droplets for each period.
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and high-current phases of the pulse waveform. The cath-
ode jet was not observed during the base-current phase in 
the ND32-filtered images (Fig. 5) but was found inside the 
bright inner arc in the ND400-filtered images (Fig. 6). In the 
pulse-current phase, the intensity of the cathode jet was 
proportional to the magnitude of the arc current. Under He 
shielding, no cathode jets were observed outside the arc 
even at the peak current — Fig. 5. When the cathode jet was 
weak, it seemed to aim toward the end of the welding wire, as 
seen in the entire period under the He gas or the low-current 
durations under the mixed gas.

The cathode spot diameter on the weld pool was mea-
sured from the recorded images using an ND filter (ND4000) 
— Fig. 7. The blue line represents the diameter in the current- 
increasing phase, and the red line represents the diameter 
in the current-decreasing phase. The cathode spot diame-
ter was proportional to the arc current but decreased with 
increasing He content. Interestingly, the cathode spot diam-
eter in the current-increasing phase was higher than that in 
the current-decreasing phase at the same current magnitude 
in the Ar and mixed shielding gases, while the opposite was 
observed for the He shielding gas. Because the cathode spot 
area is dependent on the high-temperature region on the 
weld pool surface, the difference in the cathode spot diam-
eter in the increasing and deceasing phases of the current 
according to the shielding gas originates from the difference 
in weld pool heating during the pulsing period.

Droplet Transfer

The droplet transfer behavior was recorded using a mono-
chromatic high-speed camera synchronized with current 
and voltage waveforms.

Figure 8 shows the droplet behavior over six consecutive 
pulse periods under the Ar shielding gas. The pulse current 
profile was designed to melt a droplet during the pulse current 
time and detach the droplets during the droplet detachment 

time. The base-current phase was used to maintain a low heat 
input and prevent the arc from extinguishing. As shown in the 
first period of Fig. 8, the droplet was formed during the pulse 
current time and successfully detached from the wire during 
the droplet detachment time. The detached droplet impinged 
on the weld pool during the base-current phase, which had 
the minimum cathode jet intensity. However, in the second 
to fourth periods, the droplet detached in the base-current 
phase rather than in the detachment time. In this case, the 
droplets were transferred into the weld pool during the pulse 
current phase rather than during the base-current phase 
and were ejected from the weld pool by the cathode jet. The 
details of the spatter-generation mechanism are provided in 
the Spatter Generation section. During the fifth period, no 
drop per pulse was achieved. The liquid metal was hanging 
at the end of the welding wire without detachment, and the 
hanging droplets were detached with a relatively large size in 
the next period or short-circuited with the substrate, which 
can generate large spatters.

A stable one-droplet transfer per pulse was observed under 
the mixed shielding gas — Fig. 9. The droplet size was similar 
to the wire diameter, and the molten end of the wire was still 
tapered owing to electron-side condensation (Refs. 34–36). 
Most droplet detachments from the wire occurred during the 
droplet detachment time, and the droplets were transferred 
to the weld pool in the base-current phase. However, in the 
case where a droplet detached in the base-current phase 
(the fourth period in Fig. 9), as frequently found under Ar 
shielding gas (Fig. 8), the delayed transfer caused spattering 
because the drop contacted the weld pool in the pulse- 
current phase, which could cause an intense cathode jet. 
The droplet was then ejected from the weld pool surface 
and expelled as spatter.

Globular metal transfer was observed under the He 
shielding gas — Fig. 10. Owing to the high ionization volt-
age of He, the anode arc was concentrated at the bottom 
of the hanging droplet, thus exerting an upward force on it. 
The droplets could not detach during the one pulse period 
and grew for multiple pulse periods at the wire end. Some 
droplets detached with a much larger size than the wire and 
transferred into the weld pool. By contrast, other droplets 
bridged with the weld pool. That is, they short-circuited and 
hanged at the wire, and spatters were often generated when 
short-circuiting was broken.

The droplet size was measured for 1.0 s and the average 
value was plotted with the standard deviation — Fig. 11. Under 
the mixed shielding gas, the diameter and standard devi-
ation were the minimum. The average diameter was 1.38 
mm (0.05433071 in.), slightly higher than the wire diameter, 
and this method is referred to as the projected (drop) spray 
transfer mode (Ref. 16). The droplet diameter and standard 
deviation were the maximum under the He shielding gas. 
Because the droplet was hanging at the wire end for multiple, 
variable pulse periods, the droplet size varied, and globular 
and short-circuit metal transfer modes were inconsistently 
observed.

The droplet velocity was measured from high-speed 
images for 1.0 s and plotted with respect to the cathode 
spot location — Fig. 12. The droplet velocity was classified 
into four groups according to the phase of the pulse-current 

Fig. 11 — Measured droplet diameter according to 
the shielding gas composition. Error bar indicates 
the standard deviation.

272-s | WELDING JOURNAL



profile and cathode jet interaction. The triangles and squares 
indicate the pulse and base phases, respectively. The blue 
and green symbols indicate in-flight droplets interacting with 
the cathode jet, whereas the gray and red symbols indicate 
no interaction between the cathode jet and droplet flight. 
The green triangles represent the droplet velocity in the 
pulse-current phase when the droplet interacted with the 
cathode jet.

Under the Ar shielding gas, the cathode spot location 
varied from the arc center to 4 mm (0.15748 in.), and the 
droplet velocity increased when the cathode spot moved 
away from the arc center if the cathode jet did not disturb 
the droplet flight. Under the mixed shielding gas, cathode 
spots were located near the arc center, and the interference of 
the cathode jet on the droplet flight reduced, so only a small 
number of blue and green symbols were plotted. Under the 
He shielding gas, the cathode spot location deviated from the 

arc center, and the droplet velocity decreased regardless of 
the cathode spot interaction compared with the other cases.

Spatter Generation

The number of spatters was smallest under the mixed gas, 
and the worst bead straightness was observed under the He 
shielding gas — Fig. 13. In addition, the size of the spatter 
was the largest under the He shielding gas due to the large 
droplet size, as shown in Figs. 10 and 11.

From the high-speed images, two spatter generation 
mechanisms were confirmed: droplet ejection from the pool 
and in-flight repelling.

In the droplet ejection mechanism, when the droplet 
transferred across the arc column and impinged on the weld 
pool, the cathode spot abruptly moved to the droplet contact 
location. Then, an intense cathode jet was generated, which 
pushed the droplet away from the weld pool and arc plasma 
boundary — Fig. 14.

In the in-flight repelling mechanism, when the droplet 
had free flight within the arc column, the cathode jet, gen-
erated from the weld pool surface, exerted an upward drag 
force on the droplet, repelling it from the arc plasma without 
contacting the weld pool — Fig. 15.

From the high-speed images at 1.0 s, the number of 
droplets and spatters were counted — Fig. 16. Because the 
pulsing frequency of the power source was 123.7 Hz (Table 3), 
nearly one drop per pulse was implemented under the mixed 
shielding gas, and more than six pulse periods, on average, 
were necessary to make a droplet under the He shielding. In 
contrast, the spatter generation frequency under the mixed 
shielding gas was only 50% higher than that under the He 
shielding gas. The ratio of spatter to droplets was 12.8% and 
64.4% for the mixed and He shielding gases, respectively. 
The number of spatters owing to in-flight droplet repel-
ling was 10 and 3 under the Ar and mixed shielding gases, 
respectively, and no in-flight repelling was observed under 
the He shielding gas, where relatively short arc lengths and 
large droplets were observed. The ratio of in-flight repelling  

BA

Fig. 12 — Droplet velocity according to cathode spot 
location, current phase, and cathode jet interaction: 
A — Ar; B — Ar/He mixture; C — He.

C
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spatter to the total spatter was 38.4% and 20.9% for the Ar 
and mixed shielding gases, respectively.

Discussion
Based on the observations in the Results section, the 

arc and cathode spot behavior, droplet transfer, and spat-
ter generation mechanism according to the shielding gas 
composition are discussed in this section.

Arc stability and repeatability were confirmed from the 
current and voltage waveforms. The standard deviations 
of the peak current and voltage were highest under the He 
shielding gas because of inconsistent droplet transfer (Table 
1 and Fig. 10). In the high-speed images, the droplet per pulse 
ratios were 41.2%, 90.0%, and 12.1% for the Ar, mixed gas, 
and He shielding gas, respectively (Fig. 16), and arc length 
variation per pulse period was found in the He shielding gas 
(Fig. 10). The arc was the most stable under the mixed shield-
ing gas, which had the minimum standard deviation of the 
peak current and voltage, nearly one droplet transfer per 
pulse, stable impinging of the transferred droplet into the 
weld pool, and constant arc length.

Distinct differences in the cathode spot and cathode 
jet behaviors were observed depending on the shielding 
gas. Under the Ar shielding, the most intense cathode jet 
was ejected from the weld pool surface, and it was clearly 
observed even outside the arc plasma (Figs. 5, 6) (Ref. 17). 
By adding He, the intensity of the cathode jet decreased, and 
the cathode jet was buried inside the arc plasma under the 

Fig. 14 — Droplet ejection from the weld pool surface under Ar 100%.

Fig. 13 — Bead appearance according to shielding 
gas: A — Ar; B — Ar/He mixture; C — He.

B

A

C
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He shielding gas (Ref. 19). The cathode spots were spread 
between the center and a distance of 4 mm under the Ar 
shielding gas but were more focused toward the arc center 
under the mixed shielding gas. Under the He shielding gas, 
the center of the cathode spot distribution deviated from 
the arc center (Fig. 12). The cathode spot area increased with 
the addition of He (Fig. 7) because the Ar plasma transferred 
more-concentrated heat into the substrate, whereas the He 

plasma provided wide and uniform heating into the substrate 
(Refs. 31, 35, 37).

The different ionization potentials and anode behaviors of 
the Ar and He gases caused differences in wire melting and 
droplet detachment behavior — Fig. 17. Under the Ar shielding 
gas, electrons condensed onto the side surface of the wire, 
a clear outer arc was observed outside the intense inner arc, 
and small droplets formed owing to the electromagnetic 

Fig. 15 — In-flight droplet repelling in the arc column under Ar 100%.

Fig. 17 — Anode phenomena according to shielding 
gas: A — Ar; B — Ar/He mixture; C — He.

A

B

C

Fig. 16 — The number of droplets transferred 
according to shielding gas: A — Ar; B — Ar/He mixture; 
C — He. The error bars show the min-max values.

C-B-A-

OCTOBER 2023 | 275-s



pinch effect. The molten metal tended to hang at the end 
of the wire in tapered and elongated form, which interfered 
with the droplet detachment (Refs. 27, 28), and the droplet 
diameter was 1.5 times the wire diameter — Fig. 11. Under 
the mixed shielding gas, the droplet diameter was nearly the 
same as the wire diameter (Fig. 11), and one drop per pulse 
was implemented at 90% of the pulse period — Fig. 16. In 
pure He shielding gas, owing to the high ionization voltage, 
the current path was established from the bottom of the 
hanging droplet to the substrate without the current path 
onto the side surface of the wire (Refs. 34, 35), which exerted 
an upward force and hindered droplet detachment. Thus, the 
droplet had twice the wire diameter (Fig. 11), and sometimes 
short-circuiting occurred owing to the large hanging droplets.

After detachment from the wire, the droplets accelerated 
into the arc column. The drop velocity increased with increas-

ing Ar content in the shielding gas as long as the cathode jet 
did not interfere with the movement. When the cathode jet 
exerted upward drag force on the droplet, the velocity of 
the drop was between 0.2 m/s (7.87402 in./s) and 0.5 m/s 
(19.685 in./s) regardless of the shielding gas composition 
— Fig. 12.

Spattering was caused by Lorentz force on the weld pool 
and drag force on the in-flight droplet — Fig. 18. Lorentz 
force–driven spattering occurs under the following condition: 
When the droplet impinges on the surface of the weld pool, 
droplet heating must increase the local temperature of the 
weld pool to a sufficient extent to generate a cathode jet, 
and the arc current must also be sufficiently high to emit an 
intense cathode jet. Drag force–driven spattering occurs 
when the droplet interacts with the cathode jet in its tra-
jectory. The dominant spatter generation mechanism in Ti 

A

Fig. 18 — Spattering mechanism: A — Lorentz force; B — drag force.

B
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GMA WAAM is Lorentz force–driven spattering. The ratios of 
spatter to droplets were 51.0%, 12.9%, and 64.4% for the Ar, 
the mixed, and the He shielding gas, respectively — Fig. 16. 
In particular, under the He shielding gas, only Lorentz force–
driven spattering was observed, and large hanging droplets 
caused large spatters, which deteriorated the deposition 
surface quality by the wandered bead — Fig. 13.

From arc stability, droplet transfer, and spattering behavior, 
the Ar 50%/He 50% mixed gas showed the best performance 
in the pulsed GMA WAAM of Ti alloys. The pulsed GMA process 
had a higher wire melting efficiency than short circuit–based 
GMA processes, and pulsed GMA processes have great poten-
tial for the WAAM of Ti alloys. 

Conclusion
In this study, the arc, cathode, and droplet transfer behav-

iors in the WAAM of Ti alloys using GMAW-P were visualized 
according to the shielding gas composition. Monochromatic 
and color high-speed photography were employed in sync to 
measure arc current and voltage waveforms. Consequently, 
the following conclusions were drawn:

1. The Ar 50%/He 50% mixed gas showed the best arc 
stability and droplet transfer characteristics. One droplet 
per pulse was implemented at 90% of the pulse period, and 
the cathode spots were relatively concentrated near the 
arc center. The spatter-to-droplet ratio was 12.9% for the  
Ar 50%/He 50% mixed gas, whereas the ratios for the Ar 
and He shielding gases were 51.0% and 64.4%, respectively.

2. An intense cathode jet was observed under the Ar 
shielding gas, and the intensity decreased with increasing 
He content. The cathode jet was observed even outside the 
arc plasma under Ar shielding and high-current conditions. 
The intense cathode jet exerted an upward force on the 
droplet when it contacted the weld pool or flowed through 
an arc column.

3. Under the He shielding gas, a large droplet formed, and 
the cathode spots deviated from the arc center, which caused 
the wandered deposit and large spatters to adhere to the 
substrate. Although He shielding gas has been recommended 
for GMAW of Ti alloys in some studies, it should be avoided 
in pulsed GMA WAAM of Ti alloys.

4. Two mechanisms in the spatter generation were 
observed: molten metal ejection from the weld pool surface 
by the Lorentz force and in-flight repelling of droplets by the 
drag force due to the cathode jet. Molten metal ejection, 
rather than in-flight repelling, played a greater role in spatter 
generation during pulsed GMA WAAM of Ti alloys.

In this study, the arc physics and deposition characteristics 
in high-productivity pulsed GMA WAAM of Ti alloys and the 
mechanism of spatter generation were elucidated according 
to the shielding gas. Future work will involve multilayer depo-
sition and evaluation of deposition quality and productivity.
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