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Metal transfer frequencies in a gas metal arc welding process with a metal-cored wire were quantitatively
measured for the first time as a function of the CO; content (i.e., 5, 10, 15, 20, 25, 50, and 100%) in argon-CO»
shielding gas mixtures at welding currents of 220, 250, and 280 A, and the results were compared with those of a
solid wire. As a result, the metal transfer frequency of solid wire was monotonically decreased with the COy
content owing to an increase in the arc pressure, which prevented droplet detachment. However, the metal
transfer frequency of the metal-cored wire presented a maximum value at 15% CO under all the current levels.
The transfer behavior was supposed to depend on the relation between the arc attachment position and the tip of
the unmelted flux position inside the cored wire. When the CO» concentration was low, the arc was attached
higher than the unmelted flux, causing the electromagnetic force to be ineffective in droplet separation. When
the CO, concentration increased slightly, the arc was moved downward to the tip of the unmelted flux. That
tendency temporarily facilitated the neck formation at the wire tip due to enhanced electromagnetic force
flowing through the molten metal on the wire tip. Nevertheless, when the CO; content increased over a critical
value, the arc pressure became a dominant factor to hinder the droplet detachment, which caused a decrease in
transfer frequency. Consequently, the metal transfer frequency of metal-cored wire became maximum at 15%
CO,.

1. Introduction

In gas metal arc welding (GMAW), the transfer process of molten
metal droplets has a significant effect on the stability and quality of the
welding process. A review indicated that controlled metal transfer
significantly improves the efficiency and usability of arc welding pro-
cesses [1], making the welding process suitable for a wider range of
materials and applications. Lancaster described that the metal transfer
types in GMAW can be classified into free-flight and bridging transfers,
in which the short-circuiting, globular, and spray transfer modes are the
most commonly used transfer processes [2]. To improve the productivity
of the GMAW process, it is necessary to understand the effect of the
welding parameters on the metal transfer process, in which the most
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important considerations are the shielding gas environment and the
welding current.

Ushio et al. conducted a welding process using a conventional solid
wire to experimentally measure the influence of the shielding gas me-
dium on the metal transfer process [3]. They indicated that the transfer
mode transformed from short-circuiting to globular and then spray
transfer with increasing welding current. However, the measurement
was limited to 40% CO, in argon-CO, gas mixtures. Moreover, with
100% CO shielding gas, only globular transfer was observed even for
welding currents of up to 450 A, which is consistent with an investiga-
tion by Rhee and Kannatey-Asibu [4]. In addition, the transition current
from globular to spray transfer increased with CO2 concentration in an
argon-based blend shielding gas, according to the findings of de Resende
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et al. [5].

When a GMAW process is performed with a tubular electrode, it is
known as flux-cored arc welding (FCAW). The tubular electrode consists
of a flux powder and a covered metal sheath. Depending on the appli-
cation and material, three gas-shielded wires can be used: rutile, basic,
and metal wire. For instance, rutile flux-cored wires can provide good
weldability in many applications, whereas basic-type wires can diminish
the hydrogen contamination in the weld metal [6]. Yu and Cho inves-
tigated the effect of wire composition on metal-cored arc welding
(MCAW) performance using metal flux-cored (metal-cored) wire [7].
They found that the Si and Mn contents significantly minimized the weld
porosity and crater in the cold metal transfer welding of the zinc-coated
steel. The influence of wire composition on the arc behavior in
argon-CO; gas mixtures was also investigated by Valensi et al. [8] with a
noticeable for adding alkaline allows spray transfer to be stabilized at 60
vol.% CO; in the shielding gas under a 330 A current. The influence of
alkaline elements on metal transfer frequency was investigated in detail
by Trinh et al. [9]. They observed that the low ionization potential and
boiling point of sodium caused an additional current path to form be-
tween the neck of the droplet, and the base metal was established by the
sodium plasma, which allowed the current to flow and bypass the
molten droplet. As a result, droplet detachment was encouraged by a
decrease in the arc pressure due to the restriction of the current flow
through the iron plasma under the droplet and by the enhanced elec-
tromagnetic force contributing to a neck formation. In addition, Trinh
et al. found that the droplet transfer frequency of metal-cored wire
increased with either the welding current or flux ratio [10].

Compared with conventional solid wires, the number of studies on
rutile flux-cored and metal-cored wires in different shielding gas envi-
ronments is limited. For instance, Liu et al. observed different numbers
of metal transfer modes (i.e., one, two, and above) simultaneously
during FCAW in Ar-25% CO- shielding gas [11]. Bauné et al. investi-
gated the arc stability in FCAW by evaluating the arc signal and spatter
generation in pure CO; shielding gas [12]. The authors concluded that
the developed experimental electrode exhibited an extremely stable arc.
Starling and Modenesi investigated metal transfer through various wires
and parameters [13] and observed that the metal-cored wire showed an
arc behavior similar to that of conventional solid wires; however, the
metal transfer rate was not reported.

In recent years, research on tubular-cored welding wire has gained
prominence across various fields, including applications in underwater
welding utilizing self-shielding welding wire, pulsed welding processes
employing flux-cored welding wire, and wire arc additive
manufacturing (WAAM). For instance, Xing et al. measured the metal
transfer behavior of underwater wet flux-cored arc welding [14]. They
reported that one cycle for metal transfer was 260 ms, corresponding to
a metal transfer frequency of 3.85 Hz. The droplet diameter was 4.3 mm,
larger than the wire diameter of 1.6 mm. By applying the ultrasonic
frequency pulse high-current, Chen et al. were able to improve the arc
stability for underwater wet FCAW [15]. The metal transfer frequency
increased from 8.8 to 20.8 Hz and 10.5 to 35.1 Hz when an ultrasonic
pulsed 80 A was added to 185 and 267 A welding currents, respectively.
The droplet detachment was uniform and regular via controlled pulsed
welding parameters such as welding current, peak time, and pulse fre-
quency according to observation through the Vilarinho Regularity Index
conducted by Neves et al. [16]. While WAAM technology has garnered
significant attention in recent years, the research has predominantly
concentrated on experiments and simulations related to heat and ma-
terial transfer processes for conventional solid wires [17,18]. This in-
cludes endeavors aimed at further improving performance through the
application of external magnetic fields [19]. Conversely, there remains a
limited amount of research on tubular-cored welding wire in the cor-
responding field. The interpass temperature of wire arc additive
manufacturing by a high-strength metal-cored wire was reported to be
less than 350 °C to prevent a collapse and decrease in yield strength, as
studied by Zhai et al. [20]. The slag inclusion mechanism in FCAW for
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WAAM was reportedly driven by the Marangoni force, plasma drag
force, and Buoyancy for a direct current electrode polarity (DCEP)
process, as clarified by Kim et al. [21].

The literature mentioned above implies that the metal transfer and
the arc phenomena in the MCAW process are much more complex than
that in the GMAW process, owing to the configuration of the cored wire.
The metal transfer frequency was considered an important variable to
evaluate the enhancement of metal transfer behavior. However, the
metal transfer frequency of a metal-cored wire under the effect of
shielding gas composition has not yet been elucidated quantitatively.
From an economic point of view, the shielding gas was selected
depending on the base material and application in the welding process.
The most common welding shielding gas for MCAW is an oxidizing
mixture gas containing argon and 15 — 25% COa, as prescribed in the
AWS A5.32 standard. Because argon does not react in the arc with these
oxidizers, utilizing more argon results in the least loss of alloying ele-
ments like silicon and manganese. In contrast to using 100% CO; as a
shielding gas, this results in higher weld metal cleanliness, mechanical
characteristics, and enhanced weld quality.

In this study, the effect of the shielding gas composition and welding
current on the metal transfer behavior of metal-cored wire was inves-
tigated simultaneously for a more expansive scenery. Seven CO, con-
centrations (i.e., 5, 10, 15, 20, 25, 50, and 100% CO2) were applied to
measure the metal transfer behaviors in Ar-CO; gas mixtures quantita-
tively. The droplet transfer mode was evaluated through calculated
droplet transfer frequency and droplet diameter at welding currents of
220, 250, and 280 A utilizing a shadow-graph technique. In addition, a
solid wire was also compared in the same welding condition with the
metal-cored wire to clarify the difference in the effect of the CO3 content
on the metal transfer behavior between the two wires.

2. Materials and experiments

In the current study, the welding process was conducted with solid
and metal flux-cored wires, in which the solid wire (JIS Z3312 YGW11)
is equivalent to A5.18 ER70S-G, whereas the prototyped metal-cored
wire is equivalent to A5.20 E70T-1C in the AWS classification. The
investigated wires and the base material are similar to a previous work
by Trinh et al. [22]. In the metal-cored wire, a small amount of alkali
element was included in the flux, and the function of the component has
been clarified in a previous study by Trinh et al. [9]. Fig. 1 shows the
experimental configuration, where the welding was carried out in DCEP
mode under seven types of argon-CO5 gas mixtures.

In this study, the welding current was applied at three levels of 220,
250, and 280 A, where 250 A is a standard welding current to decide the
lower and upper current levels, and it is also the range of transition
current between globular to spray transfer. This welding current range is
appropriate to achieve a high deposition rate for gas metal arc welding
with metal-cored wire. In addition, the mechanism of droplet detach-
ment in free-flight transfer mode was focused on, in which the manner of
the driving forces applying on the droplet is the same as the electro-
magnetic force. Meanwhile, the surface tension force strongly influences
the metal transfer process in the short-circuiting transfer. In this study,
the welding voltage was adjusted from 26.0 V to 34.5 V to maintain a
constant arc length of around 4.5 mm. Under 100% CO- shielding gas,
no short-circuit transition occurred and the droplet was transferred to
the weld pool in globular mode. The detailed welding conditions are
listed in Table 1.

For visualization of the metal transfer process, a shadow-graph
method using a combination of a high-speed camera and laser back-
light assistance was applied, as shown in Fig. 1. The apparatus system
is similar to a previous work by Trinh et al. [22], the laser pulse was set
up to synchronize with the high-speed camera and the pulse duration of
the laser was ten seconds. During that period, the camera captured the
arcing time in four seconds. The frame rate of the camera was 4000 fps,
which was less than the pulse frequency of the laser at 4444 Hz.
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Fig. 1. A photo (a) and a schematic (b) of the experimental configuration.

Table 1
Welding conditions.

Parameters Value

Welding current 220, 250, 280 A

Welding voltage 26-345V

Arc length 4.5 mm

Contact tube to workpiece distance (CTWD) 20 mm

CO,, concentration in argon-CO, gas mixtures 5, 10, 15, 20, 25, 50, 100%
Shielding gas flow rate 20 L/min

Welding velocity 5 mm/s

Therefore, controlling the triggering between the camera image and
laser light was unnecessary in this experimental setup. The observation
conditions are shown in detail in Table 2.

Table 2
Observation conditions.
Parameters Value
Camera Nac, Memrecam Q1V
Frame rate 4000 fps
Shutter speed 20 ps
Lens AF Micro-NIKKOR
Focal length 105 mm
Focal ratio 1/2.8
Aperture /5.6
Neutral filter Five ND8
Laser wavelength 640 nm

3. Results and discussion
3.1. Metal transfer characteristics

The droplet transfer frequencies of the two wires as a function of the
CO3 concentration at a welding current of 220 A are presented in Fig. 2.
The transfer frequency values were obtained from ten measurements.
The acquisition time for each measurement is 0.5 s. It was observed that
the frequency of droplet detachment in this study was regular when the
droplet was transferred in one transfer mode of globular or spray
transfer. However, it might vary slightly in the transition region between
the two modes. The standard deviation represented the regularity of
detachment as an error bar in the figures of transfer frequencies. For the
solid wire, it was observed that the frequency decreased monotonically
with increasing content of CO5. When the content of CO; increased from
5 to 10%, the droplet transfer frequency abruptly decreased from 167.8
to 30.1 Hz, and then it decreased to 7.4 Hz when the CO5 concentration
sequentially raised to 100%. Contrastingly, for the metal-cored wire, the
frequency showed an entirely different tendency. The frequency was
60.4 Hz at a CO, content of 5%. It increased to 83.6 Hz and reached a
maximum of 98.4 Hz when the content of CO, increased to 10% and
15%, respectively. When the content of CO was continuously increased
to 100%, the frequency gradually decreased to 16.9 Hz.

At 220 A welding current, the mean frequency of solid wire at 5%
CO4 was 167.8 Hz, slightly exceeding the frequency in pure argon gas, as
reported by Trinh et al. [22], where the cycle transfer time for molten
metal with a solid wire at 220 A was approximately 6.5 ms, corre-
sponding to a frequency of 153.8 Hz. On the other hand, the metal
transfer was observed to be streaming in pure argon gas at 250 A and
280 A. These frequencies were compatible with findings by Scotti [23],
who investigated the frequency of a 0.889 mm diameter stainless steel
wire under various shielding gases. The reported transition currents to
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Fig. 2. Droplet transfer frequencies of solid and metal-cored wires as a function of CO, content at a welding current of 220 A.

spray transfer were 225, 200, 150, and 140 A at 325, 145, 70, and 50 Hz
frequencies for ultrahigh purity argon, industrial-grade pure argon, and
industrial mixtures Ar-103 and Ar-205, respectively. The observed trend
indicated a decrease in the transition current to spray transfer with an
increase in oxygen concentration in the shielding gas, and the frequency
of a solid wire in pure argon was approximately 150 Hz at 220 A.

In the GMAW process, the metal transfer in a free-flight transfer
mode was classified by comparing the droplet diameter with the wire
diameter. The metal transfer was classified as the globular mode when
the droplet diameter was higher than the wire diameter but classified as
spray transfer when the diameter of droplets was smaller than that of the
wire. During the welding process, the surface of the droplet was dis-
torted. The distortion becomes more intense in MCAW. This study uti-
lized an equivalent droplet diameter to evaluate the metal transfer
regime. The equal droplet diameter was calculated based on the metal
transfer frequency and the wire feed speed, similar to a calculation in the
previous work of Trinh et al. [22].

The melting velocity of the wire was assumed to be equal to the wire
feed speed, and the mass density of a droplet was equal to pure iron. The
volume of a droplet can be calculated as follows:

D,, x v,
V= w wfs

B prFe

where V is the droplet volume (m3), D,, is the weight of the wire in a unit
length (kg/m), v, is the wire feed speed (m/s), f is the metal transfer

-=-Solid wire

|\ (O8]
W\ W W

—_
(9]

frequency (Hz), and pj, is the mass density of pure iron (kg/m®).

The droplet was assumed to be spherical during the transfer process
to the weld pool. The droplet diameter was calculated from the droplet
volume based on the equation:

D= 3/6 XV
- /2

where D is the droplet diameter (m).

Fig. 3 shows the calculated droplet diameters of the two wires at
various CO5 concentrations at a low welding current. The wire diameter
of 1.2 mm is presented as a green line. It can be observed that only the
solid wire with CO2 of 5% exhibited spray transfer. The globular transfer
mode was exhibited under other conditions. The droplet diameter of the
solid wire was smaller than that of the metal-cored wire at 5% of CO5 but
was larger than that of metal-cored wire under the other conditions. For
the solid wire, the droplet diameter increased with the CO, content. For
the metal-cored wire, the droplet diameter decreased when the CO5
content was increased from 5% to 15%, and then it increased when the
concentration was increased to 100%.

In Fig. 2, the metal transfer of solid wire abruptly decreased when the
CO content increased from 5% to 10%. It should be noted that the
transfer frequency will be proportional to the detached droplet volume.
However, when calculating droplet diameter, the diameter will be pro-
portional to the cube root of the volume. Therefore, the change in
diameter will not be as sudden as the transition frequency. As depicted

Metal-cored wire

1.2 mm

Droplet diameter (mm)

o !
[9)] [\S]

(e}

5 10 15

20 25 50 100

CO, content (%)

Fig. 3. Calculated droplet diameter of solid and metal-cored wires depending on CO, content at a welding current of 220 A.
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in Fig. 3, the droplet diameter was observed to increase from 1.09 to
1.94 mm when CO; content increased from 5% to 10%.

Fig. 4 shows typical images of pendant metal droplets and the arc
behavior of solid and metal-cored wires under five shielding gas com-
positions at 220 A welding current. Fig. 4(a), (b), (c), (d), and (e) present
the metal transfer of the solid wires in shielding gases with 5, 10, 15, 25,
and 100% CO., respectively. In addition, Fig. 4(f), (g), (h), (i), and (j)
present the droplet transfer of metal-cored wires in shielding gases with
5, 10, 15, 25, and 100% CO,, respectively. For the solid wire, it was
observed that the metal transfer mode suddenly became a globular
transfer when the CO, was from 5% to 10%. When the introduced
content of CO3 exceeded 10%, the arc root shrank, leading to an increase
in the arc pressure, which pushed the droplet upward and made the
molten droplet larger. It can be observed that a pendant droplet was
displaced from the wire axis, and the arc enveloped a part of the droplet
when the CO; content was 15% and 25%, as shown in Fig. 4(c) and (d),
respectively. In Fig. 4(e), when the CO5 content was 100%, a large
molten droplet was formed due to the high arc pressure underneath the
droplet. When the mass of the droplet was sufficiently large to overcome
the attachment forces, the droplet was detached. The droplet size
decreased when the CO; increased from 5% to 10% for the metal-cored
wire, as shown in Fig. 4(f), (g), and (h). In these cases, the arc was
located at a neck on the wire tip to cover the entire droplet. When CO»
content increased to 25%, the droplet became larger and was displaced
to one side from the center of the wire, as shown in Fig. 4(i). In addition,
the metal transfer of the metal-cored wire resembles that of the solid
wire at 100% CO», as shown in Fig. 4(j) and (e).

The droplet transfer frequencies at a welding current of 250 A are
shown in Fig. 5. The frequency gradually decreased in the solid wire
when the CO; content was increased. The frequencies were high at 281.2
Hz and 194.2 Hz at the low CO; contents of 5% and 10%, respectively,
and were reduced to 108.1 Hz and 42.1 Hz when the CO5 contents were
15% and 20%, respectively. The frequency significantly decreased to
29.7 Hz, 15.9 Hz, and 10.4 Hz at the high CO5 contents of 25%, 50%, and
100%, respectively. For the metal-cored wire, the behavior of the
transfer frequency at 250 A was similar to that at 220 A, at which the
frequency increased from 106.2 Hz to a maximum value of 195.0 Hz
when CO; was increased from 5% to 15%. When the CO5 was increased
from 20% to 100%, the frequency decreased from 143.2 Hz to 23.4 Hz.
The frequency of the solid wire was higher than that of the metal-cored
wire at CO; contents of 5% and 10%.
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At this current level, the metal transfer frequency of the metal-cored
wire at 100% CO, concentration was 23.4 Hz, similar to a basic flux-
cored wire, as observed by Bauné et al. [12]. In that study, the fre-
quency of a basic flux-cored wire was reported to be 22.6 Hz in DCEN
mode at 255 A welding current, which was lower than that of a rutile
flux-cored wire of 51 Hz in DCEP mode. For solid wire, the metal transfer
frequency at 20% CO» was 42.1 Hz, which is consistently equal to a
frequency of 45 to 50 Hz, according to an observation for 250 A welding
current by Methong et al. [24].

The droplet diameters of the two wires at 250 A are shown in Fig. 6.
The diameter for the solid wire increased with increasing CO content,
and the spray transfer mode exhibited at CO; contents of 5% and 10%.
For the metal-cored wire, it was observed that the droplet diameter was
minimized to a diameter less than that of the wire at a CO5 content of
15%. This indicated that the droplet transfer mode was spray transfer,
whereas the other levels of CO2 concentration exhibited a globular
transfer mode.

Representative photographs of the pendant droplets of the two wires
in Fig. 7 can be used to assess the droplet transfer behavior at a medium
welding current. In the solid wire, the diameter of droplets was smaller
than that of the wire at 5% and 10% CO, as shown in Fig. 7(a) and (b),
respectively. The droplet diameter exceeded the wire diameter at 15%
COo, as shown in Fig. 7(c), but the difference became more extensive at
25% and 100% COs. Moreover, the results for the metal-cored wire
showed that the diameter decreased when the CO5 level was increased
from 5% to 15%, as shown in Fig. 7(f), (g), and (h); hence, it increased
when the CO, level was increased from 15% to 100%. The droplet
diameter was minimal at 15% CO».

The metal transfer frequencies at a high welding current are shown
in Fig. 8. The frequency of the solid wire steadily declined when the CO4
content was increased. The frequencies were significantly high at 458.9,
329.5, and 247.6 Hz when the CO, contents were 5, 10, and 15%,
respectively. The frequency markedly reduced from 179.7 Hz to 60.9 Hz
when the CO5 increased from 20% to 25%. At high CO, concentrations
of 50% and 100%, low frequencies of 24.3 Hz and 23.2 Hz were
observed. Moreover, for the metal-cored wire, the droplet transfer fre-
quency showed a distinct tendency similar to 220 A and 250 A. The
frequencies were 214.1, 304.7, and 312.9 Hz at 5, 10, and 15% CO,,
respectively. Furthermore, the frequency gradually decreased to 258.8
Hz and 208.2 Hz when the CO5 content was increased to 20% and 25%,
respectively; however, it suddenly declined to 42.5 Hz and 31.5 Hz at

Solid wire; 220 A

(a) 5% CO,, Spray

2 mm

2 mm

(b) 10% CO,, Globular [(c) 15% CO,, Globular [(d) 25% CO,, Globular |(e) 100% CO,, Globular

2 mm 2 mm 2 mm

(f) 5% CO,, Globular

2 mm

2 mm

2 mm

Fig. 4. Typical droplet transfer images of solid wire (a)-(e) and metal-cored wire (f)-(j) at a current of 220 A. (a), and (f): at 5%; (b), and (g): at 10%; (c), and (h): at

15%; (d), and (i): at 25%; (e), and (j): at 100% CO, concentration.
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Fig. 6. Calculated droplet diameter of solid and metal-cored wires depending on CO, content at a welding current of 250 A.

Solid wire; 250 A

2 mm
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Fig. 7. Typical droplet transfer images of solid wire (a)-(e) and metal-cored wire (f)-(j) at a current of 250 A. (a), and (f): at 5%; (b), and (g): at 10%; (c), and (h): at
15%; (d), and (i): at 25%; (e), and (j): at 100% CO, concentration.
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Fig. 8. Droplet transfer frequencies of solid and metal-cored wires as a function of CO, content at a welding current of 280 A.

the high CO3 concentrations of 50% and 100%, respectively.

The error bar for the frequencies of the metal-cored wire in Fig. 5 was
longer than that in Figs. 2 and 8, which reflected that the stability of the
welding process at 250 A is weaker than the other current. A welding
current of 250 A was assumed that the transition current from globular
mode to spray mode occurs for solid welding wire, and the welding
process is often unstable in this range. Therefore, the same phenomenon
was believed to occur with the metal-cored welding wire.

The droplet transfer frequency for a solid wire at 276 A was observed
to increase from 37 to 91 drops when the shielding gas changed from
pure argon to an Ar-5% CO; gas mixture due to a reduction in surface
tension of molten metal by including carbon dioxide, as investigated by
Rhee and Kannatey-Asibu [4]. It is important to highlight that the wire
diameter in the previous research was larger at 1.6 mm, which caused
the transition current to be at 280 A, and the frequency was lower than
that in the current study. Additionally, the frequency in pure CO; gas
ranged from 4 to 8 drops per second, even at a high current of 350 A.
Compared to a previous study, the tendency to increase transfer fre-
quency when 5% CO2 was added in pure argon gas can be observed for
metal-cored wire. Trinh et al. [22] reported that the frequency of a
metal-cored wire in pure argon was at 42.58, 73.86, and 119.09 Hz,
which was lower than that of Ar-5% CO- of 60.4, 106.2, 214.1 Hz in the
current study when the welding currents were 220, 250, and 280 A,
respectively. However, the mechanism for increasing transfer frequency
in the metal-cored wire was considered different, as described later.

Fig. 9 shows the droplet diameters of the two wires at 280 A. The

-=-Solid wire

N
W

\]

-e~Metal-cored wire

droplet diameter of the solid wire increased with the CO, content. The
droplet diameter was lower at 5% to 15% CO; than the wire diameter,
which implies that the metal transfer mode under these conditions was
the projected spray transfer mode. The metal transfer changed to the
globular mode when the CO, concentration was higher than 15%.
However, for the metal-cored wire, the diameter of droplets was lower
than that of the wire, over a wide range from 5% to 25%. The minimum
droplet diameter was attained at 15% CO,. Additionally, the figure
showed that the droplet transfer occurred in the globular mode when a
higher CO, content was utilized (i.e., 50 and 100% CO5).

Fig. 10 shows typical images of the droplet metal transfer at 280 A
welding current for the CO5 concentrations similar to Figs. 4 and 7. For
the solid wire, a small pendant droplet was observed at 5 and 10% CO»,
as shown in Fig. 10(a) and (b), respectively. Under these conditions, a
long-tapered section was formed at the electrode tip. The arc was located
at a low region of the taper during the beginning of droplet formation
but eventually entirely enveloped the droplet. At 15% COs, the taper
was shortened, while the arc was mainly attached to the neck position of
the droplet. The droplet diameter was slightly less than the wire diam-
eter. In Fig. 10(d), the arc first covers a large portion of the droplet at a
CO; concentration of 25% before shifting downward to concentrate at
the bottom of the droplet at a CO, concentration of 100%, as shown in
Fig. 10(e). For the metal-cored wire, the droplet transfer almost
resembled the projected spray transfer when the CO, concentration was
increased from 5% to 25%. In these cases, a droplet was generated at the
wire tip, and the arc consistently covered the entire droplet, as shown in

280 A
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Fig. 9. Calculated droplet diameter of solid and metal-cored wires depending on CO, content at a welding current of 280 A.
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Fig. 10. Typical droplet transfer image of solid wire (a)-(e) and metal-cored wire (f)-(j) at a current of 280 A. (a), and (f): at 5%; (b), and (g): at 10%; (c), and (h): at

15%; (d), and (i): at 25%; (e), and (j): at 100% CO, concentration.

Fig. 10(H)-(@). In Fig. 10(j), the arc is concentrated underneath the
droplet, leading to a high arc pressure that prevents droplet separation.
Thus, the metal transfer was a globular transfer, similar to the solid wire

in Fig. 10(e) at 100% COa.

3.2. Effect of COz content

The experimental results indicate that the metal transfer phenome-
non is different between the metal-cored and the solid wire, with a
variation in shielding gas composition. To understand comprehensively,
the effect of the CO, concentration on the arc and metal transfer

behavior is suggested in some explanations. Fig. 11 depicts the
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Fig. 11. The mechanism of metal transfer behavior in the solid wire. (a): 5 — 10%, (b): 15 — 20%, and (c): 25 — 100% CO, concentration.
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mechanism in the solid wire, in which Fig. 11(a) represents the low COy
content of 5% or 10%. The current path inside the solid part is assumed
to be almost uniform. Arc plasma can be clearly separated into two main
components: gas plasma and iron vapor plasma [25]. Compared to gas
plasma, iron vapor has a dominant effect in the plasma due to the strong
radiative emission from the metal vapor, inducing a high radiative
cooling and a temperature fall of electron temperature on the column
axis, first reported by Zielinska et al. [26] and then corroborated by
observation of Valensi et al. [27]. Through experimental and numerical
analyses, Hertel et al. highlighted that the arc attachment on the filler
wire moved upward toward the contact tip when the iron vaporization
increased. This phenomenon was caused by a decrease in the electrical
conductivity owing to lowering temperature caused by the radiation loss
of iron plasma [28]. They reported that a large percentage of the current
flows via the argon plasma region due to its high temperature, which
broadens the current path. This phenomenon leads to an effective
electromagnetic force applying on the tip of the wire to generate a
tapered part, enhancing droplet detachment, as shown in Fig. 11(a).

In addition, Ogino et al. measured the metal transfer behavior under
the effects of metal vapor and shielding gas composition in the GMAW
process [29]. They stated that the current path was constricted, and the
arc was concentrated in the argon-CO; gas mixture because of the high
specific heat of CO5, which caused a high arc pressure under the droplet
compared to pure argon gas. Schematics of the arc and metal transfer
mechanisms using a high CO, concentration are presented in Fig. 11(b)
and (c), respectively. In Fig. 11(b), when CO3 content is at 15% or 20%,
it was assumed that the gas and iron plasma were separated. However,
the arc was constricted owing to the higher CO; content than that in the
scenery, as shown in Fig. 11(a). The current portion flowed through the
molten droplet increased, which increased the arc pressure under the
droplet and diminished the effect of the electromagnetic force on droplet
detachment.

Fig. 11(c) presents the mechanism when the CO; content is higher
than 25%. Under this condition, the arc became strongly constricted,
leading to the overlapping of the gas plasma and iron plasma. The arc
was concentrated under the bottom of the droplet, causing a significant
arc pressure to push the droplet upward. The arc pressure was the
dominant factor preventing droplet detachment, and a globular transfer
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was observed, as shown in Fig. 4(d) and (e).

The effect of CO, concentration on the metal transfer of the solid
wire was well understood, as described above. However, the phenom-
enon of the metal-cored wire was hard to explain from the experimental
result. Using laser back-light observation would disturb the visualization
of the arc column. Even the metal vapor distributions in these proposed
images in Figs. 4, 7, and 10 were easy to observe due to the strong ra-
diation of metal vapor plasma. The laser light may be overlapped with
the iron plasma spectra at 640 nm. The weaker radiation of gas plasma
led to difficulty in distinguishing the gas and metal plasma regions. For
that reason, an additional experiment was conducted to observe metal
vapor and gas plasma distribution using the high-speed camera equip-
ped with a bandpass filter. Two bandpass filters have central wave-
lengths of 540.0 and 696.5 nm to observe the Fe I and Ar I line spectrum
(termed “Fe I filter” and “Ar I filter”), respectively. Both filters have a full
width at half-maximum of 10.0 nm. The visualization condition was set
similarly to a previous study by Trinh et al. [22], in which the camera
was equipped with one neutral density filter of 8 (ND8) for observing
argon plasma distribution, and three ND8 filters for observing iron
plasma distribution. The difference in observation conditions and the
spectral intensity of iron at two observed wavelengths causes a difficult
comparison in the broadness of gas and iron plasma. The lower images in
Fig. 12 contribute to a better understanding of the shape of iron plasma
distribution.

The Ar I and Fe I observations of the metal-cored wire at 250 A for 5,
15, and 100% CO; concentrations were presented in Fig. 12. In Fig. 12
(a), the argon plasma and iron vapor were separated into two regions,
the argon plasma at the outer covering the iron vapor at the inner. It can
be observed that when the CO5 content increased from 5 to 15%, the
argon plasma area was retracted, which led to the arc being shifted
downward due to its constriction, as observed in Fig. 12(b). Although
the Ar I filter was utilized in this experiment, iron vapor plasma in the
images observing the Ar I spectrum was observed. It was because the
strong radiation of iron plasma may contaminate the bandwidth of the
Ar I filter. Thus, without argon in shielding gas, the upper photo of Ar I
in Fig. 12(c) showed a bright zone corresponding to the iron plasma in
the lower image.

Based on the above experimental results, Fig. 13 proposed
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Fig. 12. Argon and iron plasma distribution of metal-cored wire at 250 A. (a): 5%, (b): 15%, and (c): 100% CO, concentration; upper row: images observed by argon

filter, and lower row: images observed by iron filter.
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Fig. 13. The mechanism of metal transfer behavior in the metal-cored wire. (a): 5 — 10%, (b): 15%, and (c): 20 — 100% CO, concentration.

schematics of the mechanism of the droplet transfer at various CO;
concentrations for the metal-cored wire. For this wire, the flux includes
mainly metal oxides with low electrical conductivity. Thus, the current
is thought to be conducted significantly through the wire sheath.
Consequently, the current density of the metal-cored wire at the solid-
liquid interface was larger than that of the solid wire. In the case of
MCAW, a small amount of alkali element that evaporated from the metal
flux might be mainly mixed into the gas plasma according to the evap-
oration position, as is explained later.

In Fig. 13(a), for the small CO, content of 5% or 10%, the current
mainly flows through the gas plasma, bypassing the molten droplet. The
arc attachment reached a higher position than that of the end of the
unmelted flux column, which leads to the electromagnetic force being
thought to act mainly on the liquid metal beside the unmelted flux. Thus,
the neck is not easily formed because the unmelted flux prevents the
molten metal from pinching into a thin column. Trinh et al. conducted
an experiment to measure the metal transfer behavior of solid and metal-
cored wires under a pure argon gas [22]. They observed that for the
metal-cored wire, the iron and argon plasmas were attached more
closely to the overhead of the droplet than the solid wire. In addition, the
current flowing from the wire sheath to the molten metal to promote a
neck formation was limited due to the presence of unmelted flux, which
prevented a long-tapered part formation, leading to a limited transition
from the projected to the streaming transfer mode.

Fig. 13(b) shows a mechanism of droplet transfer behavior at 15%
COq. The arc was slightly concentrated downward in this circumstance
owing to increased CO5 content. Consequently, a neck was generated
because of the lower position of the arc attachment. Because of the
downward shifting of arc attachment, the electromagnetic force
applying on the liquid metal without the unmelted internal flux, cor-
responding to the lower inward blue arrows in Fig. 13(b), became
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stronger than those in the 5% and 10% CO; cases, enhancing droplet
detachment. As shown in Fig. 13(c), when a significant amount of CO3 is
utilized, the arc pressure underneath the droplet increases to support the
droplet vertically. This pressure decreases the influence of the electro-
magnetic force on the neck of the droplet necessary for droplet
detachment. Therefore, the metal transfer mode becomes a globular
transfer. Consequently, the droplet transfer frequency at 15% COy
reached a maximum value, as shown in Figs. 2, 5, and 8.

As described above, the metal transfer behavior of a metal-cored
wire is strongly affected by the relationship between the arc attach-
ment position and the state of unmelted flux. However, it was difficult to
observe the melting state of flux inside a molten droplet during the
welding process. One method for verifying the mechanism shown in
Fig. 13 is to analyze the cross-section of the metal droplet after welding,
which is comparable to the examination of Trinh et al. [10]. In this
study, another method was utilized based on observing the melting wire
at the moment of arc cutting. Immediately after the arc was extin-
guished, the molten metal at the wire tip oscillated, revealing the state of
the unmelted flux remaining at the wire tip.

Time-sequential images of the typical arc-cutting evolution at 5, 10,
and 15% CO5 under 220 A welding current are presented in Fig. 14(a),
(b), and (c), respectively. In these figures, the white dashed line repre-
sents the height of the arc attachment position on the filler wire, whereas
the yellow dashed line represents the height of the unmelted flux. It was
considered that the highest position of arc attachment matched the
position where the tapered part at the wire tip began, as reported by
Egeland [30]. This is because the intensive heat flux to the wire surface
due to thermal conduction from the high-temperature arc and the
electron condensation due to current conduction occurred inside the arc
attachment, melting the wire surface immediately [31]. The arc-cutting
moment was set for each condition as the zero frame (0 s). The previous
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Fig. 14. A comparison of arc height and flux height during the arc-cutting occasion of metal-cored wire at a welding current of 220 A. (a): 5%, (b): 10%, and (c): 15%

CO, concentration.

frame shows the detaching moment of the last droplet before the arc is
extinguished. The two last frames show the unmelted flux state and the
geometry of the wire tip during molten metal solidification at 25 ms. It
was observed that the unmelted flux height was lower than the arc
attachment height. In Fig. 14(a) and (b), the distance from the un-melted
flux to the arc attachment position is 0.9 mm and 0.9 mm, respectively.
However, that distance reduces to 0.5 mm when the CO5 concentration
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is 15%, as shown in Fig. 14(c). The relative position between the arc
attachment and unmelted flux has decreased in this situation. The im-
plications in this figure are consistent with the hypothesis presented in
Fig. 13.

A summary of the metal transfer frequencies is shown in Fig. 15. The
metal transfer frequency showed a similar tendency for all the investi-
gated currents. Two notable tendencies were found: the droplet transfer

——MCAW 250 A —=-MCAW 280 A
- GMAW 250 A -&- GMAW 280 A

CO, content (%)

Fig. 15. A summary of droplet transfer frequencies of GMAW with solid wire and MCAW with metal-cored as a function of CO, content under all investigated

welding currents.
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frequency of metal-cored wire was maximum at 15% CO content, and
this frequency was greater than that of the solid wire when the carbon
content exceeded 15% COs.

As explained previously, in the case of low CO; content, the metal
transfer frequency decreased because the arc attachment expanded
sufficiently upward above the unmelted flux height, preventing the neck
formation necessary for droplet detachment. This tendency became
weaker with increasing CO, content, owing to the lowering of the arc
attachment height. Thus, the metal transfer frequency temporarily in-
creases with a slight increase in CO5 concentration. On the other hand, a
significant increase in the CO, content, which has great specific heat,
constricted the arc toward the bottom of the droplet. That leads to
increased arc pressure acting on the droplet bottom to support the
droplet upward. Consequently, the metal transfer frequency reached a
maximum at 15% COs, according to the balance between the above two
factors.

Furthermore, in the MCAW process, at the welding current of 280 A,
the frequencies of 10% and 15% CO, were almost identical. It can be
considered that the Joule heating effect increases with the current,
causing effective melting of the flux column by thermal conduction. This
mechanism is similar to the weakening of the impact on the metal
transfer frequency by an increase in flux ratio at a high welding current,
as reported by Trinh et al. [10]. In addition, there were no significant
differences in the frequencies for the three welding current levels when
the CO5 content was high (50 and 100% CO-), which indicated that the
shielding gas influence was relatively more dominant than that of the
welding current.

The other tendency is the frequencies of metal-cored wire were
greater than that of the solid wire when the carbon content exceeded
15% CO». This trend was thought to be related to the presence of sodium
in the commercial metal-cored wire in this study. At a low welding
current, Trinh et al. found that the droplet transfer frequency was raised
with the quantity of sodium as alkali elements were added to the metal
flux [10]. However, the welding experiment in that study was carried
out with 20% COs in the shielding gas. Recently, the effect of sodium in
the flux on metal transfer at high welding current and pure argon gas
was clarified by Bui et al. [32]. They reported that the sodium had a
dominant effect on preventing the transition to the streaming transfer
compared to the wire structure of metal-cored wire. Sodium has a low
boiling point and low ionization potential. The presence of its plasma in
the arc will raise the current proportion following the metal vapor. The
electromagnetic force became effective in detaching a droplet in MCAW
while the arc pressure increased to facilitate the project transfer. How-
ever, the droplet detachment for a metal-cored wire is hindered due to
the unmelted flux preventing taper formation as for a solid wire. The
droplet was generated at a small diameter wire tip when a taper was
formed. As a result, the droplet was easy to detach, and the transfer
frequency of solid wire became higher than that of metal-cored wire at a
low CO5 content.

When the CO;, content increases, modified droplet temperature
might influence the surface tension. The droplet temperature in the
globular mode temporarily decreased in the transition zone and
increased in the spray transfer mode [33]. It was observed that by
modifying small amounts of CO; in the shielding gas, droplet tempera-
ture can be lowered while maintaining a similar deposition rate. The
droplet temperature behavior of a metal-cored wire was thought to be
similar to that of a solid wire under the effect of shielding gas, as
described above. A decrease in droplet temperature was anticipated to
correspond to an increase in surface tension. Consequently, it was
believed that the influence of droplet temperature on surface tension
was not predominant in this instance. Within the scope of this investi-
gation, emphasis was placed on manipulating the electromagnetic force
rather than addressing the impact of surface tension when increasing the
CO, concentration.

In this study, the droplet transfer frequencies of a metal flux-cored
wire were quantitatively measured for the first time as a function of
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the CO5 content in an Ar-CO, mixture shielding gas at welding currents
of 220, 250, and 280 A. It was found that the metal transfer frequency
reached a maximum value at 15% CO,, which contributed to a stable
and effective arc welding process. Furthermore, a mechanism to induce
this tendency is suggested. The proposed mechanism can become a hint
to improve the metal transfer behavior when using a high COy con-
centration shielding gas. The result implies that an outstanding metal-
cored arc welding performance can be achieved by utilizing a suitable
shielding gas composition and adequately designing the material prop-
erties of the metal flux, for example, the melting point and thermal
conductivity, for controlling the melting state of the flux. This finding
also suggests an effective shielding gas for metal-cored arc welding,
contributing to the research community and industry application.

4. Conclusion

This study clarified the effect of CO; content in the shielding gas of
GMAW using solid and metal flux-cored wires. Experiments were con-
ducted to evaluate the metal transfer behavior of seven types of CO; gas
mixtures at three welding current levels. From the results, the conclu-
sions can be summarized as follows:

1. For the solid wire, the droplet transfer frequency decreased, and
the droplet diameter increased with increasing CO; concentration. The
frequency was reduced from 167.8, 281.2, and 438.9 Hz at 5% CO; to
7.4, 10.4, and 23.2 Hz at 100% CO, when currents were 220, 250, and
280 A, respectively. The high specific heat of CO, caused the arc to
constrict, increasing arc pressure under the droplet to reduce droplet
detachment.

2. The transfer frequency of metal-cored wire increased from 60.4,
106.2, and 214.1 Hz to 98.4, 195.0, and 312.9 Hz when the CO, con-
centration increased from 5% to 15%, and then decreased to 16.9, 23.4,
and 31.5 Hz when the concentration increased to 100%, with a welding
current of 220, 250, and 280 A, respectively. The droplet diameter had
an inverse relationship to the droplet transfer frequency and was, at a
minimum, at 15% CO,.

3. When the CO4 concentration was low, the arc was attached higher
than the unmelted flux, causing the electromagnetic force to be inef-
fective in droplet separation. When the CO» concentration increased
slightly, the arc was moved downward to the tip of the unmelted flux.
That tendency temporarily facilitated the neck formation at the wire tip
due to enhanced electromagnetic force flowing through the molten
metal on the wire tip. Nevertheless, when the CO, content increased
over a critical value, the arc pressure became a dominant factor in
hindering the droplet detachment, which caused a decrease in metal
transfer frequency. Consequently, the metal transfer frequency of metal-
cored wire became maximum at 15% COx.

4. The effect of the optimal CO, content was prominent at low
welding currents. The high Joule heating effect at high welding currents
can be considered to contribute to shortening the metal flux column.
Thus, the metal transfer frequencies at 10% and 15% CO, were not
significantly different at 280 A.

5. The influence of shielding gas composition on the metal transfer
frequency is relatively more prominent than that of the welding current
when the CO; concentration was higher than 50%.

According to the findings of this study, there is a suitable Ar-CO5 gas
mixture for practical use in the metal flux-cored arc welding process.
The results contribute to a comprehensive understanding of the mech-
anism underlying these phenomena, which can help optimize welding
performance.
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