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ARTICLE INFO ABSTRACT
Keywords: This study investigates the effects of alkali elements on metal transfer behavior in rutile flux-cored arc welding.
Flux-cored arc welding Four types of prototype flux-cored wires with different sodium contents in the flux were fabricated. By using

Sodium vapor

these wires, the influence mechanism of sodium on the metal transfer behavior was elucidated through shad-
Metal transfer

owgraph measurements of the metal transfer behavior as well as spectroscopic and color image observations of
the arc characteristics. It was found that the metal transfer between 190 A and 310 A was in the projected
transfer mode and could be further classified into two sub-modes (type A and type B) based on the droplet
formation process. A larger droplet was formed on the side of flux column in type A, while a smaller one was
formed in the center covering the flux in type B. The metal transfer frequency became larger in the latter case for
the same wire feeding speed. Type A tended to dominate in the lower current and lower sodium content con-
ditions, while type B dominated in the opposite conditions. The dominant sub-mode was determined to depend
on the Lorentz force acting on the droplet. At medium currents (250 A and 280 A), both sub-modes appeared in
similar proportions. The maximum metal transfer frequency occurred at a particular sodium content. When the
sodium content was smaller or larger, type A or type B became dominant, respectively. The sodium content at
which the maximum frequency occurred decreased when the current increased. In type A, the iron plasma was
widely distributed on the droplet side of the flux, while the sodium plasma was concentrated near the flux on the
opposite side, so both were separated. In contrast, in type B, the sodium plasma was concentrated around the flux
at the center and the iron plasma was widely distributed in the arc column, so both overlapped around the center.
Sodium has a low boiling point and low ionization potential. In type A, the sodium vapor greatly increased the
electrical conductivity of plasma around the flux column, so part of the current flowed from the wire through the
sodium plasma to the weld pool. Accordingly, the current flowing through the bottom of the droplet to the arc
decreased, leading to a lower arc pressure and recoil pressure under the droplet, and causing the metal transfer
frequency to increase with sodium content. On the other hand, in type B, the sodium vaporization increased
around the center, increasing the recoil pressure. In addition, the current density at the bottom of the droplet
increased due to the current concentration in the arc, causing the arc pressure to rise. Therefore, the metal
transfer frequency tended to decrease with sodium content. Due to the balance of these factors, the metal transfer
frequency has a maximum at a particular sodium content.

1. Introduction electrode is continuously fed and melted due to the heat input from an
arc to fill a gap between plates, is the most commonly used arc welding
Gas Metal Arc Welding (GMAW), in which a consumable wire process [1]. In GMAW, two kinds of electrodes are generally used: a solid
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wire and a tubular wire. The latter process uses a flux incorporated in the
wire, so-called Flux-Cored Arc Welding (FCAW), which provides a high
deposition rate leading to high welding speed, high welding stability,
applicability to various welding positions and so on depending on the
flux composition [2]. Owing to these benefits, FCAW has been studied
by many researchers for a long time and currently has various applica-
tions in industry [3]. FCAW can be categorized into two types depending
on the shielding method; one uses an external shielding gas, and the
other uses the vaporized flux from the wire to protect the welding area.
In the former case, the tubular wire has a concentric double structure
consisting of an inner flux and an outer metal sheath. This process is
further classified into sub-groups according to the flux composition as
Metal-Cored Arc Welding (MCAW) [4], basic-type FCAW [5] and rutile-
type FCAW [6].

In GMAW, including FCAW, understanding and control of the metal
transfer process are important for improving the efficiency and final
quality of the weld bead, because a large part of heat input to the weld
pool is carried by the high-temperature droplet detached from the wire
[7]. For example, Soderstrom et al. measured an average droplet tem-
perature in the free-flight mode of GMAW for ER70S-6 (carbon steel),
ER316L (stainless steel), and ER4030 (aluminum alloy) electrodes. The
results showed that the droplet temperature increased to much than the
melting point of the wire material and reached around its boiling point,
particularly in cases of ER70S-6 and ER4030 [8]. The metal transfer
mode in GMAW changes depending on various factors [9-11]. When
using a solid wire, the mode transitions to short-circuiting, drop (glob-
ular), spray and then streaming as the current increases as categorized
by the International Institute of Welding (IIW) [12]. Numerous in-
vestigations were conducted to clarify the metal transfer behavior in
GMAW using a solid wire. In particular, because of their importance,
many researchers have reported the effects of the welding current and
shielding gas composition on the metal transfer mode. Ushio et al.
showed experimentally that the transition current from the globular
mode to spray mode increased with CO, content in the Ar-COs shielding
gas by >10 % due to an increase in arc pressure under the droplet [13].
Taking advantage of recent progress in computational modeling, the
metal transfer process in GMAW can be investigated considering the
various driving forces acting on the droplet [14]. Ogino et al. clarified
the above mechanism governing the transition current systematically by
using numerical simulation [15]. Liu et al. studied the variation in the
metal transfer mode and frequency, reporting the optimum condition
under which the maximum metal transfer frequency was achieved [16].
Hu and Tsai investigated a series of phenomena in the metal transfer
process, including electrode melting, the formation, detachment, and
transfer of droplets, and then the droplet impingement onto the work-
piece via numerical simulation considering the temperature and flow
fields inside the droplet [17]. Kim and Eagar predicted the droplet size
based on both the static force balance theory and the pinch instability
theory as a function of welding current [18]. They reported that the
metal transfer with steel electrodes shielded with Ar-2 % O, showed a
gradual transition from globular to projected spray, followed by the
streaming transfer mode.

Unlike the solid wire, the tubular wire contains an inner flux con-
sisting of metal and/or oxide components with low electrical conduc-
tivity. As a result, the current path in the tubular wire exhibits quite
different behaviors, primarily flowing through the outer metal sheath
and avoiding the inner flux. This decisively affects the metal transfer
process.

MCAW has the simplest flux composition in FCAW processes because
it mainly consists of metal elements. Therefore, the metal transfer pro-
cess in MCAW has been investigated more deeply than those in other
types of FCAW. Starling and Modenesi compared the metal transfer
behavior in MCAW, basic-type FCAW and rutile-type FCAW in different
shielding gas compositions observed by a shadowgraph method [19].
Trinh et al. studied the effects of CO, content in the argon-CO shielding
gas on the metal transfer frequency [20]. The peak of metal transfer
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frequency appeared at 15 % CO- in the current range from 220 A to 280
A. The results indicated that the relationship between the positions of
the arc attachment and the tip of the un-melted flux column strongly
affected the metal transfer behavior. The smaller CO; content makes the
arc attachment position higher than that of the un-melted flux, causing
the Lorentz force to be ineffective in droplet detachment, while the
larger content increases the arc pressure under the droplet to prevent
droplet detachment. Accordingly, the above balance produces the peak
of frequency. Tashiro et al. studied the droplet detachment process with
numerical simulation [21]. They found that when the arc attachment
position was higher than that of the un-melted flux location, the current
conduction through the droplet was greatly decreased, making the
Lorentz force inside the droplet negligibly small. Therefore, an eddy
containing upward flow at the central axis was induced inside the
droplet, preventing neck formation. In contrast, when the arc attach-
ment position became lower, the eddy disappeared, and a unidirectional
downward flow formed inside the droplet to start the neck formation.

Furthermore, in recent studies, the addition of very small amounts of
alkali elements into the flux has been found to decisively govern the
metal transfer process in MCAW. Valensi et al. found that the addition of
an alkali element stabilized the metal transfer, keeping the spray
transfer mode up to 60 % CO; in Ar-CO, shielding gas at 330 A [22].
Following this, Trinh et al. also investigated the effect of alkali elements
on the metal transfer behavior in Ar-20%CO; shielding gas in more
detail [23]. They found that when increasing the sodium content in the
flux, the metal transfer frequency increased thanks to the formation of a
direct current path from the wire tip to the weld pool through the so-
dium plasma bypassing the droplet, thus reducing the current flowing
through the iron plasma under the bottom of the droplet to decrease the
arc pressure acting on the droplet. This was a consequence of the low
boiling point and low ionization potential of sodium. Bui et al. investi-
gated the effect of sodium in the flux on the metal transfer behavior in
pure argon shielding gas at 280 A and 320 A, corresponding to the
current range for projected and streaming transfers, by comparing the
results with the solid wire case [24]. They revealed that even at the
current for the streaming transfer in the solid wire case, the metal
transfer mode was kept to the projected transfer in MCAW because the
sodium vapor was mixed into the metal plasma under the droplet,
increasing the electrical conductivity of the plasma. As described above,
the effect of alkali elements is also predicted to be important in other
types of FCAW.

From the above research results for MCAW, it can be inferred that the
effects of the un-melted flux, as well as the additional alkali elements in
the flux, will also play important roles in the metal transfer behavior in
rutile-type FCAW. Regarding the former, the un-melted flux region tends
to be longer than that in MCAW. The formation mechanism of molten
droplets is known to be strongly affected by the presence of the long flux
column, making understanding the metal transfer more complicated
[25]. While the metal transfer modes in rutile-type FCAW were sum-
marized as functions of current and shielding gas composition by Izutani
et al. [26], the underlying metal transfer mechanisms are not yet well
understood.

Matsuda et al. studied the effects of iron powder ratio in the flux on
droplet size, reporting that the droplet size decreased with decreasing
the flux column length. This length decreased with an increase in the
iron powder ratio. [27]. Trinh et al. investigated the effects of CO5
content in Ar-CO; shielding gas on metal transfer behavior in rutile
FCAW [28]. Similar to the result in MCAW [20], a peak frequency
appeared at a particular content, but the CO; content for the peak fre-
quency decreased with increasing current. The result indicated that the
metal transfer can be optimized by shortening the length of un-melted
flux, which can be done by decreasing the CO, content in Ar-CO;
shielding gas or increasing the welding current. Regarding the latter, the
arc characteristics in FCAW are well known to be complicated by the
mixing of the highly vaporized alkali element into the plasma. Because
of this mixing, the thermodynamic and transport properties of plasma
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are dramatically changed mainly due to the low ionization potential of
alkali element, strongly affecting the current path in the arc, which
governs the heat and force balances between the arc and wire as well as
the metal transfer behavior. Although there are various works studying
rutile-type FCAW, our survey indicates that research results clarifying
the effect of alkali elements on the metal transfer behavior based on
detailed observations such as spectroscopic measurements are lacking.
In addition, Suga et al. reported that the addition of flux compounds
with high vapor pressure, such as CaF, delayed the droplet detachment
due to an increase in the recoil pressure acting on the bottom of the
droplet caused by the vaporization [29]. Therefore, the recoil pressure
due to the vaporization of alkali elements is also predicted to be
important.

This study aims to investigate the effects of alkali elements on metal
transfer behavior in rutile-type FCAW. Among the six alkali metals,
sodium and potassium are suitable for use as industrial products in terms
of price and availability. Especially, sodium has the advantage of being
less susceptible to moisture absorption when added, so sodium was
chosen as the alkaline element. In this study, four types of prototype
flux-cored wires with different sodium contents in the flux were fabri-
cated. By using these wires, the mechanisms by which sodium affects the
metal transfer behavior are elucidated through shadowgraph measure-
ments of the metal transfer behavior as well as spectroscopic and color
image observation of the arc characteristics.

2. Experimental methodology
2.1. Welding conditions and materials

The bead-on-plate welding experiments for FCAW were carried out
using mild steel plates (SS400 — JIS G 3101) with a dimension of 300
mm x 50 mm x 9 mm. Four types of prototype flux-cored wires with a
diameter of 1.2 mm and classified under AWS A5.20 E70T-1C were
employed. The sodium content in these wires varied from 0 % to 0.12 %
in increments of 0.04 %. Specifically, the wires consisted of wire 1 (no
sodium), wire 2 (0.04 % sodium), wire 3 (0.08 % sodium), and wire 4
(0.12 % sodium). The sodium is useful as an arc stabilizer, but adding a
large amount of sodium is thought to cause the flux to absorb moisture
and also increase fume. Therefore, the range of sodium content was
determined considering the above factors. The sodium was added to the
flux as a compound, which was expected to be thermally decomposed to
NayO when the wire temperature increased. Na could then be produced
by thermal decomposition due to further increase in temperature or
reduction through chemical reactions with other compounds such as
silicon oxide and manganese oxide. The chemical composition of the
wires is detailed in Table 1. The chemical compositions other than so-
dium are almost identical for all the wires.

The welding power source (DP-350, OTC Daihen) paired with a wire
feeder was operated in a Direct Current Electrode Positive (DCEP) mode.
The welding torch was set with a Contact Tip to Workpiece Distance
(CTWD) of 20 mm, and the initial distance from the wire tip to the plate
surface before starting each experiment was 10 mm. The welding speed
was 5 mm per second. To examine the impact of alkali elements on metal
transfer and arc behavior, a series of experiments was conducted at five
currents: 190 A, 220 A, 250 A, 280 A, and 310 A. The arc voltage was
adjusted between 30.0 V and 34.5 V to keep the arc length constant as
possible. An Ar-20 % CO; mixture was used as the shielding gas, with a

Table 1
Chemical compositions of the prototype wires (mass%).
Wire no. C Si Mn Ti Na Fe
1 0.05 1.00 2.53 3.37 0 89.3
2 0.05 1.00 2.53 3.37 0.04 89.3
3 0.05 0.99 2.53 3.37 0.08 89.2
4 0.05 0.99 2.53 3.37 0.12 89.2
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flow rate of 20 L/min. The welding conditions are listed in Table 2.
2.2. Metal transfer observation

The metal transfer behavior was observed by the shadowgraph
method, using a high-speed video camera (HSVC) (Memrecam Q1v, Nac
Image Technology), a 640-nm wavelength laser illumination system
(Cavilux HF system, Cavitar), and an object lens (Micro-NIKKOR, Nikon)
with a 200 mm focal length and a 1/4 focus ratio. The observation was
conducted at 4000 fps, with an aperture of f/8 and an exposure time of
20 ps. To minimize arc radiation, five Neutral-Density (ND) filters,
including four ND-8 filters and one ND-4 filter, were used. When
applying the shadowgraph method, a bandpass filter for the same
wavelength with the laser illumination system is generally employed to
eliminate the arc radiation as possible. However, in this study, only ND
filters were attached to HSVC without using the bandpass filter to
observe the metal transfer behavior and arc appearance at the same
time. Fig. 1 illustrates the experimental setup for observing the metal
transfer behavior.

2.3. Arc phenomena observation

Two types of experiments were carried out to analyze the arc phe-
nomena. Fig. 2 shows the setup for the first type of experiment for
observing the three line spectrums of iron, argon, and sodium atoms
independently using a monochrome HSVC (Memrecam Q1v, Nac Image
Technology) with band-pass filters. The frame rate was 4000 fps. The
welding voltage and welding current waveforms were also recorded
through a data logger system (NR-500/NR-HV04, Keyence) connecting
to the clamp meter (3285, HIOKI), which was synchronized with the
HSVC for its triggering. An additional voltage power source of DC 5 V
was used for detecting the starting moment of the main arc. Three types
of band-pass filters with a Full Width at Half Maximum (FWHM) of 10.0
nm and central wavelengths of 540.0 nm (Fe I), 694.0 nm (Ar I), and
589.0 nm (Na I) were used for observing the behavior of each element in
the plasma. The detail of arc phenomena observation using bandpass
filters was the same as that described in [23]. The camera settings were
consistent with those used in the shadowgraph method, which included
three ND-8 filters.

Since this method only allowed for individual observation of the line
spectrum for the iron, argon, and sodium atoms, it could not be used for
comparing the plasma behaviors of different elements at the same time.
To address this limitation, a second type of experiment was carried out
using a color HSVC (Memrecam ACS-1, Nac Image Technology) with the
same objective lens as used in metal transfer behavior studies, but with
an aperture of f/22. Fig. 3 shows the details of the experimental setup,
which enables simultaneous observations of the arc phenomena of
different elements according to the color of the plasma radiation. The
color camera was operated at a frame rate of 75,000 fps with an expo-
sure time of 12 ps, and four ND filters (three ND-8 and one ND-4) were
used to reduce the arc radiation.

Table 2
Welding conditions.

Welding parameters Value

Welding current 190 A, 220 A, 250 A, 280 A and 310 A

Arc voltage 30.0 V-34.5V

Welding velocity 5 mm/s

CTWD 20 mm

Shielding gas Ar - 20 % CO; 20 L/min
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Fig. 1. Schematic of experimental setup for observing the metal transfer behavior using shadowgraph method.
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Fig. 2. Schematic of arc phenomena observation setup using a high-speed camera equipped with band-pass filters and a data logger for measuring current and

voltage waveforms.
3. Results and discussion
3.1. Metal transfer behavior

Fig. 4 shows the metal transfer frequency for the four prototype wires
as a function of sodium content at five welding currents. Using the same
method as in [28], ten random durations of 250 milliseconds were
selected to count the number of droplets, and then the frequency of each
duration was calculated by dividing the number of droplets by the time
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elapsed from the first to the last detachment. After that, a final frequency
was determined as an average value of these ten frequencies, while the
error bars depicted the standard deviation. In this analysis, only droplets
consisting of molten metal were counted, ignoring the detached flux.
As presented in Fig. 4, with all the examined flux-cored wires, the
higher the welding current, the greater the metal transfer frequency. The
increase in welding current enhanced the melting rate of the metal
sheath, leading to a higher metal transfer frequency. Except for the
lowest welding current of 190 A with almost constant frequencies of
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Fig. 4. Metal transfer frequency as a function of sodium content at five welding currents.

65.9 Hz, 70.2 Hz, 70.7 Hz and 66.1 Hz in wire 1, wire 2, wire 3 and wire
4, respectively, the frequency attained a maximum value as a function of
sodium content. At the medium-low welding current of 220 A, the fre-
quency increased gradually from 75.1 Hz to 95.6 Hz with an increase in
the sodium content. At the medium welding current of 250 A, the metal
transfer frequency increased from 101.4 Hz to 126.6 Hz as the sodium
content increased from 0 % to 0.08 % and then dropped to 107.1 Hz at
0.12 %. At the medium-high welding current of 280 A, the metal transfer
frequency was 147.0 Hz at 0 % sodium and increased to 166.9 Hz a 0.04
%, was almost unchanged with a frequency of 162.5 Hz at 0.08 %, and
finally reduced to 141.4 Hz at 0.12 %. At the highest welding current of
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310 A, the metal transfer frequency suddenly decreased from 222.4 Hz
at 0 % to 192.3 Hz at 0.04 % sodium and then gradually decreased from
192.3 Hz at 0.04 % to 176.6 Hz at 0.12 %. As a result, it was found that
when the welding current increased, the sodium content at which the
maximum frequency appeared gradually decreased from 0.12 % to 0 %
in the current range between 190 A and 310 A. The result implies that
the metal transfer is significantly affected by the evaporation of sodium
added to the flux.

Fig. 5 shows typical images of metal transfer behavior for different
sodium contents at welding current of 190 A, 250 A and 310 A. At all the
welding currents, the flux column was always formed during the
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Fig. 5. Typical images of metal transfer behavior for different sodium contents at welding current of (a) 190 A, (b) 250 A and (c) 310 A.

detachment process, which is a well-known characteristic of FCAW [28].
The length of the flux column tended to increase as a function of the
welding current, so the lower end of the flux column was extended
further and continuously fell onto the weld pool, especially at 250 A and
310 A. The molten droplet was consistently separated from the tip of the
flux column after flowing downward either along the side or through the
central axis of the flux. When the welding current increased, the position
of droplet formation gradually moved from the side of the wire to the
central region. The droplet size was consistent with the molten metal
volume estimated from the metal transfer frequency at these welding
currents. In particular, the droplet diameter didn’t change significantly
at a welding current of 190 A, as presented in Fig. 5a. The flux column, in
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this case, was quite short and covered by molten metal during droplet
formation. As presented in Fig. 4, the frequency rose as sodium content
increased from 0 % to reach a maximum at 0.08 % and then decreased
until the sodium content of 0.12 % at 250 A. Accordingly, the observed
droplet size in Fig. 5b was minimum at 0.08 %. The lower end of the flux
column tended to be detached independently from the metal part several
milliseconds before the metal droplet detachment because this portion
was melted by the intensive heat input from the arc and exposed to
external forces such as the arc pressure and plasma shear force. At the
welding current of 310 A, the droplet size gradually increased with
increasing sodium content, as shown in Fig. 5c. The tip of the flux col-
umn was detached almost together with the molten metal, resulting in
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the mixture of molten metal and flux in the droplet. Due to the elon-
gation of the flux column, the distance between its tip and the weld pool
was generally shortened. When the molten metal was mixed with the tip
of the flux column, part of the droplet was sometimes dipped into the
weld pool before detachment.

Similarly to GMAW using a solid wire, a transition of the metal
transfer mode occurs in FCAW according to changes in the welding
current. For example, [zutani et at. classified the metal transfer mode in
the rutile FCAW using Ar-CO5 mixture shielding gas as short-circuiting
transfer, drop (globular) transfer, projected transfer, and streaming
transfer as a function of current [26]. The projected transfer mode in-
cludes two sub-modes, as explained below. In the current range used in
this paper, only the projected transfer mode was observed. In Fig. 4, the
errors at the welding currents of 250 A and 280 A were seen to be much
larger than those at other welding currents. These error bars are used to
express the standard deviation of the frequency. This phenomenon is
thought to occur because this welding current range corresponds to a
transition threshold between two different metal transfer modes. Ac-
cording to the above classification, both the sub-modes were found to
appear at 250 A and 280 A.

Fig. 6 shows a classification of two sub-modes in the projected
transfer mode. These sub-modes are termed “type A” and “type B”. A
larger droplet was formed on the side of the flux column in type A, while
a smaller one was formed in the center, covering the flux, in type B.
Under the same wire feeding speed, a larger droplet indicates a lower
metal transfer frequency. Therefore, the metal transfer frequency was
larger in type B. Which of the sub-modes was dominant depended
mainly on the current, but the sodium content in the flux also affected it,
as explained in the next section. Type A and type B were dominant at the
lower currents (190 A and 220 A) and higher current (310 A),
respectively.

Fig. 7 shows the time of droplet detachment in three separate pe-
riods, colored in orange, green, and blue, for wire 3 at welding currents
of 250 A and 280 A. The figure allows analysis of the large errors seen in
Fig. 4. The three periods were taken from the ten periods used to
calculate the metal transfer frequency under each condition. The droplet
detachment period was seen to be longer in the type A transfer mode,
while it was shorter in type B, as explained in the previous paragraph.
The result indicates that the type A metal transfer mode accounted for
68 % of the total detachments at a welding current of 250 A, while that
in type B constituted 32 %. At a welding current of 280 A, these changed
to 48 % for type A and 52 % for type B. For example, in the case of a
welding current of 250 A with a large error, each droplet detachment
period was seen to be not constant in Fig. 7a. At the beginning of the blue
phase, the metal transfer mode was in type A, and each detachment
period was longer. Subsequently, the mode changed to type B and the
period became shorter from around 30 ms. Then, it changed again to
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type A after 50 ms. The results indicate that the occurrence of both the
metal transfer modes significantly increases in the error.

3.2. Arc characteristics

To understand the effect of sodium content in the flux-cored wire on
the arc characteristics, arc appearances were observed using a mono-
chrome HSVC with bandpass filters for plasma line spectrums at welding
currents of 190 A, 250 A and 310 A corresponding to the low, standard
and high currents, and a color HSVC at 250 A.

As a general trend, the position of arc attachment reached the solid-
liquid interface of the wire, thus covering part of the droplet during its
formation at all the welding currents. The sodium has a lower boiling
point of 1156 K and a lower ionization potential of 5.1 V, compared with
3134 K and 7.9 V for iron and 3558 K and 6.8 V for titanium, so the
sodium vapor is more easily evaporated and able to strongly affect the
arc characteristics, mainly by changing the electrical conductivity of the
plasma. The result in Section 3.1 indicated that when the welding cur-
rent was increased, the flux column length also increased. Accordingly,
the molten metal couldn’t cover the flux column completely, thus
making the area of the flux column surface exposed to the arc larger. The
evaporation of sodium vapor is thereby enhanced, increasing the
brightness and volume of the sodium plasma and affecting the metal
transfer behavior. First, the effect of a mixture of sodium vapor and iron
vapor in the plasma on arc characteristics is discussed for the standard
current of 250 A based on the result of the above observations, and then
those for 190 A and 310 A are considered to study the dependence on the
current.

Figs. 8-11 show time-sequential images during 1 cycle of metal
transfer observed using the HSVC equipped with Fe I, Ar I and Na I
bandpass filters for wires 1 to 4 at 250 A. The welding current of 250 A
was defined as a standard current, so the arc characteristics at this
current are presented in detail with gas plasma (argon plasma) and
metal vapor plasma (iron plasma and sodium plasmas). The metal
transfer cycle period decreased from around 10 ms to 8 ms as sodium
content increased from 0 % to 0.08 %, and then it increased again to
9.25 ms at 0.12 %. In the images for Na I in Fig. 8, weak arc radiation
was still observed even though the sodium was not included in the flux.
This is likely caused by the continuum spectrum or line spectra of other
elements contained in the flux. It was already shown in [23] that the
effect of the line spectrum of the gas plasma and iron plasma was
negligibly small at this wavelength in the case of MCAW. Despite this
background radiation, the sodium vapor behavior was clearly observed
for wires 2-4 because of the intense radiation of the sodium plasma.

In the case of wire 1, the effect of iron plasma on the arc charac-
teristics is relatively large because of the absence of sodium. The
behavior of each metal plasma depended significantly on the type of

[ Typea |

=)

Type B I

Fig. 6. Classification of two sub-modes in projected transfer mode [26].
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metal. Iron mainly evaporated from the lower surface of the droplet and
was widely distributed horizontally in the arc column. The amount of
iron vapor produced changed according to the droplet growth process,
decreasing around the time immediately before and after the droplet
detachment (for example, 9 ms for wire 2, 8.25 ms for wire 3, and 8 ms
for wire 4). This is thought to be because the temperatures of the de-
tached droplets and the molten metal at the wire tip decreased as the
droplets detached.

The sodium appears to evaporate mainly from both the flux surface
and the droplet surface covering the flux. In the latter case, strong
evaporation occurred stably from the pendant droplet at the wire tip.
Since the flux at this position was covered by the droplet, the sodium in
the flux could evaporate from the droplet surface via the inside of the
droplet. In particular, in the case of high sodium content, sodium vapor
tended to be concentrated in a narrow region around the flux near the
central axis. When the lower part of the elongated flux was covered by
large droplets over a wide area, the amount of sodium evaporated from
this area decreased slightly (for example, 5.75 ms for wire 4).

The argon plasma had a much lower brightness than those of the iron
and sodium plasmas, at least partly due to its lower number density
(lower mole fraction) in the metal plasma. The argon plasma was seen to
be distributed widely in the entire arc column and tended to overlap
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with the distribution of the iron plasma, as shown later in Fig. 12. This is
similar to the characteristics of iron plasma distribution when droplets
grow large in CO, arc welding using a solid wire [30].

A tendency presented in Figs. 8-11, but also seen in the overall
measurement results, was that the type A mode was dominant in wires
1-3, which contained less sodium content, while the type B mode was
typical in wire 4. There is a close relationship between the metal vapor
behavior and the droplet formation and detachment processes. The
important points can be summarized as follows: when droplets are
formed on the side of the flux as in type A, the iron plasma distribution
tends to be biased toward the droplet side, while the sodium plasma
distribution tends to be biased toward the opposite flux side. When the
droplets are formed at the center, as in type B, the sodium plasma is
concentrated in a narrow region around the flux near the central axis.
These observations strongly suggest that the difference in sodium
plasma distribution has a strong effect on the current path in the arc.

Fig. 12 shows time-sequential color images of the arc appearances for
wires from 1 to 4 during 1 cycle of metal transfer at 250 A. In the pre-
vious figures, the line spectrum distributions of each plasma were
measured independently in different experiments, so it was difficult to
compare them directly. Here, to clearly present the relative behavior of
each plasma in a single image, observations using the color HSVC were
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Fig. 8. Time-sequential images during 1 cycle of metal transfer observed using HSVC equipped with Fe I, Ar I and Na I bandpass filters for wire 1 at 250 A.
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Fig. 9. Time-sequential images during 1 cycle of metal transfer observed using HSVC equipped with Fe I, Ar I and Na I bandpass filters for wire 2 at 250 A.
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carried out.

In the figure, the radiation color of the shielding gas plasma should
be red-purple because the shielding gas has a high proportion of argon.
The radiation colors of iron plasma and sodium plasma are blue and
brown (the latter corresponds to the wavelength of around 600 nm),
respectively. A large part of the shielding gas plasma distribution was
thought to overlap with the iron plasma distribution, making it difficult
to distinguish each radiation source. The iron vapor evaporated mainly
from the bottom of the droplet and was widely distributed throughout
the arc, even though it became dense around the region under the
droplet. The brown radiation emitted by sodium plasma was not
observed in wire 1. As the sodium content increased, the brown radia-
tion became more prominent, and the brightness of the arc decreased.
The reason for the low brightness could be that the electrical conduc-
tivity of the arc increased due to the mixing of sodium vapor into the
entire plasma, causing the arc temperature to decrease due to stronger
radiative cooling. It was confirmed that the sodium evaporated strongly,
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especially in the period immediately before and after droplet detach-
ment, in the vicinity of the droplet and flux. The observed behavior of
the iron and sodium plasmas tended to agree with the results obtained
using bandpass filters.

Fig. 13 shows a detailed comparison of the typical arc appearances
for wire 1, wire 3 and wire 4 at 250 A, including the flux column, molten
metal and droplet. The sodium content of 0.08 % was used because the
maximum metal transfer frequency was achieved with this content. The
contours showing iron plasma and sodium plasma represent areas of
particularly high brightness. In the cases of wires 1 and 3, the charac-
teristics were similar to those in the type A mode, in which droplets were
formed on the side of the flux. It can be seen that the iron plasma was
widely distributed on the droplet side, while the sodium plasma was
concentrated near the flux on the opposite side. In the case of wire 4, the
characteristics were those of the type B mode, where the droplet was
formed near the center to cover the flux. The sodium plasma was
concentrated around the flux and distributed from the bottom of the



D.K. Le et al.

1.75 ms

i 1.50 ms

0 ms 1.75 ms

0 ms

0 ms

0 ms

325 ms

-

Journal of Manufacturing Processes 139 (2025) 105-125

6.50 ms 8.25 ms

4.50 ms 6 ms 7.50 ms

1.50 ms 6.25 ms

10 ms

9.25 ms

6 ms

o

7.50 ms

AWARH

5.50 ms 9 ms

-

Fig. 11. Time-sequential images during 1 cycle of metal transfer observed using HSVC equipped with Fe I, Ar I and Na I bandpass filters for wire 4 at 250 A.

droplet to the weld pool. The iron plasma was widely distributed in the
arc column.

The arc appearance at the standard current of 250 A was presented in
detail. Following this, the influence of the current is also discussed,
focusing on 190 A and 310 A.

Fig. 14 shows the time-sequential images during 1 cycle of metal
transfer observed using HSVC equipped with the Na I bandpass filter for
wires from 1 to 4 at 190 A. Fig. 15 shows a detailed comparison of the
typical arc appearances for wire 1, wire 3 and wire 4 at 190 A, also
representing regions of the flux column, molten metal and droplet. In
this case, the periods of metal transfer were stable: 16.50 ms, 15.75 ms,
15.00 ms and 16.00 ms for sodium contents of 0 %, 0.04 %, 0.08 % and
0.12 %, respectively. As sodium content increased from 0.04 % to 0.12
%, the spectral intensity of sodium plasma near the central axis gradu-
ally increased. The metal transfer mode was almost in type A for all
wires. For all wires, when droplets were formed on the side of the flux,
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iron vapor evaporated from the bottom of the droplet and was distrib-
uted with a bias toward the droplet side, while sodium vapor evaporated
in large amounts from the flux and was distributed mainly on the
opposite side from the iron vapor. Thus, it was found that the distribu-
tions of iron plasma and sodium plasma were clearly separated. When
the wire contained sodium, the flux column became longer, and the
spectral intensity of sodium tended to become larger in the period before
and after droplet detachment under all conditions.

Fig. 16 shows the time-sequential images during 1 cycle of metal
transfer observed using HSVC equipped with the Na I bandpass filter for
wires from 1 to 4 at 310 A. Fig. 17 shows the detailed comparison of the
typical arc appearances for wire 1 and wire 4 at 310 A, also representing
regions of the flux column, molten metal and droplet. In this case, the
periods of metal transfer were very short: 3.75 ms, 4.75 ms, 5 ms and
5.50 ms for sodium contents of 0 %, 0.04 %, 0.08 % and 0.12 %,
respectively. The brightness of the sodium plasma became stronger with
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Fig. 13. Detailed comparison of the typical arc appearances for (a) wire 1, (b) wire 3 and (c) wire 4 at 250 A, including the flux column and molten metal.

an increase in sodium content and was also stronger than for lower
currents. The iron plasma covered the upper part of the droplet, while
the sodium plasma was constricted to the center under the droplet, and
the degree of constriction increased with sodium content. The droplet
was mainly formed at the central region and then moved gradually
downward along the flux column, in accordance with the type B sub-
mode, in all wires. The intensive heat input to the wire due to the
high current enhanced the melting rate of the iron sheath, while the
melting rate of the flux by thermal conduction from the surrounding
molten metal will not be significantly changed. Therefore, the difference
between the melting rates of the metal and flux is increased, leading to
the longer flux column at the higher current. The exposed long flux
column was heated and melted mainly by thermal conduction from the
arc. This point will be discussed in detail in the next section. The flux
tended to detach right after or together with the droplet.

3.3. The effect of sodium vapor on the metal transfer behavior

In this section, the effect of sodium vapor on metal transfer behavior
is discussed based on the experimental results presented in the previous
sections. The processes of droplet formation and detachment in FCAW
are governed by the heat and force balances between the wire and the
arc. The evaporation of sodium vapor is related to both balances but has
a particularly decisive effect on the force balance.

First, the heat balance is considered. The main factors that cause the
temperature increase of the wire are Joule heating in the wire, thermal
conduction from the high-temperature arc, and electron condensation
heating as current flows from the wire to the arc. Since the electrical
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conductivity of the sheath metal is much greater than that of the flux, the
Joule heating and electron condensation heating mainly occur in the
sheath metal, where most of the current flows. The main factors leading
to the decrease in temperature of the wire are heat losses due to the
evaporation of the molten metal and flux, and droplet detachment.
When the flux contains a low boiling point element such as sodium, the
effect of heat loss due to evaporation is particularly large. In addition,
the sodium vapor that evaporates and mixes with the arc causes changes
in the temperature field and current path in the arc, as described below.

In this way, most of the heat input to the wire is transferred to the
sheath metal, which melts first, forming metal droplets. On the other
hand, the heat input to the flux is smaller, so the melting rate is slower
than that of the sheath, which leads to the formation of a flux column.
The main reason that the flux column becomes longer as the current
increases is likely to be because the electron condensation heats the
metal sheath and is proportional to the current. The flux inside the
sheath is heated by thermal conduction, which is relatively weak, so it is
protected by the sheath. Arc heating will be similar for the metal sheath
and the exposed flux column.

Next, the force balance is considered. In GMAW using a solid wire,
the main forces acting on the metal droplet are the surface tension, arc
pressure, plasma shear force, gravity and Lorentz force [31]. The surface
tension and arc pressure are upward forces that hold the droplet in place
and are of roughly equal magnitude. The arc pressure is formed by the
Lorentz force acting within the arc, which increases as the current path
becomes concentrated directly below the droplet. The plasma shear
force is a downward force generated by friction between the droplet and
the plasma flow around it. This force is an order of magnitude smaller
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Fig. 14. Time-sequential images during 1 cycle of metal transfer observed using HSVC equipped with the Na I bandpass filter for (a) wire 1, (b) wire 2, (c) wire 3 and

(d) wire 4 at 190 A.

than the surface tension and arc pressure and is generally considered
negligible. The gravity is also a downward force, which is especially
effective in low current. The magnitude and direction of the Lorentz
force acting on a droplet depend on the current path in the droplet. If the
current path in the droplet expands downward in a cone shape, the force
is downward and inward, but if it has only a vertical component, the
force is inward. The current path in the droplet is determined by the
electrical conductivity field of the arc surrounding the droplet.

In FCAW, when the flux contains elements such as sodium with low
boiling point and low ionization energy, the current path has a strong
effect on the force balance, particularly through the following two
mechanisms. The first is the strong upward recoil pressure associated
with the intensive downward evaporation of sodium vapor. In laser
keyhole welding, the laser focal point on the surface of the weld pool is
strongly heated, so the metal vaporizes rapidly due to the localized
heating reaching near the boiling point. The resulting recoil pressure
pushes down the surface of the weld pool, forming a keyhole [32]. In
FCAW, the droplet is pushed upward by a similar effect. The magnitude
of this recoil pressure will be estimated with a simple model later.

The second point is the change in the electrical conductivity of the
plasma that occurs when the sodium vapor is mixed into the plasma.
Fig. 18 shows the dependence of electrical conductivity of sodium, iron
and shielding gas plasmas on temperature. The data for the shielding gas
mixture is obtained using the methods presented in [33,34], and that for
iron in [35]. Similar methods were used for the Na data: the phenom-
enological potential [36] was used to describe the Na—Na and elastic
Na-Na' interactions, with the polarizability of Na taken from [37];
charge transfer cross-sections [38] were used for the inelastic Na-Na*
interaction, and momentum-transfer cross-sections [39] were used for
the e-Na interaction. It is well known that the mixing of a small amount
of iron vapor into a shielding gas plasma such as argon significantly
increases its electrical conductivity at low temperatures [40]. In the case
of sodium vapor, because the ionization energy of the sodium atom is
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much smaller than that of the iron atom, the increase in electrical con-
ductivity due to the mixing becomes even greater. The boiling point of
titanium and the ionization energy of its atom, which are the main
component of the flux, are closer to those of iron than to those of sodium.
Therefore, it is implicitly assumed that the characteristics of a titanium
plasma are closer to those of iron plasma in the following discussion. In
the case of GMAW using a solid wire, a significant temperature drop
occurs due to the strong radiation loss in the plasma containing dense
metal vapor near the arc axis. This causes a decrease in the electrical
conductivity of the plasma. Accordingly, part of the current conducts in
the surrounding shielding gas plasma, avoiding the iron plasma. In
contrast, in metal plasmas containing high concentrations of sodium
vapor, the electrical conductivity increases further, making it easier for
the current to flow through the metal plasma. As a result, it is expected
that the current path tends to concentrate near the central axis, so the
Lorentz force inside the droplet acts inward. The increase in current
density at the bottom of the droplet leads to an increase in arc pressure.

Fig. 19 shows a schematic of the relationship between the arc
appearance, current path, and droplet formation at welding currents of
190 A, 250 A, and 310 A for wire 4 to illustrate the effect of current. Wire
4 is used because it is most susceptible to the effects of sodium vapor. As
mentioned above, the metal transfer was almost fully in type A sub-
mode at 190 A. When the current is small, the Lorentz force acting on
the droplet is small, and the effect of surface tension is relatively large,
so the molten sheath metal forms a droplet on the side of the flux. The
Lorentz force becomes larger at 250 A, so the droplet is pushed down-
ward toward the central axis, and the proportion of metal transfer in
type B sub-mode gradually increases. When the current rises, the arc
pressure pushing up the droplet increases, and the recoil pressure also
increases with the sodium vapor formation. The Lorentz force becomes
even stronger at 310 A, so the droplet is always formed on the central
axis, leading to stable metal transfer in type B sub-mode. As the heat
input to the wire increases, sodium vaporization increases significantly,



D.K. Le et al.

Journal of Manufacturing Processes 139 (2025) 105-125

Na |

Molten
meta]

Molten
metal

Molten
metal

Fig. 15. A detailed comparison of the typical arc appearances for (a) wire 1, (b) wire 3 and (c) wire 4 at 190 A, including the flux column and molten metal.

and a metal plasma containing a high concentration of sodium vapor is
formed on the central axis. This constricts the current path in the arc into
the central axis, enhancing the recoil pressure caused by the sodium
vaporization and the arc pressure.

Fig. 20 shows a schematic of the relationship between the arc
appearance, current path and droplet formation for wire 1, wire 2 and
wire 4 at a welding current of 250 A to illustrate the effect of sodium
content in the wire. The standard current of 250 A is chosen for the
comparison. The type A and type B sub-modes were mixed at 250 A, and
the proportion of metal transfer in type B sub-mode increased, especially
for wire 4. This is related to the increase in sodium vaporization with the
sodium content. The mixing of sodium vapor increases the electrical
conductivity of the metal plasma near the central axis, causing the
current path to concentrate in this region. Accordingly, the mixing in-
creases the inward Lorentz force, causing the metal transfer to approach
the type B sub-mode.

The reason for the maximum of the metal transfer frequency occur-
ring for wire 3, as presented in Fig. 4, is also discussed. When sodium
content was smaller or larger than the content corresponding to the
maximum transfer frequency, the type A and B sub-modes became
dominant, respectively. The content corresponding to the maximum
decreased when the current increased, as shown in Fig. 21. For wire 2,
sodium evaporates mainly from the side of the flux column opposite the
droplet and is transported into the arc, greatly increasing the electrical
conductivity of the plasma around the flux column. As a result, part of
the current flows from the wire through the sodium plasma to the weld
pool, so the current flowing from the bottom of the droplet to the arc
decreases, leading to the lower arc pressure under the droplet. In this
case, since the amount of sodium vaporized from the droplets is small,
the effect of the recoil pressure acting on the droplet is relatively small.
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Consequently, the metal transfer frequency tends to increase compared
to that of wire 1. On the other hand, when the sodium vapor production
increases significantly, as in the case of wire 4, the recoil pressure acting
on the droplet increases, and the current density at the bottom of the
droplet increases due to the concentration of current in the arc, causing
the arc pressure to rise. Therefore, the metal transfer frequency tends to
decrease. Due to the balance of these factors, the metal transfer fre-
quency has a maximum at wire 3.

The above discussion makes clear that the vaporization of sodium
has a strong effect on the metal transfer behavior. Here, the effect of
sodium vaporization on the current waveform, which is one of the
important indicators of arc stability, is discussed.

Fig. 22 shows the waveforms of welding voltage, welding current and
the sodium intensity (maximum and mean values) for wires 1 and 4,
corresponding to sodium contents for the maximum and minimum metal
transfer frequencies at the welding current of 310 A. The sodium in-
tensity is identified based on the brightness of the image in the movie
using the ImageJ software. For convenient discussion, the welding
voltage and mean Na I intensity, which was calculated as the integrated
intensity over the image divided by the total pixels, are graphed on the
primary axis. The welding current and maximum Na I intensity are
shown on the secondary axis.

Since the welding power source was operated with constant voltage,
the arc voltage for both wires was almost constant. The current wave-
form for wire 1, which does not contain sodium in the flux, has a smaller
amplitude of fluctuation than that for wire 4, with the largest sodium
content. The intensity of Na I for wire 1 was caused by the background
radiation, as mentioned in the previous section. The maximum intensity
and the mean intensity for wire 1 were about 100 and 70 on average,
respectively, while those for wire 4 were about 200 and 130 on average,
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Fig. 17. A detailed comparison of the typical arc appearances for (a) wire 1 and (b) wire 4 at 310 A, also representing regions of the flux column, molten metal

and plasmas.

respectively. Therefore, the actual intensities after subtracting the
background were about 100 and 60, respectively, indicating the pres-
ence of a significant sodium vapor concentration. The amplitude of the
current fluctuation was also larger for wire 4. Under the constant voltage
conditions, the current fluctuation indicates a change in the current path
or arc length. Therefore, an increase in sodium content at 310 A not only
decreased the metal transfer frequency but also impaired the arc
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stability.

Fig. 23 shows schematic illustrations of the typical behavior of the
current waveform fluctuation and metal transfer in MCAW and FCAW,
allowing the current fluctuation mechanisms to be compared. This
figure also shows the relationship between the arc attachment positions
and current paths at the moments of maximum and minimum currents.
The case of wire 1 without sodium vapor is considered for simplicity.
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The fluctuation of the current waveform in FCAW is generally smaller
than that in MCAW in the free flight transfer mode [23], reflecting the
smaller change in the arc length. In MCAW, the melting rate of the metal
flux is higher than that of FCAW, so the tip of the flux column is located
slightly lower than the tip of the sheath and is often covered with a
droplet [20]. Therefore, the droplet tends to form axisymmetrically
around the central axis, as in GMAW with a solid wire. As the droplet
grows, it is elongated downward by the Lorentz force and forms a neck.
When the current density at the neck increases, the Lorentz force
prompts the droplet detachment, and the arc attachment at the bottom
of the droplet moves back to the wire tip after the detachment. Because
the arc length changes significantly due to this droplet behavior, the
amplitude of the current fluctuation increases accordingly. In contrast, a
flux column extends toward the weld pool on the central axis in FCAW,
and droplets are formed on the sides or around the flux column. Since
the flux column has low electrical conductivity, the cross-sectional area
of the current flowing from the sheath through the neck to the droplet
becomes smaller, resulting in an increase in the current density. As a
result, the droplet is more easily detached, the change in arc length is
smaller, and the amplitude of the current fluctuation is also reduced.
According to a previous study [23], the metal transfer frequency in
MCAW at 220 A is 27.6 Hz, which is about 37 % of the 75.1 Hz measured
in the current work. For the above reasons, FCAW is considered to have
better stability than MCAW.

Next, the recoil pressure generated by sodium vaporization is
roughly estimated and compared with other driving forces acting on the
droplet. The vapor is assumed to contain only Na for simplicity, even
though the actual composition is thought to be a mixture of Na, NayO,
and other minor components. The magnitude of the recoil pressure
corresponds to the momentum of the vapor which is calculated by
dividing the product of the mass of vapor per unit time (myg oo [kg/s]
and the evaporation velocity, assumed to be the thermal velocity (vpa)
[m/s], by the area over which the pressure is applied (Sna) [m?]. Each is
calculated using the following formula:

Myg_tor = wamwireFNa (1)
8kT

VNa = (2)
TIMNg
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SNa = ﬂrwirez 3)
where vy is the wire feeding speed [m/s], my;re is the mass of wire per
unit length [kg/m], Fy, is the mass fraction of sodium atom in wire, k is
the Boltzmann constant [J/K], T is the temperature of sodium vapor [K],
My, is the mass of a sodium particle [kg], and ryire is the wire radius [m].
Two sodium vapor temperatures were considered; the boiling point of
sodium and the maximum temperature of the droplet, which was
assumed to be the same as that measured in GMAW using an Ar-CO5
shielding gas mixture (around 2600 K) [41]. In principle, Sy, represents
the surface area of the arc attachment, but here it is assumed to be equal
to the wire cross-sectional area for simplicity.

The standard current of 250 A is used for the purposes of discussion.
It is assumed that all the sodium in the wire evaporates from the droplet
surface.

Fig. 24 shows the minimum and maximum recoil pressures acting on
the droplet as a function of the sodium content. The recoil pressure in-
creases with increasing sodium content and droplet temperature, vary-
ing between approximately 500 Pa and 2400 Pa. In the case of GMAW
using a solid wire and Ar-20%CO» mixture shielding gas, the arc be-
comes more constricted than that in pure argon shielding gas due to the
higher specific heat. As a result, the arc pressure becomes higher
(around 1000 Pa in Ar-20%CO5 compared to 500 Pa in argon) [42]. As
mentioned above, in the case of GMAW using a solid wire, the driving
forces regarding the droplet behavior are dominated by the surface
tension and arc pressure and Lorentz force, those might be of the same
order of magnitude. The recoil pressure is smaller than the arc pressure
for wire 2, but both are roughly the same for wire 3, and the recoil
pressure is expected to be greater for wire 4. As a result, it was shown
that when a large amount of sodium element is added to the flux within
the range of sodium content of the prototype wires, the recoil pressure
due to sodium vaporization has a large effect on the metal transfer
behavior.

The findings of this study proved that the addition of a small amount
of sodium to the flux can enhance the metal transfer frequency in FCAW,
improving the welding stability. However, the welding process might
become unstable if the added amount is excessive, mainly due to the
increased recoil pressure acting on the bottom of the droplet, which
results from the intensive sodium vaporization. This relationship
strongly depends on welding parameters like the welding current, so
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Fig. 19. Schematic of relationship between arc appearance, current path and droplet formation at welding currents of (a) 190 A, (b) 250 A and (c) 310 A for wire 4.

optimizing the sodium content in the flux is found to be decisively
important for stabilizing the welding process.

4. Conclusion

In this study, four types of prototype flux-cored wires with different
sodium contents in the flux were fabricated. By using these wires, the
influence mechanism of sodium element on the metal transfer behavior
was elucidated through the shadowgraph measurement of the metal
transfer behavior as well as spectroscopic and color image observation
of the arc characteristics. The main conclusions can be summarized as
follows:

1. The metal transfer between 190 A and 310 A was in the projected
transfer mode and further classified into two sub-modes (type A and
type B) based on the droplet formation process. A larger droplet was
formed on the side of the flux column in type A, while a smaller one
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was formed in the center, covering the flux in type B. The metal
transfer frequency became larger in the latter case for the same wire
feeding speed.

. Type A tended to dominate under the lower current and lower so-

dium content conditions, while type B dominated under the opposite
conditions. The dominant sub-mode was determined depending on
the Lorentz force acting on the droplet. At the medium current (250
A and 280 A), both sub-modes appeared in similar proportions.

. The metal transfer frequency is maximum at a particular sodium

content. When the sodium content was smaller or larger, type A and
type B sub-modes became dominant, respectively. The content cor-
responding to the maximum frequency decreased with increasing
current.

. In type A sub-mode, the iron plasma was widely distributed on the

droplet side of the flux, while the sodium plasma was concentrated
near the flux on the opposite side, so both were separated. On the
contrary, in type B, the sodium plasma was concentrated around the
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flux at the center, and the iron plasma was widely distributed in the
arc column, so both overlapped around the center.

. The sodium has a low boiling point and low ionization potential. In
type A sub-mode, the sodium vapor significantly increased the
electrical conductivity of plasma around the flux column, so part of
the current flowed from the wire through the sodium plasma to the
weld pool. Accordingly, the current flowing through the bottom of
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the droplet to the arc decreased, leading to the lower arc pressure
and recoil pressure under the droplet and increasing the metal
transfer frequency with sodium content. On the other hand, in type
B, the sodium vaporization increased around the center, increasing
the recoil pressure. In addition, the current density at the bottom of
the droplet increased due to the current concentration in the arc,
causing the arc pressure to rise. Therefore, the metal transfer
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Fig. 23. Schematic illustrations of the typical behaviors of the current waveform fluctuation and metal transfer in (a) MCAW and (b) FCAW.

frequency tended to decrease with sodium content. Due to the bal-
ance of these factors, the metal transfer frequency became a
maximum at a particular sodium content.

Adding a small amount of sodium to the flux can increase the metal
transfer frequency in FCAW and improve the welding stability. How-
ever, too much sodium can increase the recoil pressure acting on the
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bottom of the droplet, which may decrease stability. The results and
analysis presented will assist in selecting the optimum sodium content to
stabilize the welding process.
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