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Abstract: The physical phenomena of submerged arc welding (SAW) conducted with a 1.6 mm
flux-cored wire were investigated using X-ray imaging technique. Three kinds of metal transfer
modes were confirmed in this paper, namely the front flux wall-guided droplet transfer, back flux
wall-guided droplet transfer, and repelled droplet transfer, of which the corresponding percentages
were 47.65%, 45.29%, and 7.06%, respectively. Although the average sizes of the droplets for SAW
and FCAW (flux-cored wire welding) were 2.0 mm and 1.9 mm with an average droplet transfer
time of 90.3 ms, it required 36.4% more time for the droplet of SAW to finish one metal transfer than
it did in FCAW. In addition, the volume of the cavity was not constant but repeated a cycle mode
of “expansion and contraction” during the whole process. Thus, the dynamics of the cavity and
viscous resistance caused by the flux collectively slowed down the velocity of the droplets from
the wire to the weld pool in SAW. Compared with FCAW, a smoother weld without pits and pores
was manufactured during the SAW process. Due to the compression effect of the flux, the 14.5 mm
average weld width of SAW was 2.9 mm shorter than that of the FCAW. Furthermore, the thickness
of slag with a porous structure in SAW was 2.7 times of that in FCAW, indicating that it could provide
better protection to the weld of SAW.

Keywords: SAW; FCAW; metal transfer; cavity; X-ray imaging; slag; weld formation

1. Introduction

With the advantages of high efficiency and automation, low smoke, and spatters,
submerged arc welding (SAW) has become one of the most promising arc-welding methods.
It is widely used in the construction of offshore platforms, bridges, pressure vessels, wind
towers, energy pipelines, shipbuilding, and other industrial sectors [1–4]. Usually, solid
wires are employed in the SAW process to produce weld metal that does not require
high comprehensive mechanical properties. However, the solid wire can be hardened
during the drawing process due to the work-hardening effect, while a significant number
of alloy components must be added to improve the quality of weld metal. Then, worn
dies and broken wire appear frequently. In addition, if the wire is hardened, it is not easy
to straighten it. This can cause the groove center to decenter and the joining quality to
deteriorate [5]. Compared with the solid wire, the adjustability of the alloy system of the
flux-cored wire is more flexible, and a perfect weld can be obtained thanks to the combined
protection effect of slag and gas. In addition, the flux-cored wire has a higher deposition
rate than solid wire with the same diameter due to the increased current density. Thus,
SAW with the flux-cored wire has been extensively applied in various industries [6–8].

The obvious characteristic of the SAW process is that the arc burns under the cover of
the flux, so the physical phenomenon that occurs under the flux cannot be directly observed
from the outside. This makes it hard to understand the exact physical mechanisms of
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SAW, including the metal-transfer process. However, metal transfers in other welding
processes can be easily investigated because the target is not blocked, such as the gas
metal arc welding (GMAW) [9–13]. According to the current literature, there are mainly
two methods available for the observation of the SAW process: the X-ray and optical
imaging techniques, respectively. In 1947, Ostapenko and Medovar [14] first employed
X-ray photography to investigate the cavity formation of SAW, though the imaging quality
was low compared to current standards. Shortly after that, Grebelnik [15] adopted a similar
system to observe that the arc length did not drastically change as the type of flux varied.
Komen et al. [16] suggested that the welding zone of SAW could be divided into four
regions, and that the slag was pushed backward once it approached the wire around
which the arc plasma existed. In addition, the droplet transfer was more similar to spray
transfer because the diameter of the droplet was smaller than that of the wire, although the
positional relationship between the arc and the droplet was similar to that of the globular
transfer. Abe et al. [17] proposed that under the condition with a welding current of 600 A,
an EN ratio of 0.5, and an arc voltage of 33 V, the droplet transfer mode of SAW was the
spray transfer. Then, with the EN ratio increased, the droplet diameter increased while the
transfer frequency decreased. Finally, it became globular transfer as the EN ratio increased
to 1.0. Recently, Zhang et al. [18] observed the metal transfer characteristics of SAW with
the X-ray in situ imaging system and claimed that the droplet geometry and transfer mode
could be affected by the supporting force and viscous resistance caused by the flux wall.
Han et al. [19] even successfully investigated the metal transfer dynamics of underwater
submerged arc welding with the X-ray imaging method.

Moreover, optical imaging techniques have been reported to reveal the physical process
of SAW, too. The earliest attempt at optical high-speed photography of metal transfers in
SAW was conducted by Tybus [20] in 1957. In order to observe the cavity, a glass plate was
placed on the longitudinal section of the weld during the process. Then, in 1965, Franz [21]
conducted an innovative experiment by penetrating the flux with a ceramic tube to observe
the phenomenon occurring inside the cavity of SAW and suggested that the influence of
flux composition on the droplet transfer is minimal. However, Adrichem [22] employed
a similar device to Franz’s to draw the conclusion that the droplet transfer frequency
increased with the increase of flux activity. Mendez et al. [23] confirmed the chaotic and
nonaxial globular metal transfer in SAW by inserting a thin steel tunnel perpendicular to
the welding direction with a high-speed imaging system. Based on the analysis of spatially
resolved spectroscopy, Gött et al. [24] suggested that the main components of the cavity
atmosphere could be iron vapor and dissociated flux components. Li et al. [25] reported
that the arc burned in SAW with high short-circuit current, which did not occur in GMAW.
Sengupta and Mendez [26,27] reported that, between a welding current range of 600 A and
1000 A, the molten metal detached from the tip of electrode like a “whipping tail” was
caused by the electromagnetic kink instability in SAW regardless whether DCEP or AC
polarity was employed.

Due to the melting and evaporation of the tube or glass, the shape of the cavity and gas
composition inside of it may be changed, while the captured films can be different from the
actual phenomena that occur in SAW. Therefore, further research is needed to confirm the
effectiveness of the optical imaging technique presented in the literature. However, with
the employment of X-ray observation, the metal-transfer process can be easily obtained in
SAW without damaging the integrity of the cavity. In this investigation, the X-ray imaging
technique was applied to reveal the dynamics of the droplet, flux, cavity, and weld pool in
the SAW process. The metal transfer was divided into three basic modes, the mechanisms
of which were discussed from the perspective of force analysis. In addition, the cavity
evolution and weld formation were also examined.

2. Materials and Methods

Bead-on-plate welding was conducted on the widely applied high-strength low-carbon
marine steel CCS–EH40 with the dimensions of L250 × W35 × H14 mm. The basic
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mechanical properties of the base metal are shown in Table 1 after being tested on an
SHT4505 (MTS, Eden Prairie, MN, USA) mechanical testing machine with a loading speed
of 1 mm/min. A rutile-type flux-cored wire was specially designed and manufactured in
this investigation to be the filler metal with a final diameter of 1.6 mm. Both the chemical
compositions of the base metal and filler metal are shown in Table 2 with the measurement
conducted by a spark direct reading spectrometer LAB12 (SPECTRO, Kleve, Germany).

Table 1. Mechanical properties of the base metal CCS–EH40.

Base Metal Yield Point
ReH/MPa

Tensile Strength
Rm/MPa

Elongation
A/%

CCS–EH40 420 580 22

Table 2. Chemical composition of the filler metal (only steel sheath) and base metal (wt.%).

Material C Si Mn S P Ni Mo Cu V Fe

Filler metal 0.03 0.01 0.29 0.006 0.01 - - 0.015 0.001 Bal.
CCS–EH40 0.17 0.24 1.37 0.01 0.02 0.01 0.002 0.04 0.004 Bal.

Commercial melting type flux HJ431 was employed in this research, and the chemical
composition of it is shown in Table 3. Then, the Direct Current Electrode Positive (DCEP)
welding was conducted with a digital power source of Pulse MIG–500 (Aotai, Jinan, China)
under the constant voltage mode. In addition, other main welding parameters include:
wire feeding speed 3 m/min, traveling speed 120 mm/min, welding voltage 30 V, and
wire extension 15 mm. For a comparative investigation, both flux-cored wire arc welding
(FCAW) and submerged arc welding (SAW) were conducted in air, respectively. In the
process of FCAW, the arc burns directly in air once it ignites between the tip of the wire
and the surface of the base metal. Before welding in the process of USAW, flux HJ431
was shifted onto the surface of welding zone with an approximate thickness of 25 mm.
Meanwhile, an aluminum alloy box with a wall thickness of 1 mm was fixed around the
flux to prevent it from dispersing easily.

Table 3. Chemical composition of the flux HJ431 (wt.%).

Compounds SiO2 FeO + MnO CaO + MgO CaF2 Al2O3 + TiO2

HJ431 40~50 30~40 5~15 3~10 2~10

The X-ray imaging system used in this trial is schematically shown in Figure 1. As it
displays that the whole system is mainly composed of the welding platform (including
the power source, welding torch, and base metal), the X-ray source HPX225 (Varex, Salt
Lake City, UT, USA), image intensifier, and camera 1313DX (Varex, Lake City, UT, USA),
of which the latter is placed parallel on both sides of the welding zone to film the process
features, while the torch remains stationary to the camara. After preliminary testing, the
specific parameters for the X-ray imaging system were set to be a tube voltage of 135 kV,
a tube current of 2 mA, a resolution ratio of 512 × 512 pixels, and a frame rate of 90 fps.
Synchronous electrical signals of real-time welding current and arc voltage information
were collected by a data-acquisition unit, which was connected to the Hall units in the
welding circuit. The sampling frequency was set as 2000 Hz. Both electrical and X-ray
visual signals could be simultaneously acquired through a program based on the software
Lab View. All tests must be conducted in a lead-shielded room with a video monitor so the
X-ray radiation to personnel and equipment can be avoided.
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Figure 1. Schematic diagram of the X-ray imaging system (the yellow color represents the weld, and
the orange color represents the arc).

3. Results and Discussion
3.1. Observation Results of the Welding Process

The X-ray observation results of SAW and FCAW in air are shown in Figure 2. It can
be clearly seen that the SAW process occurs in a cavity that is composed of gases released
from the decomposition of wire core powder, flux, and metal vapor, although the arc seems
invisible due to the nature of the X-ray. While most parts of the cavity are located at the
back of the wire, the rest of it occupies the space around the front of the wire. Inside of the
cavity, the droplet hangs on the tip of wire but swings to one side of it. In addition, the
molten flux covers the back of the weld pool while the liquid metal flows far behind and
solidifies there as weld with slag on top, as shown in Figure 2a. Unlike the process of SAW,
there is no visible cavity around the welding zone in FCAW conducted in air, although
the droplet attaches to one side of the wire, too. The liquid metal in the weld pool moves
calmly to the back and finally solidifies under the cover of slag, as shown in Figure 2b.
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3.2. Metal Transfer
3.2.1. Repelled Droplet Transfer in FCAW

The metal transfer mode of FCAW conducted in air is basically confirmed to be a
repelled droplet transfer, as shown in Figure 3. Since there is no gas cavity or bubble around
the droplet, the dynamic behavior of it is mainly determined by the process characteristics
of the self-protected flux-cored wire welding. At the initial stage of one transfer cycle, the
newly formed small droplet often attaches to one side of the wire with a small angle, as
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shown in t13 + 11. (Here, the 13 stands for the beginning of the timeline, while 11 represents
the time interval between this figure and the initial one, which is 11 ms). As the conductivity
of the powder inside of the flux-cored wire is far weaker than that of the outer steel strip, the
welding current channel will be established between the strip and the surface of the base
metal to form an arc. Under the repulsion of a electromagnetic force and other resistances,
the droplet will deviate from the axis of the wire and swing to one side of it. With the
continuous melting of the wire, the volume of the droplet gradually increases to a level
that the gravity of it should be strong enough to promote the droplet to break away from
the tip of wire and fall into the weld pool, as shown in t13 + 110. It is worth noting that
during the period of droplet attachment to the tip of wire, the angle between the droplet
and the wire does not change much, indicating that the process is steady in FCAW.
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Figure 3. X-ray images of the repelled droplet transfer mode in FCAW.

The synchronous electrical signal of the repelled droplet transfer in FCAW is shown
in Figure 4. It shows that the electrical signal does not greatly fluctuate during the whole
droplet-transfer process, and no obvious arc break or short circuit occurs. Although the arc
voltage rises to 35.7 V the moment when the droplet breaks away from the wire, it quickly
drops back to the normal value of 30 V as a new droplet forms at the tip of wire. Therefore,
the characteristics of electrical signal prove that the dynamic behavior of the droplet is not
complicated and that the process stability is maintained on a high level.
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3.2.2. Front Flux Wall-Guided Droplet Transfer in SAW

Through a full investigation of the X-ray observation images of the SAW process,
three fundamental metal transfer modes are confirmed: the front flux wall-guided droplet
transfer mode, the back flux wall-guided droplet transfer mode, and the repelled droplet
transfer mode, respectively. The typical front flux wall-guided droplet transfer mode is
shown in Figure 5. Just as in FCAW, the small droplet at the tip of wire also swings to
one side in the initial phase of one transfer cycle, as shown in t10 + 22. With its volume
increases, the droplet gradually touches with the inner wall of the cavity on the front side,
as it shows in t10 + 55. Once it contacts the flux wall, surface tension forms at the interface
between the droplet and the wall. Under the action of surface tension, the droplet is pulled
to break away from the wire as contacting area between it and the flux wall continues to
expand. Finally, it detaches from the tip of wire and transfers into the weld pool guided by
the flux as shown from t10 + 66 to t10 + 132. Due to the whole transfer mainly occurs at the
front side of cavity, it is defined as the front flux wall-guided droplet transfer.
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The synchronous electrical signal of the front flux wall-guided droplet transfer mode
in process of SAW is shown in Figure 6. Due to the arc voltage is proportional to its length,
it can reflect the stability of the welding process. Obviously, the arc voltage stays around
the preset value of 30 V during whole transfer cycle. Although it drops to 25.5 V when
the droplet is stretched downward by the surface tension and is about to be separated
from the wire, and then it quickly rises to the normal value. In addition, short circuit does
not happen even when the droplet touches with the flux due to the low conductivity of it,
demonstrating the stability of SAW process is basically not affected by the droplet dynamics.

3.2.3. Back Flux Wall-Guided Droplet Transfer in SAW

The back flux wall-guided droplet transfer mode of SAW process is shown in Figure 7.
At the beginning of this transfer mode, the newly formed small droplet stays at the back
side of wire tip with a dynamic angle. With the wire melts continuously, the volume of
droplet increases gradually, meanwhile, the cavity keeps to shrink as the gas inside of it
leaks out. When the volume of the cavity decreases to the minimum level, the droplet
touches with the inner wall easily due to the distance between them is quite short, as shown
in t12 + 44. Then the cavity starts to expand and the droplet is pulled to break away from
the wire and rises as itself adhering to the inner wall of cavity, as shown in t12 + 55. After
the cavity reaches the maximum size, it begins to contract again and the droplet falls back
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along the inner wall simultaneously. Finally, it squeezes into the weld pool through the
molten flux to finish one transfer cycle. Due to this kind of transfer occurs in the back of
cavity, it is defined as the back flux wall-guided droplet transfer in this paper.
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Figure 7. X-ray images of the back flux wall-guided droplet transfer mode in SAW (the yellow color
represents the outline of droplet and the dotted line represents the inner wall of the cavity).

The synchronous electrical signal of the back flux wall-guided droplet transfer mode
as mentioned above is shown in Figure 8. It is evident that during most time of the transfer
cycle, the arc voltage fluctuates in a small range around the normal value of 30 V, though
it slightly rises to 36.6 V when the droplet breaks away from the wire under the action of
expanding flux wall. After that, the arc voltage turns back to the level of preset value in a
very short period, which indicating its excellent ability to stabilize the welding process.

3.2.4. Repelled Droplet Transfer in SAW

The typical repelled droplet transfer mode in SAW process is shown in Figure 9.
Partially like it in the flux wall-guided transfer, the droplet also turns to one side of the wire
once it forms at the tip in the beginning of repelled transfer, as shown in t9 + 22. Since the
cavity is filled with flowing gas, thus, according to the theory of fluid mechanics, dragging
force can act on the droplet and push it to swing up around the wire tip, as shown in t9 +
33. Under the combined action of gas flow dragging force and other repulsive forces, the
droplet detaches from the wire at the moment of t9 + 66 and moves up to some point, then
it turns to fall and finally enters the weld pool to complete one transfer. It should be noted
that although the droplet may touch with the inner wall of cavity before detachment, it is
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the repulsive forces including the gas flow dragging force acting on the droplet promote its
separation from the wire, not the flux of the cavity wall. Specifically, the droplet moves
upward instead of downward after the detachment, although it is repelled into the flowing
flux as the cavity shrinks to the minimum size. Then the droplet turns to move down
through the flux and falls into the expanding cavity, completely disconnecting from contact
with the flux. Therefore, repelled transfer is confirmed to be a new metal transfer mode
which is different from the flux wall-guided transfers.
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Figure 9. X-ray images of the repelled droplet transfer mode in SAW (the yellow color represents the
outline of droplet and the dotted line represents the inner wall of the cavity).

Figure 10 shows the corresponding synchronous electrical signals of the repelled
droplet transfer mode in SAW. Although the arc voltage rises to a relatively high value of
43.9 V, it drops to the normal range quickly after that. It is generally believed that arc break
often happens if the arc voltage exceeds the critical value of 45 V, so the arc does not burn
out as the droplet is repelled to detach from the tip of wire. In addition, it seems that the
arc is almost totally covered by the flux as the cavity shrinks to its minimum size, however,
it still burns there according to the electrical signal analysis. Thus, the process stability has
not been significantly deteriorated and weld with high quality should be achieved.
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Figure 10. Synchronous electrical signals of the repelled droplet transfer mode in SAW.

Since there are three types of metal transfer modes in the process of SAW, it is necessary
to find out the proportion of each mode to the selected continuous process. At least 30 s
of the captured X-ray video for SAW is analyzed and the statistics results are shown in
Figure 11. It can be found that the proportions of the three different droplet transfer
mode are 47.65%, 45.29% and 7.06%, respectively. Obviously, the repelled droplet transfer
occurs much less frequent than the other two. And the proportion of front flux wall-guided
droplet transfer is merely 2.36% more than that of the back flux wall-guided droplet transfer,
indicating the flux wall-guided transfer is the leading form of droplet transition in SAW.
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3.3. Statistics Analysis of the Metal Transfer for FCAW and SAW

Both the droplet transfer time and corresponding diameter of droplet for FCAW and
SAW are statistically analyzed to better understand the metal transfer mechanisms of the
two processes, and the results are shown in Figure 12. The droplet transfer time is defined
as the duration from the moment the droplet just forms at the tip of wire to the time it
finally enters the weld pool. And the horizontal dimension of the droplet is chosen as its
diameter when the droplet separates from the tip of wire. It can be found that the droplet
transfer times for FCAW and SAW mainly distribute in ranges of 30~90 ms and 50~130 ms,
respectively, as shown in Figure 12a). Obviously, the transfer time of FCAW scatters in a
narrower range than that of the SAW does. Moreover, the average values of the droplet
transfer time for FCAW and SAW are 66.2 ms and 90.3 ms, respectively. The former is just
73.3% of the latter, indicating that it takes more time for the droplet to finish one transfer
cycle in SAW process. In addition, the droplet diameters of FCAW and SAW concentrates
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in the ranges of 1.5~2.5 mm and 1.7~2.3 mm, respectively, as shown in Figure 12b. There
is not much difference between the droplet size of the two processes, due to the average
values of them are 1.9 mm and 2.0 mm.
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As mentioned above, although the average values of droplet diameter for the two
welding methods are almost the same, it takes less time for the droplet of FCAW to finish
one complete transfer cycle. Due to the droplets have the same size before detachment
in the two processes, the reason for the time difference should be related to the dynamics
of the droplet after it breaks away from the tip of wire. Furthermore, there is a strong
correlation between the dynamics of droplet and its force state as Yang et al. [28] and
Yu et al. [29] reported. Thus, force state analysis is conducted for the droplet of the two
processes in order to clarify the mechanisms of the physical phenomenon discussed in
this paper.

According to the static force balance theory (SFBT), there are mainly five types of
forces acting on the droplet of FCAW, namely the electromagnetic force Fe, spot pressure
Fa, gravity G, plasma dragging force Fp and surface tension Fs, as shown in Figure 13.
Before detaching from the wire, the droplet is repelled to stay at one side of the wire under
the action of repulsive forces, such as the electromagnetic force Fe and spot pressure Fa,
as shown in Figure 13a. When the volume of droplet increases to a level that the gravity
G of it is strong enough to break the droplet away from the wire, it just detaches from the
wire tip and directly falls into the weld pool under the influence of gravity alone, as shown
from Figure 13b–d.

Compared with FCAW, the force state of droplet in SAW is more complicated. To better
explain it, the dynamics of droplet with force state in the back flux wall-guided transfer
mode is schematically shown in Figure 14. Due to the flowing gas inside of the cavity,
there is another force caused by it acting on the droplet, namely the gas flow dragging
force Fl, as shown in Figure 14a, which should be similar to the computational result
of Komen’s et al. [30]. Like it in FCAW, the droplet also swings to one side of the wire
under the combined action of repulsive forces, including the gas flow dragging force Fl,
electromagnetic force Fe and spot pressure Fa. As the cavity shrinks to some level that the
droplet can touch with the inner wall of it, surface tension Fs and viscous resistance Fv
appear at the interface of the wall and droplet, which pulls the droplet to the flux and stops
it from falling, respectively, as shown in Figure 14b. Shortly after that, the droplet breaks
away from the wire and partially squeezes into the flux, rising with the cavity expansion,
as shown in Figure 14c. As discussed in Section 3.2.3, until the cavity expands to the
maximum size, the droplet basically stays in the flux under the action of viscous resistance
Fv. Then it begins to move down as the cavity shrinks again and gradually transfers into
the weld pool, as shown from Figure 14d–f. In sum, the droplet of FCAW will directly
fall into the weld pool under the action gravity after the detachment, due to the viscous
resistance acting on it, the droplet of SAW will firstly rise with the cavity expansion and
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then move down with the cavity contraction to finish the metal transfer. This is the main
reason that it takes longer time for the droplet to complete one transfer cycle in SAW than
it does in FCAW, while the diameters of droplet are closely the same in the two processes.
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3.4. Characteristics of the Cavity for SAW

To better understand the phenomena occurs in the process of SAW, the dynamics
of cavity is carefully investigated and the results are shown in Figure 15. Generally, the
cavity expands and shrinks repeatedly throughout the entire welding process. When cavity
shrinks to some level with a relative minimum volume, the pressure inside of it temporarily
reaches a balance with the external pressure, as shown in t11. Meanwhile, as the continuous
melting of wire and flux, a large amount of gas will be released from the decomposition of
flux and evaporation of metal. Thus, the internal pressure will gradually increase with the
gas accumulation inside of the cavity, promoting the volume of it to expand simultaneously.
However, some of the gas can escape from the cavity into the air through the flux during
the expansion, and the cavity volume may reach the maximum size once the internal and
external pressure is in equilibrium temporarily, as shown from t11 + 22 to t11 + 88. Then
more gas may leak from the cavity since the interface between the cavity and flux reaches
the maximum the moment when the cavity volume expands to the largest. For this reason,
the pressure balance inside and outside the cavity is disrupted, and the cavity starts to
shrink, as shown in t11 + 110. As the volume of the cavity decreases, the flux is getting
closer to the tip of wire and covering more surface of the weld pool. Until the cavity shrinks
to the minimum size, the flux occupies nearly the entire space around the arc, as shown in
t11 + 198. Though the arc does not break out as discussed in Section 3.2.3. Shortly after that,
the cavity begins to expand once more and reaches the maximum again at the moment of
t11 + 429. It is worth noting that the volume expansion and contraction basically occurs at
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the back of the cavity, while the front of it does not change much except for the moment the
cavity reaches the minimum size. This may make it easier for the droplet to touch with the
front inner wall of the cavity.

Metals 2023, 13, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 14. Schematic diagram of the back flux wall-guided droplet transfer in SAW: where Fe is the 
electromagnetic force, Fa is the spot pressure, G is the gravity, Fp is the plasma dragging force, Fs is 
the surface tension, Fl is the gas flow dragging force and Fv is the viscous resistance (a,b) represent 
the shrinking stage of cavity, (c) the expansion stage of cavity, and (d–f) another shrinking stage of 
cavity). 

3.4. Characteristics of the Cavity for SAW 
To better understand the phenomena occurs in the process of SAW, the dynamics of 

cavity is carefully investigated and the results are shown in Figure 15. Generally, the cav-
ity expands and shrinks repeatedly throughout the entire welding process. When cavity 
shrinks to some level with a relative minimum volume, the pressure inside of it tempo-
rarily reaches a balance with the external pressure, as shown in t11. Meanwhile, as the 

Figure 14. Schematic diagram of the back flux wall-guided droplet transfer in SAW: where Fe is the
electromagnetic force, Fa is the spot pressure, G is the gravity, Fp is the plasma dragging force, Fs is
the surface tension, Fl is the gas flow dragging force and Fv is the viscous resistance (a,b) represent
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Figure 15. Cavity dynamics of the submerged arc welding in air imaged with X-ray.

In the process of flux-cored wire submerged arc welding, with the expansion of the
cavity, the internal gas will pass through the inner wall of the cavity and enter the external
space. Hence, the volume of cavity may reach the maximum once the internal pressure
equals to eternal pressure temporarily. But this state will not last long due to more gas
leaks into the outer space if the cavity expands too big. Then cavity begins to shrink until
its volume gets the minimum size. Soon after that, it starts to expand again and the mode
of “expansion and contraction” is repeatedly observed during the whole process. The
dynamics of cavity makes it easy for the droplet to touch with the flux and break away
from the wire under the action of surface tension.

3.5. Weld Formation for FCAW and SAW

The weld formation and slag morphology for the FCAW and SAW processes are shown
in Figure 16. A lot of spatters scatter around the slag covered weld of FCAW, though spatter
rarely appears near the weld of SAW, as shown in Figure 16a,b. Imperfections such as pits
and pores exist in the weld of FCAW after the slag is removed off there, compared with it,
the weld of SAW is more uniform without obvious defects, as shown in Figure 16c,d. In
addition, the heat affected zone of the joint produced with FCAW is thinner than that of the
SAW, as shown in Figure 16e,f. Cross section results demonstrate that both the slags of the
two processes have the similar porous structure, which is the gas rising channel during the
weld solidification, as shown in Figure 16g,h. The approximate slag thicknesses of FCAW
and SAW are 2.5 mm and 6.8 mm, respectively. Apparently, the latter is 2.7 times that of the
former, indicating that the weld in SAW can be better protected by the slag than the weld
in FCAW. This should be one reason why there are many pores in the weld of FCAW. It is
worth noting that the average values of weld width for FCAW and SAW are 17.4 mm and
14.5 mm, respectively. Due to the compression effect of flux in SAW, the weld width of it is
2.9 mm shorter than that of FCAW.
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Figure 16. Macroscopic morphology of weld and slag for FCAW and SAW: (a,b) weld formation
of FCAW and SAW before slag detachment; (c,d) weld formation of FCAW and SAW after slag
detachment; (e,f) cross section of joints for FCAW and SAW; (g,h) cross section of slag for FCAW
and SAW.

4. Conclusions

In this paper, the characteristics of metal transfer and cavity evolution in flux-cored
wire SAW were observed with X-ray imaging technique. The main conclusions are
as follows:

1. It is confirmed that a cavity forms mainly at the back of the wire tip in SAW process.
Inside of the cavity, the droplet hangs on the tip of wire, and the molten flux covers
the back of weld pool while liquid metal flows to the far behind and solidifies there
with the coverage of slag.

2. Partially like that in FCAW, the droplet usually swings to one side of the wire before
detachment in SAW. Three different droplet transfer modes are observed, namely the
front flux wall-guided droplet transfer, back flux wall-guided droplet transfer and
repelled droplet transfer. Flux wall-guided transfer is the leading metal transfer mode
since the percentages of the three 47.65%, 45.29% and 7.06%, respectively.

3. The volume of cavity does not maintain constant but follows a cycle mode of “expan-
sion and contraction” during the whole process. Due to the dynamic of cavity and
viscous resistance caused by the flux, it takes 36.4% more time for the droplet of SAW
to finish one metal transfer than it does in FCAW.

4. Compared with FCAW, regular and smooth weld without pits and pores is manu-
factured during SAW process. The average weld width of SAW is 14.5 mm, which
is 2.9 mm shorter than that of the FCAW due to the compression effect of flux. The
thickness of slag with porous structure in SAW is 2.7 times of that in FCAW, indicating
that it could provide better protection to the weld of SAW. The results obtained in
this paper may provide a potential alternative to enhance the joining quality of key
components in the industrial sector.
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