
Introduction
     The two-wire tandem submerged
arc welding (SAW-T) process is a high-
deposition variant of the conventional
single-wire submerged arc welding
process (SAW). Nowadays, the heavy
fabrication industries are replacing
double-sided SAW of medium to thick
plates with single-sided, single-pass
tandem SAW (Refs. 1, 2). The flux con-
sumption rate in the SAW process has
a significant influence on the final
weld mechanical properties (Ref. 3).
Understanding the influence of differ-
ent process parameters on the flux
consumption rate is important to con-
trol the final weld quality. However,

the presence of numerous process pa-
rameters associated with the multiple
arcs in the SAW-T process increases
the complexity of the process and
makes it more difficult to understand
their influence on the flux consump-
tion rate. Furthermore, for a constant
heat input, the variation in the leading
and trailing arcs’ current can have a
complex influence on the flux con-
sumption rate. Hence, a detailed
analysis of process parameters is criti-
cal for a better understanding of the
weld quality variation in relation to
the process parameters.
     Although significant efforts have
been made to understand flux con-
sumption in the SAW process, there

has been little corresponding research
on the SAW-T process. Renwick and
Patchett (Ref. 4) observed the effect of
welding current and wire diameter on
flux consumption in the SAW process.
They reported that for a given wire di-
ameter, flux consumption increased
with an increase in the welding cur-
rent to a certain level called the transi-
tion current. A further increase in the
welding current above the transition
level decreased flux consumption. On
the other hand, the transition current
decreased with an increase in wire di-
ameter. Chandel (Ref. 5) performed a
detailed study on the influence of
welding current polarity, voltage, and
electrode extension on the flux con-
sumption rate in the SAW process. An
increase in arc voltage and electrode
extension improved the flux consump-
tion rate. Compared to direct current
electrode negative polarity, a low flux
consumption rate was reported at di-
rect current electrode positive polari-
ty. Tusek et al. (Ref. 6) compared the
flux consumption rate in the single,
two-wire tandem, and three-wire tan-
dem submerged arc welding processes.
They reported that, for a constant cur-
rent, the flux consumption rate de-
creased with an increase in the num-
ber of wires. Chai (Ref. 7) suggested
that in the high-temperature environ-
ment near the welding plasma, all ox-
ides in the flux were susceptible to de-
composition and produced oxygen.
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Based on the subsequent reaction with
the weld pool, oxide inclusions were
generated. The modified basicity index
formula proposed by Eagar et al. (Ref.
8) correlates well with the oxygen con-
tent in SA welds. These oxide inclu-
sions in steel welds can affect the for-
mation of acicular ferrite, which im-
proves the weld metal toughness (Ref.
9). However, excessive weld metal oxy-
gen and the subsequent oxide inclu-
sions can deteriorate weld metal me-
chanical properties. Kanjilal et al. (Ref.
10) studied the combined effect of flux
and welding parameters on the chemi-
cal composition and mechanical prop-
erties of SA weld metal. Sharma et al.
(Ref. 11) studied the effect of the mag-

netic field generated in the vicinity of
the two arcs on the flux consumption
rate in twin-wire SAW. They reported
the magnetic field became concentrat-
ed with dissimilar wire diameters,
which in turn narrowed the arc deflec-
tion. This eventually resulted in lower
flux consumption. Cho et al. (Ref. 12)
made a slag heat input model from the
flux consumption rate for single-
electrode SAW using computational
fluid dynamics (CFD). They found the
slag heat input from the molten slag in
high-current SAW is much smaller
than that from the arc plasma. Kiran
et al. (Ref. 13) made an attempt to un-
derstand the arc behavior in the two-
wire and three-wire tandem sub-

merged arc welding process. The arc
interaction models were developed to
estimate the arc’s deflection. Further-
more, the molten pool behavior in the
tandem processes and its subsequent
influence on the weld bead microstruc-
ture were studied for different leading
and trailing arc currents at a constant
heat input of 2.5 kJ/mm. However, no
information on the influence of the
process parameters and the arc deflec-
tion on the flux consumption has been
reported (Refs. 14–16). 
     In summary, to date no work has
been reported on how to understand
the influence of the leading and trailing
arcs’ current on flux consumption at a
constant heat input. As evident from
the previous studies, it is very impor-
tant to understand the flux consump-
tion rate in the SAW-T process in detail
to attain desirable microstructure and
subsequent mechanical properties. An
experimental investigation on the flux
consumption rate is presented in this
study for a wide range of leading and
trailing arcs’ current at a constant heat
input of 2.5 kJ/mm. The measured vari-
ation in the flux consumption rate is
then explained with respect to the weld
bead profiles and the arc interaction.

Experimental Setup
     The AC signals have more advan-
tages than DC signals in the welding
process. Because it is possible to control
the detail variations such as EN ratio
and phase shift, it is easy to control the
welding process specifically. This study
used the same experiment conditions as
in previous studies that adopted AC
welding signals (current and voltage)
(Refs. 12, 14). For both leading and
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Fig. 1 — Welding signals in the experiment:
A — Current; B — voltage.

Table 1 — Welding Conditions (Ref. 14)

Group        Case           Current of          Voltage of       Current of       Voltage of        Welding       Heat input 
                                         leading              leading             trailing            trailing            speed            per unit 
                                       electrode           electrode         electrode        electrode         (mm/s)             length
                                        (A, RMS)             (V, RMS)           (A, RMS)          (V, RMS)                                  (kJ/mm)

                      1                  1000                     32                   1000                   35                 26.81                 2.5
    A                2                  1000                     32                    700                    35                 22.60                 2.5
                      3                  1000                     32                    400                    35                 18.41                 2.5

                      4                   700                      32                   1000                   35                 22.96                 2.5
    B                5                   700                      32                    700                    35                 18.76                 2.5
                      6                   700                      32                    400                    35                 14.56                 2.5

                      7                   400                      32                   1000                   35                 19.12                 2.5
    C                8                   400                      32                    700                    35                 14.92                 2.5
                      9                   400                      32                    400                    35                 10.72                 2.5

A B
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trailing electrodes, this study adopted
tandem AC polarity with 60-Hz trape-
zoidal wave as shown in Fig. 1A, B. Fig-
ure 2 presents a schematic sketch of the
V-groove materials and the electrode
positions. The distance between the
electrodes is 18 mm and the phase shift
is 90 deg, respectively. The heat input
per unit lengths (2.5 kJ/mm) were kept
constant while the combination of the
current (3  3) and the corresponding
welding speed along the different weld-
ing conditions were varied as written in
Table 1. This study used solidified slag
(Fig. 3) because it was assumed to be a
consumed flux during the SAW process.
The solidified slag weight and length are
given in Table 2.

Results and Discussion

Analysis of Flux Consumption 

     The weight of consumed flux can be
assumed to be the same as the weight
of solidified slag in the SAW process.
This study measured the weight and
length of the solidified slag, and then
extracted slag weight per length
(SWPL) as shown in Table 2. It is
meaningful to compare SWPL values
along the different welding conditions
(cases 1 to 9) within the same heat
input (2.5 kJ/mm). Cases 1 to 9
demonstrate that the bead width is
linearly proportional to the SWPL
(R2 = 0.8917), as shown in Fig. 4, be-
cause if the bead width increases in-
side the flux cavity, the contact region
between molten pool and slag as
shown in Fig. 5 should increase. Addi-
tionally, the bead widths for all nine

cases along the weld interface are nor-
mally stable. 
     The increase in bead width is close-
ly related to the molten pool behavior
in SAW-T where the arc interaction
and metal transfer heavily impact on
the molten pool behavior and corre-
sponding fusion zone (Ref. 14). Con-
sidering the pinch effect on the arc
plasma in the tandem arc welding
process, it was found that the arc plas-
mas of the leading and the trailing
electrodes attracted each other when
the current polarities of two electrodes
were the same; however, the arc plas-
mas of two electrodes repulsed each
other when the current polarities were
different. Kiran et al. (Ref. 13) ob-
served the arc displacement in the tan-
dem arc welding process and made the
arc displacement models as shown in
Equations 1 and 2.

where XL and XT are the arc center dis-
placement for leading and trailing elec-
trodes. Thus, it can be expected that a
higher current arc plasma can be more
stable than a lower current arc plasma,
while a lower current arc plasma can

be shifted more due to the arc interac-
tion effect. 
     Previous research (Refs. 4, 5) re-
ported the flux consumption increased
until the transient current value, and
the flux consumption started to de-
crease when the welding current was
higher than transient current. Cho et
al. (Ref. 12) were concerned about this
flux consumption pattern and they as-
sumed spray metal transfer could be
performed in high-current, single-
electrode SAW. Moreover, they applied
the spray metal transfer mode in CFD
simulation and the model was validat-
ed by comparing the experiment re-
sults. Kiran et al. (Ref. 13) also ob-
served the droplet free-flight direction
in high-current (I ≥ 700 A) tandem arc
welding and found that the droplet
flew to the arc plasma center when it
was just detached.  So the droplet free-
flight depends on the arc interaction
effect for high-current welding mod-
els. Cho et al. (Ref. 14) adopted this
spray transfer droplet flight model as
shown in Fig. 6 and the arc interaction
models for high-current SAW-T
process to calculate the molten pool
flow with CFD simulations. As the
simulation results showed good agree-
ment with the experiment ones, it is
possible to assume the metal transfer
mode inside the flux cavity for high-
current (I ≥ 700 A) SAW-T is the spray
transfer mode. On the other hand, it
might not be possible to assume spray
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Fig. 2 — Schematic sketch of experimental
setup (Ref. 14).

Fig. 3 — Solidified SAW slag.

Table 2 — Slag Weight, Length, and Bead Width

     Group             Case            Slag weight             Slag length              Bead width               Slag weight per
                                                          (g)                         (mm)                        (mm)                     length (g/mm)

                                1                      30.1                          250                          12.03                             0.120
          A                    2                      49.0                          265                          12.51                             0.185
                                3                      51.6                          295                          12.29                             0.175

                                4                      46.0                          195                          14.20                             0.236
          B                    5                      56.7                          250                          14.46                             0.227
                                6                      55.5                          245                          15.05                             0.227

                                7                      58.0                          250                          15.27                             0.232
          C                    8                      72.8                          270                          15.96                             0.270
                                9                      95.4                          295                          17.00                             0.323
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transfer in the low-current model even
though there was arc interaction be-
cause the electromagnetic force of the
electrodes is not enough to form the
molten droplet in the case where the
wire diameter is big (wire diameter
>3.2). Therefore, spray transfer metal
transfer is not expected for low-
current SAW and this research proposed
flux-wall guided transfer in SAW.
     Figure 7 shows the schematic of
flux and flux wall that is made of
molten slag in SAW-T. As the leading
electrode (LE) is ahead of the trailing
electrode (TE) along the welding direc-
tion, the energy heat sources (arc plas-
ma and molten droplet) from the LE
can be transferred to the flux near the
LE and then form the flux wall (Part I)
where the amount of heat transfer
from the TE is relatively small. Thus, it
can be considered that the solid flux
initially melts around Part I. The
molten slag generated in this region,
therefore, can be expected to take a big
portion of total flux consumption.

     On the other hand, the amount of
energy heat source needed to form the
flux wall (molten slag) near TE (Part
II) is somewhat different from that in
Part I. Some portion of molten slag in
Part II seems to be already melted near
the LE because two electrodes can
move fast at a high welding speed,
while the entire molten slag cannot
move as fast as the electrodes and the
direction of molten slag movement is
locally different. Therefore, there is a
relative velocity difference between
the electrodes and molten slag so that
the same molten slag in Part I can
move to Part II during SAW-T. Al-
though the energy heat sources (arc
plasma and molten droplet) from the
TE affect Part II, the amount of
molten slag generated in Part II is
smaller than that in Part I because
some of the energy heat sources from
the TE can be transferred to the
molten slag instead of the solid flux.
     This mechanism can explain the
different amounts of SWPL for oppo-

site current combinations as listed in
Table 3. When the current of the TE is
larger than that of the LE (Q column),
SWPL is larger than that of the oppo-
site cases (P column) because XL values
in the Q column are larger than those
in the P column. In other words, the
higher welding current of the trailing
electrode can produce a larger value of
XL, so that the amount of droplet and
arc heat flux from the LE can contact
the flux wall more in Part I. Finally,
more molten slag is produced in Q col-
umn conditions.
     On the other hand, a smaller
amount of molten slag is formed in P
column conditions. Even though the
droplet and arc heat flux from the LE
contact the flux wall in Part I, the XL

values are smaller than in the Q col-
umn conditions; therefore, a smaller
amount of molten slag is generated.

Analysis of Fusion Zone Shape 

     The current of the LE from group A
in Table 1 is 1000 A. In case 1, the cur-
rent of the TE is 1000 A, so XL and the
droplet impingement (DI) range of the
LE shifts most widely in group A.
Therefore, the arc forces and DI from
the LE is less focused in the weld pool,
as shown in Fig. 7. The resultant pene-
tration is smaller than in other cases
in group A, as shown in Fig. 8. 
     Cho et al. (Ref. 14) found the bead
width increases when the arc plasma
of the TE approaches the weld pool
surface. The variation of XT and the DI
range of the TE in case 2 are wider
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Fig. 4 — The relation between bead width and SWPL. Fig. 5 — Schematic of solidified slag on bead width in
tandem SAW.

Table 3 — Difference of SWPL along the Current Combinations

SWPL
    Current
Combination                                                     P                                                                             Q
                                                  (Current of LE > Current of TE)                          (Current of LE < Current of TE)

1000 A, 700 A                           L1000, T700                  0.185                             L700, T1000                    0.236
                                                        (Case 2)                                                                 (Case 4)

1000 A, 400 A                            L1000, T400                 0.175                              L400, T1000                    0.232
                                                         (Case 3)                                                                  (Case 7)

700 A, 400 A                                L700,T400                   0.227                               L400, T700                     0.270
                                                         (Case 6)                                                                  (Case 8)
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than that in case 1; therefore, the bead
width in case 2 is larger than that in
case 1 (as shown in Figs. 8 and 9).
Consequently, the bead width in case 1
is narrower than other cases in group
A due to a small variation of XT and
the DI range (Ref. 14). 
     However, the mechanism of the bead
width expansion in case 3 is very differ-
ent from that in cases 1 and 2. As the
current of the TE in case 3 is 400 A, it
can be explained by the flux-wall guided
(FWG) transfer where the droplets col-
lide with the flux wall and then slide
down to the weld pool, as shown in Fig.
8. The molten slag is combined with col-
lided droplets so that the heat input
from the molten slag, which is the outer
boundary of the arc plasma, is trans-
ferred to the upper boundary of the ma-
terial surface. Additionally, the penetra-
tion in case 3 is deeper than in other
cases because the variation of XL is
smaller than in other cases, and the arc

stiffness of the LE is the strongest
among all the cases.
     The current of the LE of group B in
Table 1 is 700 A. In cases 4 and 5, it is
clear that the DI range of the LE is rel-
atively wider than that in cases 1 and 2
(Ref. 14). Therefore, the penetrations
of cases 4 and 5 are shorter than those
of cases 1 and 2; moreover, a bowl-
shaped fusion zone is formed. 
     On the other hand, the fusion zone
shape in case 6 is different from cases 4
and 5. The metal transfer of the LE and
the TE is expected in the spray and the
FWG modes, respectively. The low cur-
rent of the TE induces a narrow varia-
tion of XL so that the arc forces and DI
of the LE are focused on the weld pool,
as shown in Fig. 8. Thus, penetration in-
creases under the LE and the bead
width increases due to the FWG trans-
fer from the TE. Finally, the fingertip-
shaped fusion zone is formed in case 6.
However, the resultant penetrations,

bead widths, and corresponding SWPL
in case 6 are very similar to those in cas-
es 4 and 5, as shown in Fig. 9. 
     The current of the LE of group C in
Table 1 is 400 A; therefore, the metal
transfer mode of the LE in group C is
FWG transfer, which produces a rela-
tively shallow penetration. In case 7,
the molten metal from the LE by FWG
transfer fills in the V-groove, and then
the penetration increases when the arc
plasma and DI from the TE approach-
es. Among group C, the penetration of
case 7 is deeper than the other cases
because the current of the TE is high
(1000 A), so it can be explained by the
strong arc forces and spray mode met-
al transfer from the TE. That means
that, although the molten pool from
the LE already fills in the V-groove by
FWG transfer and there is a “cushion
effect” when the droplet from the TE
impacts the weld pool, the strong arc
forces and spray mode metal transfer
from the TE can increase the penetra-
tion in case 7. Similar to case 7, there
is an increase of penetration by the TE
(arc forces and spray mode metal
transfer) in case 8; on the other hand,
the bead width in case 8 is wider than
that in case 7 because the variation of
XL and the DI range in case 8 are rela-
tively wider.
     In case 9, the metal transfer from
both the LE and TE are FWG transfer,
and incomplete penetration is in-
duced, as shown in Fig. 9. The molten
droplets from both electrodes contact
the flux wall, and then it slides down
to the upper material surface and fills
in the V-groove; however, it is expect-
ed that the momentum from the arc
forces (arc pressure, electromagnetic
force) and the DI do not increase pene-
tration. Even though the capillary
force seems to extract the molten pool
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Fig. 6 — Droplet flights due to the arc interaction effects in
SAWT (Ref. 14).

Fig. 8 — Expected metal transfer mode in SAWT.

Fig. 7 — Schematic diagram of tandem SAW.
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to fill in the V-groove joint, the void
region cannot be filled with the
molten fluid and porosity is formed.
As the metal transfer from both the LE
and the TE is expected FWG transfer,
the bead width increases significantly;
therefore, the SWPL in case 9 is higher
than in the other eight cases.

Conclusions
     Flux consumption and metal trans-
fer were analyzed for the SAW-T
process. The results of this study are
summarized as follows:
     1) Although the same heat input (2.5
kJ/mm) was applied in the SAW-T
process, the SWPL and bead shapes are
different in all nine cases investigated in
this study. Moreover, it was found that
SWPL is linearly proportional to the
weld bead width.
     2) SWPL values increase when the
current of the TE is higher than that of
the LE. This is closely related to the arc
interaction effect in the SAW-T process
     3) If the current of the TE decreases
for a high current (I = 1000 A) LE, the
penetration increases. However, if the
current of the TE decreases for a low
current (I = 400 A) LE, the penetration
decreases and the bead width increases.
Thus, it can be concluded that the arc
interaction effect and metal transfer

mode induce a considerable effect on
the weld bead shapes.
     4) FWG metal transfer produces a
wide bead width, but does not result in
deep penetration. When the current of
both electrodes is low (I = 400 A), it is
possible to observe porosity due to in-
complete penetration.
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Fig. 9 — Macrosection for nine cases (L: leading, T: trailing).
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