
Introduction
     In submerged arc welding (SAW),
the arc is submerged under the flux
and cannot be observed directly; this
limitation has impaired the under-
standing of the mode of metal trans-
fer. Experience from gas metal arc
welding (GMAW) indicates current
plays a significant role in determining
the mode of metal transfer. The lack of
understanding of the effect of current
on metal transfer has limited the use
of complex waveforms for the process.
     Early attempts to understand the
physical phenomena in SAW used two
main approaches: x-ray videography
and optical videography (which dis-

rupted the flux cover). The advantages
of using x-ray videography is that it
does not affect the welding process.
The main disadvantage of using this
method is that it provides low con-
trast, low resolution, and slow frame
rates. X-ray imaging also captures only
a shadow of the metal, with no infor-
mation of surface features such as rip-
ples or silicate islands on the surface
of the melting wire. Optical videogra-
phy overcomes this drawback and pro-
vides a clear view of the wire and
droplet so detachment events can be
easily studied. However, the optical
techniques disrupt the flux cover, 
thus making the validity of the 
observations questionable.

     In 1950, Grebelnik (Ref. 1) used x-
ray imaging to investigate SAW. The
research mainly focused on the weld-
ing arc and distance travelled by the
ejected molten metal. For all the ex-
periments, a wire diameter of 5 mm
was used. The experiments were con-
ducted at a current of 600 A with a
voltage of 24 to 26 V and at 800 A
with 38 to 40 V.
     In 1964, Pokhodnya (Ref. 2) used x-
ray cinematography at 1500 frames/s
accompanied by an image amplifier
and a high-speed cine camera to cap-
ture images of metal transfer during
welding. The paper focused mostly on
the newly developed method of high-
speed x-ray cinematography and its
advantages on the previous methods
to study metal transfer in welding.
Reference 2 reports that with the use
of high-speed x-ray cinematography,
shorter exposure times can be
achieved compared to Ref. 1. Refer-
ence 2 studied metal transfer for a 6-
mm wire at a current of 470 A and
voltage of 29 V.
     In 1957, Tybus (Ref. 3) published
work on optical observation in SAW by
using a glass sheet parallel to the weld-
ing direction. The work focused on the
weld pool in SAW. Videos produced
had a frame rate of 750 frames/s. Met-
al transfer was not captured properly
at such low frame rates.
     In 1965, Franz (Refs. 4, 5) used a
ceramic tube with its axis parallel to
the welding direction. The tube pene-
trated the fluxes and provided a view
of the weld cavity. The composition of
the ceramic tube was chosen identical
to the flux used to minimize the influ-
ence of the tube on the composition of
the slag. The videos produced had a
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     The effect of current on metal transfer in submerged arc welding (SAW) between 500
and 1000 A for direct current electrode positive (DCEP) polarity was directly captured in
videos at 10,000 frames/s by inserting a thinsheet steel tunnel perpendicular to the
welding path. Analysis of the videos at 500 A showed an irregularshaped droplet with
chaotic, nonaxial metal transfer. Between 600 and 1000 A, a tapering electrode tip was
observed ejecting a molten tail through a mechanism resembling an electromagnetic
kink instability. The electromagnetic kink instability resulted in a “whipping tail” kind of
detachment of the molten metal as observed in the videos. The detachment frequency
between 500 and 1000 A increased from approximately 9 to 82 Hz. Analysis of the elec
trical signal did not show significant features related to the events observed in the
videos. A comparison of the observations with the one done by previous resesrchers us
ing nondisruptive xray and other optical techniques shows excellent similarity in the
metal transfer under similar conditions, supporting the methodology utilized. An external
gas flow was used to blow away stray flux particles that blocked the camera view and
prevent the flux cavity from collapsing. An experiment done without an external gas flow
showed similar metal transfer characteristics as an experiment conducted with a gas flow
in similar conditions. The weld pool was significantly depressed under the arc pressure,
and at 800 A and above, the meniscus was not visible any more, which is consistent with
a change in penetration mode from recirculating flow to the gouging region.
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frame rate of 3000 frames/s. Carbon
dioxide (CO2) and argon (Ar) were in-
jected into the weld cavity with the in-
tention of preventing its collapse. Ex-
periments were carried out for cur-
rents ranging from 210 to 510 A for 3-
mm (0.118-in.) wire, 400 to 700 A for
4-mm (0.157-in.) wire, and 590 to 800
A for 5-mm (0.197-in.) wire. Two
types of metal transfer were concluded
for SAW: one through slag and the
other through free-flight transfer.
Franz reported observation of both big
and small droplets. The interaction of
electromagnetic forces with arc forces
was considered to be the primary in-
fluence in droplet detachment.
     The present work explores similar
current and wire diameter as Franz
(Ref. 5), but with higher voltages. The
choice of a higher voltage at high cur-
rents was made to see the electrode tip

above the original plate surface. In
1966, Adrichem (Ref. 6) also used a sim-
ilar setup as Franz (Ref. 4) and conduct-
ed experiments both with direct current
electrode positive (DCEP) and alternat-
ing current (AC) for 3.2-mm (0.125-in.)
wire with currents ranging from 300 to
600 A and concluded similar observa-
tions as Refs. 4, 5.
     Recently, Mendez et al. (Refs. 7, 8)
reported optical observations of metal
transfer in SAW for 500-A DCEP and
AC and 1000-A DCEP by placing a tun-
nel made of steel thin-sheet perpendi-
cular to the welding direction. The
metal transfer in SAW was captured in
videos at a rate of 10,000 frames/s.
The videos had excellent image resolu-
tion and quality compared to previous
researchers. At 500 A, a nonaxial glob-
ular metal transfer was observed for
both DCEP and AC. At 1000-A DCEP, 

a tapering electrode tip with a buried
arc was observed.
     Gött et al. (Ref. 9) carried out ex-
periments by penetrating the flux bed
using a thin-gauge steel tunnel. The
experiments were conducted in DCEP
(600 A, 1000 A), direct current elec-
trode negative (DCEN) (600 A), and
AC (600 A). The work primarily fo-
cused on the spectroscopic study of
the atmosphere of arc cavity. Refer-
ence 9 reported that the metal trans-
fer was erratic with a lot of spatter.
Reference 9 further noted that the
droplet transfer at DCEP 600 A,
switched between a short-circuiting,
exploding, and repelling mode of met-
al transfer.
     The work presented by Mendez et
al. (Ref. 8) and Gött et al. (Ref. 9) are
revolutionary in the field of SAW but
is not a complete study on the effect of
current on the metal transfer at inter-
mediate values.
     The present work explores the ef-
fect of current on the metal transfer
mode in SAW between 500 and 1000 A
with the use of high-speed videos cap-
tured at 10,000 frames/s for a 3.2-mm
(0.125-in.) wire in DCEP.

Experimental Setup
     The experimental setup is illustrat-
ed schematically in Fig. 1. The setup is
similar to the one used by Mendez et
al. (Ref. 8) with a modified tunnel de-
sign. The tunnel was made of carbon-
steel sheet with a 0.10 mm (0.004 in.)
thickness. The tunnel was given a rec-
tangular cross section with sides of 12
to 15 mm (0.47 to 0.59 in.) in length
as compared to a tunnel made by a
steel sheet of 0.5 mm (0.020 in.) thick-
ness, having a semicircular cross sec-
tion with a radius of 6 to 10 mm (0.24
to 0.39 in.) as in Ref. 8. The thin-sheet
steel was chosen to easily melt the
tunnel and thus avoid sustained stray
arcs as observed in the experiments
conducted in Ref. 8.
     A rectangular cross section of the
tunnel was chosen to match the rec-
tangular shape of the videos. The ad-
vantages of choosing a steel sheet over
a ceramic tube have previously been
discussed (Ref. 8). The tunnel was
placed perpendicular to the welding di-
rection. The far end of the tunnel from
the camera was closed to prevent gases
from escaping when wire cuts through
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Fig. 1 — Experimental setup with a modified tunnel adapted from Ref. 8.

Fig. 2 — Metal transfer in SAW during Experiment 71 (500 A, 30 V). Time between frames
was 1 ms (total time elapsed was 0.11 s). A droplet detachment takes place between frames
3110 and 3210. For a reference scale, the wire diameter was 3.2 mm (0.126 in.).
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the tunnel. Before the run of experi-
ments, the camera was focused on the

wire and plate. The tunnel was placed
and aligned with the camera.

     An external stream of CO2 was in-
jected from the open end of the tunnel
to blow away stray flux blocking the
view of the cavity when the wire cut
through the tunnel. This gas might
also help maintain the cavity pressure,
preventing the cavity from collapsing.
The flow rate of the CO2 was used be-
tween 30 and 40 ft3/h (14.1 and 18.80
L/min). A flow rate above 35 ft3/h was
found to provide a good view of the
cavity. The effect of the blown gas on
metal transfer is believed to be mini-
mal based on the Neon experiments
reported in Ref. 8.
     The welding power supply used was
a Lincoln Electric AC/DC 1000 SD
(WeldSet Name Z123334) running
Powerwave Manager 1.0.1.209. The
wire used was Lincolnweld L-50 wire,
diameter 3.2 mm (0.125 in.). The flux
used was Lincolnweld 980 flux with a
basicity index of 0.6 (EM13K and
F7A2, respectively, in AWS 5.17). The
contact tip-to-workpiece distance
(CTWD) was kept constant at 1.25 in.
(31.8 mm) for all the experiments. All
welds were bead on plate with no
weaving. All the experiments were
made with program 58 (CC DC+ steel
0.125 in.). The data acquisition of cur-
rent, voltage, and wire feed speed was
done at 60 kHz using the embedded
electronics of the power supply and
WeldView software version 3.0.0.168.
     The high-speed camera used was a
Phantom V210. All videos have a
frame rate of 10,000 frames/s and a
resolution of 512 by 384 pixels. A 180-
mm lens with a 99-mm extension was
used to obtain the desired magnifica-
tion. An 850-nm-long wave-pass filter
was used to block most of the light
coming from the arc.
     The welding parameters are listed in
Table 1. The visible arc length (arc
length above the plate surface) was
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Fig. 3 — Metal transfer in SAW during Experiment 62 (1000 A, 42 V). Time between
frames was 100 s (total time elapsed was 0.011 s). A detachment event takes place
between frames 2088 and 2098, showing a tapering electrode tip ejecting a molten
metal tail through a mechanism resembling electromagnetic kink instability. For a refer
ence scale, the wire diameter was 3.2 mm (0.126 in.).

Fig. 4 — Detachment frequency for 3.20mm (0.125in.) wire and 4.57mm (0.18in.)
visible arc length (corresponding to an electrode extension of 27.18 mm (1.07 in.)). De
tachment frequency increases with current.

Table 1 — Parameters Corresponding to DCEPSAW Experiments

  Experiment         Video          Polarity          Average Current          Average Voltage                         Average WFS                          Travel Speed
                                                                                          A                                   V                          m/min                   in./min               m/min       in./min

           71                 SOMI             DCEP              497.93 ± 0.206            30.03 ± 0.011          1.56 ± 0.002         61.33 ± 0.091          0.457            18
           68                SOM2            DCEP              619.31 ± 0.149            32.84 ± 0.011          2.05 ± 0.005         80.74 ± 0.211          0.604         23.76
           47                SOM3            DCEP              713.93 ± 0.234            35.99 ± 0.014          2.58 ± 0.004        101.57 ± 0.167         0.762            30
           61                SOM4            DCEP              806.42 ± 0.197            38.17 ± 0.015          3.06 ± 0.003        120.46 ± 0.148         0.914            36
           58                SOM5            DCEP              911.22 ± 0.311            40.00 ± 0.017          3.63 ± 0.003        142.98 ± 0.139         1.092            43
           62                SOM6            DCEP              998.24 ± 0.311            42.07 ± 0.017          4.27 ± 0.007        168.03 ± 0.294          1.28            50.4
           44                SOM7            DCEP              809.80 ± 0.827            38.10 ± 0.015          3.09 ± 0.003        121.55 ± 0.114         0.914            36
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measured from frames in Table A1. The
electrode extension was calculated by
subtracting the visible arc length (arc
length above the plate surface) from the
CTWD. The voltage was varied with the
intention of keeping a constant average
visible arc length of 4.57 mm (0.18 in.)
(corresponding to an average electrode
extension of 27.18 mm (1.07 in.)). The
travel speed was varied to keep a rela-
tively uniform nominal heat input of
50.79 kJ/in. (1.99 kJ/mm) on average.
The important variation between welds
was in the welding current varying be-
tween 500 and 1000 A in 100-A inter-
vals. The travel speed was directly
recorded from the gantry display.

Analysis of HighSpeed
Videos in DCEP Polarity

     Seven high-speed videos of metal
transfer in SAW are uploaded as sup-
porting online material in Ref. 10. The
uploaded videos are rendered at 25
frames/s, which corresponds to a fac-
tor of 400 in the time dimension.
Many more experiments were con-
ducted but failed as the flux came in
and blocked the camera view.
     Droplet detachment was much af-
fected by current. At 500 A, a chaotic
globular droplet was observed at the
wire tip. As the current increased, the
electrode tip was seen to taper based
on electromagnetic kink instability.
The tapering of the electrode tip re-
sulted in a “whipping tail” kind of 
detachment.
     The frames corresponding to the vi-
sual identification of droplet detach-
ment for each experiment are listed in
Appendix B. Figures 2 and 3 illustrate
the detachment phenomena observed
during the 500- and 1000-A experi-
ments. The average detachment fre-
quency based on the frames was calcu-
lated and shown in Fig. 4. The average
detachment frequency increased with
current. The average droplet size based
on detachment frequency, wire diame-
ter, and wire feed speed is represented
in Fig. 5. The calculation of average
droplet size and associated error is re-
ported in Appendix D. The average
droplet size was found to decrease with
increasing current. At 500 A, the
droplet diameter matched the wire di-
ameter, and as the current increased,
the droplets became smaller. Table C1

summarizes the detachment frequency
and droplet diameter for all currents.
     Video SOM1 corresponds to Exper-
iment 71 (500 A). Figure 2 summa-
rizes frames 2610 to 3710 from the
video at 100-frame intervals. From the
beginning of the video, a large droplet
was observed having an irregular
shape. The metal transfer looks very
similar to one observed by Mendez et
al. (Ref. 8). The relatively small capil-
lary forces in the large droplets are re-
sponsible for the irregular shape of the
molten metal (Ref. 8). The video
shows explosions at the droplet sur-
face; similar explosions were observed
in Refs. 8, 11. The frequency of explo-
sions was significantly higher than
events such as droplet detachment.
One such explosion can be seen in
frame 6352.

     Figure 2 captures evolution and de-
tachment of a droplet. The detach-
ment takes place between frames 3110
and 3210; the detached droplet flies to
the left of the wire.
     Video SOM2 corresponds to Exper-
iment 68 (600 A). The video shows the
molten metal at the electrode tip hav-
ing an irregular shape. Explosions can
be seen on a regular basis similar to
Experiment 71 (500 A). Careful obser-
vation shows that the electrode tip ta-
pered just before detachment. The
weld pool under the arc was pressed
down by the strong plasma jets pro-
duced at the high currents. As the
steel tunnel was in electrical contact
with the base plate, a stray arc oc-
curred occasionally between the elec-
trode and tunnel (e.g., starting at
frame 1136 and lasting 8 frames,
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Fig. 5 — Droplet diameter for 3.20mm (0.125in.) wire and 4.57mm (0.18in.) visible arc
length (corresponding to an electrode extension of 27.18 mm (1.07 in.)). Droplet diame
ter decreases with current.

Fig. 6 — Electrical signal of Experiment 71 (500 A, 30 V, DC). No clear signal obtained rep
resenting droplet detachment.
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equivalent to 80 s). The choice of a
much thinner gauge for the tunnel ma-
terial compared to Ref. 8 (0.8 ms vs. 6
ms) resulted in less frequent and much
shorter stray arcs.
     Video SOM3 corresponds to Experi-
ment 47 (700 A). The detachment
mechanism was based on the electro-
magnetic kink instability. Frames 3960
shows the development of a kink on the
left side of the molten metal leading to
detachment at frame 3983, with the re-
maining molten tail at the electrode tip
moving to the right. The detached met-
al was oblate in shape and flew nonaxi-
ally to the right of the wire. Frames
3178 to 3192 show the detached metal
meeting the weld pool with high im-

pact. Gases produced from evaporation
and breakdown of the fluxes can be
seen throughout the video.
     Video SOM4 corresponds to Experi-
ment 61 (800 A). The video shows more
frequent detachments than under the
lower currents. Frames 3421 to 3432
display a good example of the detach-
ment mechanism. In frame 3421, a per-
turbation was seen to develop on the
left side in the molten metal. By frame
3429, the perturbation developed into
a kink finally leading to detachment of
the molten metal at frame 3432. The
detached metal flew to the left and
down at a high speed toward the weld
pool. The molten metal was deformed
by the electromagnetic forces before de-
tachment. Reference 1 observed a simi-

lar mode of metal transfer. The weld
pool was depressed under the action of
strong plasma jets and was not visible
in the video. A gouging penetration
mechanism is expected at this current.
     Video SOM5 corresponds to Experi-
ment 58 (900 A). A smaller aperture
was used to achieve a higher depth of
field and capture the phenomena tak-
ing place in the background in addition
to the metal transfer. The video shows
similar features of metal transfer like
Experiment 61 (800 A, DC). The metal
transfer process was chaotic, and fre-
quent explosions can be observed in
the melt. In frame 1530 onward, the
molten metal at the electrode tip was
seen to move toward the left, forming a
kink leading to detachment at frame
1575. Frames 2100 and onward show
the flux granules falling from the top.
     Video SOM6 corresponds to Experi-
ment 61 (1000 A). Figure 3 summarizes
frames 1998 to 2108 at 10 frame inter-
vals. From the beginning of the video on-
ward, the metal transfer shows the
“whipping tail” phenomenon seen in pre-
vious experiments with much faster de-
tachments. Frame 3571 shows the start
of a kink formation with detachment at
frame 3598. The ejected metal flew side-
ways and hit the flux wall at frame 3638,
giving a good representation of the
process taking place under the fluxes.
     Similarly, Fig. 3 shows a detachment
event taking place between frames
2088 and 2098. The detached metal
flew toward the left and down at high
speed. The tapered electrode tip was
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Fig. 8 — Phenomenon of kink instability
observed in Experiment 61 explained ac
cording to Blank (Ref. 16).

Fig. 7 — Comparison of observations done by previous researchers at around 500 A. 
A large droplet with an irregular shape was typically observed. The diameter of the
droplet was comparable to the wire. A — 1964, Pokhodnya (Ref. 2), 6mm (0.24in.)
wire, 470 A, 29 V (xray); B — 1965, Franz (Ref. 4), 3mm (0.12in.) wire, 470 A, 31 V
(optical); C — 1981, Akahide et al. (Ref. 13), 4.8mm (0.19in.) wire, 500 A, 40 V (x
ray); D — 2014, Mendez et al. (Refs. 7, 8), 3.2mm (0.12in.) wire, 500 A, 30 V (opti
cal); E — 2015, Reisgen et al. (Ref. 14), 2mm (0.08in.) wire, 435 A, 28 V (optical); 
F — 2016, present work, 3.2mm (0.12in.) wire, 500 A, 30 V (optical).
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more clearly visible than in Mendez et
al. (Ref. 8) due to the use of a higher
voltage. Frames 2123 to 2354 and
3452 to 4222 show direct contact of
the flux with the molten electrode tip,
suggesting the possibility of electro-
chemical reactions in SAW as reported
(Ref. 12).

Analysis of Electrical Signal
     The raw data acquisition of voltage,
current, and wire feed speed were sup-
plied in the spreadsheet SOM8. The
electrical signal for Experiment 71 is
shown in Fig. 6. The signal looks
noisy; the oscillations in the current
and the voltage data were due to the
changes in the WFS. The data acquisi-
tion and the gun travel were not syn-
chronized; thus, predicting the loca-
tion of the tunnel from the data acqui-
sition was challenging. Some short-
circuit events are seen momentarily
where the voltage drops to a very low
value. A synchronized data acquisition
setup was in the process of being built.
The noise from the electronics masked
the features associated with welding.

Analysis of Effect of
External Gas
     An external gas flow similar to Ref.
8 was used to blow away stray flux par-
ticles that blocked the camera view
and prevented the flux cavity from col-
lapsing. Reference 8 reported that the
external gas used had a minimal effect
on the metal transfer observed in the
videos. The experiments showed a
strong ejection of gas while the wire

penetrated the tunnel. The strong
ejection should blow out the injected
external gas, and it should not have
any effect on the metal transfer. An
experiment was attempted without
the use of gas to check this hypothesis.
Results obtained from the test were
compared with an experiment con-
ducted using the same parameters but
utilizing an external gas.
     Video SOM7 corresponds to Exper-
iment 44 (800 A). Experiment 44 was
done in similar conditions as Experi-
ment 61 (800 A, DC) but without us-
ing an external gas. Flux grains can be
seen falling throughout the video, ulti-
mately blocking the view of the flux
cavity completely by frame 5992. A ta-
pered electrode was observed ejecting
a molten tail by the mechanism of
electromagnetic kink instability. The
detachments were seen approximately
at frames 2392, 2654, 3102, 3441,
3646, and 3811. The detachments
were similar to the one observed for
Experiment 61. The similar type of de-
tachments observed in Experiments
44 and 61 suggest that the external
gas used was not affecting the type of
metal transfer, and the gas was needed
to keep the cavity open. Also, a gas
generated from the flux can be seen
throughout the video, thus supporting
the hypothesis that the gas seen in
previous experiments were from the
fluxes and not the external gas.

Discussion
     Direct observation of metal trans-
fer in SAW indicates a strong influence
of current in the metal transfer mode.
This is consistent with similar process-

es like GMAW.
     One of the most important findings
of this paper is that the metal transfer
mode observed in this work was con-
sistent with that observed previously
with noninvasive techniques and other
methodologies. The present work and
past work includes x-rays and optical
techniques. The results obtained were
in good agreement with five different
researchers, shown in Fig. 7. Metal
transfer was irregular-shaped droplets;
this was confirmed by the observa-
tions of Refs. 2, 4, 8, 13, and 14. Metal
transfer mode does not show much ef-
fect of the wire diameter. The diame-
ter of the droplet seems similar to the
wire used.
     For a 3-mm (0.118-in.) wire, the
comparison was remarkably similar —
Fig. 7B. However, Franz (Ref. 4) used a
fused calcium silicate flux (basicity in-
dex 1.0) compared to an aluminate flux
(basicity index 0.60) used in the present
study. Current experiments explore the
effect of fluxes on metal transfer. The
droplet observed in Fig. 7E is more de-
formed compared to others. The possi-
ble reason for this can be the use of
thinner wire (2 mm (0.08 in.) diameter)
for the experiments. The smaller diame-
ter will lead to the increase of current
density and, hence, the electromagnetic
forces acting on the droplet and deform-
ing its shape. Future work will explore
the effect of wire diameter on the metal
transfer in SAW.
     A new metal transfer mechanism
was reported for the first time. At
higher current (600 A and above), a
“whipping tail” kind of metal transfer
was observed — Fig. 8. In this mecha-
nism, the electrode tip tapered, eject-
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Fig. 9 — Comparison of observations featuring metal transfer at 800 A with Ref. 1. A characteristic “whipping tail” (indicated by arrows) was
observed in xray imaging consistent with the present study. A — 1950, Grebelnik (Ref. 1), 800 A, 38 V, 0.416 m/min (16.38 in./min) (xray); B —
1950, Grebelnik (Ref. 1), 800 A, 38 V, 0.666 m/min (26.22 in./min) (xray); C — 2015, present study, 800 A, 38 V, 0.914 m/min (35.98 in./min)
(flipped image) (optical).
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ing a molten tail through a mechanism
resembling electromagnetic kink in-
stability. Although Fig. 8 resembles
the description of rotating transfer
(Ref. 15), this mechanism is different.
While in rotating transfer the kink ro-
tates; in this case, there is no rotation.
The kink instability formed leads to an
asymmetric magnetic field, which re-
sults in a stronger electromagnetic
force on one side than the other and
results to a “whipping tail” kind of
transfer.
     Further comparison with x-rays at a
higher current (800 A) showed a good
similarity in the metal transfer. The
result obtained for 800 A was in good
agreement with Grebelnik (Ref. 1),
shown in Fig. 9. The consistency in ob-
served metal transfer, both at low cur-
rent and transition to high current,
supports the validity of the methodol-
ogy used in the present study. The
identical contrast of the metal with
the wire in Fig. 9A and B suggests the
dark line as a stream of molten metal.
     A noisy voltage and current signal
was obtained and was consistent with
the chaotic nature of the process.
However, the current challenge in
building a synchronized data acquisi-
tion is eliminating the noise at differ-
ent frequencies. The use of a band
pass filter to eliminate the noise is cur-
rently being explored. The detachment
frequency increases between 500 and
1000 A; this observation is consistent
with processes like GMAW. The raw
data acquisition of voltage, current,
and wire feed speed is included in
Spreadsheet SOM8 for analysis by re-
searchers interested in this field and
to compare the results with the de-
tachment frequency obtained by a vi-
sual count of the droplets.
     The metal transfer mode observed
for an experiment done without an ex-
ternal gas was consistent with that of
the experiment with gas under similar
settings. The consistency in results
suggests that the gas blown from the
side has minimal effect on the metal
transfer. The flux falling from the top
quickly blocks the view of the cavity,
thus suggesting the use of an external
gas would be necessary for future 
experiments.
     The metal transfer observed at low
currents resembles globular transfer
(Refs. 17, 18) but with a much more ir-
regular droplet shape. At higher cur-

rents, the droplet size was smaller
than the wire diameter, but the metal
transfer mode did not resemble any of
the classifications detailed in Refs. 17,
18, and seems to be a new mode not
observed until Ref. 8. Recently, Gött et
al. (Ref. 9) reported the observation of
the new mode of metal transfer at
DCEP, 600 A.
     For future experiments, a data ac-
quisition system synchronized with
the videos can be used to understand
the effect of the tunnel on the current
and voltage during the tunnel.

Conclusions
     The effect of current on metal
transfer in DCEP-SAW has been cap-
tured in high-speed videos. Lincol-
nweld L-50 3.2-mm- (0.125-in.-) diam-
eter wire and Lincolnweld 980 flux
with a basicity index of 0.6 was used
for the experiments.
     At 500 A, an irregular-shaped
droplet with a chaotic, nonaxial metal
transfer was observed. Between 600
and 1000 A, a tapered electrode tip
was observed, ejecting a molten metal
tail through a mechanism resembling
an electromagnetic kink instability.
The electromagnetic kink instability
resulted in a “whipping tail” kind of
detachment of the molten metal as ob-
served in the videos.
     A detachment frequency of approx-
imately 9 Hz was observed for 500 A.
Between 600 and 1000 A, the detach-
ment frequency increased approxi-
mately from 27 to 82 Hz.
     A comparison of the observations
with the one done by previous re-
searchers using nondisruptive x-ray
and other optical techniques shows ex-
cellent similarity in the metal transfer
under similar conditions, supporting
the methodology utilized.
     An external gas flow was used to
blow away stray flux particles that
block the flux cavity view and to pre-
vent it from collapsing. An experiment
conducted without external gas
showed flux grains falling continuous-
ly and ultimately blocking the view of
the flux cavity. Similar detachment
characteristics were observed in both
experiments with and without an ex-
ternal gas, thus indicating a minimal
influence of the gas injected on metal
transfer.
     Understanding the effect of current

on metal transfer in SAW will open
doors for producing complex wave-
forms for the process tailored for par-
ticular wires and fluxes.
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Appendix A. Frames corresponding to visible arc
length measurements used to calculate electrode
extension.

Appendix B. Detachment frames corresponding
to the highspeed videos of DCEPSAW
experiments.

Appendix C. Detachment frequency and droplet
diameter for DCEPSAW  experiments.

Appendix D. Procedure to calculate error in the
average droplet diameter.

     Assuming a spherical droplet, the droplet diameter can
be calculated by
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Table A1 — Frames Used to Measure Visible Arc Length to Obtain
the Electrode Extension for DCEPSAW Experiments

      Experiment              Frames Used to Measure External Arc Length

      71                              1563, 3216, 4973, 6534, 3681
      (500 A, DC)

      68                              664, 2641, 4417, 5237, 6579
      (600 A, DC)               

      47                              1798, 1968, 2400, 4025, 6289
      (700 A, DC)               

      61                              1722, 2231, 3654, 3125, 2543
         (800 A, DC)

      58                              1144, 1394, 1931, 2614, 3655
      (900 A, DC)               

      62                              1218, 1815, 2396, 3063, 3187
      (1000 A, DC)

Table B1 — Detachment Frames Corresponding to the HighSpeed
Videos of DCEPSAW Experiments

   Experiment       Detachment Frames

   71                      261, 1143, 2062, 3157, 4530, 5989, 6145, 7079
   (500 A, DC)      

   68                      292, 577, 816, 1561, 1841, 2087, 2598, 3269, 
   (600 A, DC)      3933, 4371, 4603, 4854, 5047, 5231, 5696, 5845, 
                             6202, 6526
   47                      784, 1337, 1932, 2387, 2547, 2745, 2864, 3189,  
   (700 A, DC)      3985, 4536, 4650, 5366, 5731, 5855, 6287, 6371

   61                      647, 791, 923, 1249, 1455, 1631, 1816, 1975, 2133, 
   (800 A, DC)      2222, 2431, 2541, 2671, 2827, 3003, 3168, 3343, 
                             3432, 3636, 3831, 4023, 4102, 4291, 4351

   58                      257, 358, 490, 550, 591, 777, 874, 1040, 1306, 
   (900 A, DC)      1342, 1576, 1814, 2071, 2279, 2385, 2487, 2667, 
                             2875, 3163, 3388

   62                      778, 901, 1038, 1104, 1191, 1260, 1286, 1368, 
   (1000 A, DC)    1435, 1476, 1499, 1517, 1762, 1959, 2093, 2239,
                             2375, 2533, 2799, 2971, 3140, 3341

   44                      2392, 2654, 3102, 3441, 3646, 3811
   (800 A, DC)

Table C1 — Detachment Frequency and Droplet Diameter Corre
sponding to DCEPSAW Experiments

  Experiment       Average Detachment     Average Droplet Diameter
                                   Frequency (Hz)                             (mm)

           71                        8.73 ± 2.69                            3.58 ± 0.36
   (500 A, DC)                                                                         

           68                       27.27 ± 6.84                          2.68 ± 0.22
   (600 A, DC)                                                                         

           47                       26.89 ± 6.34                          2.91 ± 0.27
   (700 A, DC)                                                                         

           61                       62.46 ± 9.08                          2.32 ± 0.11
   (800 A, DC)                                                                         

           58                      60.68 ± 13.60                         2.49 ± 0.18
   (900 A, DC)                                                                         

           62                      81.94 ± 19.17                         2.37 ± 0.18
  (1000 A, DC)
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where dd is the droplet diameter in m,
Vf is the wire feed speed in m/s, de is
the electrode diameter in m, and fd is
the detachment frequency in Hz.
     Assuming the electrode diameter is
constant, to estimate the error in the
droplet diameter, we have to carry out
an error propagation w.r.t. fd and Vf.
The error in the droplet diameter by
carrying out an error propagation of
errors in WFS and detachment fre-
quency is given by

     On carrying out the respective de-
rivatives we get

where K = 0.025. The error values in

detachment frequency (fd) and WFS
(Vf) are calculated using Student’s t
test. Then these values are used to 
calculate the error in the droplet diam-
eter. The error hence calculated is
shown in Fig. 5.
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