
Introduction

     Submerged arc welding (SAW) is among the most widely
used arc welding processes; its typical application is welding
of thick plates with high efficiency. One of its most salient
characteristics is its high deposition rate; reaching extremes
such as the example using 4000 A with a 12-mm-diameter

wire cited by Houldcroft (Ref. 1). Today, SAW is the back-
bone of many major industries like pipe mills, shipbuilding,
construction, and boilers and pressure vessels.
     Submerged arc welding has more than 100 years of histo-
ry. Both the industrial application and the scientific research
of SAW underwent significant growth during World War II
on both sides of the conflict. The SAW process played a piv-
otal role during the Second World War, not only as an indus-
trial and scientific pursuit, but also patriotic, as shown in a
letter from U.S. President Franklin D. Roosevelt to UK Prime
Minister Winston Churchill: “Here there had been developed
a welding technique [SAW] which enables us to construct
standard merchant ships with a speed unequalled in the his-
tory of merchant shipping” (Ref. 2).
     The development of SAW was also crucial for the Soviet
Union during WWII. The armor plates of the famous T-34
tank hulls were welded with automated SAW. This innova-
tion developed by Prof. E. O. Paton allowed the production
of the T-34 and its later modification T-34-85 in annual
quantities of more than 57,300 by 1945, the number close
to the overall number of tanks and armored vehicles of all
types produced by Nazi Germany and its allies during the
war. Submerged arc welding made the T-34 the most-
produced tank of WWII, and the second most-produced tank
of all time. The achievements of Soviet scientists in develop-
ing and improving SAW during this period are summarized
in a review by B. E. Paton (Ref. 3). In his book on the history
of welding, Simonson (Ref. 4) refers to SAW as the greatest
advancement in automatic arc welding, citing its use in
manufacturing large vessels of all types, shipbuilding, and
war tanks. Similar historical documents about SAW in the
Soviet Union include Refs. 5–7.
     The historical origins of SAW trace back to 1892, when a
Russian engineer Slavyanov published a brochure (Ref. 8),
where he described the process of joining metal pieces, re-
pair of broken and cracked metal things, and casting using
the heat of an electric arc between the pieces to be joined
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and a metal rod, and protecting the melt from the atmos-
phere using crushed glass (which is mostly silicon dioxide,
still widely used in modern fluxes). Slavyanov called his
invention “Electric Casting of Metals,” and it was recog-
nized at the World’s Columbian Exposition in Chicago in
1893 as “The Process of Electric Welding” — Fig. 1. In
1929, Dulchevsky utilized this technology to weld copper
under fluxes and received the first patent on welding un-
der fluxes (Ref. 9). In 1930, Robinoff et al. obtained the
first U.S. patent for SAW (Ref. 10), and in 1936 Theodere
et al. were granted another one (Ref. 11).
     In its beginnings, SAW was called a variety of different
names, some of them trademarks. In 1936, Theodere
(Ref. 11) and Linde introduced SAW as a commercial
process under the name “Union Melt” in North America,
while simultaneously, The Lincoln Electric Co. in the
United States referred to SAW as “Hidden Arc” process.
Other typical names associated with SAW are Submerged
Melt Welding (in North America), Ellira Verfahren (Elek-
tro Linde Rapid Process, Germany), Unter-Pulver-
Schweissen (Germany), and Welding Under Flux (in Russ-
ian, for the Soviet Union).
     In SAW, the arc is not directly visible during the weld-
ing; this has prevented exhaustive research of this
process, and current understanding of physical mecha-
nisms in SAW lags behind that of other related processes
such as gas metal arc welding (GMAW). The existing re-
search on the weld zone of SAW is scattered among re-
searchers from different places, times, and languages. The
timeline and languages of the publications made it diffi-
cult to synthesize the existing body of knowledge.
     Some fundamentals of SAW are addressed by Lancast-
er (Refs. 12, 13). Jackson (Ref. 14) provides an introduc-
tion to fluxes and slags for welding, and Natalie et al.
(Ref. 15) reviewed the work done on welding fluxes; how-
ever, they omitted the connection to the physical phe-
nomena in the weld zone. Schmidt (Ref. 16) presented ex-
perimental measurements on understanding the physical
properties of welding fluxes and slags such as viscosity,
surface tension, etc. Similar studies on designing fluxes
and slags can be found in the handbook of welding fluxes
and slags by Podgaetskii and Kuzmenko (Ref. 17). Turyk
and Grobosz shed light on the beginnings of SAW, with an
emphasis on Poland (Ref. 18).
     The focus of the review is on single-wire SAW of mild
steel. However, the applications and investigations of
SAW have reached much farther; for example, multiple
electrodes (Refs. 19–21) and strip (Ref. 22) are also rou-
tinely used in industrial applications. SAW of materials
other than steel has been attempted, such as aluminum
(Ref. 23), titanium (Ref. 24), and uranium (Refs. 25, 26).
In this review, a brief description of other materials will
be provided wherever the findings seem to explain some
of the physical phenomena in SAW. Outside the scope of
this review are chemical reactions of metal with slag, heat
transfer, and metallurgy. Slag-to-metal reactions play an
important role in determining the chemistry of the solidi-
fied weld; relevant references for SAW and other flux-
based processes can be found in Refs. 27–35. Heat trans-

fer in SAW has been addressed in Ref. 36. The references
to the metallurgy of SAW are typically of narrow scope
and too numerous to include a small list of suggestions. A
summary of the composition of fluxes used in the cited
literature is presented in the Appendix; this summary is
especially useful to understanding fluxes of Soviet origin.
     This review aims to summarize the key findings from the
existing literature available on SAW, including references cit-
ed never before in the English language. The core of the pa-
per briefly goes over the most relevant physical phenomena,
a review of the techniques used, and findings.

Physical Phenomena and Research
Techniques

     The most particular challenge of SAW research is that
the process is hidden beneath the flux cover. Jackson
(Ref. 37) stated that one has to be “a miniature, indestruc-
tible, and intelligent genie” carrying the right instru-
ments into a welding zone to be able to study the physical
phenomena without interfering with the system. As “such
genii...are quite unknown, it has been necessary to rely
upon indirect methods.” Research on SAW has typically
focused on four areas: metal transfer, arc length, arc cavi-
ty and slag shell, and dynamics of the weld pool; this re-
view is structured around these areas. In this paper, EP
will mean electrode positive; EN, electrode negative;
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Fig. 1 — Slavyanov’s diploma at the World’s Columbian Expo-
sition, Chicago, 1893 (Ref. 8).
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DCEP and DCEN, their counterparts in constant current
and constant voltage settings [direct current (DC)]; and AC
will stand for alternating current or variable polarity.
     Research techniques have traditionally included X-ray im-
aging and optical imaging. More recently, numerical simula-
tions have been used to model processes in SAW. Other less
conventional techniques, some specific to SAW, have been
used over the years, such as gas sensing in the arc cavity,
rapid ejection of the molten slag and weld pool, radioactive
and metallographic tracers and the analysis of the electrical
signal. For their application in studying multiple phenome-
na in SAW, X-ray imaging, optical imaging, and numerical
simulations are discussed separately. Other phenomena-
specific techniques will be discussed together with the phe-
nomena in question.

X-Ray Imaging

     X-rays can penetrate the flux bed to image hidden fea-
tures without interfering with the process. Most of the re-
searchers used single-frame X-ray photography for their in-
vestigations in SAW. High-speed videography is much more
difficult but has also been attempted. The single-frame set-

ups used to radiograph the arc zone in SAW were similar
among researchers, with the wire deposition occurring onto
a moving plate, while a cassette with an X-ray film, a welding
torch, and an X-ray head are stationary. A typical setup is il-
lustrated in Fig. 2. The sensitivity of the films used in the in-
vestigations restricted the minimum exposure times to a
few (0.5–6) seconds, which is a much longer time frame
than the dynamic fluctuations of the process; thus, the radi-
ographs taken show some sort of average features.
     High-speed cinematography (up to 1500 frames per second
(f/s)) was introduced to capture dynamic behaviors, typically
with synchronized oscillographic data of current and voltage.
Because of the much lower exposures, direct high-speed imag-
ing requires much more powerful X-ray sources than single
frames and also involves image intensifiers. A typical setup
(Ref. 39) is illustrated in Fig. 3, where X-rays passing through
the arc zone are caught by the electro-optical amplifier and the
image is recorded by the high-speed cine or TV camera located
behind the shielding wall. Similar setups were used for the in-
vestigation in all the physical phenomena in SAW listed above.
The differences in the installations consisted only of minor de-
tails, such as the types of image intensifiers and whether film
or TV cameras were used.

Optical Imaging with Penetration of Flux Bed

     Optical imaging techniques provide a direct view of the
arc cavity during the welding, but require penetration of the
flux bed. This technique was pioneered by Franz in 1965
(Refs. 40–42). Franz’s technique is illustrated in Fig. 4,
showing a glass tube penetrating the flux bed in the direc-
tion of welding to provide a view of the arc cavity. The com-
position of the tube was chosen similar to the flux to mini-
mize the effect of the tube on the slag composition, as the
tube eventually became the part of the cavity wall. The tube
diameter and thickness were chosen based on the welding
parameters and wire diameter. The observation was record-
ed in videos at 3000 f/s using a high-speed cine camera.
While penetrating the slag shell, the tube broke releasing
the internal pressure of the cavity, and a gas was injected
into the tube in an attempt to hold the cavity opening.
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Fig. 2 — Typical setup for X-ray photography of the weld
zone in SAW (Ref. 38).

Fig. 4 — Setup for optical imaging of the weld zone in SAW
with a longitudinally placed ceramic tunnel (Ref. 40).

Fig. 3 — Typical setup for high-speed X-ray filming of the
weld zone in SAW (Ref. 39).
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     Following Franz, Adrichem (Ref. 43) carried out work on
metal transfer in SAW using a similar setup. The tube material
was chosen in a way that was easily melted, but with a higher
melting temperature than the slag, so the tube would pierce
through the cavity walls. The dimensions of the tube were cho-
sen according to the welding parameters so that it would melt
off without interfering with the electrode. The tube opening
on the camera side was sealed off with a glass plate. Argon was
blown into the tube to keep the cavity open. The argon flow
rate used was 0.3 L/min. Gupta et al. (Ref. 44) also used
Franz’s technique and recorded metal transfer in pulsed cur-
rent SAW. Kuzmenko (Refs. 45–47) carried out experiments in
SAW using a window glass pane parallel to the welding direc-
tion to obtain a view of the cavity in SAW, this work focused
mainly on the slag shell. This technique was later reproduced
in Ref. 48, and is illustrated in Fig. 5.
     Mendez et al. (Refs. 49, 50) captured metal transfer in
SAW by inserting a thin-gauge steel tunnel across the weld-
ing path as shown in Fig. 6. A high frame rate of 10,000 f/s
was necessary to capture the very fast evolution of features
during metal transfer in SAW. The thickness of the sheet
used to make the tunnel was 0.5 mm. The tunnel had a
semicircular cross section. The tunnel was placed perpendi-
cular to the welding direction to reduce the amount of eject-
ed debris generated, ultimately blocking the camera view,
and the camera was focused on one end. An external gas was
blown into the tunnel from one end aiming to compensate
for the internal pressure of the cavity and also to blow away
stray flux while the wire was cutting through the tunnel.
Making a tunnel out of thin sheet steel has advantages over
a glass or ceramic tube because it is easy to melt by the arc
heat or shunting currents from the wire; thus avoiding the
common situations with ceramic tubes when the wire me-
chanically collides with the tunnel. Follow-up work (Ref. 51)
used a modified tunnel design, made of a much thinner
sheet (0.10 mm thickness), with a square cross section, and
capped on the end opposite the camera. The thinner sheet
aimed to minimize the number of stray arcs between the
wire and the tunnel. This work studied the effect of current
(500 to 1000 A), polarity (AC and DC), and fluxes on metal
transfer and arc length.

     Gött et al. (Ref. 52) also carried out experiments by pene-
trating the flux bed using a thin-gauge steel tunnel with cur-
rents ranging between 600 and 1000 A (DCEP), and also at
600 A (DCEN and AC). The work included a spectroscopic
study of the atmosphere of arc cavity and aimed at under-
standing the effect of polarity and the arc cavity atmosphere
during welding. Follow-up work was presented in Refs. 53
and 54 extending the scope to flux-cored wires with experi-
ments in DCEP (400 to 1000 A), DCEN (600 A), and AC (600
A at 100 Hz). All solid and flux cored wires in these investi-
gations were 4 mm (0.16 in.) in diameter and the flux used
was Lincolnweld 8500TM.
     All the imaging techniques described above were repro-
duced and compared in an experimental study in Ref. 48. Li
et al. (Ref. 55) conducted experiments following Ref. 50
aimed at imaging metal transfer in SAW together with cur-
rent and voltage signals. They used a stainless steel pipe per-
pendicular to the welding direction, flux HJ260, and a 3.2-
mm stainless steel wire.

Numerical Simulations

     In computational simulation techniques, the simulations
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Fig. 5 — Setup for optical imaging of the weld zone in SAW
with a glass panel on the sagittal plane (Ref. 48).

Fig. 6 — Setup for optical imaging of the weld zone in SAW
with a tunnel placed across the weld interface (Ref. 50).

Fig. 7 — Flux-wall guided metal transfer in SAW, as modeled
by Cho et al. (Ref. 58).
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of the weld pool can be carried on solving the equations in-
volving the mass transfer, heat transfer, and fluid dynamics.
Cho et al. (Ref. 56) simulated the weld pool in SAW by solv-
ing the energy balance equation, the momentum conserva-
tion equation, and the mass balance equation using the
Flow-3D package. Sudnik et al. (Ref. 57) developed a physi-
co-mathematical model of SAW, which includes the forma-
tion of the arc cavity and deformation of the weld pool sur-

face and compared the results with experimental data.
     Numerical simulations of metal transfer in SAW are re-
cent. Cho et al. (Ref. 58) modeled flux-wall guided metal
transfer in SAW at low currents. A moving elliptical cylinder
was used to model the heat and mass transfer over the
molten slag shell surrounding the arc cavity as shown in Fig.
7. The droplet impingement direction was randomly
changed in the model. The elliptical cylinder used for model-
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Fig. 8 — Metal transfer modes in SAW: A — Large irregularly shaped droplets at 500 A; B — “whipping tail” transfer at 800 A (Ref. 51).

Table 1 — Relevant Parameters of Selected Investigations on Metal Transfer in SAW

Reference                                       Methodology                 Frame Rate    Wire Diameter       Current                    Voltage                 Polarity
                                                                                                 (f/s)                 (mm)                 (A)                           (V)

Pokhodnya (39)                     X-rays accompanied with         750-900                6                   470                          29                      DCEP
                                           high-speed cinematography

Eichhorn (60)                         X-rays accompanied with        500-2000               —                    —                            —                          —
                                           high-speed cinematography                                                                                                                        

Franz (40–42)                              High-speed video                  3000               3, 4, 5             210–810                     27–43                    DCEP

Adrichem (43)                              High-speed video                  3000                  3.2              300–600                   25–40                 DCEP, AC

Gupta et al. (44)                           High-speed video                  3000               1.6, 3.0            210–600                    25–36                Pulsed DC

Eichhorn and Felleisen (61)    X-rays accompanied with             1750                    2                   240                          30                        AC
                                           high-speed cinematography                                                                                                                        

Mendez et al. (49, 50)                  High-speed video                  10,000                 3.2              500, 1000                   30, 38                 DCEP, AC

Sengupta and Mendez                 High-speed video                  10,000                 3.2              500–1000                   30–42                 DCEP, AC
(51, 62, 63)

Reisgen et al. (48)              All methods mentioned above        10,000                  2            435, 350–550              28, 18-32         DCEP, Pulsed DC
                                                                                                                                             (Pulsed)                  (Pulsed)

Gött et al. (52)                              High-speed video                  5000                   4               600, 1000                   30, 34            DCEP, DCEN, AC

Li et al. (55)                                  High-speed video                  2000                  3.2              400–600                   30–45                    DCEP

Gericke et al. (54)                        High-speed video              4000–7000              4       400, 600, 800, 1000              30               DCEP, DCEN, AC

Abe et al. (64)                   High-speed X-ray photography        3000                   4                   600                          33                        AC
       

A B
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ing the transfer had a 22.5-mm axis in the direction of mo-
tion and 18.5 mm across the width.
     Komen et al. (Ref. 59) created a numerical model to simu-
late the process of flux melting in SAW. The model was com-
prised of a combination of the discrete element method
(DEM) and incompressible smoothed particle hydrodynam-
ics (ISPH) hybrid method. The flux particles behavior was
calculated with the DEM, and the ISPH method was used to
simulate the molten slag flow. The interaction between par-
ticles is modelled as a spring and a damper in the normal di-
rection; the tangential motion model includes a friction slid-

er as well. The motion of the molten slag was modelled us-
ing ISPH. The heat transfer model includes the radiative
heating from the arc and the emission loss from the surfaces
of the molten flux, slag, and base plate.

Metal Transfer

     Research on metal transfer in SAW is scarce in compari-
son with GMAW, and it has aimed to understand five as-
pects: 1) the mode of metal transfer, 2) the effect of current
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Fig. 9 — Metal transfer in SAW: A — solid wire; B — flux core wire (Ref. 54).

Fig. 10 — Metal transfer in SAW at low currents (435–500 A) showing large irregularly shaped droplets: A — Pokhodnya, 1964 (Ref.
39), 6-mm (0.24-in.) wire, 470 A, 29 V (X-ray); B — Franz, 1965 (Ref. 40), 3-mm (0.12-in.) wire, 470 A, 31 V (optical); C — Akahide et al.,
1981 (Ref. 69), 4.8-mm (0.19-in.) wire, 500 A, 40 V (X-ray); D — Mendez et al., 2015 (Ref. 50), 3.2-mm (0.12-in.) wire, 500 A, 30 V (opti-
cal); E — Reisgen et al., 2015 (Ref. 48), 2-mm (0.08-in.) wire, 435 A, 28 V (optical); F — Sengupta and Mendez, 2017 (Ref. 51), 3.2-mm
(0.12-in.) wire, 500 A, 30 V (optical).
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and polarity on metal transfer, 3) the effect of voltage on
metal transfer, 4) the effect of fluxes on metal transfer, and
5) the effect of fluxes and polarity on deposition rate.

Techniques for Research into Metal Transfer

     In addition to the X-ray and optical imaging methods de-
scribed above, another technique used for research into met-
al transfer in SAW is signal processing.

Signal Processing Techniques

     Spectrum analysis of the electrical signal is a well-accept-
ed technique to study metal transfer in GMAW; however, no
relationship has yet been established between the electrical
signal and metal transfer in SAW, as shown in Ref. 50. Oper-
ators of SAW equipment claim that at the optimal welding
conditions, the process sounds like “frying eggs,” which im-
plies that sound emissions from SAW contain useful infor-
mation. McCardle (Ref. 65) explored SAW sound emissions
using fast fourier transform (FFT) and other acoustic signal
analysis techniques, concluding that FFT of the sound signal
over a period of the order of seconds gives no useful infor-
mation, but instantaneous changes in FFT do. It is not clear
if the sound emissions are driven by electrical phenomena
or by arc cavity instability.
     The lack of success on analysis of the electrical signal
from SAW (in stark contrast with the success of FFT in
GMAW) would support the argument for sound emissions
driven by cavity instability. Also, the similarity of sounds of
SAW and frying eggs would also suggest the sound is driven

by instabilities such as bubbles popping. This area of study
has large implications for understanding the physical phe-
nomena of the arc cavity and is currently unexplored.

Survey of Findings on Metal Transfer

Mode of Metal Transfer

     During the early days of SAW, it was not clear whether an
arc existed at all. Pokhodnya (Ref. 39) reported the forma-
tion and detachment of droplets for all currents in SAW.
Franz (Refs. 40, 42) reported no observation of short-circuit
transfer. The voltage readings recorded by Franz in Ref. 41
also show data indicating the absence of short-circuit trans-
fer. Adrichem (Ref. 43) agreed with previous researchers and
reported the absence of short-circuiting transfer for the pa-
rameters used in SAW.
     In the absence of short-circuit transfer, the molten droplets
can be transferred by free flight through the arc or slag, or
over the molten slag shell surrounding the arc cavity (flux-wall
guided transfer). Franz (Refs. 40, 42) confirmed the presence
of free-flight transfer through the arc in his work. Adrichem
(Ref. 43) reported the possibility of both transfer through the
arc or through the molten slag shell. He further observed the
ratio of transfer through free flight to slag shell dependent on
the welding current, with increasing current leading to more
free-flight transfer. Voltage has the opposite effect. Eichhorn
and Felleisen (Ref. 61) have observed flux wall guided transfer
in AC-SAW in the EN cycle. Recently, Mendez et al. (Ref. 49)
reported free-flight transfer in SAW for a current of 500 A,
voltage 30 V, and a wire diameter of 3.2 mm. For 1000 A, 38 V,
a buried arc with a tapered electrode ejecting a tail of molten
metal was observed. Mendez et al. (Ref. 50) reported the ob-
servation of a fluid bridging the electrode and the weld pool
momentarily in the experiment at 1000 A, 38 V; this fluid is
believed to be slag as the data acquisition does not show any
event related to short-circuit transfer. Reisgen et al. (Ref. 48)
also reported free-flight transfer in SAW for a 2-mm wire at
currents of 435 to 550 A, both in pulsed and nonpulsed SAW.
Sengupta and Mendez (Ref. 51) explored the effect of current
on metal transfer in SAW between 500 and 1000 A and report-
ed free-flight transfer of two types: by large irregularly shaped
droplets at low currents and “whipping tail” spray transfer at
high currents as shown in Fig. 8, without any observation of
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A B C

Fig. 11 — Metal transfer in SAW at high currents (600–1000 A) showing a “whipping tail” phenomenon: A — Grebelnik, 1950 (Ref. 70),
800 A, 38 V, travel speed 41.6 cm/min (X-ray); B — Grebelnik, 1950 (Ref. 70), 800 A, 38 V, travel speed 66.6 cm/min X-ray); C — Sen-
gupta and Mendez, 2017 (Ref. 51), 800 A, 38 V, travel speed 91.4 cm/min (optical).

Fig. 12 — X-ray image of the weld zone in SAW (Ref. 80) (1100 A,
55 V, travel speed is 35 cm/min, 6.35-mm-diameter wire). The
images show the presence of an arc. The size of the arc cavity
is the bright area between the electrode and base metal.
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short-circuiting. In another study, short-circuit events corre-
sponding to low voltage values in the electrical signal were ob-
served under fluxes with a significant amount of CaF2, which
also produced the shortest arcs (Ref. 63). Cho et al. (Ref. 58)
numerically modelled flux-wall guided transfer in SAW.
     Gericke et al. (Ref. 54) studied SAW with solid and flux
core wires. The metal transfer observed was erratic with the
molten slag observed to come in contact with the molten
droplet from the top. The metal transfer observed was ei-
ther through the arc cavity or through the surrounding
molten slag shell, and at times through short-circuit events.
Three different morphologies of metal transfer were ob-
served in free flight through the arc: globular, whipping tail,
and small droplets. Flux-wall guided transfer was typically
observed at lower current densities. Experiments with a flux
core wire showed similar features as those of a solid wire,
with subtle changes due to the presence of the inner flux
filling. The metal sheath of the flux core wire melted simi-
larly to the solid wire, forming a droplet; the flux filling was
observed to fall directly into the weld with minimum melt-
ing or interaction with the molten droplet. The differences
in the metal transfer between a solid wire and flux core wire
in SAW are represented in Fig. 9. Abe et al. (Ref. 64) ob-
served that in ACSAW (600 A, 33 V, 30 cm/min), the metal
transfer in SAW is spray transfer instead of flux-wall guided
transfer. Table 1 shows relevant parameters of selected in-
vestigations on metal transfer.

Effect of Welding Current and Polarity on Metal Transfer

     Current plays an important role in determining the metal
transfer in SAW. Pokhodnya (Ref. 39) used high-speed X-ray
cinematography to observe the metal transfer in SAW. Figure
10A shows the metal transfer observed by Pokhodnya at 470
A, 29 V for a 6-mm wire. Pokhodnya’s experiments showed
flux-wall guided transfer with occasional free-flight transfer
modes. Pokhodnya and Kostenko (Ref. 66) observed small
droplets for a positive electrode. When the electrode is nega-
tive, large shapeless droplets were observed.
     Figure 10B shows the metal transfer observed by Franz
(Ref. 40). Franz observed a large globular droplet at low
welding currents and small droplets at high currents. The
welding current has a strong influence on the metal trans-
fer. A transition current was defined by the transition from
large globular droplets to small droplets; for a 3-mm wire it
was about 400 A. Above 450 A, a tapered electrode tip was
observed. The small drops formed have a spherical shape.
An increase in current showed a higher detachment frequen-
cy. At high currents, fewer eruptions of the molten metal
were observed.
     Adrichem (Ref. 43) reported similar findings as Franz.
Adrichem identified two different metal transfer modes in
SAW; flux-wall guided transfer (at low current and high arc
voltage) and free droplet transfer through the arc zone (at
high arc current and low arc voltage). Under the welding
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Fig. 13 — Effect of voltage on arc length for 5-mm-diameter wire, 800 A, 41.66 cm/min travel speed, and AN-3 flux (Ref. 82): A — 25 V,
absence of outer arc length; B — 30 V, 2-mm outer arc length; C — 38 V, 5-mm outer arc length; D — 48 V, 9-mm outer arc length.
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conditions used, short-circuit transfer was not observed ei-
ther in the film or in the electrical signal. Adrichem reported
the droplet frequency and the probability of free-flight
transfer through the arc increased with the current.
Adrichem also speculated that the projected spray type of
transfer observed at high current was due to the increase in
electromagnetic forces.
     Eichhorn and Felleisen (Ref. 61) studied the SAW process
with AC polarity and identified the important role of the de-
lay in reignition of the arc during the polarity switch in AC-
SAW in the stability of the process. The detachment fre-
quency was around 18–31 Hz for a 2-mm electrode, at a cur-
rent of 240 A, 30 V, AC; the range of the frequency is attrib-
uted to the use of different fluxes. Gupta et al. (Ref. 44)
studied the effect of current pulses on the metal transfer
and concluded the current pulses can affect the metal trans-
fer in SAW only when the frequency of the applied current
pulses is very close to the natural frequency of the droplet.
     Mendez et al. (Refs. 49, 50) reported the observation of
large globular droplets at 500 A both in AC and DC. At 1000
A, a tapering electrode tip with a buried arc was observed
ejecting a molten tail through a mechanism resembling an
electromagnetic kink instability.
     Gött et al. (Ref. 52) reported a metal transfer based on
electromagnetic kink instability for a current of 600-A
DCEP. For the EN cycle of the AC, mobile cathode spots were
observed on the droplet surface. The EN cycle of the AC was
reported to be more stable than DCEN polarity. Li et al. (Ref.
55) suggested three metal transfer modes in SAW: repelled
globular transfer at lower currents, flux-wall guided transfer
without short circuit at medium currents, and flux-wall
guided transfer with short circuit at higher currents.
     Sengupta and Mendez (Ref. 51) observed large irregular-
shaped droplets at 500 A both in AC and DCEP. Between 600
and 1000 A, a tapered electrode tip with a whipping tail was
observed in DCEP and in the EP part of the AC cycle. The
metal transfer observed in the EN cycle of the AC was often
different from that of the EP cycle. The metal transfer in the
EN cycle involved frequent explosions. It was found most of
the detachments (approximately 72%) took place in the EP
cycle. Mendez et al. (Ref. 50), and Sengupta and Mendez

(Ref. 51) suggest the possibility of the nonaxially trans-
ferred droplet to meet the flux/slag shell before reaching the
weld pool.
     References 51 and 62 found the detachment frequency
increased with increasing current in both DCEP and AC. The
detachment frequency increased from 9 Hz at 500 A to 81
Hz for 1000 A in DCEP. For AC, the detachment frequency
increased from 28 Hz at 500 A to 76 Hz at 1000 A. The de-
tachment frequency was higher in AC than DCEP at low and
intermediate currents, whereas at high currents both the de-
tachment frequencies were similar. It was suggested that the
higher detachment frequency at 500-A AC compared to
DCEP was due to the mechanical perturbations introduced
by electromagnetic forces while switching polarity from EN
to EP. The detachment frequency in this range (28 Hz) is of
comparable order to the switching polarity (60 Hz). For the
currents 600 and 700 A, the higher detachment frequencies
observed for AC compared to DCEP for an approximate con-
stant droplet size indicates a similar magnitude of capillary
forces for both AC and DCEP, so the higher detachment fre-
quencies are likely due to the higher amount of wire melted
in AC. For example, the ratio of the detachment frequencies
for 700 A for AC and DCEP is approximately 1.3 and the ra-
tio of wire feed speeds is 1.24, almost the same magnitude.
At higher currents (800 to 1000 A), the detachments are
governed by the electromagnetic forces, possibly causing the
similar detachment frequencies in both AC and DCEP.
     The work of Chandel (Ref. 67) and the review of Kiran
and Na (Ref. 68) reported that melting rate increases with
current and that the melting rate in AC was higher than in
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Fig. 14 — Effect of voltage on arc length in SAW for 5-mm, low-
carbon steel electrode. Left: X-ray image of weld zone in SAW.
Right: arc length vs. voltage relationship at different currents
(Ref. 86).

Fig. 15 — Effect of voltage on arc length in SAW for 5/32-in.
wire diameter, 600 A, the wire diameter, 38.1 cm/min travel
speed, and three different fluxes (Ref. 38).
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DCEP. Additionally, Kiran and Na (Ref. 68) reported the
melting rate of the electrode and the flux is higher in DCEN
than in AC. These findings are consistent with a higher
amount of heat deposited on the droplet with higher cur-
rents and with an overall cathode fall voltage higher than
the overall anode fall voltage.
     Gericke et al. (Ref. 54) reported the mode of metal trans-
fer changed from globular to whipping tail at high current
densities with DCEP polarity similar to Ref. 51, and that
small droplets were observed for DCEN polarity. The detach-
ment frequency was observed to increase with an increase in

current density for all the wires tested (solid wire, flux core,
and metal core), with a maximum detachment frequency
around 70 to 80 Hz at a current density of 80 A/mm2. The
droplet size was observed to reduce with increasing current
density.
          Figure 10 compares the observations of six researchers
on metal transfer in SAW at low currents (500 A), showing
in all cases a large irregular-shaped droplet with a diameter
comparable to the wire diameter. Figure 11 displays a simi-
lar comparison for three different investigations at high cur-
rents (800 A). At high currents, the new mode of metal
transfer based on electromagnetic kink instability is ob-
served.
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Table 2 — Relevant Parameters of Selected Investigations on Arc Length in SAW

      Reference                      Methodology           Frame Rate        Wire Diameter            Flux(a)                    Current              Voltage        Travel Speed
                                                                                  (f/s)                     (mm)                                                   (A)                      (V)               (cm/min)

   Tannheim (80)                         X-rays                       1                         6.35              Ellira powder            1100, 1200                40,                    30,
                                                                                                                                                                                                45, 55              35, 50

      Ostapenko,                            X-rays                       1                           5                      AN-3,                  800, 1400             25, 30,            41.67, 100
    Medovar (82)                                                                                                       OSC-45 (Russian)                                     38, 48                   

  B. E. Paton (86)                         X-rays                 Multiple                 4.0, 5.0          AN-3 (Russian)           500–1000              27–55                  —
                                                                               frames                                                                                                                                  

    Grebelnik (70)                          X-rays                       1                           5                      GAZ-1,                  600, 800              24, 38                 25,
                                                                                                                                  ASH (Russian)                                                            41.67, 66.67

  Tikhodeyev (83)                        X-rays                       1                          2.4                 ADW-500,               150–2200              15–48                  —
                                                                                                                                AN-348 (Russian)                                                                  

     Peshak (38)                           X-rays                      —                        2.4,                      A–G                    200-600              20–45            25.4–101.6
                                                                                                            3.2, 4.0                                                                                                      

      Engel (87),                             X-rays                     500                        1.6                        —                          190                     43                    20
Eichhorn and Engel (88)                                                                                                                                                                                       

Sengupta and Mendez (63)        Optical                   10,000                     3.2                     F1-F5          500–1000 (DCEP, AC)     30–42           45.7–128.0

(a) Composition of the fluxes are presented in Table A1.

Fig. 16 — Effect of current on arc length in SAW (Ref. 38). The
arc length decreases with an increase in current at a con-
stant voltage.

Fig. 17 — Effect of travel speed on arc length in SAW (Ref. 38).

Sengupta Supplement October 2019.qxp_Layout 1  9/11/19  4:55 PM  Page 292



   In recent work,
Cho et al. (Ref.
58) conducted
numerical simula-
tions of low-cur-
rent SAW consid-
ering spray trans-
fer and flux-wall
guided transfer
modes.

Effect of Welding Voltage on Metal Transfer

     The effect of voltage on metal transfer is small compared
to the effect of current; much of the effect of voltage is likely
to be an indirect effect of current. Pokhodnya (Ref. 39) ob-
served that droplet size increased and detachment frequen-

cy decreased with voltage; however, during welding with
AN-60 flux in DCEP at very high voltages (above 50 V), the
trend was reverted and droplets became smaller. Pokhodnya
reported that with another flux they could not reach this
droplet refinement effect. Franz (Ref. 40) suggested that
with the increased voltage more flux gets melted resulting in
higher shunting currents through the slag; the shunting cur-
rents decrease the current through the wire tip, resulting in
a decrease in detachment frequency at higher voltages.
     The transition current for flux-wall guided transfer to
free-flight transfer is affected by voltage. For instance, the
transition current for flux-wall guided transfer to free-
flight increased from 260 to 460 A for an increase in volt-
age from 26 to 32 V. Adrichem reported that by increasing
voltage at constant current, the probability of wall transfer
over free-flight transfer increases (Ref. 43). The increase in
arc length leads to erratic movement of the molten wire
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Fig. 18 — Effect of fluxes on arc length in SAW. Fluxes with higher portion of CaF2

tend to show a shorter arc. A and B are X-ray images of 5-mm (0.19-in.) wire at 800
A, 48 V (Ref. 82). A — AN-3 flux with ≈ 9-mm (0.35-in.) arc length; B — OSC-45 flux
with ≈ 3-mm (0.12-in.) arc length. C, D, E, F, and G are optical images of 3.2-mm
(0.125-in.) wire, 500 A, 30 V (Ref. 63); C — Flux F1, with ≈ 3.72-mm (0.14-in.) arc length;
D — F3 flux with ≈ 3.73-mm (0.14-in.) arc length; E — F4 flux with ≈ 2.65-mm (0.10-in.)
arc length; F — F2 flux with ≈ 2.35-mm (0.09-in.) arc length; G — F5 flux with ≈ 0-
mm (0-in.) arc length. (Flux compositions listed in the Appendix.)
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tip. In their review, Kiran and Na (Ref. 68) concluded that
decreasing the voltage led to an increase in the electrode
melting rate and decrease in flux melting rate.

Effect of Welding Flux on Metal Transfer

     Welding flux has a significant effect on metal transfer in
SAW (Refs. 40, 43, 63). The electrical conductivity of the
slag can cause a portion of the current to deviate through
the slag shell surrounding the arc cavity. This shunting cur-
rent does not travel through the electrode tip, resulting in
metal transfer features comparable with lower currents in
cases with smaller shunting. Franz (Ref. 40) observed a de-
crease in the detachment frequency for basic slags in com-
parison to acidic or oxygen free at the same welding condi-
tion. He suggested this decrease is due to higher shunting
currents for basic slags because conductivities were higher
at approximately the same FeO content and temperatures
(Refs. 71, 72). The conductivities of high CaF2 and oxygen-
free slags were also high (Ref. 73).
     The overall density of flux powders also had an effect on
the metal transfer in SAW. Franz (Ref. 40) compared a fused
flux (THM Pie 18) and a sintered flux (SPC Mn 33/100),
with almost identical chemical compositions. A larger arc
cavity was observed for the sintered flux than that of the
fused flux. Sintered fluxes usually have lower densities, and
this observation is consistent with a higher volume of melt-
ing of fluxes with lower volumetric thermal capacity. At 300

A, the metal transfer mode observed for the fused flux was
flux-wall guided transfer, while for the sintered flux, the
metal transfer was free flight.
     Adrichem (Ref. 43) reported viscosity and surface activity
of molten slag to be important influencing factors on the
metal transfer mode. A less viscous slag leads to more inten-
sive movement of the arc cavity. These cavity oscillations re-
sult in more frequent contacts of the wire tip with the slag
shell increasing the proportion of flux-wall guided transfer.
Higher surface activity of the slag decreases the surface ten-
sion of the liquid metal, resulting in easier detachment of
the droplet and a higher free to flux-wall guided transfer ra-
tio. This work suggested surface activity of the slag had a
dominant effect on the metal transfer over viscosity; howev-
er, the three fluxes used to reach this conclusion had quite
different chemical compositions and the effect of shunting
current was not considered.
     Recent findings confirmed fluxes significantly affect the
metal transfer in SAW (Ref. 63). The amount of fluorine in
the flux formulation had a dominant influence on metal
transfer, in contrast with the small influence of the amount
and type of oxides. More frequent explosions were observed
at the droplet surface with the oxide-based flux compared to
the fluoride-based flux for both DCEP and AC polarities. At
500-A DCEP, irregular-shaped droplets were observed under
all the fluxes. Between 600 and 1000 A DCEP, the metal
transfer was based on the phenomenon of electromagnetic
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Fig. 19 — Measurement of arc cavity pressure in SAW using a
piezoelectric sensor (Ref. 91).

Fig. 20 — Measurement of arc cavity pressure in SAW using a
water manometer (Refs. 45, 46).

Fig. 22 — Gas sampling of arc cavity in SAW (Ref. 92). The
sampler is pushed rapidly under the arc when L is 30 mm.

Fig. 21 — Gas sampler used in Ref. 92.
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kink instability, showing a whipping tail detachment mecha-
nism. The voltage signal analysis for 500-A, 30-V DCEP
showed more frequent short-circuit events under the high-
fluorine fluxes (F2, F4, F5) compared to oxide-based (F1,
F3). This short-circuiting trend was not observed at higher
currents. In AC, the metal transfer mechanism showed sepa-
rate trends for EP and EN cycles. In the EP cycle between
600 and 1000 A, under all the fluxes, the detachment exhib-
ited the whipping tail morphology, while the EN cycle de-
tachment showed explosions of the wire. Most of the de-
tachments (approximately 74%) took place in the EP cycle. A

mobile cathode area was observed under all the fluxes in the
EN cycle.
     The frequency of the droplet detachments under the ox-
ide-based fluxes (F1, F3) was higher compared to the high-
fluorine ones (F2, F4, F5) (Ref. 63). These observations are
consistent with those reported by Franz (Ref. 40), since the
low-fluorine fluxes were more acidic. An increase in the de-
tachment frequency with higher currents was also more pro-
nounced for the low-fluorine fluxes compared to the high-
fluorine ones. In AC, unlike the DCEP experiments, a notice-
able trend in the detachment frequency under different
fluxes was not observed; however, some researchers report-
ed the effect of flux on the metal transfer in AC is not negli-
gible. Eichhorn and Felleisen (Ref. 61) stated both the de-
tachment frequencies and droplet sizes were higher under a
highly basic flux than under the two less basic fluxes used
during the experiments with alternating current.

Effect of Fluxes and Polarity on Deposition Rate

     Very limited research has been done on the effect of the
flux on deposition rate in submerged arc welding. Early re-
search found no noticeable difference in the melting rate un-
der different SAW fluxes (Ref. 74); however, recent work re-
ported higher average wire feeding speeds in DCEP when us-
ing fluxes with high CaF2 and low MgO and CaO contents
(F2 and F5) compared to the other fluxes (F1, F3, F4) (Ref.
63). The recent findings are consistent with a higher anode
fall voltage for fluxes F2 and F5, which would result in more
heat to melt the wire. The higher anode fall voltage would be
related to the higher ionization potential or electron affinity
of the fluorine, and the effect of MgO and CaO would be to
dissociate easily and counter the effect of F with O (Refs.
75–77). Acidic fluxes also have a higher affinity for oxygen,
also shifting the balance of the atmosphere near the anode
toward the fluorine, when present. The opposing effects of
fluorides and basic oxides can be a possible explanation for
the fact that in Ref. 74 no noticeable change was observed in
the deposition rate with fluxes. The fluxes chosen by them
were mostly oxide based with limited fluoride content, and

WELDING RESEARCH

OCTOBER 2019 / WELDING JOURNAL 295-s

Fig. 23 — Setup for spectroscopy of the arc cavity in SAW
(Ref. 52).

Fig. 24 — Tilting platform to investigate the presence of slag
shell in SAW (Refs. 45, 46).

Fig. 25 — Dynamic behavior of the SAW arc cavity at 190 A,
43 V, 20 cm/min (Ref. 88).
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one flux contained 30% CaF2 and 34% CaO/MgO.
     Droplet temperature variations have been inferred from
wire feed speed and current measurements assuming a con-
stant anode fall voltage for each individual flux in Refs. 75–
77, obtaining variations with the current of the order of
300°C, which is consistent with variations in GMAW (Ref.
78). The inferred droplet temperatures in SAW show a peak
temperature at around 600 A for oxide-dominated fluxes
and around 900 A for fluoride-dominated fluxes.
     Cathode fall voltage was also inferred to vary with fluxes,
in this case increasing with the first ionization potential of
the metallic elements constituting the flux (Ref. 77).

Arc Length
     The arc length has been extensively studied in other arc-
based systems such GMAW. In SAW, however, the arc is hid-
den under the flux bed and is not visible to an external ob-
server. The presence of the arc itself was disputed during
the early years of process development. The Welding Hand-
book from 1942 (Ref. 79) describes this process as “Sub-
merged Melt Welding,” with a mechanism similar to what is
called electroslag welding (ESW) today. Subsequent experi-
mental and oscillographic analyses have shown an arc is in-
deed present in SAW. ESW is still possible with SAW equip-
ment (occasionally used for strip cladding), provided special
high-conductivity fluxes are used.
     The early attempts to investigate the submerged arc weld
zone aimed to settle the debate on whether an arc exists
during welding under the fluxes. In 1942, Tannheim (Ref.

80) investigated the arc zone in SAW using X-ray radiogra-
phy. Figure 12 from this work shows the formation of a cavi-
ty (white region under the wire). The crater created in the
weld pool is not clearly visible. Hazzard (Ref. 81) used con-
tinuous radiography to study SAW and concluded there is an
arc during SAW. He further mentioned the arc trailed away
from the welding direction.
     Ostapenko and Medovar (Ref. 82) and Grebelnik (Ref.
70) reported a part of the arc is submerged into the base
metal forming a crater and is not visible in the radi-
ographs. Only Tikhodeyev (Ref. 83) observed this hidden
part of the arc length due to the use of abnormally narrow
base metal plates. References 70 and 82 define the portion
of the arc length between the wire and the base metal sur-
face as the  outer component of the arc (“external arc
length”), and the portion of the arc below the base metal
surface as the inner component of the arc. The term “arc
length” is often used in the literature for the outer compo-
nent of the arc in submerged arc welding. The actual arc
length can involve a significant portion that is not visible
when the penetration mode involves a gouging region. In
this case, even if the actual arc length is constant, the ex-
ternal arc length might be seen to vary. Because current
and travel speed can change the mode of penetration from
recirculating flows to gouging region (Refs. 84, 85), it is
likely some researchers explored conditions in which this
transition occurred (e.g., Ref. 38), and some others used a
range of parameters in which the penetration mode did not
change (e.g., Ref. 82, likely recirculating flows). In the fol-
lowing discussion, the term “arc length” will actually mean
“external arc length,” consistent with almost all observa-
tions previously reported, but keeping in mind this termi-
nology is not strictly correct.
     Research on arc length in SAW has aimed to understand
four aspects: 1) the effect of welding voltage on arc length,
2) the effect of welding current on arc length, 3) the effect
of travel speed on arc length, and 4) the effect of welding
fluxes on arc length. Table 2 summarizes the details on the
setups and welding parameters used in research on arc
length in SAW.
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Fig. 27 — “Degassing cavity” in SAW of aluminum (Ref. 23).

Fig. 26 — Effect of flux manufacturing process and its basic-
ity on the arc length: Flux 1 — Basic fused flux; Flux 2 — ag-
glomerated flux of same basicity; Flux 3 — agglomerated flux
of high basicity (Ref. 61).
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Survey of Findings on Arc Length

Effect of Welding Voltage on Arc Length

     Experience with other arc processes and understanding of
plasma physics indicate that arc length in SAW should increase
with voltage, and this has been confirmed (Refs. 38, 70, 82,
83, 86), as shown in Fig. 13 displaying X-ray pictures of the arc
zone under different voltages. B. E. Paton (Ref. 86) proposed a
linear relationship between the arc length and the voltage at a
constant current as shown in Fig. 14. Ostapenko and Medovar
(Ref. 82) reported that at a constant wire feed speed, a voltage
increase of 1 V corresponds to a 0.4-mm increase in the arc
length; this magnitude is of much practical value, as it enables
the welding engineer to infer variations in weld zone configu-
ration that are not visible to the SAW operator. Measurements
of arc length as a function of voltage reported by Peshak are
not linear (Fig. 15), but no explanation has been given for this
departure from linearity. However, at the voltages of 35–43 V,
the graphs are relatively straight with the slopes correspon-
ding to a 0.4–0.6-mm increase in the arc length with a voltage
increase of 1 V, which is in good agreement with the results of
Ostapenko and Medovar (Ref. 82). It is possible that in the
conditions tested, the mode of penetration was by a gouging
zone at low voltages and by recirculating flows at high volt-
ages. Since the X-ray images can only account for the external
portion of the arc, the actual arc length is underestimated.

Effect of Welding Current on Arc Length

     Current has an effect on the arc length in SAW. B. E. Paton
(Ref. 86) reported that at a constant voltage, the arc length de-
creases linearly with current. Ostapenko and Medovar (Ref.
82) reported a decrease of 6 mm in the arc length with an in-
crease of current from 800 to 1400 A and suggested the arc
length decreased 1 mm for every 100-A increase in the current
for a low-carbon steel electrode wire of 5 mm diameter. It is
important to keep in mind that if the contact tip-to-workpiece
distance is constant (as is likely the case), the arc still varies
the voltage to compensate for the changes in voltage at the
electrode extension due to variations in stickout length end
current. Figure 16 shows the effect of current on arc length as
observed by Peshak (Ref. 38). Despite a slightly nonlinear be-
havior of graphs, the 1-mm decrease in the arc length for every
100-A increase in the current seems to be in good agreement
with Peshak’s results.

Effect of Travel Speed on the Arc Length

     The reports in the literature on the effect of travel speed
on arc length are contradictory. Ostapenko and Medovar
(Ref. 82) reported arc length remained virtually unchanged
with the change in travel speed from 25 to 60 meters per
hour. However, Grebelnik (Ref. 70) observed a decrease in
arc length with increasing travel speed. Peshak (Ref. 38) also
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Fig. 28 — Thermodynamics of oxide breakdown in SAW fluxes (Ref. 100).

Sengupta Supplement October 2019.qxp_Layout 1  9/11/19  4:55 PM  Page 297



concluded travel speed had a significant impact on arc
length in SAW. He saw the arc length decrease with travel
speed and ultimately reach minima at about 20 in./min; this
trend was consistent with all fluxes. He also noted that at
slower travel speeds, the arc was vertically symmetrical, and
the molten metal tended to flow under and ahead of the
wire tip, while at high travel speeds, the arc was downward
and backward, as shown in Fig. 17.

Effect of Welding Fluxes on Arc Length

     In SAW, the fluxes provide a unique atmosphere in the
arc cavity and determine the chemical composition of the
arc plasma, its geometry, and thermophysical and electrical
properties. In the Russian literature, the term “stabilizing
properties of the flux” is frequently used to highlight the ef-
fect of flux composition on arc stability and is often referred
to in the literature when discussing arc length in SAW.
     Rabkin and Medovar (Ref. 89) conducted experiments to
quantify the stabilizing properties of the fluxes. The work con-
sisted of first letting the submerged arc process reach the
steady state and then simultaneously stopping the wire feed
and travel. The process would continue until the electrode had
been consumed to the point when the gap between the elec-
trodes was too great to sustain the arc. This final gap length
was defined as the “natural-length-to-break” and is considered
to characterize the flux stabilizing properties. The authors

used nine types of fluxes and concluded that CaO increases
the stabilizing properties and CaF2 decreases them.
     Ostapenko and Medovar (Ref. 82) reported arc length in
SAW did depend on the stabilizing properties of the flux.
The authors used two fluxes (OSC-45 and AN-3, see Appen-
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Table 3 — Relevant Parameters of Selected Investigations on the Arc Cavity and Slag Shell in SAW

                        Reference                                                       Methodology                                                                  Details

  Schaefer et al. (90), Reisgen et al. (48, 91)           Arc cavity pressure measurements                               Piezoelectric pressure sensor
                    Kuzmenko (45, 46)                             Arc cavity pressure measurements                                        Water manometer
                  Terashima et al. (92)                                    Arc cavity gas sampling                                    Vacuum quartz glass gas sampler
      Gött et al. (52, 53), Gericke et al. (54)                                Spectroscopy                                 Spectrometer focused on opening in arc  cavity
North (93), Mitra (31), Lau (94), Potapov (95)                       Chemical analysis                        Droplets, electrode tip or weld metal chemical analysis
                    Kuzmenko (45–47)                                    Rapid ejection of weld pool                            Tilting platform ejecting weld pool metal 
                                                                                              and molten slag                                and molten slag into containers along the weld
                  Komen et al. (59, 96)                                      Numerical simulations                               ISPH technique for flux particles modeling

Fig. 29 — Spectra of the atmosphere in the arc cavity in AC-
SAW at 600 A, 30 V. The red line represents the EP cycle, and
the black line the EN cycle (Ref. 52). The cavity atmosphere is
dominated by Fe vapors, Ca, Mn, and self-reversed Na lines.

Fig. 30 — Effect of basicity index and polarity on the oxygen
content in the droplet (Ref. 112).

Fig. 31 — Effect of polarity on the oxygen content in the
droplet and the weld (Ref. 52).
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dix for the composition of Soviet fluxes) and concluded a
shorter arc length was observed under the flux with lower
stabilizing properties (flux OSC-45 in this case) at the same
voltage, current, and travel speed. Grebelnik (Ref. 70) con-
ducted experiments with two fluxes (GAZ-1, ASH) and ob-
served a change in the arc length with the flux composition
mostly at travel speeds higher than 25 m/h. At the travel
speed of 15 m/h, the difference in arc length under the two
fluxes was insignificant; however, the inner portion of the
arc length was not measured.
     Peshak (Ref. 38) reported arc length increased on adding
CaF2 up to 5% by weight then decreases when CaF2 is in-
creased further; an initial decrease and then an increase in
the plasma conductivity was reported for this type behavior
of arc length.
     Sengupta and Mendez (Ref. 63) concluded the arc is
shorter under fluxes with a significant amount of CaF2

compared to fluxes based on oxides for both DCEP and AC
polarity. One possible explanation proposed by Ref. 63 for
the shorter arc length under fluxes with high CaF2 was that
fluorine has higher first ionization potential (17.4 eV)
than oxygen (13.6 eV) leading to a more resistive and,
hence, shorter arc at the same current and voltage. The ef-
fect of fluxes on arc length is summarized in Fig. 18.

Havrylov et al. (Refs. 75–77) analyzed the experimental re-
sults of Ref. 63 and concluded that a higher fluorine to
oxygen amount ratio may increase anode fall voltage, thus
decreasing the arc length. At the same time, the amount of
free oxygen in the arc cavity atmosphere may depend on
the acidic to basic fluxes ratio, as well as the overall
amount of oxides in the flux composition. Higher acidic to
basic oxides ratio was proposed to increase anode fall volt-
age, consequently decreasing the arc length. Cathode fall
voltage was proposed to increase with the first ionization
potential of the metallic elements in the flux compounds.

Arc Cavity and Slag Shell

     The arc in submerged arc welding creates a cavity sur-
rounded by a slag shell that prevents contamination from
the atmosphere. The continuity and stability of the slag
shell have been debated among the researchers. The chemi-
cal composition of the arc cavity atmosphere affects the
chemical reactions with the molten metal and are significant
in determining the final weld metal composition. The pres-
ent section aims to summarize the research done on the arc
cavity and slag shell in SAW.
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Fig. 33 — Slag distribution along the length of the weld
measured with the tilting platform set up by Ref. 47 for three
fluxes: 1) AN-60, 2) AN-26S, and 3) AN-15M. The Roman num-
bers indicate the weld pool boundaries for each flux.

Fig. 34 — Schematics of the SAW weld zone suggested by
Ref. 45: 1) base metal; 2) flux; 3) molten slag shell; 4) elec-
trode; 5) arc; 6) weld pool crater; 7) molten metal of the weld
pool; 8) zone of partially covered weld pool.

Fig. 32 — Effect of polarity on the oxygen content in the droplet and the weld. A — flux core wire; B — solid wire (Ref. 54).
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     Research on arc cavity and slag shell in SAW has aimed to
understand three aspects: 1) the typical nature of the arc
cavity behavior, 2) the arc cavity pressure and atmosphere
composition, 3) reactions with fluxes and element transfer,
and 4) the nature of the slag shell surrounding the arc cavi-
ty. Table 3 summarizes research and techniques for investi-
gations on the arc cavity and slag shell in SAW.

Techniques for Research on the Arc Cavity
and Slag Shell

     In addition of the X-ray and optical imaging methods de-
scribed previously, other techniques for research into the arc
cavity and slag shell include arc cavity pressure measure-
ments, arc cavity gas sampling, spectroscopy of the arc cavi-

ty atmosphere, rapid ejection of the weld pool and molten
slag, and numerical modelling.

Arc Cavity Pressure Measurements

Arc Cavity Gas Sampling

     Terashima et al. (Ref. 92) collected the gas from the arc
cavity with a vacuum gas sampler shown in Fig. 21. The gas
sampler was rapidly inserted into the arc cavity when the
distance between the arc and the sampler was less than 30
mm. The sampler tip was made of quartz glass and melted
in the heat of the arc as the gas from the arc cavity entered
the sampler. After the cavity gas filled the sampler, the cock
was closed to prevent contamination from the atmosphere.
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Fig. 35 — State of the flux particles around the SAW arc cav-
ity after 6 s from arc initiation (Ref. 59). Gray: base plate;
dark gray: wire; red: arc; blue: molten flux; green: resolidified
slag; yellow: unmelted flux.

Fig. 36 — Setup for investigation of weld pool flows using
FeS metallographic tracers (Ref. 116).

Fig. 37 — Setup for investigation of weld pool flows using a
“weather-vane” technique (Ref. 119).

Fig. 38 — Radioactivity of 198Au tracers along the weld bead
for tracers introduced with the wire, on top of the weld pool,
or at the bottom of the weld pool (Ref. 114).
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Subsequently, the gas was extracted from the sampler with a
micro-syringe and its composition was analyzed using gas
chromatography. Figure 22 shows the schematic of the oper-
ation. The fluxes used for this study were fluxes G1, G4, and
G7, listed in the Appendix.

Spectroscopy of the Arc Cavity Atmosphere

     Gött et al. (Refs. 52, 53) penetrated the flux bed with a
thin-gauge steel tunnel located orthogonally to the welding
direction as shown in Fig. 23. A spatially resolved high-
speed, high-resolution spectrometer was focused on the
opening of the cavity. The observations from the spectrome-
ter were synchronized with images obtained from a high-
speed camera. Reference 52 reported that with the setup
used it was possible to distinguish the different areas of the
arc cavity and location of different chemical elements.

Investigation Using Collecting Droplets and Weld
Chemical Analysis

     Researchers have collected droplets during SAW and ana-
lyzed their chemical composition to understand the reac-
tions taking place at the droplet. North (Ref. 93) used a wa-
ter-cooled copper cylinder rotating at 540 rotations per
minute (rpm), and the droplets ejected from the disk were

collected in a water tray moving in a transverse direction at
224 mm/min. The flux was fed past the electrode tip. North
commented that the flux swept past the electrode tip in the
same way gas moves past the electrode tip in GMAW and
the collected droplets were covered with slag. The droplets
were mounted in bakelite and polished to expose their mid-
section and were analyzed with an electrode probe micro-
analyser (EPMA). Mitra (Ref. 31) analyzed the weld metal
compositions made by different wires and base plates and
proposed a theory of slag-metal reactions in SAW. Lau (Ref.
94) collected and analyzed the electrode tips after stopping
the welding machine. The droplets were also collected by a
similar procedure as North. Potapov (Ref. 95) used similar
techniques to North to collect droplets during SAW.

Rapid Ejection of the Weld Pool and Molten Slag

     Kuzmenko (Refs. 45–47) investigated the presence of
slag shell in SAW both theoretically and experimentally. Fig-
ure 24 shows the setup used by Kuzmenko for these experi-
ments. The welding was performed on a tilting platform
that was rapidly tilted at a given point during the welding
operations, causing the ejection of the molten metal, slag,
and unmelted flux out of the weld zone and into special con-
tainers. The length of the weld pool was also recorded for all
the experiments. The weld metal, slag, and unmelted flux
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Fig. 39 — Weld pool flow observed or simulated using differ-
ent techniques: A — radioactive 198Au tracer technique (Ref.
114) at 1350 A, 45 V, 20 cm/min; B — metallographic contrast
Zr, FeS tracer technique (Ref. 88) at 740 A, 32 V, 30 cm/min;
C — metallographic contrast FeS tracer technique (Ref. 116); D
— numerical simulation (Ref. 56) at 1000 A, 32 V, 140
cm/min, –20-deg torch angle in pull mode.
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were extracted from the containers, carefully separated and
weighed.

Survey of Findings on Arc Cavity and 
Slag Shell

Nature of the Arc Cavity

     The arc in SAW burns in a cavity. The cavity is tradition-
ally believed to be surrounded by a continuous slag shell;
however, the presence and continuity of the slag shell is
debated among researchers.
     Eichhorn and Engel (Ref. 88) concluded the arc cavity in
SAW is dynamic in its nature and proposed a description
for the arc cavity formation and collapse, illustrated in Fig.
25. In this description, the arc cavity length increases from
thermal expansion of the gases generated from the flux.
Having reached its maximum size, depending on the sur-
face tension of the liquid slag, the slag shell continuity
breaks and the cavity collapses. During the bubble growth
and burst cycle, the molten slag covers more electrode sur-
face increasing the proportion of current shunting the arc
through the slag, as temperature inside the arc cavity in-
creases, evaporation and ionization increase, the cavity be-
gins to grow again, and the cycle repeats with the period of
a few tenths of a second.
     Experimental studies of the arc cavity in AC-SAW were
discussed in another work by Eichhorn and Felleisen (Ref.
61). The cavity dynamics depended on the flux type and
the frequency of the alternating current. Figure 26 shows
the arc cavity dynamics and size for three different fluxes:

1 (basic, fused), 2 (basic, agglomerated), and 3 (high basic,
agglomerated).
     In SAW of aluminum with a nondehydrated flux, a de-
gassing cavity was observed by Eichhorn et al. (Ref. 23) in
addition to the arc cavity — Fig. 27. In this case, the de-
gassing process takes place through the degassing cavity,
which is separated from the arc cavity by a slag baffle.
When an anhydrous flux was used, a small closed arc cavity
was observed that pulsates violently at 50 Hz. Eichhorn
concluded the moisture content of the flux increases the
pressure in the arc cavity enlarging its volume.

Arc Cavity Pressure

     Kuzmenko (Refs. 45, 46) reported that in DCEP SAW at
750 A and 35 V, the excess pressure in the arc cavity was
about 500 Pa. Schaefer et al. (Ref. 90) and Reisgen et al.
(Refs. 48, 91) measured the arc cavity pressure in pulsed
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Fig. 40 — Autoradiographs of the weld pool after the addition of 198Au (Ref. 114): A — After 1.5 s, bottom flow; B — after 2 s, surface flow.

Fig. 41 — Proposed molten metal flow for high-speed SAW
(Ref. 114).

A B

Fig. 42 — Distribution of FeS tracers in the SAW weld pool
(Ref. 116). Increasing image number indicates increasing dis-
tance travelled after the introduction of tracers.
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SAW and observed an increase in the cavity pressure during
the pulsed phase compared to the ground phase. The pres-
sure measured was between 0 and 0.075 bar (0 and 7500
Pa), with an upper limit much higher than Kuzmenko.

Arc Cavity Atmosphere: Oxide-Based Fluxes

     The arc cavity atmosphere is determined by the composi-
tions of the electrode, the base plate, and the flux. The gas
formation processes involve complex high-temperature
chemical reactions.
     Many chemical reactions are present at the high tempera-
tures of the SAW arc cavity, some of which involve the
breakdown of components (e.g., breakdown of oxides) and
the evaporation of metal. The temperature conditions are
likely different in the arc itself than between the arc and the
slag shell, where temperatures are below ionization. The ob-
servations reported in the literature are often unable to dis-
criminate the source of the observations, resulting in appar-
ent contradictions that have not yet been resolved.
     Eagar (Ref. 97) reported that at welding temperatures
SiO2 (l) decomposes into suboxides that are responsible for
weld metal oxygen in SAW. The decomposition proposed by

Eagar (Ref. 97) is

                           SiO2(l) = SiO(g) + ½ O2(g)                                (1)

     It was also proposed the flux should contain volatile sub-
stances to maintain the arc during SAW (Refs. 97–99); for
example, according to the following reaction:

                           MnO(g) = Mn(g) + O(g)                                   (2)

     Terashima (Ref. 92) reported the presence of a significant
amount of carbon monoxide (CO) compared to carbon diox-
ide (CO2) and molecular oxygen (O2) in the arc cavity for dif-
ferent fluxes and suggested that the ratio of partial pres-
sures PCO2/PCO decreases with increasing slag basicity. E. O.
Paton (Ref. 98) also reported the presence of a significant
amount (83%) of CO in the arc atmosphere in SAW and up
to 9% of H2, while N2 was minimal. Zhdanov et al. (Ref. 100)
reported that the oxides present in the flux sublimate under
the action of the arc and carried out thermodynamic calcula-
tions for the breakdown of oxides, represented in Fig. 28.
Podgaetskii (Ref. 101) and E. O. Paton (Ref. 98) reported
that at high temperatures the oxygen or oxides, and hydro-
gen in the flux, can react and form hydroxy groups.
     Theoretical analysis by Davis and Bailey (Ref. 102) sug-
gested that the majority of the ions in the arc plasma will be
iron (Fe2+, Fe3+) from the electrode, and oxygen (O2−) from
the flux. Other cations can also be present like Ca2+, Mg2+,
Ti4+, etc., and anions like F− depending on the type of flux;
also, to a lesser extent SiO4–

4, TiO4–
4, and similar radicals.

However, no spectroscopic analysis was done to support
these suggestions. Gött et al. (Ref. 52) conducted spectro-
scopic analysis of the arc cavity in SAW and reported the
presence of iron (Fe), calcium (Ca), self-reversed sodium
(Na) lines, and manganese (Mn) in the arc cavity for the flux
Lincolnweld 8500 with Lincolnweld L50M wire, and con-
cluded that in the conditions observed, the arc spectra were
dominated by Fe. Figure 29 shows the spectra obtained with
AC 600 A, 30 V where the Fe, Ca, Mn, and self-reversed Na
lines are indicated.
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Fig. 43 — SAW weld pool flow patterns and their effect on
the reverse bead of the weld (Ref. 119): A — No flow perturba-
tions, satisfactory reverse bead; B — slight disruption of dy-
namic equilibrium of the pool, excess reverse bead; C —
unstable bottom flows from the tail part of the molten pool,
variable reverse bead dimensions; D — hydrodynamic pertur-
bations with a stable bottom flow from the tail to the front
part of the weld pool, incomplete fusion defect on the re-
verse side of the weld.

Fig. 44 — Effect of welding speed on mixing ratio in SAW
(Ref. 114).
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     In later work, Gött et al. (Ref. 53) showed that near the
electrode the atmosphere was dominated by Fe vapors,
while Ca, Mg, Na, Fe, and K increased in relevance to the arc
cavity when the fluxes contained those elements. Other ele-
ments like Cl, F, H, Mn, Na, and O also appeared on the
spectra. The spectroscopy data were then used to calculate
the maximum temperature of the elements in the arc, then
the findings were extended to different currents. The tem-
perature obtained was 7611 ± 13 K; this temperature did
not change much by changing the current or polarity from
DCEP to AC. The findings of Gött et al. (Ref. 53) are impor-
tant and explain the shorter arc length observed by Sengup-
ta and Mendez (Ref. 63) under high CaF2 fluxes (F2, F5) due
to the presence of F in the arc atmosphere, which is believed
to make the arc more resistive and, thus, reduces the arc
length for the same voltage. Additionally, the presence of
Mg in the cavity atmosphere explains the fact it may offset
the effect of F on the anode fall voltage under flux F4, as ob-
served by Sengupta and Mendez (Ref. 63). Also, the pres-
ence of atoms with high electron affinity such as F, O, and Cl
indicates the possibility of the presence of negative ions in
the arc atmosphere, as discussed in detail by Pokhodnya et
al. (Ref. 103). The presence of negative ions in the cavity at-
mosphere can lead to an arc constriction near the anode and
an increase in the anode fall voltage (Refs. 103, 104). De-
spite the sophistication of spectroscopic studies, the compo-
sition of the gases in the arc cavity and the mechanism of
their breakdown is still unknown.

Arc Cavity Atmosphere: Halide-Containing Fluxes

     Halides (mainly fluorides) are often added to SAW fluxes
to reduce the oxygen and hydrogen content in the weld met-
al. CaF2 is the fluoride that is most commonly added to the
fluxes for welding steels. Podgaetskii and Novikova (Refs.
101, 105) as well as Kuzmenko (Refs. 45, 46, 106) proposed
possible reactions in the arc atmosphere of SAW based on
thermodynamic calculations, suggesting that gaseous fluo-
rine compounds are supplied to the arc atmosphere through
the following reactions:

                           2CaF2 + 3SiO2 = 2CaSiO3 + SiF4                   (3)

     The SiF4 obtained can react with monoatomic H or H2O,
producing hydrogen fluoride (HF). CaF2 can also react simi-
larly; however, the thermodynamic calculations done in
Refs. 101 and 105 suggest the most probable binding of hy-
drogen into HF is provided by SiF4, and HF was proposed to
be the most stable compound at the arc temperatures. Table

4 shows the possible reactions and the corresponding equi-
librium constants at different temperatures.
     E. O. Paton (Ref. 98) proposed the following reaction in
the presence of fluorides:

                           Si4+ + 4F– = SiF4                                                  (4)

and suggested that at low silica levels in the flux, due to the
tetrahedron structure of the SiO4–

4  , the oxygen atom pro-
tects the central silicon atom from the incoming fluorine
ion. At high silica contents in the flux, the silica structure is
complex, and the fluorine ions can attack the silicon atom
and form SiF4. He also suggested that at the arc tempera-
tures almost all the gaseous molecules may break down into
ions (e.g., potassium, sodium, and calcium) and gaseous in-
dividual atoms, for example:

                           SiF(g) = Si(g) + F(g)                                           (5)

     The conclusions of Podgaetskii and Kuzmenko on the for-
mation of a significant amount of gaseous SiF4 are not uni-
versally accepted. Chai and Eagar (Ref. 30) did not observe a
significant change in Si in the weld metal during welding un-
der CaF2 + SiO2 flux compared to pure CaF2 flux and inferred
that the formation of SiF4 was minimal. Eagar (Ref. 99) pro-
posed that the reaction of CaF2 with H2O caused a greater
loss of fluorine than by the formation of SiF4.
     Hunter et al. (Ref. 24) carried out SAW of titanium using a
special mixture of fluorides (CaF2) and chlorides (NaCl and
KCl) with optical quality to minimize moisture. Hunter sug-
gested, in the case of welding under pure CaF2 flux, the fluo-
rine atoms would constrict the arc, causing narrow weld beads.

Reactions with Fluxes and Element Transfer

     In their seminal work, Mitra and Eagar (Refs. 31, 33–35)
identified three zones for chemical reactions between the
molten metal and the slag: a zone of droplet reactions, a
zone of dilution and weld pool reactions, and a zone of cool-
ing and solidifying weld pool. These reactions determine the
final weld metal composition and, hence, the mechanical
properties of the weld.
     In the zone of droplet reactions, the droplet gets formed
at the electrode tip, from where it detaches and travels
through the arc. The droplet temperature is very high, esti-
mated to be of the order of 2500°C. Lau (Ref. 94) measured
oxygen content at the electrode tip, the transferred droplets
through the arc, and the weld pool, and concluded that in
this zone, the droplet absorbs oxygen. Mitra (Ref. 31) also
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Table 4 — Thermodynamic Calculations Summary for Possible Reactions in the SAW Arc (Ref. 101)

            Reactions                                                                     The value of equilibrium constant (k) with temperature (K)

                                                                                          2000                                                 3000                                               4000

      SiF4 + 3H = SiF + 3HF                                                   2.36                                                    182                                                1600
    SiF4 + 2H2O = SiO2 + 4HF                                                 16.2                                                  1.38.105                                            1.48.107

SiF4 + 3H2O = SiO + 2O + 4HF                                           3.2.10−5                                                4.16.104                                             1.51.108

     CaF2 + 2H = CaF + 2HF                                                4.5.10−10                                                 1.1.10−6                                             6.8.10−5

    CaF2 + H2O = CaO + 2HF                                                7.3.10−7                                                5.6.10−3                                              0.49
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conducted experiments and showed that, in a multipass
weld, the oxygen content at the top layer was higher than at
the bottom layer, confirming the oxygen enters the weld
through the zone of droplet reactions and not the weld pool.
Mitra and Eagar also proposed that in the zone of droplet
reactions, oxygen builds up on the droplet surface, prevent-
ing other elements such as C, Mn, and Si from entering the
droplet (Ref. 34).
     Prior to Mitra’s work, the interpretation of chemical re-
actions in SAW was based on the “droplet reaction time
theory” (Refs. 41, 42, 66, 93, 95, 107). In this theory, the
reactions at the droplet with the surrounding slag or gas
phase lead to element transfer, and the extent of these re-
actions depends on the amount of time the droplet spends
on the electrode tip. Despite its popularity in its time, the
basis for the droplet reaction theory had little evidence to
support it. Mitra’s review of the literature highlighted this
problem. For example, the work of Pokhodnya and
Kostenko (Ref. 107) — who suggested relationships be-
tween the relative reaction time at the droplet, the current,
and the voltage — did not involve any experiments or
composition analysis of welds. North (Ref. 93) performed
experiments making ten-high pad welds aiming to support
the droplet reaction time theory; however, the published
results indicated a large difference in composition between
the droplets collected and the top weld of the ten-high pad
weld. This is in contradiction with the droplet reaction
time theory, which predicted this composition should be
the same. Mitra also disproved the droplet-reaction time
theory with several experiments that failed to explain the
transfer of elements observed. For example, he made two
sets of welds using a manganese silicate flux. One set was
made using a wire with 0.18% Mn on a substrate with
1.21% Mn, and another set was made using a wire with
2.17% Mn on a substrate with 0.35% Mn. The droplet-re-
action time theory predicted the first weld (with low-Mn
wire) should have gained much Mn from the slag (at the
droplet), while the second weld (with high-Mn wire) should
have lost Mn to the slag. Instead, Mitra found that both
sets of welds gained a similar amount of Mn (≈ 0.10%).
     In the zone of dilution and weld pool reactions, the
droplets transferred from the wire enter the weld pool,

where they are diluted. Mitra and Eagar (Refs. 33–35) pro-
posed that the vast majority of element transfer between
the slag and the metal happens in this region. They devel-
oped a kinetic model to predict the final composition of the
weld. The model was validated with experiments that ex-
plored the transfer of Mn, Si, Cr, Ni, P, S, Cu, and Mo. The
model considers that the element transfer in SAW depends
on two sets of factors: a) thermodynamic factors, and b) ki-
netic factors. The thermodynamic factors depended on the
flux used, the composition of electrode and base plate, and
the amount of dilution, whereas the kinetic factors depend-
ed on the welding parameters and type of flux used. For a
highly oxidizing flux or active flux like an acidic silicate, a
change in welding parameters will lead to changes in weld
composition. For a less oxidizing flux or neutral flux like ba-
sic silicates or fluoride-alumina, a change in welding param-
eters will not lead to significant changes in weld composi-
tion. The calculation of wall neutrality (Ref. 108) is based on
similar considerations.
     The transfer of Mn and Si in the zone of dilution and
weld pool reactions takes place by the following reactions:

                           Mn + O = (MnO)                                               (6)

                           Si + O2 = (SiO2)                                                  (7)

where the parentheses indicate the oxide is in solution in
the slag. The transfer of Cr is more difficult to study than
the transfer of Mn and Si because Cr exhibits multiple oxi-
dation states. The corresponding reactions can be written as

                           Cr + xO = (CrOx)                                                (8)

where 1 ≤ x ≤ 1.5.
     Mitra found the transfer of Cr was much lower than that
of Mn and Si because the partition coefficient between the
metal and slag was much larger for Cr than that of Mn and
Si. At the interface temperature, chromium oxides are less
stable than MnO and SiO2; in consequence, the transfer of
Cr to the slag as CrOx is much lower than Mn and Si.
     Elements like Ni, Mo, Co, and other noble metals form
unstable oxides, and their transfer to slag is almost negligi-
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Table 5 — Relevant Parameters of Selected Investigations on Weld Pool in SAW

                  Reference                                                        Methodology                                                                     Details

           Mori and Horii (114)                                              Tracer techniques                                                  Radioactive tracers (198Au)

Engel (87) and Eichhorn and Engel (88, 115)                   Tracer techniques                                       Metallographic contrast tracers (Zr,  FeS)

          Kuzmenko et al. (116)                                            Tracer techniques                                         Metallographic contrast tracers (FeS)

               Cho et al. (56)                                              Numerical simulations                            Energy balance equations related to heat transfer
                                                                                                                                                  and fluid dynamics solved using Flow-3D software

              Nishi et al. (117)                                                    X-ray imaging                                               X-ray setup rated at 150 kV, 12 mA

            Nomura et al. (118)                                                 X-ray imaging                                               X-ray setup rated at 300 kV, 10 mA

                 Akulov (119)                                              Weather vane technique                  Special oscilloscope connected with the wire and the plate
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ble compared to Mn, Si, and Cr. The transfer of P takes place
through an exothermic reaction and is very sensitive to the
temperature of the reaction:

                           2P + 5O = (P2O5)                                               (9)

     The transfer of S is different from other elements be-
cause it takes place by a reduction reaction instead of oxida-
tion:
                           S + (O2–) = (S2–) + O                                        (10)

     Mitra postulated that because S is removed by a reduc-
tion reaction, the rate of removal in highly oxidizing fluxes
should be equal to or less than in less oxidizing fluxes, which
was the opposite trend than for other elements like Si, Mn,
Cr, and P. Carbon is lost by oxidation according to the fol-
lowing reaction:

                           C + O = (CO)                                                    (11)

     The zone of cooling and solidification corresponds to the
tail of the weld pool, and it is where oxygen content and in-
clusions are determined. As the temperature decreases in
this region, the oxides become more stable, resulting in de-
pletion of elements like Mn near the slag-metal interface.
Inside the molten pool, oxide inclusions form. The determi-
nation of oxygen content is often comparable with the con-
cept of the basicity index (Ref. 109). Being based on funda-
mental concepts, the thermodynamic treatment is valid
even when the basicity index heuristic breaks down.
     Recently, Gericke et al. (Ref. 54) measured composition
variations in SAW. They reported that elements like chromi-
um (Cr) or oxygen (O) are transferred at the droplet stage,
while elements like nickel (Ni) and molybdenum (Mo) react
after detachment. Manganese (Mn) was reported to be lost
at the droplet stage and then picked up from the flux after
detachment. These observations (except the transfer of O)
are inconsistent with the suggestion of Mitra and Eagar
(Ref. 34) that an adsorbed layer of oxygen prevents ele-
ments from the flux from reacting with the molten metal in
the droplet. It is possible that the loss of elements observed
by Gericke are evaporation losses and not exchanges be-
tween flux and the droplet.
     Electrochemical reactions also take place between the
droplet and the surrounding slag. Kim et al. (Ref. 110) and Po-
lar et al. (Ref. 111) proposed that in DCEP it is the electro-
chemical reactions that are responsible for droplet metal oxy-
gen absorption from the flux through the following reaction:

                M(metal) + nO2–(slag) = MOn(slag) + 2ne–            (12)

while a different set of reactions take place in DCEN:

                           M2+(slag) + 2e– = M(metal)                            (13)

                           Si4+(slag) + 4e– = Si(metal)                             (14)
                           O(metal) + 2e– = O2–(slag)                             (15)

where M stands for iron or any other metallic element.
     Wang et al. (Ref. 112) measured oxygen content in the
droplet metal at DCEP and DCEN polarities concluding that

the electrochemical reactions between the droplet and the
molten slag are of importance. More oxygen was absorbed in
DCEP than in DCEN; this trend was especially pronounced
for fluxes with higher basicity indices (the fluxes chosen for
the experiments contained MgO, CaO, and SiO2 in different
proportions). Figure 30 shows the effect of polarity and flux
basicity on the oxygen content in the droplet.
     Gött et al. (Ref. 52) followed Wang et al. (Ref. 112) and
measured the amount of oxygen in the wire, the droplet
metal, and the weld for different polarities — Fig. 31. They
reported the oxygen content in the droplet and weld metal
was lowest in the DCEN polarity, highest in DCEP, interme-
diate values in AC regime, and increased with current in the
DCEP polarity. These findings are consistent with Wang’s
conclusions and support the theory that oxygen absorption
into the droplet occurs mostly due to electrochemical reac-
tions in the DCEP regime.
     Gericke et al. (Ref. 54) used flux-cored wire in SAW and
reported the oxygen content in the droplet and weld metal
was higher than for solid wire by an order of magnitude —
Fig. 32. In this and other experiments, the oxygen in the
weld metal is likely to come mostly from the droplet, not by
absorption through the weld pool surface.

Slag Shell Surrounding the Arc Cavity

     The presence of a continuous slag shell surrounding the arc
cavity in SAW is debated in the literature. References (Ref. 70,
80, 82) used X-ray photography of the arc zone and reported a
continuous slag shell. Eichhorn and Engel (Ref. 88) also re-
ported the presence of a continuous shell surrounding the arc
cavity. Reisgen et al. (Ref. 91) reported the thickness of the
slag shell fluctuating between 0.5 and 2 mm. Cho et al.’s nu-
merical model of the slag shell (Ref. 58) calculated the thick-
ness of the slag shell as 1 mm.
     Kuzmenko (Refs. 45–47) analyzed theoretically the exis-
tence of a continuous slag shell. He analyzed the amount of
heat penetrating the front edge of the slag shell with an as-
sumption it was a stable wall of constant thickness and con-
sidering that the thermal conductivities of the molten slags
are one to two orders of magnitude lower than for metals.
He concluded it is not possible to transfer the arc heat by
conduction through a slag shell of a constant thickness. The
convective heat transfer in the slag shell was considered pos-
sible, but it would involve such high speeds of the molten
slag that a stable flow would not be possible. He also investi-
gated experimentally the distribution of the molten slag
along the weld interface using the tilt platform technique.
The experiments showed the molten slag distributes along
the weld pool surface with a peak in the weld tail part and
no molten slag in front of the arc, as shown in Fig. 33. He
concluded that the impact of the arc and disturbances of the
molten slag prevent formation of a continuous slag shell.
Figure 34 shows Kuzmenko’s suggested model of the metal
and slag distribution in SAW (Ref. 45).
     Recently, Komen et al. (Refs. 59, 96) conducted numeri-
cal simulations of the flux melting in SAW. Their simula-
tions indicate relatively little melting of the flux ahead of
the arc, as shown in Fig. 35, where the phase state of the
flux particles is highlighted in different colors.
     The works of Kuzmenko, Komen, and Schaefer (Refs. 45–
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47, 59, 90) also reached the important conclusion that the
protection of the welding zone from the atmosphere occurs
due to the higher cavity pressure in addition to the protec-
tive shell of molten slag around the arc cavity.

Dynamics of Weld Pool

     The weld pool flows have important effects on bead
width, penetration, and weld reinforcement. Research on
the dynamics of the weld pool in SAW has aimed to under-
stand two aspects: 1) the type and the typical velocities of
the molten metal flows, and 2) the degree of mixing in the
molten metal. Table 5 summarizes research and techniques
for investigations in the weld pool in SAW.

Techniques for Research into Dynamics of the
Weld Pool

     Tybus (Ref. 113) studied the weld pool flows in SAW with
a high-speed optical imaging approach at 750 frames per
second using a glass panel on the sagittal plane of the weld.
Other techniques that have been developed to study the dy-
namics of the weld pool in SAW include tracers and special
oscilloscope techniques.

Tracer Techniques

     Addition of small amounts of particles with special prop-
erties allowing to track them in the weld metal is the basis
of the tracer techniques. Two types of tracers have been
used: radioactive 198Au (Ref. 114), and metallographic con-
trast Zr (Refs. 87, 88, 115) or FeS (Refs. 87, 88, 115, 116).
     Mori and Horii (Ref. 114) used radioactive 198Au as a tracer.
This isotope has an optimum half-life period (2.7 days) and
low affinity for oxygen, which is convenient to avoid being ab-
sorbed by chemical reactions with the slag; also, it forms a sol-
id solution with iron. Because of these properties, it was used
to study the flow pattern of the weld pool in SAW. The tech-
nique involved adding 198Au into the welding wire, the groove
before welding, or it was brazed on a tungsten rod with a silver
solder and directly inserted into the weld pool. After welding,
the radioactivity was measured along the bead using a colli-
mate, and autoradiographs were taken on the vertical and hor-
izontal cross section of the bead.
     Eichhorn and Engel (Refs. 88, 115) used metallographic
contrast materials such as Zr and FeS embedded into the
base plate surface. For some experiments, the researchers
also used a thin copper wire incorporated into the steel
welding wire as a tracer.
     Kuzmenko et al. (Ref. 116) used FeS probes inside a 1-
mm-wide transverse groove in a 16-mm low-carbon steel
base plate. Six experimental welds were done on identical
plates and conditions. During the experiments, welding
processes were stopped at different intervals after the wire
crossed the tracer, as shown in Fig. 36.

Weather-Vane Technique

     Akulov (Ref. 119) designed a special system set up to
study the weld pool flows in SAW, as shown in Fig. 37. A 1-

mm-diameter tungsten rod (2) can rotate in a tungsten tube
(3). The bent end of the rod acts as a weather vane for the
flow of molten steel at the point of its placement in the tail
part of the weld pool (1). Points 5 and 6 are contact points
to which the galvanometer of the oscilloscope is connected.
Points 4 and 7 are connected to the power source. The brack-
ets (9) are used for support. The immersion depth of the
tungsten rod is controlled by the ring (8). Another tungsten
rod (10) is used to stabilize the system. The electrical con-
tacts in this system are 4 –5 and 6–7, or 4–6 and 5–7. Which
circuit is closed is determined by the current I1 or I2. The di-
rection of the flow can be determined by the current I2.

Survey of Findings on the Dynamics of Weld
Pool

Flow Mode and Velocity of Molten Metal in the
Submerged Arc Weld Pool

     Mori and Horii (Ref. 114) used radioactive tracers of 198Au
to study the flow patterns in the submerged arc weld pool, ob-
taining radioactivity profiles represented in Fig. 38, where the
origin on the horizontal axis represents the location where the
tracer was introduced. Results from this tracer work suggest
the weld pool in SAW has two distinctive parts: a primary and
secondary molten pool as shown in Fig. 39A. When 198Au was
added to the secondary pool, opposite flow directions, consis-
tent with recirculating flows, were observed depending on
whether the tracer was inserted at the bottom or the top, as
shown in Fig. 38. Insertion at the bottom showed a sharp peak
behind the origin, while insertion at the surface resulted in a
more rounded peak ahead of the insertion point. In all cases,
radioactivities decreased at a constant rate toward the trailing
end of the weld in both cases.
     Figure 40 shows autoradiographs of sections of welds
stopped moments after adding 198Au. Figure 40A corresponds
to the introduction of tracers at the bottom of the weld pool.
The brightest spot at the bottom corresponds to the peak in
Fig. 38 and supports the suggestion that the bottom of the
weld pool flows toward the rear driven by the arc pressure and
the impact of the transferred droplets. Figure 40B corresponds
to the introduction of tracers at the surface of the weld pool.
The center of the brighter area is seen ahead of the welding
wire, supporting the suggestion that the top of the weld pool
flows toward the front. The bottom flow was estimated to be
composed of two parts, moving at a velocity about ten times
the welding travel speed. One part of the bottom flow moves
upward, forming the primary molten pool with violent whirl
flow; the other part flows to the tail and forms the surface
flows. The authors also suggest that at high travel speeds (of
the order of 100–200 cm/min), both the surface and the bot-
tom flows are directed toward the end of the pool, as illustrat-
ed in Fig. 41. In this case, the metal flows do not reach the end
of the weld pool; the bottom flows turn upward, and the sur-
face flows turn downward to combine into one center flow.
     Engel (Ref. 87) as well as Eichhorn and Engel (Refs. 88,
115) studied the molten metal flows in the weld pool of
SAW using metallographic contrast materials (Zr, FeS). The
contrast materials were embedded in the base plate, and
their initial position was marked. It was found that the con-
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trast materials moved 50 mm away from their initial posi-
tion in a direction opposite to the welding direction. A chal-
lenge of this experimental approach was that it was difficult
to coordinate in space and time the location of the arc and of
the introduction of contrast materials. To overcome this
challenge, the contrast material was incorporated into the
wire, as illustrated in Fig. 39B. The flow pattern inferred was
similar to Ref. 114; however, the flow velocities were around
ten times greater. They also speculated about the possibility
of surface flows toward the front, as suggested by Ref. 114,
and that they could be restricted by the cavity pressure or
solidification of the molten pool.
     Kuzmenko et al. (Ref. 116) suggested the flow pattern as
shown in Fig. 39C using FeS probes incorporated into the
base plate, in an approach similar to Ref. 115.
     Figure 42 shows the distribution of FeS in six welds. The
first sulphur imprint shows the movement of the molten
metal that formed within less than 1 s. The second to the
sixth figures shows the results of experiments stopped at in-
creasing distance from the position of the tracer. The figures
suggest the tail part of the weld pool mixed much less than
its front part. Kuzmenko concluded the flow is turbulent
under the arc and laminar farther from the arc, with station-
ary molten metal toward the tail. Kuzmenko’s conclusion
about the tail part of the weld pool is not consistent with
the observations of Refs. 114, 88, and 115. A possible factor
in this discrepancy can be the effect of S on thermocapillary
flows, which was unknown at the time of the experiments.
     Akulov (Ref. 119) studied the weld pool flows with the
weather-vane technique described above and reported that
the bulk of the flow is toward the tail end of the pool; how-
ever, hydrodynamic perturbations can also reverse the direc-
tion of the flow, as shown in Fig. 43. Figure 43A shows the
molten metal flows with no hydrodynamic perturbations.
Figure 43B shows the case with a slight disruption of the dy-
namic equilibrium of the pool that reflected in an increase
in the very depressed weld pool under the arc. Excess beads
and runs of solidified metal are detected on the reverse side
of the weld. Figure 43C shows the hydrodynamic perturba-
tions in the molten pool characterized by a thicker weld pool
and unstable flows in the opposite direction of normal. Fig-
ure 43D shows the direction of the liquid metal flow in the
presence of the severe hydrodynamic perturbations, with
stable flow running forward at the root, and reduced weld
penetration. An incomplete fusion defect often appeared on
the backside of the plate.
     Nishi et al. (Ref. 117) and Ohara et al. (Ref. 120) used X-
ray techniques to study weld pool defects such as undercut-
ting and humping. They cited two factors are responsible for
undercutting: the displacement of molten metal and solidifi-
cation along a toe of the weld pool. Undercutting was con-
cluded to occur when the molten metal is displaced farther
than the solidification point. Nomura et al. (Ref. 118) dis-
cussed the digging action of the arc in SAW. They reported
that under the condition of undercut or humping bead, the
material under the arc looked “solid,” consistent with a
gouging region penetration mode (Refs. 84, 85).
     Tybus (Ref. 113) postulated the weld pool flows depend on
the surface tension of the molten metal, gas pressure in the arc
cavity, metal vapors, and gas components of the evaporated
welding flux in addition to the electromagnetic forces. He ob-

served that the shape of the arc cavity was found changed, and
gas bubbles in the weld pool were larger for fluxes with more
carbon and floated upward toward the weld pool surface
faster. He attributed these observations to a reduction of sur-
face tension by carbon. The effect of surface-active elements
was not well understood at the time, and the possibility of
higher formation of CO2 in the arc was not discussed.
     Cho et al. (Ref. 56) used computer simulations of the weld
pool to study the effect of the torch angle on weld pool dynam-
ics. The model included momentum transfer from the de-
tached droplets to the weld pool and assumed that the angle of
droplet impingement into the weld pool was the same as the
torch angle. The weld bead shape was based on molten metal
flow. A torch angle of –20 deg (pull) produced a deep penetra-
tion, while an angle of 20 deg (push) produced a shallow pene-
tration. These results are consistent with the penetration
modes of high-current gas tungsten arc welding described in
Refs. 84 and 85. In AC polarity, molten metal flow changed re-
peatedly, resulting in shallow penetration. Subsequent work
(Ref. 58) conducted simulations to understand weld pool flows
under low-current SAW in a V-groove joint.
     In a recent work, Cho et al. (Ref. 58) concluded that the
droplet impingement direction, the arc center location, and
the corresponding arc model distributions are different for
free-flight (assumed spray transfer) and flux-wall guided
transfer. For the spray transfer mode, it was reported that
the arc forces and arc heat source were concentrated on the
V-groove joint surface, with the droplet impinging at the
root of the V-groove joint. Spray transfer also resulted in a
narrower weld bead. In the flux-wall guided metal transfer
mode, the heat and momentum from the impinging droplets
from the arc are not concentrated enough to penetrate the
V-groove joint. It was also suggested that flux-wall guided
transfer may lead to porosity in the V-groove joint.
     Sudnik et al. (Ref. 57) reported that in SAW, the main
source of heat is the electric arc, and this is much greater than
the heat generation by the shunting current flowing through
the liquid flux layer. The high efficiency of the process is en-
sured by the formation of a deep crater and by immersing the
arc in the crater so that the metal absorbs a large part of arc ra-
diation. Their model predicted very large dimensions of the
weld pool compared to the experimental result.

Mixing in the Weld Pool

     Mori and Horii (Ref. 114) studied the degree of mixing
of the molten metal by comparing the experimental results
using radioactive tracers of 198Au against an ideal model of
mixing. Two key parameters were identified as governing:
the mixing ratio R and the effective mean stay time teff of
tracers in the molten pool. The mixing ratio was the ratio
of the distance of decay of the tracer concentration to the
decay distance in the ideal case. The effective mean stay
time was defined as the ratio of the characteristic distance
of the decrease in the amount of 198Au to the welding
speed. In all the experiments with high heat inputs, the
mixing ratio was reported to be about 80%. The concentra-
tion of 198Au was virtually constant along the centerline
and distributed symmetrically to the right and the left side
for all the experiments. The mixing ratio decreased with
welding speed, which is consistent with the decrease in the
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mean stay time in the pool. Figure 44 shows the effect of
welding speed also decreased with lower currents and high-
er voltages; these effects were associated with a decrease in
arc force.

Summary of Physical Phenomena in
the Weld Zone of SAW

Metal Transfer

     Mode of metal transfer: Metal transfer in SAW can be
flux-wall guided or free flight. Free-flight transfer can in-
volve large, irregularly shaped droplets or a “whipping tail”
spray-like transfer. Short-circuit events are uncommon,
and their occurrence can be associated with fluxes contain-
ing high ionization energy elements, such as F.
     Effect of welding current and polarity: Current is a
key parameter defining the mode of metal transfer in SAW.
At low currents (of the order of 500 A), the transfer is
through large, irregularly shaped droplets for both EP and
EN. At high currents, the transfer is through a whipping
tail resembling an electromagnetic kink instability at EP.
Metal transfer in EN is by smaller droplets involving fre-
quent explosions. Both the detachment frequency and the
melting rate increase with an increase in current in all the
polarities.
     Effect of welding voltage: The ratio of flux-wall guid-
ed to free-flight transfer increases with voltage. For free-
flight transfer, the effect of voltage is secondary to the ef-
fect of current. The droplet size increases and the detach-
ment frequency decreases with an increase in voltage.
     Effect of flux on metal transfer: The droplet detach-
ment frequency in EP is lower for basic fluxes than for
acidic ones. In particular, fluxes containing a significant
amount of CaF2 are associated with a lower detachment
frequency than oxide-based fluxes. For DCEN and AC,
there is no broad consensus.
     Effect of flux and polarity on deposition rate: CaF2

and acidic fluxes such as SiO2 and MnO increase the depo-
sition rate in DCEP, likely due to the thermal contribution
of the arc at the anode. Basic oxides such as CaO decreases
the deposition rate in variable polarity, likely due to a de-
creased thermal contribution of the arc at the cathode.

Arc Length

     Effect of welding voltage: At constant wire feed
speed, arc length increases approximately linearly with
voltage at a rate of the order of 0.4 mm/V.
     Effect of welding current: At constant voltage, arc
length decreases with the increasing welding current. The
dependence of the arc length on the current at constant
contact tip-to-workpiece distance is of the order of 0.01
mm/A.
     Effect of travel speed: There is no broad consensus on
the effect of travel speed on arc length. The effect of travel
speed is a combination of indirect effects of voltage, cur-
rent, and weld pool geometry. Typically, arc length decreas-
es with travel speed.
     Effect of welding fluxes: CaF2 decreases the arc

length and CaO increases the arc length. This effect is like-
ly related to the effect of ionization temperature/voltage of
elements in the arc column.

Arc Cavity and Slag Shell

     Typical nature of the arc cavity: The arc in SAW cre-
ates a cavity that varies shape rapidly, growing to its maxi-
mum size, releasing gases, collapsing, and restarting the
cycle again.
     Arc cavity pressure: The pressure inside the cavity is
of the order of 500 to 7500 Pa.
     Arc cavity atmosphere: Arc cavity atmosphere is de-
termined by the compositions of the flux, the electrode,
and the base plate metal. There is no general consensus on
the composition of the arc cavity atmosphere. Spectroscop-
ic analysis indicated the presence of iron vapors, metal ele-
ments from the flux compounds, oxygen, hydrogen, and
fluorine. Theoretic studies suggested decomposition of ox-
ides and the creation of suboxides. There is no consensus
either on the mechanism of binding of oxygen and hydro-
gen with CaF2, in particular, whether CaF2 reacts with O
and H directly or with the formation of SiF4 first.
     Reactions with fluxes: Chemical reactions with the
fluxes determine the final composition of the weld metal
and happen in three distinct zones: a zone of droplet reac-
tions, a zone of dilution and weld pool reactions, and a
zone of cooling and solidifying weld pool. In the zone of
droplet reactions, the droplet absorbs oxygen. The zone of
dilution and weld pool reactions is where the vast majority
of element transfer happens. The extent of the reactions in
this zone can be estimated reliably with thermodynamic
and kinetic calculations. These calculations often give re-
sults consistent with the concepts of basicity and wall neu-
trality, but they also give good predictions when basicity
and wall neutrality are incorrect. The zone of cooling and
solidification corresponds to the tail of the weld pool. In
this region, the oxides become more stable, resulting in lo-
cal depletion of elements like Mn and formation of inclu-
sions.
     Electrochemical reactions between the droplet and the
slag are responsible for droplet metal oxygen absorption.
More oxygen was absorbed in DCEP than in DCEN, espe-
cially for fluxes with higher basicity indices.
     Slag shell surrounding the arc cavity: Traditionally,
the slag shell is imagined as a continuous bubble of the
molten slag surrounding the arc cavity and protecting it
from the atmosphere; however, measurements of the
molten slag distribution along the weld, along with the
theoretical analysis of the heat balance and the numerical
simulations of the flux melting process, showed the slag
shell might not be continuous in front of the arc and solid
flux particles from the front are blown into the arc cavity
where they get melted.

Dynamics of Weld Pool

     Flow mode and velocity of molten metal in the SAW
weld pool: Stable flow typically flows toward the tail along
the liquid-solid interphase and returns to the front on the
surface. Flow instabilities can reverse these flows, or result

WELDING RESEARCH

OCTOBER 2019 / WELDING JOURNAL 309-s

Sengupta Supplement October 2019.qxp_Layout 1  9/11/19  4:55 PM  Page 309



in a quiescent molten tail. For high-speed SAW, both the
surface and the bottom flows were found to be directed to-
ward the end of the pool. The magnitude of the flow velocity
of the molten metal is estimated to be 10 to 100 times the
travel speed. The penetration mode is typically with a goug-
ing region under the arc, but a thick weld pool can be
formed at low currents and low travel speeds.
     The degree of mixing: Mixing ratio is higher for high-
heat-input SAW compared to high-speed SAW. The mixing
ratio decreases with welding speed and voltage.
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Table A1 — Composition of the Fluxes Referred in the Text (wt-%)

       Fluxes                  %SiO2      %MnO     %MgO     %CaF2     %CaO    %Na2O     %K2O     %Al2O3      %TiO2    %Fe2O3      %FeO     %ZrO2    % Metal Alloys   % Other oxides

         AN-3                       51             17            9.5            3             17            —            —            —             —            —             —           —                  —                        4

       OSC-45                     41           46.5          —           9.5           1.5           —            —            —             —            —             1.5           —                  —                        —

         GAZ-1                      46           14.5           —            7.2          18.5          1.3           —           12.5            —            —             —           —                  —                        —

       AN-348                    42            32            7            4.5           12            —            —             1              —           1.5             —           —                  —                        —

            A                         52             —             9             4            28           —            —            4              —            —             —           —                  —                        —

            B                         38             7             11             5            22           —            —            14             —            —             —           —                  —                        —

            C                         42            40            —             5            —            —            —            5              —            —             —           —                  —                        —
            D                         35             —            —             6            15            —            —           20             5                                           15                                               
            E                         33             8            22            5            —           1.75           —           20             —            —             —           —                   4                        —

            F                          —             —            10            —            —            —            —           35            55           —             —           —                  —                        —

            G                        41.7            —            —            —          26.9          —            —            —            31.4          —             —           —                  —                        —

            G1                       42.6           —           0.5           —          30.8         3.5           —          20.3           —            —             —           —                  —                        —

           G4                       24.5           —           16.9           —           16.3           3            —          37.4            —            —             —           —                  —                        —

           G7                       21.9            —          38.8          —           13.2           3            —          18.2            —            —             —           —                  —                        —

            F1                        47            33            17             5             1             2            —            2              0.1            —             —           —                   6                        —
(Lincolnweld 760M)                                                                                                                                                                                                                                 

           F2                        9.9            0.1            0.1          48.9         13.5          2.6           1.3           23             —           0.3            —           0.1                  —                        —
(Lincoln ES200)                                                                                                                                                                                                                                      

           F3                         11              14             2             12             7             2            —            47             —            —             —           —                   4                        —
(Lincolnweld 980)

           F4                        12              1             29           29            8             1              1             18             —            —             —           —                  —                        —
(Lincolnweld 880M)                                                                                                                                                                                                                                 

           F5                         5              —            —            85            5            —            —            5              —            —             —           —                  —                        —
(Experimental Flux)                                                                                                                                                                                                                                  

Lincolnweld 8500       13              1             30           24            8             1              1             19              1             —             —           —                   1                         —

        HJ260                    33.5          4.5          16.9          20.1          5.4           —            —          27.3            —            —             —           —                  —                        —

Appendix A: Composition of the fluxes
used by different researchers

Sengupta Supplement October 2019.qxp_Layout 1  9/11/19  4:55 PM  Page 313




