
Electrochemically Generated Oxygen 
Contamination in Submerged Arc Welding 

Significant changes in oxygen levels occur when low-silica 
flux and electrode negative polarity are combined 
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ABSTRACT. Seven different experimental 
welding flux compositions from the Si02-
CaO-CaF2 system with different CaF2/ 
CaO ratios and with either 40 wt-% or 20 
wt-% silica were used in this study. Sub
merged arc welding with these fluxes was 
closely controlled so as to enhance the 
relative importance of the electrochemi
cal mechanism. The welds were bead-on-
plate and were automatically produced 
using electrode negative (straight) and 
electrode positive (reverse) polarities at 
constant programmed current, voltage 
and travel speed. Oxygen levels in the 
weld metal, droplet and electrode tip 
were determined and plotted as a func
tion of the CaF2/CaO ratio. It is observed 
that the welds produced with the high-
silica fluxes contain high-oxygen levels, 
and these are not affected by the change 
of polarity; however, there are significant 
differences in the oxygen levels of the 
wire HDS and weld metals with changes in 
polarity for the low-silica fluxes. The elec
trochemical mechanism is shown to occur 
in different phases of the weld process; 
however, it appears that slag entrapment 
can conceal the electrochemical effect. 

Introduction 

Many studies of submerged arc welding 
(SAW) in the literature (Refs. 1-21) corre
late weld metal chemical composition 
with the microstructure and, ultimately, 
with the mechanical properties of the 
weld metal. One of the most significant 
conclusions in such investigations is that 
control of the weld metal chemistry is im
portant for producing high-quality welds. 
Thus, in order to obtain consistently bet
ter mechanical properties of the weld 
metal, it is necessary to control its chem-
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ical composition. This can be accom
plished if we have a good understanding 
of the mechanisms that alter the weld 
compositions. These mechanisms are pri
marily affected by three factors: dilution 
of the welding wire in the weld pool, en
vironmental contamination, and, perhaps 
the most complex, the transference of el
ements to or from the slag. The correla
tion of the flux chemical composition and 
weld chemical composition has received 
the attention of a number of researchers 
(Refs. 4-7, 16, 17, 22-25). In general, the 
presence of large amounts of transition 
metal oxides in the fluxes leads to an 
increase of these metals in the weld metal. 
Kohno, et al. (Ref. 5), tested titania-con-
taining fluxes in order to get microalloying 
additions of Ti in HSLA steels because of its 
beneficial effect on mechanical proper
ties. Starting with 0% Ti, both in the plate 
as well as in the filler metal, they got a fi
nal amount of around 0.017%. In addition, 
the welds made with these fluxes con
tained less oxygen than those welds pro
duced with silica-containing fluxes of the 
same basicity index. 

Ekstron and Olsson (Ref. 25) reported 
that the change in Si in the weld metal is 
influenced by the basicity index (Bl) and 
this influence is higher when the Bl is less 
than 2. For fluxes made of nontransition 
metal oxides, the increase or reduction of 
alloying elements is related to the amount 
of final oxygen content in the weld metal. 
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Dallam, ef al. (Ref. 6), working with 28 
fluxes of the system Si02"CaF2-CaO and 
Nb HSLA steel plates found that the trans
ference of oxygen to the weld metal 
increases with an increase in the Si02 
content. Many other researchers found a 
correlation between the chemical com
position of slags and the final oxygen con
tent, and a correlation was proposed be
tween the basicity index of the slags and 
the final oxygen content of the weld metal 
(Refs. 4,6, 22, 23) where the basicity index 
is expressed by the correlation given by 
Tuliani, ef al. (Ref. 3), 

Bl = 

CaO-FMgO+Ba04-SrO-FK204-
Li20+CaF2-i- V2 (MnO+FeO) 

Si0 2+ Vi (A l203+Ti02+Zr02 ) (1) 

However, there are many exceptions to 
this conclusion, and oxygen contents of 
welds depend more strongly on FeO 
content than on CaO content. The basic-

:c n o t p r Jo a u n i q u o m o a -
sure of the chemical properties of slags or 
of the tendency of slags to transfer oxy
gen to weld metal (Ref. 26). 

Although the influence of the chemical 
composition of the fluxes on the final 
chemistry of the weld metal is recognized, 
the mechanisms of the transference of el
ements are not well understood. Four 
phases, electrode, slag, plasma and weld 
pool, and five interfaces are present in the 
SAW system and this makes it hard to ap
ply a model for the whole process. At
tempts have been made to develop a 
thermodynamic equilibrium model (Refs. 
27, 28); however, equilibrium models lead 
to conflicting conclusions. Recently, inves
tigators (Refs. 29-31) have proposed and 
given experimental support to the con
cept that electrochemical effects signifi
cantly influence weld metal composition 
during the SAW process. In analyzing the 
electrochemical behavior of the sub
merged arc welding process, the welding 
wire and the workpiece become either 
the anode or cathode depending on the 
polarity used, with the molten flux and the 
plasma being the electrolytes. 
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Table 1—Chemical Composition of the 
Fluxes Used in This Work 

Composition (wt-%) 

Flux 

A01 
A02 
A03 
A04 
A05 
A06 
A07 

Si02 

40 
40 
40 
20 
20 
20 
20 

CaF2 

10 
20 
30 
40 
50 
60 
70 

CaO 

50 
40 
30 
40 
30 
20 
10 

CaF2/CaO (wt-%) 

0.2 
0.5 
1.0 
1.0 
1.7 
3.0 
7.0 

For electrode positive polarity in the 
flux, the anodic reaction at the wire is: 

: O 2 - + M° MOn/2 + ne (2) 

where this oxidation reaction leads to the 
formation of metal oxides at the wire/slag 
interface. The cathodic reaction at the 
plate/flux interface is 

Mn + + ne" M° (3) 

The cathodic and anodic reactions be
come inverted when electrode negative 
polarity is used. Kim, ef al. (Ref. 31), sim
ulating the submerged arc welding pro
cess on a chilled copper plate and using 
electrode positive and negative polarity, 
showed that variations in the chemical 
composition of the welding wire tips and 
metal drops can be related to this change 
in polarity. Their results are consistent with 
a postulated electrochemical effect at the 
wire. This experiment was carried out us
ing one flux and just focused on the reac
tions at the wire. The presence of anodic 
and cathodic reactions implies a faradaic 
process that is consistent with the well-
known concept that slags are ionic media 
(Refs. 32-36). 

In this work, we examine the role of 
electrochemistry, relative to other mech
anisms, more directly by carefully select
ing the flux compositions based on a highl
and low-silica level (40 wt-% and 20 wt-%, 
respectively) and closely controlling the 
welding parameters so as to enhance the 
relative importance of the electrochemi
cal mechanism by changing the polarity. 
The oxygen levels at the weld metal, 
droplet and electrode tip are interpreted 
based on this mechanism. 

Experimental Work 

Si02"CaF2-CaO fluxes were used in this 
study. These experimental fluxes were 
prepared from reagent-grade powders; 
after thorough mixing, the fluxes were 
fused in a graphite crucible using an 
Inductherm 50 kV induction furnace. The 
melting temperature and time were dif
ferent from flux to flux because of the 
changing composition, but, in every case, 
the tapping was made when the flux was 

Table 2—Chemical Composition of Base Metal and Filler Wire (wt-%) 

C O Si Mn 

Base Metal 
Welding Wire 

0.04 
0.09 

0.0045 
0.0195 

0.03 
0.58 

0.37 
1.18 

0.022 
0.013 

completely liquid. After a quench in wa
ter, the solid fused fluxes were dried at 
300°C (572°F), crushed to sizes - 1 4 to 
+ 100 mesh and baked for about 5 h at 
750°C (1382°F). A total of seven different 
fluxes were used. Three fluxes had a con
stant silica level of 40 wt-%, and the other 
four had silica contents of 20 wt-%, while 
the CaF2 to CaO ratio was varied for all 
fluxes. The composition of these fluxes is 
shown in Table 1. 

The welds were bead-on-plate. The 
plates were low-carbon steel of dimen
sions 76.2 X 101.6 X 12.7 mm (3.0 X 4.0 
X 0.5 in.) and the electrode used was an 
AWS A5.17 welding wire. The composi
tions of the steel plates and electrode wire 
are found in Table 2. 

Prior to welding, the coupons were 
sandblasted and thoroughly cleaned with 
acetone. The fluxes were kept overnight 
in an oven at 300°C to prevent moisture 
pickup. Two sets of welds were produced 
using electrode negative and positive po
larities, while the welding parameters were 
fixed at the values shown in Table 3. All 
the welds were automatically produced 
with a Miller Deltaweld 650 power supply 
controlled by a microprocessor. The arc 
stabilities of all the welds were monitored 
and found to be stable, except that the 
voltage fluctuations for the electrode neg
ative polarity welds about an average 
voltage were relatively larger than for 
electrode positive polarity. 

Following welding, samples were re
moved consistently from the center of the 
weld cross-section and halfway through 
the length of the weld bead for oxygen 
analysis. The electrode tips were collected 
for every set of welds to find oxygen 
variation in the welding wire. The tips 
were collected by interrupting the arc af
ter 6 s into the weld production. It should 
be indicated that the tips had different 
shapes, as exhibited in Fig. 1, but only tips 
of similar shape were selected for the ox-

Table 3—Welding Parameters 

Voltage 
Amperage 
Weld Speed 
Wire Speed 
Heat Input 

33 
600 
12.5 in./min (5.30 mm/s) 
75 in./min (31.75 mm/s) 
95.0 kj/in. (3.74 k|/mm) 

ygen analysis, with only the molten por
tion of the wire tip used (Fig. 1, top right 
tip). Weld droplets were also collected by 
running the welding arc into a chilled cop
per plate. The electrode tips and metal 
droplets were sandblasted to clean off the 
attached slag. All the samples for the ox
ygen analyses were cleaned in a solution 
of 20% nital and rinsed with ethanol. A LE-
CO-R016 oxygen analyzer was used. The 
reported oxygen analyses are an average 
of about three to five samples, and the 
results, are found in Table 4. Furthermore, 
the spread of the oxygen values was 
found to be between 5 and 10% for the 
weld metal specimens, about 10% for tip 
samples, and much larger (>20%) for the 
weld droplets. 

Some metal droplets and electrode tips 
were also analyzed using energy disper
sive x-ray analysis on a JEOL scanning 
electron microscope. Optical microscopy 
was also performed on metal droplets and 
electrode tips to observe the inclusion 
population. 

Results and Discussion 

The purpose of this investigation was to 
evaluate the relative importance of elec
trochemical and thermochemical reac
tions in submerged arc welding by con
sidering the oxygen contents of the elec
trode tip, metal droplet and weld metal. 
Because of the high voltages and high 
current densities, electrochemical reac
tions are expected, but thermochemical 
reactions should also occur in view of the 

Table 4—Oxygen Contents in the Weld Metal, Electrode Tips, and Metal Droplets 

Oxygen Content (ppm) 

Flux 
No. 

A01 
A02 
A03 
A04 
A05 
A06 
A07 

Weld Metal 

SP 

406 
398 
352 
185 
197 
290 
242 

RP 

380 
430 
384 
118 
152 
183 
174 

Electrode 

SP 

528 
379 
513 
290 
291 
287 
273 

Tip 

RP 

483 
381 
472 
385 
395 
414 
399 

Metal 

SP 

1981 
1784 
1969 
667 
790 
411 
562 

Droplet 

RP 

1419 
751 

1780 

-
606 
586 
495 
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high temperatures and large chemical po
tential differences of the various reactants 
and products present in the flux and metal 
phases. These thermochemical reactions 
have been discussed extensively in an 
earlier paper (Ref. 24). 

The oxygen results were plotted sepa
rately for the low- and high-silica fluxes as 
a function of the (CaF2/CaO) ratio. Figure 
2 shows the oxygen content in the tips and 
in the weld metal for a flux with 40 wt-% 
Si02 for both polarities. The data show a 

Fig. 1 — Tip shapes of the welding wire at the end of a weld. 

significant oxygen pickup in both the wire 
tip and weld metal from the original levels 
of oxygen in the welding wire (~195 
ppm) and base metal (~45 ppm) as a re
sult of both electrochemical and thermo
chemical reactions, as well as by the 
incorporation of slag inclusions. The nom
inal oxygen composition of the weld metal, 
based on a 50% dilution for electrode 
positive polarity and 55 to 60% for elec
trode negative polarity, would be approx
imately 120 and 130 ppm, respectively. 
From these results, with 40 wt-% Si02 in 
the fluxes, it is quite difficult to separate 
the electrochemical effects from the ther
mochemical effects since the change of 
polarity did not lead to a significant differ
ence in the weld metal oxygen levels. In 
the case of electrode negative polarity, 
higher weld metal oxygen levels would be 
expected electrochemically, since the base 
plate becomes the anode. The analysis of 
the electrode tips shows similar results, 
i.e., no signincant variation in tne oxygen 
composition between the anodic and ca
thodic electrode tips. 

The oxygen levels of the metal droplets 
produced with the high-silica flux were 
four to five times larger than those en
countered in the weld metal. The oxygen 
data show wide scatter, as can be seen in 
Fig. 3 and Table 4, especially in the drop
lets corresponding to the high-silica fluxes. 
Several droplets were sectioned and 
examined under the microscope, and it 
was found that some of these droplets 
contained entrapped slag, as shown in Fig. 
4. It was also observed that more slag was 
entrapped in the droplets produced with 
electrode negative polarity than those 
produced in the electrode positive polar
ity. All this information is based on the 
analysis of only six metal droplets and is a 
likely, although uncertain, conclusion. Fig
ure 5 is an SEM photomicrograph of a 
droplet produced with a high-silica flux 
with the use of electrode negative polar-
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Fig. 2 - Oxygen contents in the weld metal and electrode tips for the 
high-silica fluxes as a function of flux composition and polarity. Points la
beled with SP are for straight (electrode negative) polarity and with RP 
for reverse (electrode positive) polarity. 
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Fig. 3 -Metal droplet oxygen contents for high- and low 
a function of flux composition and polarity. 

•silica fluxes as 
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ity. This SEM micrograph shows nonme
tallic particles that were analyzed with the 
energy dispersive x-ray analyzer and 
found to contain Si and Ca — Fig. 6. There 
was no evidence of slag entrapment in the 
weld metal, but slag particles were ob
served in some of the electrode tips (Fig. 
7), which is consistent with the scatter in 
these results. The electrode negative po
larity tips generally contained larger 
amounts of slag than the electrode posi
tive polarity tips. Thus, any possible elec
trochemical effects on oxygen content 
with the high-silica fluxes are masked by 
the presence of slag. 

Figure 8 shows a plot of the average 
oxygen contents of the electrode tip and 
weld metal for both electrode positive 
and negative polarity welds made with 
low-silica fluxes. The influence of electro
chemical reactions is more evident here, 
as shown by the fact that the oxygen 
content of the anodic wire tip in the elec
trode positive polarity mode (~400 ppm) 
is over 100 ppm larger than the cathode 
tip in the electrode negative polarity mode 
(~285 ppm). The possible influence of 
thermochemical oxygen pickup is shown 
by the fact that the oxygen level for both 
electrode tip polarities is larger than the 
original composition of the wire. How
ever, slag entrapment, which appears to 
be larger in electrode negative polarity, 
may be partly responsible for this effect. 
The same phenomenon is observed when 
considering the weld metal. The anodic 
weld metal in electrode negative polarity 
has consistently higher levels of oxygen 
(by ~ 7 0 ppm) than the cathodic weld 
metal in the electrode positive polarity 
mode, lending support to the influence of 
the electrochemical reactions. The contri
bution of the thermochemical reactions 
can be shown by the fact that the oxygen 
content of the weld metals for both 
polarities is larger than the nominal value. 
This value is approximately 105 to 120 

O 

Fig. 4 — Photomicrographs showing slag entrapment in metal droplets produced with a high-silica flux 
(A03): SA = electrode negative polarity; RA = electrode positive polarity. 
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Fig. 5 - SEM photograph of a metal droplet depicting slag particles for a high-silica flux (A03) and a low-silica flux (A06) with electrode negative polarity. 
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Fig. 6 — EDX analysis of the entrapped slag particles in a metal droplet for 
a high-silica flux (A03) and electrode negative polarity. 
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Fig. 8 —Oxygen contents in the weld metal and electrode tips for the 
low-silica fluxes as a function of flux composition and polarity. 

Fig. 7 - Photomicrographs of a welding wire tip that was used to produce 
a weld using a high-silica flux and electrode negative polarity. 

ppm for wire dilutions of 40 to 50%. 
Further evidence of the electrochemi

cal contributions can be shown by follow
ing the differences in oxygen level from 
the electrode tip to the weld metal in a 
given polarity. For instance, in case of 
electrode positive polarity, the levels of 

Fig. 9 —Delta oxygen 
values for the weld 

metals and electrode 
tips in low-silica 

fluxes as a function 
of flux composition 

and polarity. 

oxygen in the anodic electrode tip are sig
nificantly higher, by approximately 240 
ppm, than in the cathodic weld metal, as 
shown in Fig. 8. Dilution of the base metal 
in the weld will accentuate this difference 
in lieu of the lower oxygen content of the 
base metal; however, such oxygen reduc-
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A06 
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A07 Flux No 
(7.0) wt%CaF2 / wt%CaO 

tion is still obvious when considering the 
delta oxygen values, as shown in Fig. 9. In 
this same figure, the electrochemical ef
fect is also observed in the electrode pos
itive polarity mode where the cathodic 
weld metal contains much less oxygen 
than the anodic tips. In the electrode neg
ative polarity mode, there is less oxygen in 
the cathodic tip than in the anodic weld 
metal for only two of the four fluxes, 
whereas, two specimens (Fluxes A04 and 
A05) show the opposite. Such inconsis
tencies could be attributed to slag entrap
ment in the electrode tips. Metallographic 
examination of several wire tips shows the 
presence of slag particles, as shown in Fig. 
10, for electrode negative polarity so that 
a significant, if not major, oxygen fraction 
in these tips is due to slag entrapment. The 
electrode positive polarity electrode tips 
examined did not show significant slag 
entrapment, as observed in Fig. 11. Thus, 
it appears that for the low-silica flux, there 
is a preferential slag entrapment, which 
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Fig. 10 — Photomicrographs of two welding wire tips that were used to produce welds using electrode negative polarity with low-silica fluxes. These 
photos show entrapped slag. 

Fig. 11 — Photomicrographs of two welding wire tips corresponding to welds produced with electrode positive polarity and low-silica fluxes. 

SA06 DROPLET 

Fig. 12 —EDX analysis of entrapped slag in a metal droplet for a low silica-flux (A06) and electrode negative polarity. 
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only partially masks the electrochemical 
effects o n the tips, and these effects are 
larger than indicated by the data in Ta
ble 4. 

The oxygen level in the metal droplets 
was also higher than the e lect rode tips and 
w e l d metal for the low-silica fluxes. These 
values scatter b e t w e e n 400 t o 800 p p m 
fo r the e lect rode negative polarities and 
b e t w e e n 500 and 600 p p m fo r e lect rode 
posit ive polarit ies, as s h o w n in Fig. 3. 
Metal lographic examinat ion of the w e l d 
droplets reveals slag ent rapment , as 
shown in Fig. 4; and this observat ion is 
suppor ted by the EDX results in Figs. 6 
and 12. 

Conclus ions 

1) Electrochemical effects influence the 
oxygen conten t of d i f ferent phases o f the 
w e l d , i.e., e lect rode t ip, we ld droplet and 
w e l d metal . 

2) Slag ent rapment was greater for 
e lect rode negative polari ty than for elec
t rode posit ive polar i ty. 

3) The physical propert ies of the slag 
lead to slag ent rapment , wh ich conceals 
the electrochemical ef fect , at least par
tially. This was primari ly observed in the 
high-silica fluxes at the e lect rode tips and 
w e l d metal droplets. 
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