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ABSTRACT. The electrochemical transfer 
of oxygen was investigated for electrode 
negative and electrode positive polarities 
in the submerged arc, shielded metal arc 
and gas tungsten arc welding processes. 
Analysis of the welds showed that elec- 
trochemical reactions as well as thermo- 
chemical reactions are significant in al- 
tering the oxygen content of the weld 
metal. The oxygen transfer in the sub- 
merged and shielded metal arc welding 
processes is strongly influenced by elec- 
trochemical reactions at the slag/metal 
interface, and oxygen transfer in gas 
tungsten arc welding is strongly influ- 
enced by electrochemical reactions at 
the plasma/metal interface. The electro- 
chemical oxygen reactions at the 
slag/metal interface include oxygen 
pickup at the anode and oxygen refining 
at the cathode. Electrochemical oxygen 
reactions at the plasma/metal interface 
include the refining of oxygen at the 
anode and pickup at the cathode. Elec- 
trochemical reactions have the greatest 
influence on weld metal chemistry at 
high welding currents and at slow weld 
travel speeds. 

Introduction 

Oxygen control during arc welding 
has an important influence on weld 
metal transformations and on the result- 
ing notch toughness (Refs. 1-4). Both 
slags and/or shielding gases can alter the 
weld pool oxygen content during weld- 
ing. Therefore, the mechanisms that con- 
trol oxygen content during welding 
should be understood to ensure high- 
quality welds. 

Two types of mechanisms are respon- 
sible for the transfer of oxygen during 
welding (Refs. 5-17). Thermochemical 
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reactions occur in the molten electrode 
tip, the separated droplet and the weld 
pool. They are significant because of the 
high temperature kinetics and the large 
thermodynamic driving forces (Refs. 
18-20), and they move the composition 
in the direction of thermochemical equi- 
librium. Electrochemical reactions occur 
at the electrode and weld pool surfaces 
because of the high current densities and 
ionic conduction of the welding current 
through the plasma/metal or slag-metal 
interfaces. These reactions may move the 
compositions away from thermochemi- 
cal equilibrium. 

The purposes of this investigation are 
to evaluate the influence of welding 
process parameters on oxygen transfer in 
submerged arc, shielded metal arc and 
gas tungsten arc welding, and to investi- 
gate the relative importance of plasma/ 
metal and slag/metal interfaces on weld 
metal oxygen control. 

Electrochemical Reactions 

Charge transfer across the slag/metal 
or plasma/metal interfaces in arc welding 
processes can be electronic by transfer of 
electrons or by the electrochemical 
movement of ions. Electronic conduction 
is similar for various welding processes. 
Electrochemical conduction is different 
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at slag/metal and plasma/metal interfaces 
because of the differences in the ioniza- 
tion states and in the possible electro- 
chemical reactions. 

Both positive and negative ions are 
possible in slags, so electrochemical 
charge transfer at the slag/metal interface 
can involve either positive or negative 
ions. Negatively charged ions have diffi- 
culty forming in a welding arc plasma be- 
cause of the high temperatures. There- 
fore, singly charged positive ions are the 
predominant species (Ref. 21). Doubly 
charged positive ions are possible, but 
are much less probable than are singly 
charged ions. The low-negative ion con- 
centrations in the plasma limit electro- 
chemical reactions at the plasma/metal 
interface to reactions involving positive 
ions in the plasma (Ref. 21). 

The primary electrochemical oxygen 
reactions at the plasma/metal interface 
involve 0+ cations in the plasma: 

Anode: Ometa I ---~ O+pl ....... -l- e- (I) 
Cathode: O+pl ..... + e = 0metal (2) 

These reactions are expected to result in 
the removal of oxygen at the anode and 
the pickup of oxygen at the cathode. 

In submerged and shielded metal arc 
welding, the slag/metal interface should 
be considered as well as the plasma/ 
metal interface because a portion of the 
welding current passes through the 
molten slag layer. Reactions at the 
slag/metal interface can include both 
positive and negative ions because both 
ions are present in the flux. The electro- 
chemical oxygen reactions at the slag/ 
metal interface include the following: 

Anode: O2-~ug = Om,,t~l + 2e (3) 
Cathode: Ometa I -t- 2e = O2-sUg (4) 

As a result, the anode is expected to show 
oxygen pickup, and the cathode is ex- 
pected to show oxygen removal. 
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Experimental  Procedure 

The melted electrode tips, detached 
droplets and weld metal deposits were 
collected for the submerged arc and the 
shielded metal arc welds. Detached 
droplets and weld metal deposits were 
collected for the gas tungsten arc welds. 
Analyses for total oxygen were carried 
out using a LECO interstitial analyzer. At 
the pyrochemical temperatures involved, 
the total oxygen is a good representation 
of the oxygen activity. The materials used 
and the welding conditions employed 
are described separately below for each 
of the welding processes. 

Submerged Arc Welding 

Direct current electrode negative 
(DCEN) (straight polarity) and direct cur- 
rent electrode positive (DCEP) (reverse po- 
larity) submerged arc welds were made 
with 2.38-mm (3,~2-in.) commercial low car- 
bon steel welding wire on ASTM A36 steel 
plate and on water-cooled copper plates. 
The steel plate and the welding wire had 
initial oxygen contents of 20 ppm. 

The melted electrode tips, detached 
droplets and weld metal deposits were 
collected and analyzed for welds of both 
polarities. A water-cooled copper base 
plate was used for the melted electrode 
tip and the detached droplet collection. 
Steel base plates were used for weld metal 
samples. Samples were collected at a 
constant welding current of 585 A and a 

constant potential of 
28.5 V. The electrode 
tips were collected by 
stopping the welding 
process, pulling the 
electrode away from 
the weld pool and cut- 
ting off the tip. The de- 
tached droplets were 
collected from welds 

made at a high velocity (a) DCEP 
over the water-cooled 
copper plate, so that 
the droplets were sus- 
pended in the molten 
slag. The detached 
droplets were ex- 
tracted from the 
ground slag by mag- 
netic separation. Weld 
metal specimens were extracted from sin- 
gle-pass, bead-on-plate welds made on 
the steel plates. These welds were made 
at constant voltage and current, in both 
polarities, over a range of welding speeds 
from 1.55 to 34.67 mm/s at a constant 
voltage and current for both polarities. 

Shielded Metal Arc Welding 

Automatic shielded metal arc welds 
were produced in both DCEP and DCEN 
polarities by using a Volcon automatic 
voltage controller. During welding, the 
preset voltage was maintained with the 
Volcon precision serve drive by control- 
ling the distance between the electrode 

Fig. 1 - -  5chematic cross section of  the SAW process including pos- 
sible charge transfer reactions for DCEP and DCEN polarities. 

tip and the base plate. 
The Hobart 418 electrode (AWS E7018 

low hydrogen) was selected because it 
produces acceptable welds for both elec- 
trode positive and electrode negative po- 
larities. The welding electrode had about 
295 ppm initial oxygen content. 

Welds were produced on both water- 
cooled and uncooled copper plates. The 
uncooled base plates were used for the 
production of weld beads, and the water- 
cooled copper base plates were used for 
the collection of detached droplets. Con- 
stant potential welds were produced at 
25 V for both polarities at a constant weld 
travel speed. The constant current welds 
were produced at 190 A over a weld 
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Fig. 2 - -  Oxygen concentration change in the electrode tip and droplet 
for DCEP and DCEN submerged arc welds. 

Fig. 3 - -  Weld metal oxygen change for DCEP and DCEN submerged 
arc welds as functions of  the weld travel speed. 
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Fig. 4 - -  Schematic cross section of  the shielded metal arc 
welding process including possible charge transfer reactions for 
DCEP and DCEN polarities. 

travel speed range of 1.45-3.13 ram/s, 
and the constant travel speed welds were 
produced at a travel speed of 12.4 mm/s 
over a current range of 150-230 A. 

Gas Tungsten Arc Welding 

Constant current DCEN gas tungsten 
arc welds were made on low-carbon mi- 
croalloyed steel containing 17.9 ppm 
oxygen, with a current range 175-233 A 
and a travel speed 1.27-1.69 mm/s. An 
argon-l% oxygen cover gas was used. 
Stationary gas tungsten arc welds were 
also produced on the low-carbon mi- 
croalloyed steel using the argon-1% oxy- 
gen cover gas. The welding time and cur- 
rent were varied to investigate 
composition changes. Difficulty was ex- 
perienced in the production of DCEP 
welds because of melting of the tungsten 

electrode. For a DCEP po- 
larity, the total heat dissi- 
pation at the anode has 
been estimated to be as 
high as 80% of the total 
heat input (Ref. 23). 

Samples from the gas 
tungsten arc welds were 
sectioned from the weld 
deposit. The oxygen re- 
sults obtained from these 
welds provided good evi- 
dence of electrochemical 
reactions at the 
plasma/metal interface. 

R e s u l t s  a n d  D i s c u s s i o n  

The objectives of this re- 
search are to evaluate the 
effect of welding process 

parameters and to investigate the relative 
importance of the plasma/metal and 
slag/metal interfaces in the electrochem- 
ical transfer of oxygen during the sub- 
merged arc, shielded metal arc and gas 
tungsten arc welding processes. 

Electrochemical reactions are ex- 
pected because of the high current den- 
sities and the conduction of welding cur- 
rent through the arc plasma and the 
molten slag layer. The anodic and ca- 
thodic electrochemical reactions occur 
by charge transfer across the 
plasma/metal and slag/metal interfaces. 
The extent of charge transfer by these 
faradaic processes is controlled by the 
current and the reaction time. 

The behavior of oxygen in the slag is 
different from that in the plasma because 
oxygen is charged negatively in the slag 

and positively in the plasma. Therefore, 
the electrochemical reactions at the 
slag/metal interface are different from 
those at the plasma/metal interface. The 
electrochemical reactions at the 
slag/metal interface cause the pickup of 
oxygen at the anode and the removal of 
oxygen at the cathode. Reactions at the 
plasma/metal interface show the removal 
of oxygen at the anode and oxygen 
pickup at the cathode. The relative im- 
portance of the plasma/metal and 
slag/metal interfaces on the electrochem- 
ical oxygen transfer can be determined 
from analysis of the extent and direction 
of oxygen transfer. 

The experimental results are analyzed 
by introducing the metallurgical model 
by Thief (Ref. 24), which predicts the ex- 
tent of element transfer. Its application 
gives quantitative data for the gain or loss 
of elements arising from chemical reac- 
tions. The transfer efficiency into the 
weld can be expressed in terms of a delta 
(A) quantity, which is the difference be- 
tween analytical and nominal composi- 
tions. The analytical composition is ob- 
tained by chemical analysis methods, 
and the nominal composition can be ob- 
tained by calculations based on the elec- 
trode and plate compositions and on the 
dilution. A positive concentration 
change (A > 0) indicates a gain or pickup 
of a particular element, and a negative 
change (A < 0) indicates a loss. 

Submerged Arc Welding 

The submerged arc welding process 
uses an arc between the consumable 
metal electrode and the workpiece under 

E 
Q .  

v 

x 

o ~3 

1500 ~ ' ~ - r  . . . .  , . . . .  , . . . .  , . . . .  
Oxygen Change in the Droplet 

o Cathode 
• Anode 

1000 " * 

500 

0 

-500 . . . .  ~ ' ' '  . . . . . . . . . . . . . . .  
140 160 180 200 220 240 

Welding Current (A) 

Fig. 5 - -  Change in droplet oxygen concentration as a function of  weld- 
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a protective slag cover. Therefore, the 
electrochemical reactions are expected 
to contribute by charge transfer through 
both slag/metal and plasma/metal inter- 
faces. Figure 1 shows schematic cross- 
sectional drawings of the submerged arc 
we ld ing  process for both DCEN and 
DCEP polarities. The potential charge 
transfers at the electrode and weld pool 
interfaces are included in this schematic. 

During submerged arc welding, the 
droplet forms at the electrode tip and trav- 
els through the arc plasma to the weld 
pool in a few milliseconds (Refs. 25, 26). 
The high droplet temperatures make it 
thermodynamically possible for chemical 
reactions to occur. Numerous investiga- 
tions have studied the nature of chemical 
reactions at the melted electrode tips and 
at the detached droplets (Reg. 8, 21-27), 
and several investigators indicate that oxy- 
gen is transferred to the metal in these two 
zones (Refs. 8, 26, 27). 

Figure 2 shows changes in the oxygen 
contents of the melted electrode tips and 
the detached droplets for both DCEN and 
DCEP polarities. This plot shows a very 
significant oxygen pickup in the melted 
electrode tips for both polarities. The in- 
f luence of thermochemical  oxygen 
pickup is shown by the fact that substan- 
tial oxygen pickup is observed in both 
electrode negative and electrode positive 
configurations. The excess oxygen came 
from the surrounding atmosphere and 
from decomposit ion of oxide compo- 
nents in the slag such as silicates or tran- 
sition metal oxides. 

The influence of electrochemical re- 

actions is shown by 
the fact that the 
oxygen pickup at 
the anode (57! 
ppm) is more than 
twice that at the 
cathode (257 ppm). 
Basedon this result, ~ 200 
it is expected that E C L  

the electrochemi- 
cal transfer of oxy- g 150 

I D r }  

gen at the melted x >" 
o electrode tip during <~ 100 

submerged arc 
welding is strongly 
inf luenced by the 5o 
reactions at the 
slag/metal inter- 
face. If the reac- 60 
tions at the 
plasma/metal inter- 
face had been more 
signif icant, the 
cathode would  
have shown higher 
oxygen levels than 
the anode because 
oxygen is ionized to the singly ionized 
positive ion in the arc plasma. The ob- 
served oxygen pickup at the anode and 
ref ining at the cathode are consistent 
wi th  electrochemical reactions at the 
slag/metal interface. 

The welding arc contains significant 
concentrations of metal vapors from the 
weld ing electrode and the weld pool 
(Refs. 30-32), as well  as oxygen from the 
surrounding atmosphere and from the 
flux. Most metal atoms have consider- 
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ably lower ionizat ion potentials than 
oxygen. Table 1 lists the ionization ener- 
gies of representative elements of interest 
in arc welding (Ref. 33). The low ioniza- 
t ion potential for metals compared to 
nonmetals means that the metallic con- 
stituents are ionized preferentially. This 
situation implies that high concentrations 
of metal ions in the welding arc are re- 
sponsible for the ionic conduction of cur- 
rent through the arc plasma during sub- 
merged arc welding. In principle, oxygen 
can be transferred by the electrochemical 
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Table 1 - -  Ionization Energies of Represen- 
tative Elements of Interest in Arc Welding 

Ionization Energy 
Element (ev) 

AI 5.986 
Ar 15.759 
C 11.260 
Ca 6.113 
Cr 6.776 
Fe 7.87 
H 13.598 
He 24.587 
Mo 7.099 
N 14.534 
Ni 7.635 
O 13.618 
Si 8.151 

reactions, but most likely at the 
slag/metal interface. The responsible 
slag/metal interface reactions are given 
by Equations 3 and 4. 

The electrochemical reactions cease 
after the molten droplet separates and 
electrical contact with the electrode tip is 
lost. Thermochemical reactions, how- 
ever, continue while the droplet is falling 
toward the weld pool. Thus, the detached 
droplets show higher oxygen content 
than the molten electrode tips. Even 
though electrochemical reactions do not 
occur in the detached droplets, the dif- 
ference in oxygen contents between the 
anodic and cathodic droplets shows the 
effect of the prior electrochemical reac- 
tions at the electrode tip. 

Weld pool reactions can be thought of 
as happening in two stages: Molten metal 
reactions occur in the hot weld pool and 
weld pool reactions occur during cooling 
and solidification. Both electrochemical 
and thermochemical reactions occur in 
the weld pool immediately below the 
electrode. Electrochemical reactions 
stop in the portion of the weld pool be- 
hind the arc, but thermochemical reac- 
tions continue as the weld pool cools and 
starts to solidify. The thermochemical re- 
actions are characterized by deoxidation 
reactions and the precipitation on non- 
metallic inclusions (Ref. 34). 

The delta quantity calculations for 
weld metal analysis utilize the droplet 
compositions rather than the wire elec- 
trode composition as the nominal. This 
treatment prevents the weld pool reac- 
tions from being clouded by reactions at 
the molten electrode tip or in the de- 
tached droplet. The delta quantity, there- 
fore, represents the chemical change 
caused only by weld pool reactions. 

Figure 3 shows the variation of delta 
oxygen (Aoxyg en) as a function of travel 
speed for both DCEN and DCEP polari- 
ties. Both the anode and cathode show 
oxygen losses caused by thermochemi- 

cal deoxidation reactions. As the travel 
speed decreases, the oxygen concentra- 
tion in the weld metal approaches the 
thermochemical equilibrium level be- 
cause of increased reaction time and a 
larger slag/metal interface contact area 
for thermochemical reactions. 

Based on the variations of oxygen 
content at the anode and cathode, the 
relative importance of thermochemical 
vs. electrochemical reactions on the oxy- 
gen transfer can be expected to change 
as a function of travel speed. At low travel 
speeds the reaction time and the interfa- 
cial contact area between the molten 
metal and the slag are large, more current 
is conducted through ionic reactions, 
and the extent of electrochemical reac- 
tions is greater. Oxygen removal at the 
cathode and oxygen discharge and 
pickup at the anode produce higher oxy- 
gen content (reduced oxygen losses) at 
the anode than at the cathode. At higher 
weld travel speeds, the reaction time and 
the slag metal interfacial contact area are 
reduced, and thermochemical reactions 
are more important for chemical modifi- 
cation of the weld metal. The heat input 
and the extent of thermochemical deox- 
idation are greater at the anode than at 
the cathode; thus, the anode shows 
greater thermochemical oxygen losses 
than the cathode. 

Shielded Metal Arc Welding 

The shielded metal arc welding ex- 
periments investigated reactions at the 
molten electrode tip and in the weld 
pool. The experimental results show dif- 
ferent trends in oxygen transfer at the 
anode and cathode as a function of the 
current and weld travel speed. These dif- 
ferences are the result of electrochemical 
reactions. The results suggest that the 
slag/metal interface is as important for 
electrochemical oxygen transfer in 
shielded metal arc welding as it is in sub- 
merged arc welding. 

Figure 4 shows a schematic of the 
shielded metal arc welding process for 
DCEP and DCEN polarities. Reactions 
occur at the electrode tip, in the droplet 
and in the weld pool. Figure 5 shows the 
oxygen concentrations as a function of 
welding current for droplets from anodic 
and cathodic electrodes. The oxygen 
contents for droplets of both polarities 
are shifted above those for the electrodes 
so that droplets of either polarity show a 
net oxygen gain. This gain is probably the 
result of thermochemical oxygen pickup 
from the atmosphere. Oxygen levels be- 
tween 500 and 1000 ppm would be 
found in a partially deoxidized steel heat. 
Both the anodic and cathodic droplets 
show the decrease in oxygen concentra- 

tion as a function of welding current. This 
behavior can be explained based on 
work by Potapov and Lyubavski (Ref. 28) 
that showed the frequency of droplet 
transfers increased with increasing weld- 
ing current. Thus, a decrease in current 
reduces the droplet transfer frequency 
and allows more time for the thermo- 
chemical pickup of oxygen from the slag 
and the atmosphere. 

The influence of electrochemical re- 
actions at the electrode tip on the oxygen 
concentration is demonstrated by two ex- 
perimental observations. First, the oxy- 
gen concentrations in anodic droplets 
are higher than those of the cathodic 
droplets. This difference is caused by 
oxygen removal reactions at the cathode 
and the discharge and pickup of oxygen 
at the anode. Second, the extent of elec- 
trochemical oxygen removal at the cath- 
ode and pickup at the anode increases 
with increasing welding current. 

Composition changes in the weld 
pool v,,ere studied using welds produced 
on copper plates. The use of a copper 
substrate simplified calculation of the 
concentration changes (delta quantities) 
by eliminating dilution by the base metal. 
The influence of reactions at the elec- 
trode were separated from those reac- 
tions at the weld pool by using droplet 
compositions as the starting point for the 
calculation of chemical changes at the 
weld pool. 

Figure 6 shows the variation in the 
delta oxygen for anodic and cathodic 
weld pools as functions of the welding 
current. Thus, both anodic and cathodic 
weld pools showed larger decreases in 
oxygen concentration at higher welding 
currents. The oxygen decrease for both 
polarities is the result of thermochemical 
deoxidation reactions. Higher welding 
currents increase the heat input, the weld 
pool temperature and the time for ther- 
mochemical reactions before weld solid- 
ification. Figure 7 shows the delta com- 
position changes as a function of the 
weld travel speed. Both anodic and ca- 
thodic weld pools showed increased 
oxygen concentrations with increasing 
weld travel speed. Thus, the extent of 
thermochemical oxygen reactions in- 
creases with increasing reaction time and 
heat input. 

Figures 6 and 7 illustrate the impor- 
tance of thermochemical reactions by the 
fact that both electrodes show the same 
direction of oxygen change with increas- 
ing welding current and weld travel 
speed. These figures illustrate the influ- 
ence of electrochemical reactions by the 
consistent higher oxygen content for the 
anodes compared to that for the cath- 
odes, even though the oxygen for both 
electrodes decreases with increasing 
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weld ing current or increases wi th in- 
creasing weld travel speed. Electrochem- 
ical reactions at the slag/metal interface 
alter the extent of the thermochemical re- 
actions by provid ing some oxygen 
pickup at the anode and some oxygen re- 
moval at the cathode. 

Gas Tungsten Arc Welding 

The absence of a flux in the gas tung- 
sten arc welding process allows an eval- 
uation of the electrochemical reactions 
between the arc plasma and the weld 
pool. Figure 8 shows the variations in 
weld metal oxygen pickup in the anodic 
weld pool as a function of the weld travel 
speed and the welding current. Oxygen 
pickup is high at low welding currents 
and at high weld travel speeds. This ob- 
servation indicates a significant thermo- 
chemical oxygen pickup. The effect of 
electrochemical reactions is shown by 
the variation in anodic oxygen pickup 
wi th  weld ing current and weld travel 
speed. The square data points in Fig. 8 
show that at a constant travel speed the 
extent of oxygen pickup decreases with 
increasing weld ing current. This is 
caused by electrochemical oxygen re- 
moval at the anode as given by Equation 
1, where oxygen dissolved in the metal 
forms positive oxygen ions in the plasma. 

The electrochemical discharge and 
pick up of oxygen at the anode, such as 
occurs when a flux is present, is not pos- 
sible because only positive ions are pre- 
sent in the plasma at large concentra- 
tions. Thus, a major distinction between 
electrochemical processes at flux/metal 
interfaces and those processes at 
plasma/metal interfaces is that both pos- 
itive and negative ions are present in flux 
electrolytes whi le positive ions are pre- 
sent at much higher concentrations than 
negative ions in plasma electrolytes (Ref. 
22). The increased oxygen pickup with 
increasing weld travel speed, shown by 
the round data points in Fig. 8, is caused 
by the reduced extent of anodic oxygen 
removal as the weld travel speed in- 
creases and the residence time available 
for oxygen removal decreases. Oxygen 
has a lower ionizat ion potential than 
argon (Table 1) and is thus preferentially 
ionized in a plasma conta in ing both 
argon and oxygen. 

Stationary gas tungsten arc welds pro- 
vide a second observation of electro- 
chemical reactions at the plasma/nletal 
interface. Figure 9 shows the variation of 
oxygen pickup as given by A,,~y~,n as a 
function of welding current and welding 
time for a stationary weld. The extent of 
oxygen pickup from the cover gas de- 
creases with increasing welding current 
and with increasing weld duration. This 

result indicates that electrochemical re- 
moval of dissolved oxygen at the anode 
to form O , ions in the plasma is respon- 
sible for l imiting oxygen pickup. 

Conclusions 

1) Both electrochemical and thermo- 
chemical reactions are active in direct 
current arc weld ing and the electro- 
chemical reactions are significant in cer- 
tain ranges of welding parameters. 

2) Welding current and weld travel 
speed are both important factors in the 
control of electrochemical oxygen trans- 
fer. The extent of both anodic and ca- 
thodic electrochemical reactions in- 
creases with increasing welding current 
and decreases wi th  increasing travel 
speed. Thus, electrochemical reactions 
are enhanced by higher total current f low 
per unit volume of weld metal. 

3) The slag/metal interface is more sig- 
nificant than the plasma/metal interface 
in the electrochemical transfer of oxygen 
during direct current submerged arc and 
shielded metal arc weld ing processes. 
These reactions include the discharge 
and pick up of oxygen at the anode and 
oxygen removal at the cathode. 

4) The plasma/metal interface is a 
more signif icant location for electro- 
chemical reactions in gas tungsten arc 
welding than is the slag/metal interface. 
The reactions at the plasma/metal inter- 
face inc lude oxygen removal at the 
anode and the discharge and pickup of 
oxygen ions at the cathode. 
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