
Investigation of the Kinetic Process of 
Metal-Oxygen Reaction during Shielded 

Metal Arc Welding 

Experiments suggest a link between kinetics and the control 
of oxygen levels in the weld metal 

BY J. H. CHEN AND L. KANG 

ABSTRACT. An investigation of the kinet
ic process of metal-oxygen reaction and 
its affecting factors throughout the stages 
of heating the covering, drop growth, 
and weld pool formation was carried out 
in manual arc welding. The results 
obtained indicate various kinetic links for 
controlling the oxygen content in the 
weld metal. 

Introduction 

Metal-oxygen reaction during welding 
had been one of most popularly investi
gated subjects by welding metallurgists 
before the 1950's. In recent years, with 
increasing demands for greater weld 
metal toughness, the control of nonme
tallic inclusions and oxygen content (here
after, the oxygen content is symbolized 
as [O]) has once again drawn attention. 
However, most of the work done placed 
emphasis on thermodynamics (Refs. 1-3). 
There have been relatively few papers 
that emphasize the kinetic process (Refs. 
4-7). The authors designed a series of 
experiments simulating production weld
ing, and thus investigated the kinetic pro-
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cesses of metal-oxygen reaction through
out the stages of heating the covering, 
drop growth, and weld pool formation. 
The experiments were conducted with 
electrodes that use marble and fluorspar 
as the main components in their cover
ings. The results obtained indicate various 
kinetic links for controlling the [O] in the 
weld metal. 

Experimental Procedure 

Materials 

The composition of the test pieces and 
core wire and the formulas of the cover
ings of the test electrodes are shown in 
Tables 1 and 2. 

Experiments in Heating the Covering 

The specimen, having the same com
position as the electrode covering, was 
extruded to form a hollow cylinder 4 mm 
(0.16 in.) in diameter. The specimen was 
put in a small crucible of alumina, which 

Table 1—Composition of the Test Pieces 
and Core Wire 

Composition C% 

Test piece 0.19 
Core wire 0.085 

Si% Mn% 0°„ 

0.14 
0.027 

0.46 
0.39 

0.027 
0.061 

was then placed in a niobium crucible 
and heated in argon by a heavy current. 
The thermal cycle simulated that of the 
covering near the handle end of a pro
duction electrode-Fig. 1. Marble in the 
specimen was heated and decomposed 
giving off C 0 2 , part of which was deoxi
dized to CO by the metal powders. The 
mixed gas, including both CO2 and CO, 
was carried by the argon to the Coulomb 
oxygen analyzer through the two differ
ent tube systems shown in Fig. 2. Before 
being analyzed, one of the tube systems 
carried the mixed gas into the hot copper 
oxide furnace. Here the CO in the mixed 
gas was reoxidized. Thus, the quantity of 
analyzed CO2 represented the total 
amount of CO2 evolved from the 
decomposed marble. The mixed gas trav
eling through the other tube system was 
analyzed directly, and the quantity of 
analyzed C 0 2 represented the remaining 
amount after deoxidization. The differ
ence after subtracting the remaining C 0 2 

from the total CO2 represented the 
quantity of CO2 that was deoxidized by 
the metal powder while heating and 
covering. It is termed the quantity of 
predeoxidation. 

The quantities of total and remaining 
CO2 evolved from the specimens heated 
for various times along the simulated 
thermal cycle were measured. And the 
quantities of predeoxidation were calcu
lated. 

Table 2—Formulas of the Covering for the Test Electrodes (%) 

Fluor-
Series Marble spar Mica Na2COj 

Titanium 
Dioxide Fe-Si(a> Fe-Mn<a> Fe-Ti<a> Fe Powder 

Mn 
Si1 
Si2 
Ti 
j(b) 
C1 
C2 

44 
44 
44 
44 
44 

20 
20 
46-26 
20 
20 

0-70 70-0 
0-80 80-0 2.3 

5 
5 
5 
5 
5 
4.0 
4.6 

0-24 
0-24 

9X 
5.5 
2.8 

0-3 

10X 
5.5 
2.8 

0-30 
21X 
13 
6.8 

30-0 
30-6 

30-0 
30-0 

(a) Fe-Si with 48% Si; Fe-Mn with 78% Mn; Fe-Ti with 38% Ti. 
(b) Zx = 0-30. 
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Fig. 1 — Thermal cycles of the covering during 
welding and during a simulation in the oxygen 
analyzer: — welded; — simulated 

Drop Growth Experiments 

In o rder to accurately cont ro l the 
g r o w t h t ime of the d r o p , an e lect ron 
apparatus was designed that t r iggered 
the control l ing device at just the momen t 
of ignit ion of the arc or reignit ion of it 
after a short circuit. This device also 
maintained the arc for the desired 
amount o f t ime. A digital memor ia l oscil
lograph was used to reco rd the accurate 
t ime of g r o w t h and to mon i to r the trans
fer o f the drops. The retained drops, 
wh ich w e r e g r o w n for various t imes, 
w e r e cut f r o m the tips of the electrodes 
and analyzed t o determine their [ O ] and 
content of alloying elements. Kinetic anal
yses w e r e p e r f o r m e d o n the results of 
the variations in the [ O ] and the content 
of alloying elements as funct ions of the 
g r o w t h times. 

Fig. 2 — Schematic illustration of the processes 
for heating the specimen and analyzing the 
gas. 1 —Specimen; 2 —alumina crucible; 3 — 
niobium crucible; 4 — copper oxide furnace; 
5 —absorbing cup 

welds as s h o w n in Fig. 3. The [O ] o f the 
metal ext racted f r o m the we ld poo l was 
compared w i t h that o f the deposi ted 
metal . 

The depos i ted metal was remel ted by 
an e lect rode w i t h the same cover ing in a 
copper crucible, and then a gas tungsten 
arc was used to maintain the poo l under 
the slag for the desired t ime, as s h o w n in 
Fig. 4. The [ O ] o f the metal remel ted at 
various times was taken as a simulation of 
that in the w e l d poo l at various existing 
times. 

Fig. 3—Schematic illustration of the extraction 
of melted metal from the weld pool. 1 — 
Electrode; 2 — weld pool; 3 — quartz tube; 4 — 
aluminum wire; 5 —sucking ball 

Kinetic Analysis of the Arc Atmosphere 
during Welding 

The apparatus for col lect ing gases 
f r o m the arc a tmosphere is s h o w n in Fig. 
5. Before we ld ing , the chamber was 
evacuated and charged w i t h argon. 
We ld ing was carr ied ou t fo r the desired 
amount of t ime, and the gases f r o m the 
arc a tmosphere w e r e carr ied t o the oxy
gen analyzer th rough the same tube sys
tem as the one used in the exper iment o n 
heating the cover ing. The quantit ies o f 

Experiments with the Weld Pool 

The mel ted metal was extracted by a 
quartz tube w i t h a sucking ball f r o m the 
f ron t part o f the we ld poo l , wh ich was 
the result o f ten passes on four- layer 
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Fig. 4 —Schematic illustration of the water-
cooled copper crucible for remelting deposit
ed metal. 1 — Remelted deposited metal; 2 — 
copper crucible; 3 — water-cooled copper 
mold; 4 — cooling water 
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Fig. 5 — Schematic illustration of the apparatus for collecting gases from the arc atmosphere during 
welding. 1-Electrode; 2-bellows; 3 —test piece; 4-sealed chamber; 5 —vacuum pump; 
6 —oxygen analyzer; 7 —argon bottle 
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total C 0 2 evolved from the decomposed 
marble and remaining CO2 were deter
mined to be functions of the welding 
time. 

Experimental Results 

Main Results 

The main results related to the ratio of 
CO/CO2 are shown in Figs. 6-8, which 
reflect the oxygen potential of the elec
trode covering just prior to its entering 
the arc rather than what was exactly in 
the arc. The experiments were carried 
out by heating the electrode covering to 
only 1000° to 1200°C (1832° to 2192°F) 
to simulate the real condition of heating 
the covering before it entered the arc — 
Fig. 1. The gas mixed with Ar, CO and 
CO2 directly entered the Coulomb oxy
gen analyzer. Considering that the 
decrease of temperature was only sever
al hundred degrees, and estimating with 
thermodynamic parameters and the 
kinetic process, the error caused by the 
decomposition of CO was less than 5%, 
which is reasonably acceptable. The 
trends of all curves (more than ten curves 
measured in this investigation) of the 
relationships between the contents of 
CO and varied oxidants and deoxidants 
were in line with general thinking. Figure 
7, related to the CO/CO2 ratio produced 
in the arc, was only a supplementary 
result. Considering the linear shape of the 
curves, the small scattering and the com
parison with Fig. 8, it is reasonably 
acceptable. 

The iron powder in the covering could 
react with calcium carbonate to produce 
FeO and to decrease CO2 decomposi
tion. But because the FeO dissolved 
directly into the molten steel to increase 
the oxygen content of the weld metal 
(this fact was proved in this investigation), 
the iron powder could not be used as a 
deoxidizer. If iron powder took the role 
of catalyzing the decomposition of CO, 
more CO2 would be measured by adding 
iron powder. This is contradicted by the 
results in Fig. 8 (in which 30% iron pow
der decreased the remaining CO2 from 
350 to 200 • 105 mol/g). 

The drops were mechanically and 
chemically treated to ensure that the 
oxidized surface was removed prior to 
analysis. 

The experiments to investigate the 
kinetics of metallugical processes at high 
temperatures are very difficult. The 
methods created and developed in this 
investigation, though not perfect, are rel
atively accurate and sophisticated 
enough to describe the kinetic process. 

Results Obtained during the Heating of the 
Covering 

Figure 6 shows the experimental results 
of the kinetic process for the oxygen-
metal reaction while heating a covering 

600 

500 

65 70 
Time ( s ^ 

Fig. 6-Relationship between the volume of 
compositional gases evolved from per-gram of 
covering and the time of heating. 1 — The 
quantity of total C02; 2 —remaining C02; 
3 — the quantity of predeoxidation; 4 - remain
ing C02/CO 
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Fig. 8-Effect of Fe-Si content on gas volume 
evolved from per-gram of the covering. 1 — 
Total CO2; 2 — remaining CO2 when substitut
ing Fe-Si for fluorspar; 3 —remaining CO2 
when substituting Fe-Si for iron powder 

with 20% deoxidizers. The quantities of 
total CO2, remaining CO2, predeoxida
tion, and oxygen potential represented 
by CO2/CO, produced from heating the 
covering for various times, were plotted. 
By comparing Fig. 6 with Fig. 2, it was 
found that decomposition of the marble 
started when the covering was heated to 
more than 300°C (572°F), and devel
oped rapidly in the temperature range of 
450° to 750°C (842° to 1382°F). It was 
practically finished at a temperature near 
the melting point of the covering, and the 
part that decomposed came up to 95% 
of the total marble content. By increasing 
the heating temperature, the quantity of 
remaining C 0 2 increased, but was a little 
less than that of the total C 0 2 before 
450°C The difference of these two 
quantities, i.e., the quantity of predeoxi
dation increased remarkably and reached 
about 50% of the total C 0 2 at a temper
ature near the melting point of the cover
ing. 

Figure 7 shows the effects of the 
marble content in the covering on the 
composition of gases evolved from the 
covering when it is heated to a tempera
ture near its melting point. These were 
taken as the simulated composition of the 
gases entering the arc atmosphere. The 
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Fig. 7 - Effect of marble content on the gas 
volume evolved from per-gram of the cover
ing. 1 - Remaining C02/CO; 2 - the quantity 
of total CO2, 3 - the quantity of predeoxida
tion; 4 —remaining CO2 
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Fig. 9—Variation of the oxygen content as 
functions of the drop growth times after 
ignition of the arc (170 A, DCEP). 1-Marble 
48%, deoxidizer 12%; 2-marble 14%, deoxi
dizer 23% 

marble content was changed by substi
tuting fluorspar. As is indicated, the quan
tity of total CO2 increased linearly with 
the marble content. The quantity of 
remaining C 0 2 and predeoxidation also 
increased, but the rate of the latter was 
markedly less than that of the former in 
the range of high marble content. As a 
result, the oxygen potential of the gas 
entering the arc atmosphere increased 
with marble content. 

Figure 8 shows the variation of the 
composition of the gases entering the arc 
atmosphere by substituting Fe-Si for flu
orspar and iron powder in the coverings. 
The results indicated that the quantity of 
total C 0 2 did not change, but that of the 
remaining C 0 2 decreased with the 
increasing ferrosilicon content. For the 
series of electrodes that substituted fer
rosilicon for iron powder, the quantity of 
remaining C 0 2 was less than that of the 
total C0 2 , even in the case of the cover
ing with 30% iron powder and 0% Fe-Si. 
This meant that the iron powder acted as 
a deoxidizer. By substituting Fe-Si for iron 
powder, the quantity of predeoxidation 
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Fig. 10 — Variations of the [O] with the formations of the drops after reignition of the arc from short 
circuiting (120 A, DCEP) 

Table 3—Oxygen Content of Deposited Metal, Weld Pools and Drops (ppm) 

Electrode 

C72<a> 
C56 
CO 
15 
130 
Si4 
Si24 
Ti25 

Deposited 
Metal 

1156 
851 
247 

1390 
282 

1263 
271 
375 

Weld 
Pool 

1570 
1173 
329 

1544 
321 

1360 
486 
608 

Drop 

644 
799 
397 

1688 
584 

-
-
— 

Electrode 

TOO 
Mn5 
Mn30 
S1W 
S2<a> 
53(a) 

T1(b) 

T2(b> 

Deposited 
Metal 

285 
1330 
810 
960 

1031 
483 
625 
803 

Weld 
Pool 

477 
2052 
1415 
1485 
1556 
847 

1325 
1143 

Drop 

— 
— 

1451 
1601 

-
1156 
1591 
1541 

(a) H 10Mn2 core wire. 
(b) H08Mn2Si core wire without deoxidizer in covering. S, T — acid electrodes wi th silica or ilmenite as the main components in their 
covering. Others wi th covering and core wire composition shown in Table 2 and the figure that shows the content of the 
variables. 

increased a little further and reached 
about 60% of the total C 0 2 with a 
content of 24% Fe-Si in the covering. 
Supplemental experiments revealed that 
fine ferrosilicon powder was more effec
tive than the coarse kind in the predeox
idation reaction. 

Results of Experiments on Drop Growth 

Figure 9 shows the variation of [O] in 
the first drops as a function of their 
growth time after arc ignition. In the case 
of high-marble (48%) and low-deoxidizer 
(12%) content in the covering, the [O] of 
the drop increased sharply to 2000 ppm 
with increasing time. In the case of low-
marble (14%) high-deoxidizer (23%) con
tent, the [O] increased sharply during the 
first 50 ms and then decreased to a lower 
level. 

Figure 10 shows several variations in 
[O] as the growth of the melted metal 
drops increased after the arc was re-
ignited and stabilized. It was found that 
the [O] decreased slightly with the 
growth of the drops after arc re-
ignition. 

In Fig. 11, the content of Si and Mn in 
the drops and the corresponding [O] 

were plotted as functions of the various 
growth times. It was discovered that for 
the first drop after the ignition of the arc, 
the content of Si and Mn increased 
monotonously. However, the content of 
Si and Mn fluctuated slightly around an 
average level for drops that formed 
when the arc was reignited after short 
circuiting. 

The relationship between the [O] of 
the drops and the content of deoxidizers 
in the covering is drawn in Fig. 12. The 
[O] of the drops in Fig. 12 was taken as 
the [O] of the drops whose formation 
times were close to zero. By increasing 
the deoxidizer content to 20%, the [O] 
decreased sharply to about 600 ppm and 
then varied slightly. 

Results in the Weld Pool Formation 

The [O] of the drops, weld pools, and 
deposited metal, using various types of 
electrodes are given in Table 3. There, 
the [O] of the metal deposited, using all 
types of electrodes, was less than that of 
the weld pool. The [O] of the drops using 
most types of electrodes was higher than 
that of the weld pool and that of the 
deposited metal. But when using elec
trodes with a high content of marble in 

300 
0 100 200 300 1+00 500 600 700 

Time (ms) 

Fig. 11 — Variations of the content of Si and Mn 
with the growing times of the drops. after 
ignition of the arc; — after reignition of the 
arc (170 A, DCEP), Electrode C1-14 

2100 

1800 

^ J 5 0 0 
a 
ft1200 

° 900 

600 -

300 

0 

8 8. 

5 10 15 20 25 30 
D i o x i d i z e r Content 
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Fig. 12 — The [O] of the metal drops produced 
by the electrodes with different contents of 
deoxidizers in the covering 

the coverings (C72 and C56), the [O] of 
melted metal in the weld pool and that of 
the deposited metal was higher than that 
of the drops. 

The [O] of the remelted metal deposit
ed by the various types of electrodes as a 
function of the argon arc remelting time 
in the copper crucible is plotted in Fig. 13. 
The [O] decreased in the first 5 s of 
remelting, and then approached a stable 
level. Variations in the types of deoxidiz
ers had a slight effect on the rate of 
deoxidation. 

Oxygen Content Measurement in the 
Deposited Metal 

Figures 14 and 15 show the effects of 
marble and deoxidizer content on the [O] 
of the deposited metal. The [O] of the 
deposited metal increased sharply only 
after the marble content exceeded cer
tain values, which depended on the con
tent of the deoxidizer. By increasing the 
deoxidizer content, the [O] decreased in 
a pattern similar to that of the drop —Fig. 
12. It was found that the activity of the 
deoxidizers could be regulated according 
to the quantity of oxygen that could be 
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deoxidized by the unit content of the 
deoxidizers, i.e., in the order Fe-Si, com
bined (J-series in Table 2), Fe-Ti and Fe-
Mn. 

Figure 16 shows the effect that iron 
powder added to the covering has on 
the [O] of the deposited metal. Even 
though the iron powder acted as a deox
idizer during the heating of the covering 
as mentioned before, the [O] increased 
when iron powder in the covering 
increased and only 10% Fe-Mn was 
present as a deoxidizer. But in the case of 
the covering with 20% Fe-Mn, the iron 
powder had only a slight effect on the 
[O], 

Composition of Gases Evolved during 
Welding 

Using the apparatus shown in Fig. 5, 
the quantities of total C 0 2 and remaining 
C 0 2 were measured - Fig. 17. The differ
ence between the two quantities repre
sented the decrease of oxygen potential 
in the gases during welding. It took about 
80% of the total C 0 2 evolved from the 
covering. 

Discussion 

Kinetics of the Oxygen-Metal Reaction 

Because this investigation focused on 
the theoretical aspect of the kinetic pro
cess in the oxygen-metal reaction, the 
formulas were devised appropriately to 
reveal this process. The content of oxy
gen in some weld metal was higher than 
that produced by commercial electrodes. 
These results do not indicate that the 
covering should have 20-25% deoxi
dants. For example, with only 12% deox
idizer (Fig. 14), oxygen content decreased 
to 300 ppm, while the marble content 
decreased to less than 20%. 

The author agrees with the viewpoint 
that the arc length and arc force are 
important parameters that enfluence the 
dissolution of oxygen. So, in this investi
gation, arc lengths were kept as short as 
possible. 

In this investigation, the oxygen con
tent was not only the dissolved oxygen, 
but also that present in the oxide inclu
sions. 

The Kinetic Process during 
Heating of the Covering 

The results of the experiments identi
fied the phenomenon of predeoxidation 
during the heating of the covering. As a 
result of this reaction, the oxygen poten
tial was cut to about 40% of its original 
potential at a temperature near the melt
ing point of covering that contained 24% 
Fe-Si. Compared with the results plotted 
in Fig. 17, it was shown that the predeox
idation conducted in this stage was 
responsible for about 75% of the total 

2400 
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15 20 0 5 10 
;'ime ( s ) 

Fig. 13 - Variations in the [O] of the deposited 
metal remelted for various times. Electrode 
types: 1-SI8; 2- TilO; 3-/10; 4-Mn 10; 5 -
Mn25; 6 - TI25; 7 -130; 8-SI20 
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Fig. 14- Effect of marble content on the [O] of 
the deposited metal, o with 12% deoxidizer; 
A with 23% deoxidizer 

decrease of oxygen potential for the 
gases during the whole welding pro
cess. 

Because the duration of heating the 
covering was very short, the develop
ment of predeoxidation was controlled 
by kinetic factors, such as the tempera
ture and contacting surface affecting the 
multiphase reaction. The fact that pre
deoxidation developed more perfectly in 
the covering with fine Fe-Si powder than 
the one with coarse powder was evi
dence of this. The affinity of metal to 
oxygen had less of an effect on this 
process. This was discovered from the 
results of the experiments of substituting 
Fe-Si for iron powder —Fig. 8. The oxy
gen potential of the gases evolved from 
the covering increased with the increas
ing content of marble and the decrease 
of Fe-Si in the covering. This was in 
keeping with the general concept of an 
oxygen-metal reaction. However, in spite 
of the decrease in oxygen potential for 

5 10 15 20 25 30 
d e o x i d i z e r {%) 

Fig. 15-Effect of the content of different 
deoxidizers on the [O] of the deposited metal. 
1 — Mn series; 2—Ti series; 3 —combined 
series; 4 —Si series 

0 5 10 15 
Fe powder (%) 

Fig. 16 — Effect of the iron powder addition on 
the [OJ of the deposited metal. 1 - with 10% 
Fe-Mn; 2 — with 20% Fe-Mn in the covering 

the gases evolved from the covering, the 
[O] of the deposited metal increased as 
the iron powder content increased in a 
covering that contained insufficient deox
idizers, as shown in Figs. 8 and 16. It is 
reasonable to assume that the product of 
deoxidation, FeO, entered the slag and 
the melted metal. Because the fine iron 
powder in the covering increased the 
contact surface and, therefore, the time 
for oxygen-metal reaction, it is favorable 
to assume from the kinetics viewpoint an 
increase of [O] in the metal. 

Kinetic Process during Drop Growth 

As shown in Fig. 9, there were two 
different trends of [O] in the melted 
metal of the first drop after the ignition of 
the arc. In the first 50 ms of growth, as 
the covering had not yet taken part in the 
reaction, the arc burned between the 
core wire and the test piece in the air. In 
this case, because the oxygen potential in 
the air was higher than that in the normal 
arc atmosphere, and the deoxidizers 
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Fig. 17—Gas volume evolved at different 
moments during welding (170 A, DCEP). 1 — 
total CO2; 2-remaining CO2- AoMnlO; 
A»Mn30 

came only from the core wire, the rate of 
oxidation was much higher than that of 
deoxidation. Thus, the [O] increased 
sharply in the drop. Thereafter, when the 
covering joined in the reaction, the [O] 
varied according to the type of covering 
used. For coverings giving off gases with 
high-oxygen potential, the [O] in the drop 
increased, but with a decreasing rate. For 
coverings with high contents of deoxidiz
ers, the alloying elements of the latter 
reduced the oxygen potential and 
entered the drop —Fig. 11. Here, the rate 
of deoxidation was much higher than that 
of oxidation and the [O] dropped. 

For drops that grew after reignition 
from short circuiting, the measured [O] 
decreased slightly with growing time, 
because during a stable welding process, 
the [O] of every drop should be approx
imately the same. At the moment of 
detachment, the [O] of the detached 
drop and of the remaining part on the tip 
of the electrode should be the same. 

-O.k - 0 . 2 0 0 . 2 0 . 4 
EQ (mol/IOOg) 

Fig. 19 —Effect of deoxidizers presented as E0 

on the [O] of deposited metal. • Mn series; A Ti 
series; o Si series; Xj series 

0.2 0 0.2 0.4 0.6 
E„ (mol/IOOg) 

Fig. 18 — Effect of marble content presented as 
E0 on the [O] of deposited metal. oCI series; 
AC2 series 

Thus, it is reasonable to assume that the 
[O] of the drops only fluctuated around 
an average value. The larger the drop, 
the longer the cooling time before solidi
fication and the lower the [O] in the 
solidified drop. Similar results for nitrogen 
in metal drops have been obtained by 
Kobayashi (Ref. 8). Thus, the [O] of drops 
with growth times were close to zero 
represented the average value of the 
drops. The relationship between the [O] 
of the drops and the content of deoxidiz
ers in the coverings were similar to that of 
deposited metal. 

The Kinetics of the Oxygen-Metal Reaction 
in the Weld Pool 

The deoxidation reaction proceeding 
at the rear of the weld pool was shown 
by the fact that all of the [O] of the 
deposited metal was lower than that of 
the weld pool metal. This could be attrib
uted to the dependence of oxygen solu
bility in melted steel on the temperature. 
With a decrease in temperature from 
about 2000°C at the front, to the melting 
point at the rear of the weld pool, the [O] 
was reduced, but this process was limited 
by high-speed cooling. By remelting and 
maintaining the weld pool with the argon 
arc, the [O] decreased to a lower level in 
about 5 s for different deoxidizers. This 
result showed that the high oxygen con
tent in weld metal was caused by insuffi
cient reaction time, and the affinity of 
alloying elements had a slight effect on 
the rate of deoxidation Although the 
process of deoxidation prevailed at the 
rear of the weld pool, the [O] of the pool 
and even of the deposited metal could 
be higher than that of the drop, as in the 
case of high-marble content in the cover
ing (C72 and C56 in Table 3). This was 
considered to be due to the great quan
tity of gases evolved from the decom
posed marble. The arc force was strong, 
and it made the existing time of the drop 

before detachment too short for metal-
oxygen reaction. The insufficiently oxi
dized drop entered the weld pool. As the 
temperature at the front of the weld pool 
was high, and most of it was under the 
strong arc blow with a high-oxygen 
potential, the reaction of oxidation con
tinued in the weld pool. Indeed, because 
of the limited deoxidation at the rear, the 
[O] of deposited metal was higher. 

Factors Controlling the Oxygen Content in 
Deposited Metal 

By substituting the parameter E0 for 
both the marble and the deoxidizer con
tent in the covering as the abscissas, Figs. 
14 and 15 were redrawn as Figs. 18 and 
19. E0 represents quantity in moles of the 
remaining CO2 calculated by subtracting 
quantity of CO2 that could be deoxidized 
by all of the alloying elements from that 
of the total CO2 evolved from marble in 
the 100 g covering, i.e., 

_ Cc ^ C m • Mc • Y 
0 100 W a • X 

where Cc = marble content; 100 = mo
lecular weight of CaC03; Cm = content 
of deoxidizer; M c = content of alloying 
element in the deoxidizer; W a = atomic 
weight of alloying elements; X and Y the 
ratio of the numbers of atoms in 
oxides. 

Figures 18 and 19 indicate that by 
relating the [O] of deposited metal with 
E0, all of the curves representing the 
relationships of the [O] with the different 
contents and types of deoxidizers were 
almost superposed on each other, except 
for the high Fe-Mn region. This meant 
that the parameter E0 could be used to 
indicate the oxygen potential of the cov
ering in general. Wolstenholne (Ref. 9) 
got similar results, but without including 
the variation of marble content. In Figs. 
18 and 19, the curves could be divided 
into two parts, i.e., in the region of 
E0 < 0.2, which is characterized by low-
oxygen content, and a slight variation of 
it; and in the region of E0 > 0.2, which is 
characterized by the linearly increase of 
the [O] with E0. The trends of the curves 
were very similar to those representing 
the variation of the [O] in the drop shown 
in Fig. 12. It was discovered that the [O] 
of the deposited metal was mainly deter
mined by the reaction that happened in 
the drop growth stage. 

When E0 > 0.2, the excess oxygen 
potential was high and was presented as 
the remaining CO2 entering the arc atmo
sphere. The [O] was considered to be 
determined by the gas-metal reaction, 
and the controlling link was the kinetic 
process. By increasing the amount of the 
alloying elements, the excess oxygen 
potential decreased and more deoxidiz
ers entered the melted metal. As a result, 
the rate of oxidation decreased and that 
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of deoxidation increased. The final [O] 
decreased. The affinity of alloying ele
ments had little effect on it, and all the 
curves plotted against different alloying 
elements were superposed on each oth
er. On the other hand, the factors affect
ing the kinetic process, such as the addi
tion of iron powder, and the grain size of 
the deoxidizers had evident influence on 
the [O]. When E0 < 0.2, the oxygen 
potential of the gases entering the arc 
atmosphere was weak, and the [O] of 
deposited metal was considered to be 
controlled by the slag-metal reaction. In 
this case, thermodynamic factors played 
an important role, such as the affinity of 
the alloying elements. Because of that, 
whether the deoxidizer was Fe-Si, Fe-Ti 
or a combined one, the alloying element 
remaining in the metal was mainly silicon. 
The curves of the [O] in the region of 
E0 < 0.2 were superposed on each other 
as well. But for deposited metal with 
Fe-Mn as a deoxidizer, because of the 
lower affinity of manganese to oxygen 
and the higher activity of Mn in basic slag, 
the [O] was higher. 

Conclusion 

The investigation of the kinetic process 
of metal-oxygen reaction during welding 
using electrodes with marble and fluor
spar as the main components in their 
coverings can be summarized as: 

1) Using a covering with ferro-alloying 
powder, the oxygen potential is reduced 

early in the heating stage of the covering. 
This process is termed predeoxidation 
and is controlled by kinetic factors such 
as temperature, reaction surface, and the 
relative quantities in moles of the oxidiz-
ers and deoxidizers. Predeoxidation con
tributes to about 75% of all decreases of 
oxygen potential in the gases evolved 
from the coverings during welding. This 
factor makes it possible to get a low [O] 
at lower contents of alloying elements in 
the deposited metal. 

2) The variations of the [O] of the first 
drop formed after arc ignition are con
trolled by the oxygen potential of the 
covering. For electrodes with high oxy
gen potential coverings, the [O] of the 
first drop increases monotonously to a 
high level with the latter's growth. Using 
electrodes with a low-oxygen-potential 
covering, the [O] of the first drop 
increases during the first 50 ms and then 
decreases to a lower level. When the 
welding process has been stabilized, the 
[O] of the drops formed after arc re
ignition from a short circuit fluctuate 
around an average level. 

3) By decreasing the temperature 
from the front to the rear of the weld 
pool, the [O] decreases. In the exception
al cases of electrodes with high-marble 
content in the covering, the [O] of the 
weld pool and even of the deposited 
metal may be higher than that of drops. 
This means that the melted metal contin
ues to be oxidized at the front of the 
weld pool. 

4) The high oxygen content of depos
ited metal is caused by the limited kinetic 
process of deoxidation. By prolonging 
the duration of the existence of the weld 
pool, the [O] decreased. 

5) The [O] of deposited metal can be 
plotted as a function of the general 
parameter E0 representing the oxygen 
potential of the covering. When E0 > 0.2, 
the [O] of deposited metal is controlled 
by the gas-metal reaction and increases 
linearly with E0. When E0 < 0.2, the [0] is 
controlled by the slag-metal reaction and 
varies slightly with E0. 
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WRC Bulletin 330 
January 1988 

This Bulletin contains two reports covering the properties of several constructional-steel weldments 
prepared with different welding procedures. 

The Fracture Behavior of A588 Grade A and A572 Grade 50 Weldments 
By C. V. Robino, R. Varughese, A. W. Pense and R. C. Dlas 

An experimental study was conducted on ASTM A588 Grade A and ASTM A572 Grade 50 microalloyed 
steels submerged arc welded with Linde 40B weld metal to determine the fracture properties of base 
plates, weld metal and heat-affected zones. The effects of plate or ientat ion, heat t reatment , heat input, 
and postweld heat t reatments on heat-affected zone toughness were included in the investigation. 

Effects of Long-Time Postweld Heat Treatment on the Properties of Constructional-Steel Weldments 
By P. J. Konkol 

To aid steel users in the selection of steel grades and fabrication procedures for structures subject to 
PWHT, seven representative carbon and high-strength low-alloy plate steels were welded by shielded 
metal arc welding and by submerged arc welding. The weldments were PWHT for various t imes up to 100 
h at 1100°F (593°C) and 1200°F (649°C). The mechanical propert ies of the weldments were 
determined by means of base-metal tension tests, transverse-weld tension tests, HAZ hardness tests, 
and Charpy V-notch (CVN) impact tests of the base metal , HAZ and weld metal . 

Publication of these reports was sponsored by the Subcommit tee on Thermal and Mechanical Effects 
on Materials of the Welding Research Council. The price of WRC Bulletin 330 is $20.00 per copy, plus 
$5.00 for postage and handling. Orders should be sent with payment to the Welding Research Council. 
345 E. 47th St., Suite 1301, New York, NY 10017. 
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WRC Bulletin 327 
October 1987 

Long-Range Plan for Pressure Vessel Research—Eighth Edition 
By the Pressure Vessel Research Committee 

The PVRC Long-Range Plan is a listing of problems in the field of pressure vessel research and 
development that is updated every three years. It is not intended to be a listing of problems which are to 
be solved solely by the PVRC. Within the l imited budget of the PVRC, many of the problems will be 
investigated. Some studies will indicate that much more work is needed; others will show that no fur ther 
work should be undertaken or that additional work should be done by those organizations that will 
benefit directly. Some of the problems listed in the PVRC Long-Range Plan can be accomplished in part 
or in total by organizations other than PVRC, such as MPC, AISI, and the Japanese PVRC. 

Publication of this bulletin was sponsored by the Pressure Vessel Research Commit tee of the Welding 
Research Council. The price of WRC Bulletin 327 is $20.00 per copy, plus $5.00 for postage and handling. 
Orders should be sent with payment to the Welding Research Council, Suite 1301, 345 E. 47th St., New 
York. NY 10017 

WRC Bulletin 338 
November 1988 

Interpretive Report on Electroslag, Electrogas and Related Welding Processes 
By R. D. Thomas, Jr., and S. Liu 

These processes are characterized with emphasis on fundamentals of heat flow condit ions, metal 
transfer, weld pool morphology and the chemical and electrochemical aspects of the slag and weld pool 
reactions. A total of 146 references are included in this report. 

Publication of this report was sponsored by the Interpretive Reports Commit tee of the Welding 
Research Council. The price of WRC Bulletin 338 is $20.00 per copy, plus $5.00 for postage and handling. 
Orders should be sent with payment to the Welding Research Council, 345 E. 47th St., Suite 1301 , New 
York, NY 10017. 

CORRECTION 

Figure 8, on page 165-s of the April 
1989 Welding Journal Research Sup
plement, published as part of the 
article entitled "Significant Features 
of High-Strength Steel Weld Metal 
Microstructures," by P. T. Oldland, 
et al., omitted the following illustra
tion: 
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