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The Kinetics of Nitrogen Absorption by 
Arc-Melted Fe-C-Mn-Type Filler Metals 

The reaction of carbon deoxidation must be taken into account when analyzing 
factors crucial for nitrogen absorption 

BY A. GRUSZCZYK 

ABSTRACT. The influence of gas tung- 
sten arc (GTA) melting conditions in 
A r + 2 % N  2 and Ar+2%N2+0.2%O2 at- 
mospheres and oxygen content in filler 
metals on the kinetics of nitrogen absorp- 
tion by Fe-C-Mn-type filler metals has 
been analyzed. This process was investi- 
gated in conjunction with other phenom- 
ena occurring in melted filler metals. The 
nitrogen absorption by arc-melted Fe-C- 
Mn-type filler metals has been described 
by the first-order kinetic expression, di- 
viding the total surface area of the melted 
specimen by the region of the electric arc 
interaction and the region contacting with 
the cooler shielding gas. Based on this 
model, the time-dependent changes of ni- 
trogen content were determined, as well 
as the mass transfer coefficients [3 and the 
rates of the nitrogen absorption in various 
melting conditions. It has been shown that 
the conditions of nitrogen absorption by 
arc-melted Fe-C-Mn-type filler metals dif- 
fer much from the mechanism suggested 
for pure Fe and solutions in the Fe-O sys- 
tem. The carbon deoxidation reaction 
running at high temperatures is a factor 
limiting the nitrogen absorption by arc 
melted Fe-C-Mn-type filler metals. An in- 
crease of the nitrogen absorption rate and 
nitrogen content as a result of decreased 
melting current correlated with the reduc- 
tion of carbon deoxidation and man- 
ganese evaporation, as well as with the for- 
mation of liquid oxides that reduce 
nitrogen desorption from the areas not 
subjected to the arc interaction. 

Introduction 

The development of welding is con- 
nected with the improvement of methods 
to protect the liquid metal from atmos- 
pheric nitrogen. This concerns, in particu- 
lar, arc welding, in which the nitrogen con- 
tent in welds may exceed many times the 
values resulting from Sievert's law (Refs. 
1-3). This reduces the ductility of welds as 
well as the operational properties of 

A. GRUSZCZYK is with the Welding Department 
of Silesian University of Technology, Gliwice, 
Poland. 

welded structures, which are often made 
of high-quality steels, resistant to brittle 
cracking. On the other hand, in recent 
years the number of weldable steels in 
which nitrogen is an alloy element, e.g., 
duplex steels, has been constantly grow- 
ing. Another problem is how to achieve 
welds with a strictly controlled nitrogen 
content, approaching the content of nitro- 
gen in welded steels (Refs. 4, 5). Such 
problems can be solved only if the mecha- 
nisms of the nitrogen absorption and des- 
orption during arc welding are thoroughly 
known. An investigation concerning the 
kinetics of nitrogen absorption and the in- 
fluence of oxygen on these processes 
seems to be of crucial importance. 

The complexity of phenomena associ- 
ated with arc welding does not allow uni- 
vocal determination of those factors that 
influence the content of nitrogen in welds 
based merely on welding tests. Investiga- 
tions of arc melting in controlled gaseous 
atmospheres have made it possible to ex- 
plore the mechanisms and kinetics of ni- 
trogen absorption more strictly. It is sup- 
posed that some of the main reasons for 
intensified absorption of nitrogen are dis- 
sociation, ionization, and activation of ni- 
trogen occurring in the arc (Refs. 6-9). 
Oxygen as a factor affecting nitrogen ab- 
sorption by liquid metals and alloys is also 
a matter for investigation. Contrary to arc- 
less melting, oxygen is supposed to favor 
nitrogen absorption during arc melting 
and arc welding of steel and iron. Some 
authors (Refs. 10-12) emphasize the role 
of nitrogen oxide (NO) in facilitating ni- 
trogen transport from the gaseous phase 
of the arc to the liquid metal. Another ex- 
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planation has also been suggested (Refs. 
13, 14) for the role of oxygen as an agent 
to increase nitrogen content in arc-melted 
Fe-O systems. The model of absorption 
presented by these authors assumes that 
the final nitrogen content results from the 
established dynamic equilibrium between 
the amount of absorbed nitrogen and the 
nitrogen desorbed from the liquid metal. 
The absorption takes place on the oxide- 
free metal surface contacting the arc. On 
the other hand, oxides restrict the desorp- 
tion of nitrogen in those regions not sub- 
ject to arc interaction, and favors the in- 
crease of nitrogen content. 

Until now, most of the results pre- 
sented concerning nitrogen absorption 
are devoted to pure iron or binary Fe ma- 
trix alloys, as well as experiments simulat- 
ing conditions that are closer to steel- 
making processes than to welding (Refs. 
1, 2, 7, 13). In arc welding processes, ni- 
trogen absorption is usually accompanied 
by other metallurgical reactions and in- 
tensive convection of liquid metal (Refs. 
15-18). These investigations concerning 
the nitrogen absorption do not take into 
consideration these phenomena to a suf- 
ficient extent. In analyzing the processes 
of nitrogen absorption during arc melting 
and arc welding, the mentioned problems 
shouldn't be neglected. The starting point 
to formulate a thesis is the fact that the 
content of alloy elements and impurities 
in filler metals and welded materials cor- 
responds approximately to the thermody- 
namic equilibrium of steelmaking 
processes. Significant differences be- 
tween the thermodynamic and kinetic 
conditions of steelmaking processes, on 
the one hand, and arc welding, on the 
other, intensify metallurgical reactions 
during arc welding and affect the absorp- 
tion of nitrogen. 

Experimental Procedure 

Materials 

The investigation concerned industrial 
melts of Fe-C-Mn-type filler metals, as 
presented in Table 1. 

The kinetics of nitrogen absorption 
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Table 1 - -  Chemical Composition of  the Tested Filler Metals 

Percentage content of the alloying elements 
Heat C Mn Si Cr Ni S P N O 

B 0.042 0.36 0 .020 0.000 0.001 0.027 0.014 0.0063 0.0585 
C 0.086 0.50 0 .030 0.000 0.002 0.020 0.020 0.0060 (I.0219 
According to the max max max max max max max 
Polish standard 0.1 0.3~.6 0.03 0.2 0.3 0.03 0.03 0.01 - -  
PN-88/M-69420 

Table 2 - -  Range of  Investigation on the Kinetics of  Nitrogen Absorption by Liquid Fe-C-Mn- 
2~ype Filler Metals 

Fig. 1 - -  Fragment o f  the test s tand f o r  GTA meh-  

ing and  the m e t h o d  o f  temperature measurement  

o f  l iquid metal: 1 - -  tungsten electrode; 2 - -  elec- 

tric arc; 3 - -  mel ted specimen; 4 - -  copper elec- 

trode; 5 - -  quartz tube; 6 - -  W-Mo thermocouple; 

7 - -  ceramic btsulation. 

were investigated in gas tungsten arc 
(GTA) melting conditions aiming to 
achieve comparable conditions in the ex- 
periment to those taking place during the 
formation and existence of liquid metal 
drops in arc welding, in particular, the pos- 
sibility of getting a high temperature for 
the liquid metal, a large specific surface 
F/V of the specimen, a high preheating 
and cooling rate, and melting at short time 
intervals. The mass of the melted speci- 
mens was equal to 0.6 g. The gaseous at- 
mospheres in which the melting took place 
included argon (99.995%) containing less 
than 0.0005% 02, 0.003% N2, 0.0001% hy- 
drocarbons, 0.0001% CO 2, 0.0005% mois- 
ture and its mixtures with nitrogen 
(99.9988%) and oxygen (99.5%) 
Ar+2%N 2 and Ar+2%N2+0.2%O 2. 

Equipment 

The investigations were carried out on a 
test stand, as partially shown in Fig. I. The 
melting process took place in a quartz tube 
with a diameter of 20 mm in the shielding 
gas flow. The anode consists of a water- 
cooled copper base of 10 mm diameter, the 
cathode was a thoriated tungsten electrode 
of 2.6 mm in diameter. An essential part of 
the test stand was a system for adjusting the 
chemical composition and flow rate of the 
gas mixtures. It was equipped with a gas 
mixer, electronic gas flow regulators, and a 
control system setting the time of melting. 
The oxygen and nitrogen contents in the in- 
vestigated samples were determined using 
ON-mat 6500 STROHLEIN analyzer, by 
the carrier gas method, through their fu- 
sion into outgassed graphite crucibles in 
the helium atmosphere. The methods of 
detection used were thermal conductivity 
measurement of gases for nitrogen and in- 

No. Series Initial Content (%) Shielding Time of Current (A) Remarks 
Heat N O C Gases Melting(s) 

1 0.0060 0.0219 0 .086 Ar+2%N2 1,2,3,5,10,20,40 100 
C 
2 0.0063 0.0585 0 .042 Ar+2%N_, 1,2,3,5,10,20,40 100 
B 
3 0.0022 0.0003 0 .072 Ar+2%N., 1,2,3,5,10,20,40 100 arc length 
C~) about 1.5 mm 
4 0.0060 0.0219 0 .086 Ar+2%N_~ 1,2,3,5,10,20,25 100 
C +0.2%O, 
5 0.0063 0.0585 0 .042 Ar+2%N, 1,2,3,5,10,20 60 
B 
6 0.0060 0.0219 0 .086 Ar+2%N_, 1,2,3 60 
C +0.2%02 

(a) Filler metal preliminarily melted in an  atmosphere of pure argon. 

frared absorption for oxygen determina- 
tion. The error in measuring nitrogen con- 
tent ranged from 3 to 5% of the measured 
quantity. The carbon and sulfur contents 
were measured using a CS-mat 6500 
STROHLEIN analyzer. The samples were 
burnt in a ceramics crucible in an oxygen at- 
mosphere. Quantitative evaluations of car- 
bon and sulfur contents were obtained by 
two independent infrared detectors. The 
ON-mat 6500 and CS-mat 6500 analyzers 
were calibrated with certified reference 
materials. The contents of manganese were 
determined using a SPECTROLAB F 
spectral analyzer. 

Arc Melting Experiment 

The scope of the research on the ki- 
netics of nitrogen absorption, melting pa- 
rameters, and initial contents of nitrogen, 
oxygen, and carbon in the specimens are 
presented in Table 2. After the melting 
conditions had been established, a speci- 
men of the tested filler metal was placed 
on a copper base (Fig. 1) and the arc was 
ignited. After about 1.5 s at I = 100 A, the 
specimen was completely melted, and 
from that moment the electronic system 
started counting the time of melting. Then 
the specimen was cooled down in a flux of 
shielding gases to ambient temperature. 
The interval between the breaking off of 
the arc and solidification of the specimen 
did not exceed one second. 

Measurement carried out using a 0.2- 
mm-diameter W-Mo thermocouple (Fig. 
1) indicated that the 0.6-g specimens 
melted at a current of 60 A reached a liq- 
uid metal temperature of 2000°C. At a cur- 
rent of 100 A, the liquid metal drop 
reached a temperature of 2400°C. In the 
latter case, the results should be treated as 
approximate ones, due to the quick dam- 
age of the W-Mo thermocouples in the liq- 
uid metal. 

In this investigation the following melt- 
ing parameters were applied: 
• Current, 100 or 60 A, 
• Polarity, (-) tungsten electrode, 
• Arc length, 2.5 mm (1.5 mm, third test 

series), 
• Shielding gas, Ar+2%N 2 and 

Ar+2%N2+0.2%O 2, 
• Flow rate of the shielding gas, 10 

L/min, 
• Specimen melting times, 1, 2, 3, 5, 10, 

20, and 40 s. 
The nitrogen and oxygen contents in 

the melted samples were determined for 
all test series without removing the oxides 
created during melting from their sur- 
faces. The samples were stored in exsicca- 
tor from the time of melting to when the 
chemical analysis was carried out. For se- 
lected series, the contents of carbon, man- 
ganese, and sulfur were determined for 
the samples under the same melting con- 
ditions. The results of these experiments 
are presented in Figs. 2-6. The contents of 
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Fig. 2 - -  Nitrogen, oxygen, carbon, manganese, and sulfur contents in the filler 
metal heat C melted in the Ar + 2%N 2 atmosphere, first test series. 
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Fig. 3 -  Nitrogen, oxygen, carbon, and sulfur contents in the filler metal heat 
B melted in a Ar+2%N  2 atmosphere, second test series. 

Table 3 - -  Gibbs Free Enthalpies AG of the Nitrogen Solution in Liquid Fe and of the 
Deoxidation of Fe Alloys (approximated values) (Ref. 19) 

Free Enthalpy AG, kJ/mol 
No. Reaction 1600 °C 2000 °C 2400 °C Free Enthalpy 

AG, J/mol 

1 1/2N_,~ = [N] 49.0 55.7 62.3 AG = 17810 + 16.66 .T 
2 Ng = [N] -190.2 -157.5 -124.7 AG = -343690 + 81.93 .T 
3 NO, = [N] + [O] -141.2 -127.8 -114.4 AG = -204050 + 33.55 .T 
4 [C] + [O] = CO, -96.6 -112.4 -128.3 AG = -22360- 39.63 .T 
5 [Mn] + [O] = (MnO) -42.1 -0.1 42.0 AG = -238990 + 105.11 .T 
6 Fe + [O] = (FeO) -24.6 -5.1 14.3 AG = -115680 + 48.63 -T 

nitrogen and oxygen were given as mean 
values from five (second, fourth, fifth, and 
sixth test series) or four (first and third test 
series) identical melting tests. The mean 
values of nitrogen shown in Figs. 2-6 were 
enlarged by the range x-s, x+s, where x is 
the mean value of nitrogen contents and s 
is the standard deviation. Because of the 
significant differences in the oxygen con- 
tent results for the fifth test series, there 
are no mean values for oxygen content in 
Fig. 6. The carbon, manganese, and sulfur 
contents were given as mean values of 
three series of melting tests. 

D i s c u s s i o n  o f  R e s u l t s  

The filler metals used in this investiga- 
tion had similar nitrogen contents but dif- 
ferent oxygen and carbon contents. Ex- 
periments using GTA melting with 
currents of 100 and 60 A were carried out 
in an oxygen-free atmosphere of 
Ar+2%N 2 as well as in a slightly oxidizing 
atmosphere of Ar+2%N2+0.2%O 2 - -  
Table 2. 

In the first test series (Fig. 2, Table 2), 
the filler metal heat C, containing an ini- 
tial nitrogen content of 60 ppm and an 

oxygen content of 219 ppm, was used. 
After one second of melting in an atmos- 
phere of Ar+2%N 2, the nitrogen content 
increased to approximately 286 ppm, 
whereas the oxygen content dropped in 
the same time to about 20 ppm. Simulta- 
neously, the carbon content decreased 
from 0.086% to 0.072%, and in all cases of 
prolonged melting time its content re- 
mained unchanged. The changes of the 
oxygen and carbon contents correspond, 
more or less, to the stoichiometric ratio of 
the C + O = CO~ reaction. This indicates 
that the deoxidatlon process of Fe-C-Mn 
alloys, heated by an arc to a temperature 
of approximately 2400°C, runs mainly with 
carbon contribution. This also has been 
confirmed by Gibbs free-enthalpy calcula- 
tions for steel deoxidizing reactions by car- 
bon and manganese - -  Table 3. 

The carbon deoxidation down to 5 ppm 
of oxygen (Fig. 2) can by explained by the 
shielding gas used (Ar+N2), and also by 
the fast removal of the reaction products 
from above the liquid metal level. Ac- 
cording to the law of mass action, the 
lower the partial pressure of CO above the 
metal bath, the greater the deoxidizing ca- 
pability of carbon. 

The reaction rate of deoxidation also 
deserves to be discussed. Deoxidation by 
carbon is a heterogeneous process, condi- 
tioned by the simultaneous presence of C 
and O at the phase boundary. If melting 
takes place in an atmosphere deprived of 
oxygen, the source of oxygen and carbon is 
then the melted filler metal. The reactions 
run in the following order: 

[C] + M = C a d  s (la) 
[0] + M = Oad s (lb) 
Cad s + Oad s -  M = COad s (lc) 
COad s - M = c o i T  (ld) 
[c] + [o1 = COgT (1) 

The high temperature, intensive con- 
vection of the liquid metal (Refs. 15-17), 
and large specific surface of the liquid 
metal drop facilitate the transfer of oxy- 
gen and carbon to the boundary of the liq- 
uid and gaseous phase. In such conditions 
the carbon deoxidation may have a bub- 
bleless character (Refs. 20, 21). 

Increasing the time of melting of the 
filler metal heat C causes the content of ni- 
trogen to grow, reaching a steady-state 
content of about 400 ppm after 10 seconds 
(which is not the equilibrium of nitrogen 
in thermodynamic means, but the moment 
at which an equilibrium is reached be- 
tween the amount of absorbed and des- 
orbed nitrogen by the melted metal speci- 
men). The linear decrease of the 
manganese content of about 0.01% Mn/s 
is mainly due to losses caused by intensive 
evaporation. 

In the second test series (Fig. 3, Table 
2), the filler metal heat B was used with an 
extremely high oxygen content (585 ppm) 
and low carbon content (0.042%). It was 
melted under the same conditions. The 
deoxidation process took place until the 
carbon content dropped to several thou- 
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Fig. 7 - -  Nitrogen absorption process in the course of  arc melting. 

sandths percent and the oxygen went 
down to 150 ppm. After that the oxygen 
content showed a slight increase. After 
five seconds of melting, the nitrogen con- 
tent stabilized on a level of about 360 ppm. 
The high oxygen content compared with 
the first test series did not affect the in- 
crease of the steady-state nitrogen con- 
tent. The tendency to a slower increase of 
the nitrogen content was observed. 

In the third series of tests (Fig. 4, Table 
2) the filler metal heat C was melted in the 
Ar+2%N 2 atmosphere at the current of 
100 A. This filler metal had been prelimi- 
narily melted in an atmosphere of pure 
argon with the GTA melting process. After 
this premelting, the oxygen content was 
approximately 3.5 ppm and the nitrogen 
content was 22 ppm. It was found that the 
nitrogen content increased with the grow- 
ing time of melting, similarly as in the first 

and second series of investigation. The 
oxygen content remained unchanged in 
the melted specimens. 

In the specimens from the fourth series 
of tests, the changes in oxygen and nitro- 
gen contents proceeded in a different way. 
The specimens were melted in the 
Ar+2%N2+0.2%O 2 atmosphere contain- 
ing oxygen - -  Fig. 5, Table 2. The filler 
metal heat C that was melted contained 
219 ppm of oxygen, 60 ppm of nitrogen, 
and 0.086% of carbon. Initially the oxygen 
content dropped from 219 ppm to about 
150 ppm and remained on this level for 
about 10 seconds. In the same time, the ni- 
trogen content increased slowly reaching a 
steady-state content at about 300 ppm, 
which was a level lower than the previously 
melted filler metal from heat C in the 
Ar+2%N 2 atmosphere - -  Fig. 2. After 20 
seconds of melting, the carbon content 

dropped almost to zero (0.0038%), 
whereas the oxygen increased to 380 ppm, 
while simultaneously the nitrogen content 
went to about 390 ppm. A prolongation of 
the melting time to 25 seconds resulted in 
a nitric boiling of the liquid metal, an in- 
crease of nitrogen content to 624 ppm and 
oxygen content to 760 ppm. The rapid 
growth of the nitrogen content started 
only after the carbon had been combusted, 
with the simultaneous increase of the oxy- 
gen content. Deoxidation with carbon af- 
fects essentially the nitrogen content in 
arc-melted Fe-C-Mn alloys. During the 
initial melting phase, deoxidation with 
carbon reduced the oxygen content in the 
investigated filler metal from 219 ppm to 
about 150 ppm. Our current knowledge of 
the influence of oxygen on the nitrogen 
absorption by arc-melted iron (Fe) indi- 
cates that this might be considered suffi- 
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cient to explain the reduction of the ab- 
sorbed nitrogen. On the other hand, this 
same filler metal, almost completely oxy- 
gen-free during melting in the oxygen-free 
A r + 2 % N  2 atmosphere, showed a higher 
increment of the nitrogen than during its 
melting in the A r + 2 % N 2 + 0 . 2 % O  2 at- 
mosphere - -  Figs. 4, 5. 

The character of deoxidation of Fe-C- 
Mn-type filler metals during arc melting in 
an oxidizing atmosphere is more complex 
than in an oxygen-free atmosphere. The 
atmosphere in which melting is carried out 
is an additional source of oxygen. Apart  
from the process described by Equation 1, 
the following reaction may take place on 
the surface of liquid metal contacting the 
oxidizing atmosphere 

[C] + M = Cad S (2 a) 
Og + M = dad s (2b) 
Cad s + dad S-  M = COad s (2C) 

GOad s - M = COgS (2d) 

[C] + Og = COg'[" (2) 

The rapid simultaneous increase of the 
oxygen and nitrogen after oxidation of car- 
bon (Fig. 5) suggests that nitrogen is ab- 
sorbed in compliance with the opinion ex- 
pressed in Refs. 3 and 10, i.e., according to 
the reaction NO + Fe = [Fed] + [N]. 

The thermodynamical  analysis con- 
firms the possibility of a nitrogen oxide 
(NO) reaction with iron (Fe), accompa- 
nied by the simultaneous solution of oxy- 
gen and nitrogen - -  Table 3. However, in 
the fourth series of measurements, the si- 
multaneous increase of oxygen and nitro- 
gen occurred only after the deoxidation 
with carbon had been completed, which 
indicates that the sharp growth of the ni- 
trogen content is related to the lack of bal- 
ance between the absorbed and desorbed 
nitrogen caused by the formation of liquid 
oxides, as suggested in Refs. 13, 14. 

The reduction of manganese during 

melting in the Ar+2%N2+0.2%O 2 atmos- 
phere amounted to about 0.016% Mn/s, 
and was markedly higher than the same 
filler metal melting in the A r + 2 % N  2 at- 
mosphere - -  Figs. 2, 5. According to Ref. 
22, the intensity of manganese evaporation 
from iron matrix alloys in the course of 
welding in oxidizing atmospheres is higher 
than in oxygen-free atmospheres. The high 
level of manganese evaporation in the 
Ar+2%N2+0.2%O 2 atmosphere reduces 
the partial pressure of nitrogen above liquid 
metal to a greater degree than in the shield- 
ing atmosphere of A r + 2 % N  2 and 
doubtlessly affects the nitrogen absorption 
rate as well as its steady-state level. After 
the carbon deoxidation has been com- 
pleted, the manganese content in the inves- 
tigated filler metal remained high - -  Fig. 5. 
This means the high increase of the nitro- 
gen is not connected with the evaporation 
of manganese. 

In the fifth series of this investigation, 
melting the filler metal heat B at a lower 
current of 60 A in an A r + 2 % N  2 atmos- 
phere (Fig. 6, Table 2) led to a higher ni- 
trogen content than melting the same 
filler metal at a current of 100 A - -  Fig. 3. 
A high absorption rate and high steady- 
state level of nitrogen (about 420 ppm) 
were observed. During melting, the liquid 
metal achieved a temperature of approxi- 
mately 2000°C. The deoxidation with car- 
bon under such conditions was less inten- 
sive. Formation of F e d  and MnO is more 
probable than at higher temperatures - -  
Table 3. This leads to creation of a thin 
layer of liquid oxides on the surface of the 
drop, restricting the outflow of nitrogen. 
The measurements of oxygen revealed sig- 
nificant differences in results. It can be ex- 
plained by the formation of F e d  and MnO 
oxides, of which only a part stayed on the 
metal drop surface, and the remaining 
part, which was hard to estimate, moved 
to the copper base surface. 

The results of the sixth series of tests 

(Fig. 6, Table 2) also proved the significant 
effect liquid oxides have on nitrogen ab- 
sorption in arc melting conditions. The 
filler metal heat  C was melted in a 
Ar+2%N2+0 .2%O 2 atmosphere with a 
current of 60 A. When the melting time 
exceeded three seconds, a noticeable 
porosity in the specimens was observed, 
making determination of nitrogen content 
impossible. After switching off the arc, in 
most cases, the formation of a single large 
bubble was observed (the specimen visibly 
enlarged its volume). This can be ex- 
plained by the limited solubility of nitro- 
gen in the liquid metal while solidifying 
and confining desorption from the sample 
due to the presence of liquid oxides on its 
surface. 

After reducing the current with GTA 
melting from 100 to 60 A (in the 
Ar+2%N2+0.2%O 2 atmosphere) losses 
of manganese in the melted samples de- 
creased from 0.016% to about 0.005% 
Mn/s - -  Figs. 5, 6. This also intensifies the 
nitrogen absorption in Fe-C-Mn-type 
filler metal melting. 

The values for standard deviations in ni- 
trogen measurements range mostly from a 
several to 20% of the mean value - -  Figs. 
2-6. Only in one case (Fig. 5) was the value 
of standard deviation greater than 20% 
when the molten metal (for 20 s melting 
time) was passing from the quasi-equilib- 
rium state to the nitrogen boiling state. 

Kinetic Model of Nitrogen Absorption in 
Arc Melting Conditions 

The quantitative parameters  charac- 
terizing the kinetics of nitrogen absorp- 
tion in arc melting conditions have been 
determined, based on the model discussed 
in Ref. 23. The following assumptions 
have been made: 

The surface of the melted drop was di- 
vided into the area F a subjected to contact 
with the electric arc and the area F b sub- 
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Table 4 - -  Influence of the Initial Oxygen Content and GTA Melting Conditions on the Kinetics of Nitrogen Absorption by Fe-C-Mn-~ype Filler 
Metals 

Initial 
Content (ppm) 

Test Series N O 

1 60 219 
2 63 585 
3 .... 22 3 
4 60 219 
5 63 585 
6 60 219 

Melting 
Conditions 

Gas 

Ar+N, 
Ar+N1 
Ar+N, 
Ar+N,+O, 
Ar+N, 
Ar+N,+O2 

Nitrogen Content 
[N], = A-B.exp(-C).t, (ppm) 

I(A) Method I Method II 

100 400 - 340 exp(-0.709).t 388 - 323 exp(~.919).t 
100 350 - 287 exp(-0.563).t 364 - 300 exp(-0.707).t 
100 350 - 328 exp(-0.839).t 339 - 306 exp(-0.890).t 
100 300 - 240 exp(-0.644).t 301 - 241 exp(-0.885).t 
60 420 - 357 exp(-0.789).t 414 - 350 exp(-l.337).t 
60 350- 290 exp(-l.049).t 350 - 290 exp(-1.648).t 

Mass Transfer Coefficient !3 (cm/s) 
d[N]t/dt (ppm/s) 

for [N]t = 60 ppm 
13:, 1~1, 

Test Series Method I Method II Method I Method II Method I Method II 

1 0.1087 0.1286 0.0386 0.0510 241.2 276.3 
2 0.0723 0.0896 0.0376 0.0420 163.1 200.9 
3,,, 0.1439 0.1422 0.0498 0.0558 254.8 242.8 
4 0.0669 0.0912 0.0509 0.0690 154.7 210.7 
5 0.1296 0.2149 0.0387 0.0676 284.3 472. l 
6 0.1362 0.2112 0.0694 0.1075 304.1 471.7 

(a) In the third test series, the length of the arc was reduced to 1.5 ram. 

jected to contact with the cooler shielding 
gas. The total surface of  the melted speci- 
men equals F = F a + F b (Fig. 7). 

Under  the analyzed conditions, the ni- 
trogen absorption is subjected to the first- 
order  reaction in respect to nitrogen con- 
centrat ion.  The  rate-l imiting step is the 
transfer  of  ni t rogen in the liquid phase 
(Refs. 7, 18, 24, 25). 

Thus, it may be assumed that in the 
course of melting on the surface F a there ex- 
ists an equilibrium concentration of nitro- 
gen IN]* in the liquid metal in contact with 
the arc, and on the surface F b an equilib- 
rium concentration of nitrogen IN] in the 
liquid metal in contact with the cool shield- 
ing gas. During the initial stage of melting, 
when the ni trogen content  in the liquid 
metal [N]t is lower than [N], the nitrogen 
penetrates into the liquid metal through the 
whole outer surface of the drop. When [N]t 
exceeds the value of [N], the absorption on 
the surface F a proceeds, whereas on the sur- 
face F b, nitrogen desorption occurs - -  Fig. 
7. If the fluxes of the absorbed and desorbed 
nitrogen reach the same level, the nitrogen 
content in the specimen does not undergo 
any changes and the steady-state level [N]t 
= IN] r is maintained. 

Taking into considera t ion  these as- 
sumptions,  it can be expressed by the 
equation 

d[N]t -/~aFa ([N]* -[Nit)+ 
dt V 

([NI-[N],) V (3) 

Integrating and transforming Equat ion 3, 
the nitrogen concentrat ion in the drop as 

a function of time may be expressed as fol- 
lows: 

[N]t = A - B. exp(-C),  t (4) 

where 

A-- #.Fa[N] +#bFb[N] 
/3,Fa +/3bFb (4a) 

B=flaFa[N]*+/3bFb[N] [N]o 
#aFa + #bFb (4b) 

C - -  /~aFa +/~bFb 
V (4c) 

The variation of nitrogen content  [N]t as a 
function of  time, as well as other  parame- 
ters characterizing the kinetics of the ni- 
trogen absorption have been determined 
in two different ways. The first of  these 
methods is based on the experimental  de- 
terminat ion of  values for Fa, Fb, V, [N], 
[N]o and [N]*. The other  components  of  
Equat ion 4, i.e., the mass transfer coeffi- 
cients 13 a and 13b, were determined analyt- 
ically based on the boundary conditions of  
Equat ion  3. The  most difficult problem 
was to determine the value of [N]*, i. e., 
the equilibrium concentrat ion of  nitrogen 
in liquid metal contacting the arc. In order  
to determine the value of  [N]* experimen- 
tally, the whole surface of  the drop should 
contact the electric arc atmosphere.  It was 
impossible to create such conditions dur- 
ing the test carried out. Furthermore,  no 
empirical relations exist that might make 
it possible to determine the value of [N]*. 
Therefore,  it was assumed that [N]* = 624 
ppm in all test series on the F a surface. 
This is the level of  nitrogen at which ni- 
trogen boiling of  the arc-melted Fe-C-Mn- 

type filler metal has been observed. Such 
phenomena  occurred in the fourth series 
of  tests when the melt ing lasted longer  
than 25 s - -  Fig. 5. The equilibrium con- 
centrations of [N]* may be different some- 
what in the respective series of tests, as 
these values depend on the parameters  of 
the arc and the chemical composit ion of  
the melted filler metal. 

According to Ref. 18, the equilibrium 
concen t ra t ion  of  n i t rogen [N] at the 
boundary between the liquid phase F b and 
the shielding gas has been assumed to be 
equal to the following: 

[N] = 90 ppm in the first to fourth se- 
ries of tests (I = 100 A, PN2 = 2026 Pa, for 
the t empe ra tu r e  of  the l iquid meta l  at 
about 2400°C), 

[N] = 85 ppm in the fifth and sixth se- 
ries of tests (I = 60 A, PN2 = 2026 Pa, for 
the t empe ra tu r e  of  the l iquid meta l  at 
about 2000°C). 

For  the arc length of  2.5 mm, it has 
been assumed that F J F  b = ~. In the third 
series of tests with the length of the arc 
shor tened  to 1.5 mm, the calculat ions 
were based on the assumption that Fa/F b 

In the second method  of calculation, 
the constants A, B, and C in Equation 4 
were calculated applying the least squares 
method for a nonlinear model,  making use 
of the existing procedure for solving opti- 
miza t ion  problems,  conta ined  in the 
SOLVER opt ion  of  Microsof t® Excel.  
Calculations were carried out based on the 
average nitrogen contents in the melted 
specimens. Calculations of the A, B, and C 
constants using the least squares method 
allowed for correct ion to ear l ier  deter-  
mined values for 13a and 13b, applying the 
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Equations 4a, 4b, and 4c. The values of Fa, 
Fb, [N]*, [N], IN]o, and V remained on the 
same level as in the first method of calcu- 
lation. 

The graphical results for calculations 
of [N]t and the absorption rate of nitrogen 
d[N]t/dt = f[N]t, based on Model 3 for the 
first test series, are shown in Fig. 8. The 
linear relation d[N]t/dt = f[N]t can be ex- 
pressed in the following form: 

d[N]?dt = - C . [ N ] t  + F (5) 

The constant F expresses the absorption 
rate of nitrogen for [N]t = 0. The constant 
C characterizes the rate at which the sys- 
tem attains the steady-state level. 

The whole set of parameters for all se- 
ries of tests, characterizing the kinetics of 
nitrogen absorption calculated based on 
Model 3, is shown in Table 4. The values of 
d[N]t/dt were determined for [N]t = 60 
ppm. They approach the value of the ini- 
tial nitrogen content in the tested filler 
metals, which corresponds to the initial 
stages of the filler metal melting. Such 
conditions may exist, for instance, in arc 
welding processes during the formation 
and transition of the liquid metal drops to 
the weld pool. In the case of the fourth test 
series, the presented relations and values 
are valid until the carbon in the melted 
specimen is completely oxidized. 

Discussion on the Model of Nitrogen 
Absorption 

The results obtained from the calcula- 
tion proved the usability of Model 3 for 
the analysis of nitrogen absorption during 
arc melting. The absorption of nitrogen by 
arc-melted Fe-C-Mn-type filler metals 
may be described by the first-order kinetic 
expression, which indicates that the rate- 
limiting step is the transfer of nitrogen in 
the liquid phase. The mass transfer coeffi- 
cients in the region contacting the electric 
arc [~a and the cooler shielding gas ~b for 
the assumed melting conditions (Table 4) 
are at least one order  higher than the 
value of 13 determined for the inductive 
melting of the same filler metals (Ref. 18). 
It can be explained by the high tempera- 
ture of the liquid metal (diffusion is a ther- 
mally activated process) and the de- 
creased thickness of the diffusion layer 
due to the intensive convection of liquid 
metal during arc melting (Refs. 15-17). 
Assuming that this theorem is true, the in- 
creased values of the coefficients 13 a and [3 b 
and increased absorpt ion rate during 
melting with the low-intensity current 
(fifth and sixth test series) cannot be ex- 
plained. It probably results from the pres- 
ence of liquid oxides on the surface F b 
when the melted metal does not attain suf- 
ficiently high temperatures  - -  Table 3. 

After a full oxidation of carbon, the pres- 
ence of liquid oxides also drastically in- 
creased the nitrogen content in the sam- 
ples melted with the high-intensity current 
in A r + 2 % N 2 + 0 . 2 % O  2 atmosphere 
(fourth test series, Fig. 5). Thus, Model 3 
does not reflect the overall complexity of 
the phenomenon that occurs during arc 
melting of Fe-C-Mn-type filler metals. A 
different approach to explain the influ- 
ence of temperature  on gas absorption 
was presented in Ref. 26. On the basis of 
thermochemical  analysis, it has been 
shown that the most intensive absorption 
of hydrogen during arc welding should 
take place in the outer regions of the weld 
pool with lower temperatures. It was as- 
sumed in this analysis that in the course of 
arc welding the system reaches its ther- 
modynamic equilibrium state. 

In other test series (first to fourth), in 
which the specimens were mel ted at 
higher current intensities, the calculated 
functions for [N]t = f(t) approached the 
results presented in Fig. 8. The flow charts 
for [N]t = f(t) determined according to the 
second calculation method matched the 
results of measurements more closely. 

An analysis of the data presented in 
Table 4 confirms earl ier  observations. 
Contrary to solutions in the Fe-O system, 
an increase of the oxygen content in the 
Fe-C-Mn-type filler metal  reduces the 
value of ~a and absorption rate of nitrogen 
(first and second test series). This also was 
proved by the results from third test series, 
where the decrease of the initial oxygen 
content to about 3 ppm leads to an in- 
crease of the nitrogen absorption rate. 

The limited absorption of nitrogen due 
to the increased oxygen content in the Fe- 
C-Mn-type filler metal and in the atmos- 
phere in which arc melting is performed, 
is connected to carbon deoxidation. The 
following mechanisms may be responsible 
for limiting of the nitrogen absorption due 
to the formation of carbon oxide at high 
temperatures: 

1) The decrease in partial pressure of ni- 
trogen in the CO presence in the region ad- 
jacent to the boundary of the liquid and 
gaseous phase. In Model 3 we may assume 
that the values of ~a and [38 remain un- 
changed for the constant arc parameters, 
whereas the values of [N]* and [N] are sub- 
jected to changes that differentiate the 
process of nitrogen absorption. Assuming, 
for instance, that the first test series is a 
standard one (IN]* = 624 ppm, [N] = 90 
ppm) and substituting ~a and 13 b of series 
1 into series 2 and 4, gives for the second 
test series 

[N]* = 580.8 ppm, [N] = 89.3 ppm 

for the fourth test series 

[N]* = 470.1 ppm, [N] = 87.5 ppm 

The reduction of the equilibrium levels 
[N]* and [N], if compared with the first test 
series, at the same constant parameters of 
the arc, may be due to the lower partial 
pressure of nitrogen above the metal bath. 

2) Higher desorption rate from the liquid 
metal. Nucleation and formation of CO at 
high temperatures facilitate the denitriding 
of the liquid metal. Carbon and carbon 
oxide may also reduce the liquid oxides 
formed on the surface F b not contacting the 
arc, affecting the equilibrium between the 
amount of absorbed and desorbed nitrogen. 

The lowest d[N]t/dt values determined, 
depending on the applied method of cal- 
culation, range from 160 to 210 ppm/s 
(Table 4) during melting of filler metal 
with a high oxygen content in the A r + N  2 
atmosphere at a current of 100 A (second 
test series) or melting in a slightly oxidiz- 
ing atmosphere of A r + N 2 + O  2 (fourth 
test series). Decreasing the current of the 
arc to 60 A, with other parameters  re- 
maining unchanged, caused an increase of 
the value of d[N]t/dt to about 470 ppm/s. 
In this case, substantial differences were 
found in the nitrogen absorption rate be- 
tween the first and second methods of cal- 
culation. It was caused by an unfortunate 
choice of boundary conditions in calcula- 
tion according to the first method in the 
fifth and sixth test series, as well as the 
complexity of the process of the nitrogen 
absorption,  in which the liquid oxide 
phases were involved. The [N]t = f(t) 
function, calculated according to the first 
method "lag distinctly behind" the results 
coming from the measurements. For that 
reason, the results obtained from the sec- 
ond calculation method for the fifth and 
sixth test series are more reliable. 

The calculated parameters that char- 
acterized the kinetics of nitrogen absorp- 
tion confirmed the general theorem con- 
cerning the essential influence of 
metallurgical processes occurring during 
arc melting of Fe-C-Mn-type filler metals 
on the absorption of nitrogen. Even if the 
carbon deoxidation reaction occurs only 
during the initial stage of melting, as in the 
case of samples with a small mass in oxy- 
gen-free A r + N  2 atmospheres, it affects 
the absorption rate of nitrogen. 

C o n c l u s i o n s  

The conditions of nitrogen absorption 
during arc melting of Fe-C-Mn-type filler 
metals differ from the mechanisms that 
have been proposed for pure Fe and Fe-O 
systems. While analyzing the factors cru- 
cial for nitrogen absorption, the reaction 
of carbon deoxidation must be taken into 
account. Nitrogen absorption in Fe-C- 
Mn-type filler metals is restricted due to 
the formation of carbon oxide at high tem- 
peratures.The carbon oxide decreases the 
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nitrogen partial pressure in the area adja- 
cent  to the boundary  of  the liquid and 
gaseous phases. 

The increase of  the oxygen content  in 
arc-melted Fe-C-Mn-type filler metals in 
an A r + N  2 atmosphere is accompanied by 
a reduction in nitrogen absorption rate. In 
the case of  small specimens, rapid carbon 
deoxidation occurs together with the ab- 
sorpt ion of  n i t rogen  only in the initial 
phases of melting. 

Carbon deoxidat ion that takes place 
during arc melting of Fe-C-Mn-type filler 
metals in an A r + N 2 + O  2 atmosphere re- 
duces the absorption rate of nitrogen and 
the steady-state level of  nitrogen. Af ter  
the full oxidation of carbon, as a result of  
the liquid oxide formation restricting the 
desorpt ion  of  ni trogen,  the contents  of  
oxygen and nitrogen violently increase si- 
multaneously. 

Nitrogen absorption in arc-melted Fe- 
C-Mn-type filler metals can be described 
by the first-order kinetic expression. This 
indicates that the rate-limiting step for ab- 
sorption is the transfer of nitrogen in the 
liquid phase and that the progress of the 
absorption is substantially affected by high 
temperature  and convection of  the liquid 
metal. In the arc melting model,  the entire 
surface of the liquid metal must be divided 
into regions subjected to arc interaction 
and the region that contacts  the cooler  
shielding gas. 

Reducing current in the GTA melting 
of Fe-C-Mn-type filler metals in A r + N  2 
and A r + N 2 + O  2 atmospheres causes the 
absorption rate and the content  of nitro- 
gen to increase. This is connected to the 
limited carbon deoxidation and the vapor- 
ization of manganese, as well as the for- 
mation of liquid oxides restricting the des- 
orption of  nitrogen from the surface that 
is not directly affected by the arc. 
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List of Symbols 

[N] - -  equilibrium content  of  nitrogen in 
liquid metal  contact ing the shielding 
gas (ppm) 

[N]o - -  initial content  of nitrogen in the 
liquid metal (ppm) 

[N]t - -  n i t rogen con ten t  in the l iquid 
metal in time t (ppm) 

[N] r - -  steady-state content  of nitrogen in 
liquid metal (ppm) 

[N]* - -  equilibrium content  of nitrogen in 
liquid metal contacting the electric arc 
(ppm) 

M - -  vacant site on the surface of the liq- 
uid phase 

P - -  pressure (Pa) 
T - -  temperature  (K) 
AG - -  Gibbs free enthalpy(kJ/mol) 
P(N2) - -  partial pressure of  molecular  ni- 

trogen (Pa) 
A, B, C, D, E, F - -  constants 
F - -  surface (cm 2) 
F a - -  surface of  liquid metal  contacting 

the electric arc (cm 2) 
F b - -  surface of  liquid metal  contacting 

the cool shielding gas (cm 2) 
V - -  volume (cm 3) 
t - -  t ime (s) 
13 - -  mass transfer coefficient (cm/s) 
13~ - -  mass transfer coefficient on the sur- 

face contacting the electric arc (cm/s) 
13 b - -  mass transfer coefficient on the sur- 

face contacting the cool shielding gas 
(cm/s) 

8 - -  diffusion layer thickness (cm) 
s - -  specific surface, s = F/V (L/cm) 
[ ] - -  component  solved in liquid metal 
( ) - -  slag component  
g - -  index at the bottom of the symbol de- 

notes the gaseous phase 
ads - -  index at the bot tom of the symbol 

denotes the adsorbed component  
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