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The Influence 6f Oxygen on the
Nitrogen Content of Autogenous
Stainless Steel Arc Welds

A systematic investigation was conducted on the relationship of nitrogen
in the weld and oxygen additions to argon and argon-nitrogen shielding gases

ABSTRACT. The influence of an addition
of 2% oxygen to argon-rich shielding gas
on nitrogen absorption and desorption
during the autogenous arc welding of
austenitic stainless steels was examined.
Six shielding gases, including argon and
argon-oxygen, argon-nitrogen, and argon-
nitrogen-oxygen mixtures, were used to
weld two experimental stainless steels
(similar in composition to AISI 310, con-
taining 0.002% and 0.28% nitrogen) and a
nitrogen-alloyed stainless steel, previously
available under the trade name of Cro-
manite. The presence of oxygen in the
shielding gas was shown to increase the
weld metal nitrogen content, stabilize the
arc, suppress degassing, and curb porosity.
This is attributed to the formation of a
molten slag layer at the weld pool periph-
ery during welding. The higher tempera-
tures under the arc suppress the formation
of this slag layer in the center of the pool.
The slag layer retards nitrogen degassing
by reducing the area available for the ad-
sorption of nitrogen atoms prior to
recombination. The absorption of
monatomic nitrogen from the arc is not
strongly affected, since absorption occurs
at the interface between the arc plasma
and the liquid weld metal, the area not
covered by oxide during welding. This re-
sults in higher weld metal nitrogen
contents.

Introduction

Nitrogen-alloyed austenitic stainless
steels offer a unique combination of high
strength and excellent toughness (Ref. 1).
In addition to its beneficial effect on me-
chanical properties (Refs. 2-4), nitrogen
acts as a strong austenite-forming element
in stainless steel (Ref. 5), which favors its
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use as a less-expensive substitute for
nickel. Nitrogen is also reported to in-
crease resistance to localized corrosion
(Refs. 6, 7) and to reduce sensitization ef-
fects during welding (Refs. 8, 9).

In nitrogen-alloyed austenitic stainless
steels, nitrogen degassing during welding
is often a major concern. Nitrogen evolu-
tion from the pool increases the risk of
porosity and reduces the weld metal ni-
trogen content, adversely affecting the
mechanical properties and corrosion re-
sistance of the joint. The addition of small
amounts of nitrogen to the shielding gas
has been proposed as a method of curbing
nitrogen losses, but this should be done
with care to prevent active nitrogen de-
gassing during welding (Ref. 10).

Nitrogen absorption and desorption
during arc welding are complex phenom-
ena and no unified theory for the quanti-
tative understanding of the extent of ni-
trogen dissolution in stainless steel welds
has emerged up to this point. This project
aims at examining the influence of three
variables on nitrogen dissolution during
the autogenous arc welding of stainless
steel: the shielding gas composition, the
base metal nitrogen content, and the weld
surface-active element concentration.

During the first phase of this investiga-
tion, experimental stainless steels with
various nitrogen and sulfur concentra-
tions were welded autogenously in argon
and argon-nitrogen shielding gas atmos-
pheres (Ref. 10). The results of this inves-
tigation revealed that the weld metal ni-
trogen content is not influenced to any
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significant extent by the base metal nitro-
gen content in alloys with lower sulfur lev-
els. In alloys with higher sulfur concentra-
tions, however, an increase in base metal
nitrogen resulted in higher weld metal ni-
trogen contents over the entire range of
shielding gases evaluated. The nitrogen
saturation limit was reached at progres-
sively lower shielding gas nitrogen con-
tents as the base metal nitrogen level in-
creased. Less nitrogen was required in the
shielding gas to reach the saturation limit
in alloys with higher sulfur concentrations
because an appreciable fraction of the
base metal nitrogen was prevented from
escaping by the higher level of surface
coverage.

A kinetic model was developed to de-
scribe the effect of shielding gas nitrogen
content, base metal nitrogen content, and
weld sulfur concentration on nitrogen ab-
sorption and desorption during autoge-
nous arc welding (Ref. 11). This model
displayed good agreement with experi-
mental results, and revealed that the ni-
trogen desorption rate constant decreases
at higher concentrations of sulfur. This is
consistent with a site blockage model,
where surface-active elements occupy a
fraction of the surface sites required for
nitrogen adsorption. The rate constant for
the absorption of dissociated nitrogen is
not a strong function of the sulfur
concentration.

As described above, sulfur was deliber-
ately added to the experimental steels dur-
ing the first phase of this project to
demonstrate the effect of surface-active
elements on nitrogen absorption and des-
orption during welding. Increasing the sul-
fur content of nitrogen-alloyed stainless
steels to reduce nitrogen losses is, how-
ever, not feasible in practice, as sulfur in-
creases the likelihood of hot cracking. As
an alternative, small amounts of oxygen
(another surface-active element) can be
added to the shielding gas during welding.
Since oxygen is routinely added to shield-
ing gas mixtures for gas metal arc welding
of stainless steels to increase arc stability,
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Fig. 1 — The measured weld metal nitrogen content as a function of
shielding gas composition. The equilibrium nitrogen levels were calcu-
lated as a function of nitrogen partial pressure and alloy composition at

a weld pool temperature of 1995 K.

this seems a more viable alternative.

Ample evidence exists to suggest that
oxygen influences nitrogen dissolution dur-
ing welding. Lancaster (Ref. 12) reported
that the amount of nitrogen absorbed dur-
ing arc welding increases in the presence of
oxygen, and Ogawa et al. (Ref. 13) demon-
strated that nitrogen-induced porosity in
austenitic stainless steel welds can be
curbed by welding in an oxygen-containing
atmosphere. According to Blake (Ref. 14),
the presence of oxygen lowers nitrogen des-
orption rates. Uda and Ohno (Ref. 15)
studied the effect of surface-active ele-
ments, including sulfur and oxygen, on the
nitrogen content of iron during arc melting
in Ar-N, atmospheres, and reported that
surface-active elements increase the nitro-
gen content and the level of supersatura-
tion in welds. Hooijmans and Den Ouden
(Ref. 16) examined nitrogen dissolution in
iron containing different amounts of oxy-
gen during arc melting in argon-nitrogen
atmospheres. An increase in nitrogen con-
tent was observed in samples containing up
to 0.008% oxygen. Cross et al. (Ref. 17) re-
ported a significant increase in the nitrogen
content of duplex stainless steel welds with
as little as 250 ppm oxygen in Ar-N,
shielding gas mixtures.

Four hypotheses are offered in litera-
ture to account for the influence of oxygen
on nitrogen dissolution during welding.

1) Blake (Ref. 14) attributed the higher
dissolution and lower desorption rates in
the presence of oxygen to the formation of
NO, resulting from the interaction be-
tween nitrogen and oxygen in the arc. The
presence of NO in Ar-N,-O, plasmas has
since been confirmed by Palmer and
DebRoy (Ref. 18) at plasma temperatures
below approximately 7000 K, with an as-
sociated increase in the amount of

monatomic nitrogen
in the arc. Such an in-
crease in the level of
monatomic nitrogen
in the arc is expected
to enhance nitrogen
dissolution (Refs.
19-22). The results of
emission spectroscopy
studies of Ar-N,-O,
glow discharge plas-
mas, however, illus-

Fig. 2— The oxide layers observed after autogenous gas tungsten arc weld-
ing in argon-rich shielding gas containing 2% oxygen. A — Alloy VFB 241;
B — Cromanite.

trated that at temper-

atures higher than

approximately 7000 K, NO disappears
from the plasma phase, and monatomic
species, such as N and O, become domi-
nant (Ref. 18). Calculated and measured
temperature profiles within the arc col-
umn illustrate that, even in low-current
gas tungsten arc welds, temperatures
within the arc generally exceed the range
where NO is likely to be stable (Ref. 18).
This hypothesis also does not account for
the higher nitrogen levels observed when
welding nitrogen-alloyed stainless steels
in oxygen-containing shielding gas with-
out nitrogen. The formation of NO in the
welding arc is therefore likely to play a
minor role in increasing the nitrogen con-
tent of most welds.

2) The presence of surface-active ele-
ments in the weld pool promotes conver-
gent surface-tension driven (Marangoni)
flow. In a pure metal, Marangoni flow is
divergent across the weld pool surface, but
surface-active elements may cause the
gradient of surface tension with tempera-
ture to reverse. Surface flow then becomes
convergent, causing nitrogen-rich weld
metal to flow downward toward the weld
root (Ref. 19). In iron-oxygen alloys the
gradient of surface tension with tempera-
ture reverses at approximately 100 ppm
oxygen (Refs. 23-27). Although conver-
gent Marangoni flow in the presence of
oxygen probably contributes toward en-
hanced nitrogen dissolution during low-
current gas tungsten arc welding, it is not

Table 1 — Chemical Compositions of the Stainless Steel Alloys Included in this Investigation

Alloy Comments Cr Ni Mn
VFB 237 Low N 247 203 203
VEFB 241 High N 238 192 216
Cromanite™ — 181 059 974

Si C S Al N
152 0.038 0.010  0.0064 0.002
1.81  0.040 0.020  0.0053 0.280
0.29  0.036 0.004  0.0220 0.511

percentage by mass, balance Fe
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Fig. 3 — Scanning electron micrographs of the
surface oxide layers observed on welds performed
in shielding gas containing argon and 2% oxygen.
A—VFB 237; B— VFB 241; C — Cromanite.

expected to be the dominant mass flow
mechanism in most welds.

3) Surface-active elements tend to oc-
cupy a fraction of the available surface
sites, making it more difficult for nitrogen
to adsorb on or desorb from the metal sur-
face (Refs. 19, 28). In view of the results
obtained during the earlier stages of this
investigation, reduced surface availability
may be a viable explanation for the re-
ported influence of oxygen.

4) The formation of an oxide layer on
the weld pool surface in the presence of
oxygen hampers the outflow of nitrogen
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(Ref. 16). Surface oxide formation may be
a likely explanation for the effect of oxygen
on nitrogen dissolution, and needs to be in-
vestigated further.

The objective of this investigation was
therefore to systematically examine the in-
fluence of oxygen additions to argon and
argon-nitrogen shielding gas mixtures on
nitrogen absorption and desorption during
autogenous arc welding, and to confirm the
mechanism responsible for enhanced nitro-
gen dissolution in the presence of oxygen.

Experimental Procedure

Stainless Steel Alloys

During this investigation, the influence
of autogenous arc welding in argon-rich
shielding gas containing additions of oxy-
gen and nitrogen on the nitrogen content
of two experimental stainless steels was
evaluated. The chemical compositions of
these alloys, designated VFB 237 and
VFEB 241, are shown in Table 1. The ex-
perimental alloys were designed to have
compositions similar to that of AISI 310,
an austenitic stainless steel normally pro-
duced without deliberate nitrogen addi-
tion. This steel was selected as base alloy
because it solidifies as austenite and re-
mains fully austenitic down to room tem-
perature. This prevents bulk solid-state
phase transformations, which may lead to
changes in the solid-state nitrogen solubil-
ity, from taking place.

In order to study the influence of the
base metal nitrogen content on nitrogen
absorption and desorption during weld-
ing, the experimental alloys were pro-
duced with two nitrogen concentrations: a
low nitrogen level (residual nitrogen con-
tent of approximately 0.002%), and a high
nitrogen level (approximately 0.28%).
This nitrogen level exceeds the equilib-
rium solubility limit of approximately
0.25%, calculated at 1873 K and 1 atmos-
phere nitrogen pressure.

The third steel included in this investi-
gation is a high-nitrogen austenitic stain-
less steel that, until recently, was commer-
cially available in South Africa under the
trade name of Cromanite™. Whereas ni-
trogen-alloyed stainless steels are nor-
mally produced in pressurized furnaces,
where a high-nitrogen partial pressure
forces the nitrogen into solution, the high
manganese and chromium levels in Cro-
manite raise the nitrogen solubility to such
an extent that it can be produced under at-
mospheric pressure using conventional
steel-making processes. Difficulties en-
countered during the autogenous arc weld-
ing of Cromanite using inert shielding gas
(nitrogen losses, porosity, spattering, and
metal expulsion from the weld pool)
prompted its inclusion in this investigation.

Table 2 — Shielding Gases Used in this
Investigation to Examine the Influence of
Oxygen and Nitrogen Additions on Nitrogen
Dissolution during Welding

Without O, addition ~ With O, addition

Ar Ar + 2% O,

Ar + 1% N, Ar + 1% N, + 2% O,
Ar + 5% N, Ar + 5% N, + 2% O,

percentage by volume

Welding Procedure

The stainless steel samples were hot
rolled to a thickness of 6 mm, ground and
degreased. The plates were welded in a
glove box using automatic autogenous gas
tungsten arc welding (GTAW). Direct cur-
rent electrode negative polarity and a 2%
thoriated tungsten electrode were used.
To minimize atmospheric contamination,
the glove box was flushed with argon for at
least fifteen minutes prior to welding, and
alow argon flow rate was maintained dur-
ing welding to ensure a slight positive
pressure inside the glove box. Shielding
was supplied by shielding gas flowing
through the welding torch at a rate of 20
L/min. Welding-grade argon and five pre-
mixed shielding gases, listed in Table 2,
were used. Welding was performed using
a current of 150 A, an arc length of 2 mm,
and awelding speed of 2.7 mm/s. The mea-
sured arc voltage varied from 15.7 £ 0.5V
(95% confidence interval) in shielding gas
without oxygen, to 17.3 = 0.6 V in shield-
ing gas mixtures containing 2% oxygen.
Instability of the arc, characterized by
flashing, spattering, a hissing sound, and
violent metal expulsion from the pool,
served as a visual indication of active ni-
trogen degassing during welding.

It must be emphasized that the addi-
tion of oxygen to inert shielding gas dur-
ing GTAW is not recommended due to ox-
idation and rapid degradation of the
tungsten electrode. Although frequent re-
grinding of the electrode was required, the
GTAW process was selected for the excel-
lent control it offers over heat input and
welding parameters, and because it allows
autogenous welding.

After welding, the nitrogen content of
each weld was analyzed using an inert gas
fusion analysis technique, taking care to
remove the metal drillings required only
from the weld. At least two analyses were
performed on different samples to ensure
repeatability. In order to quantify the level
of oxygen absorption from the shielding
gas, the oxygen contents of welds per-
formed in argon and in an argon-oxygen
shielding gas mixture were also measured.
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Fig. 4— Calculated equilibrium compositions of the liquid metal (upper graphs) and slag (lower graphs) for VEB 237 weld metal reacted with different amounts
of oxygen. The results are shown for two temperatures. A — 1750 K; B— 1995 K.

Results and Discussion

Visual Observation and Weld Metal
Nitrogen Content

The average weld metal nitrogen con-
tents are given in Table 3, and shown
graphically in Fig. 1. The equilibrium ni-
trogen solubilities were calculated using
Wada and Pehlke’s equations and interac-
tion parameters (Ref. 29) at an average
weld pool temperature of 1995 K (Ref.
10). Appendix A displays photographs of
the welds and details some of the observa-
tions made during welding.

Figure 1 confirms that the weld metal
nitrogen contents exceed the equilibrium
concentrations calculated from Sieverts’
law for the shielding gases evaluated. The

addition of nitrogen to the inert shielding
gas raises the weld metal nitrogen concen-
tration in all three alloys. The results also
demonstrate that the presence of 2% oxy-
gen in the shielding gas increases the weld
metal nitrogen contents significantly.
During welding, the experimental steel
without any deliberate nitrogen addition
(VFB 237) displayed a stable arc in all the
shielding gas atmospheres. None of the
flashes, spattering, and violent metal ex-
pulsion characteristic of active nitrogen
degassing was noted, and no porosity was
observed on the weld surfaces. The welds
were smooth, with fine surface ripples, al-
though more surface oxidation was evi-
dent after welding in oxygen-containing
shielding gas. Arc stability and the absence
of porosity are consistent with the weld

metal nitrogen content remaining below
0.2% in all cases, except for the oxygen-
containing shielding gas with the highest
nitrogen content (0.2% is the equilibrium
solubility limit at 1995 K and 1 atmosphere
nitrogen pressure).

The beneficial effect of oxygen was
even more apparent on welding the high-
nitrogen experimental alloy (VFB 241).
Stable arcs were observed when welding in
argon and in an argon-oxygen shielding
gas mixture. With 1% nitrogen in the
shielding gas, the presence of oxygen sup-
pressed nitrogen degassing (even though
the measured weld metal nitrogen content
exceeds the solubility limit at 1 atmos-
phere nitrogen pressure) and resulted in a
considerably more stable arc. The same
trend was observed in shielding gas con-

Table 3 — Average Weld Metal Nitrogen Content of Welded Samples as a Function of Shielding Gas Composition

Alloy Base Weld metal N content for various shielding gas compositions
Metal N Ar Ar + 2% O, Ar + 1% N, Ar + 1% N, + 2%0,
Content
VEB 237 0.002% 0.004% 0.004% 0.040% 0.080%
VFB 241 0.280% 02.50% 0.255% 0.290% 0.380%
Cromanite™ 0.511% 0.410% 0.495% 0.450% 0.555%

Ar + 5% N, Ar + 5% N, + 2% O,
0.170% 0.370%
0.315% 0.575%
0.555% 0.690%

percentage by mass
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Fig. 5— Calculated equilibrium compositions of the liquid metal (upper graphs) and slag (lower graphs)
for VEB 241 weld metal reacted with different amounts of oxygen. The results are shown for two tem-

peratures. A — 1750 K; B— 1995 K.

taining 5% nitrogen, where the presence
of oxygen suppressed nitrogen degassing
and reduced porosity. The presence of
oxygen in Ar-N, shielding gas mixtures re-
sulted in smoother welds, with finer sur-
face ripples.

In Cromanite, welding in argon and
argon-nitrogen mixtures caused degassing
and porosity. This is consistent with the
weld metal nitrogen contents exceeding
the equilibrium solubility limit of 0.32%
(calculated at 1995 K and 1 atmosphere N,
pressure) in all cases. The addition of oxy-
gen to the shielding gas resulted in higher

weld metal nitrogen contents in all the
shielding gases evaluated. Oxygen also
brought about smoother arcs, less de-
gassing, and lower levels of porosity. The
addition of 2% oxygen to argon shielding
gas eliminated porosity and limited nitro-
gen losses, resulting in a weld metal nitro-
gen content comparable to that of the base
metal prior to welding (0.495% compared
to 0.51% prior to welding, and 0.41% after
welding in argon). In nitrogen-containing
shielding gas, the addition of oxygen re-
sulted in the formation of fine pores at the
weld interface, rather than large pores

within the weld metal. Welds appeared
smoother in the presence of oxygen, with
finer surface ripples.

Weld Oxygen Content and Surface
Availability

The measured weld metal oxygen con-
tents after welding in argon and in argon-
oxygen shielding gas mixtures are shown
in Table 4. These results indicate that very
little oxygen was absorbed by the experi-
mental alloy welds, and that welds pro-
duced in argon-oxygen mixtures did not
contain significantly more oxygen than
welds produced in argon. The beneficial
influence of oxygen in suppressing nitro-
gen degassing is therefore not consistent
with a site-blockage model. This was con-
firmed by estimating the total fraction of
vacant surface sites (or the surface avail-
ability), (1-67), from Equation 1 (Ref. 19)
for each weld. This equation is a simplified
version of an equation derived by Byrne
and Belton (Ref. 30) to describe the effect
of sulfur and oxygen on the fraction of va-
cant surface sites in the adsorbed surface
layer, as determined from measured rate
constants for the reaction of N, with liquid
iron and Fe-C alloys. The slight decrease
in surface availability on welding in oxy-
gen-containing shielding gas (amounting
to reductions of 3.3 and 8.3% in VFB 237
and VFB 241, respectively) does not ade-
quately explain the observed increase in
weld metal nitrogen contents.

(1-6r)=
1
14+ K2% (wt = %0) + K% (wt — %) (1)

where Kqg2ds is the equilibrium constant
for the adsorption of oxygen, given by

Table 4 — Average Weld Metal Oxygen Content after Welding in Ar and Ar-O, Shielding Gas Mixtures, and the Calculated Surface Availability at

1995 K
Alloy Base Metal Ar Ar + 2% O,
Oxygen Weld Metal Surface Weld Metal Surface
Content Oxygen Availability Oxygen Availability
Content Content
VFB 237 0.030% 0.031% (1-67) =0.361 0.033% (1-67) =0.349
VEFB 241 0.020% 0.021% (1-67) =0411 0.027% (1-01) =0377
Cromanite™ 0.062% 0.022% (1- 61) = 0.496 0.062% (1-67) =0.297
Table 5 — Weld Pool Depth-to-Width Ratio (D/W) as a Function of Shielding Gas Composition
Alloy Ar Ar + 2% O, Ar + 1%N, Ar + 1%N, + 2%0, Ar + 5%N, Ar + 5%N,+2%0,
VFB 237 D/W = 0.48 D/W =0.20 D/W =051 D/W =0.20 D/W = 0.40 D/W =0.14
VFB 241 D/W = 0.57 D/W = 0.11 D/W = 0.53 D/W = 0.08 D/W = 0.38 D/W = 0.08
Cromanite™ D/W =0.32 D/W =0.28 D/W =043 D/W =0.24 D/W = 0.34 D/W = 0.24
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Fig. 6— Calculated equilibrium compositions of the liquid metal (upper graphs) and slag (lower graphs) for Cromanite weld metal reacted with different amounts
of oxygen. The results are shown for three temperatures. A — 1750 K; B— 1995; C — 2275 K. For the lowest temperature (1750 K), no liquid slag forms until
the amount of reacted oxygen exceeds 250 ppm, as solid Al,O3 and MnAl,O, form instead. For the two higher temperatures, the absence of slag at lower levels
of reacted oxygen indicates that all the oxygen dissolves in the metal.

Equation 2, and Kq2ds is the equilibrium
constant for the adsorption of sulfur,
where Kg¢2ds is assumed to be equal to 65
per wt-% sulfur (reported value at 1873

K). log Kgds =

@ —4.96 per wt-% oxygen

(@)

In Cromanite, the weld oxygen content de-
creased significantly on welding in argon.
This may be attributed to effective deoxi-
dation of the weld pool in the presence of
high levels of manganese. Welding in an
argon-oxygen shielding gas mixture, how-
ever, restored the weld oxygen content to
its original base metal concentration. This
increase in oxygen content, compared to
that measured after welding in pure argon,
results in a 40% decrease in calculated
surface availability. This reduction in sur-
face availability probably played a role in
increasing the nitrogen content of Cro-
manite welds.

Influence of Oxygen on Weld Pool
Dimensions

As shown in Table 5, the addition of
oxygen to argon-rich shielding gas was ob-
served to change the weld depth-to-width
(D/W) ratio. In VFB 237, D/W varied
from between 0.40 and 0.51 in shielding
gas without O,, to 0.2 or less in oxygen-
containing shielding gas. The change in
weld pool shape was even more pro-
nounced in VFB 241, with D/W varying

Table 6 — Compositions of the Weld Oxide Layers Estimated Using SEM-EDS Analysis

All()y SIOZ Cr203
VFB 237 442 16.8
VFEB 241 38.2 19.0
Cromanite™ 2.3 62.3

MnO A1203
38.6 0.4
39.3 1.9
26.7 0.9

percentage by mass

from between 0.38 and 0.57 in shielding
gas without O,, to 0.11 or less in shielding
gas containing O,. In Cromanite, the ad-
dition of oxygen changed D/W from be-
tween 0.32 and 0.43 in shielding gas with-
out O,, to between 0.24 and 0.28 in
shielding gas containing oxygen.

As a surface-active element, oxygen is
expected to increase the weld D/W ratio
by promoting convergent surface flow in
the weld pool. The weld oxygen contents
of all three alloys exceed the 100 ppm limit
required for convergent flow, ensuring
good penetration and high D/W ratios
after welding in argon. The addition of
oxygen, however, resulted in considerable
reductions in the weld D/W ratio in the ex-
perimental alloys, even though the weld
oxygen levels did not differ appreciably
from those measured after welding in
argon. This reduction in weld D/W ratio is
consistent with results published by Lu et
al. (Refs. 23-27). These authors examined
the effects of O, and CO, additions to
argon shielding gas on the weld pool shape
during GTAW of AISI 304L stainless steel.
Their results confirmed that the addition

of up to 0.6% oxygen to argon shielding
gas increased the weld oxygen content, re-
sulting in increased weld D/W ratios. With
the addition of more than 0.6% oxygen,
however, the weld oxygen contents stabi-
lized at levels between 200 and 250 ppm,
regardless of the shielding gas oxygen con-
tent, and the weld pool shape reverted
back to wide, shallow beads with low D/W
ratios. This was attributed to the forma-
tion of a heavy oxide layer on the weld
pool surface in the presence of more than
0.6% oxygen in the shielding gas. This
oxide layer apparently inhibits convergent
Marangoni flow and acts as a barrier for
oxygen absorption. In view of these re-
sults, the formation of surface oxides dur-
ing welding was examined in more detail.

Oxide Formation during Welding

Surface oxide layers were present on all
welds performed in oxygen-containing
shielding gas. In the experimental alloys,
heavy oxide layers were observed at the
weld periphery adjacent to the weld inter-
face, while the rest of the weld pool sur-
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face remained oxide-free — Fig. 2A. The
oxide layers at the weld periphery were
continuous, fairly uniform, and tightly ad-
herent. Although a heavy oxide layer was
observed at the periphery of Cromanite
welds after welding in oxygen-containing
shielding gas (Fig. 2B), the oxide layer was
not as continuous or adherent as in the
case of the experimental alloys, and the
oxide appeared to be more granular.

In order to study these surface oxide
layers in more detail, cross sections of the
welds were mounted in resin, polished to
a 3 um finish, and examined using a scan-
ning electron microscope (SEM). Micro-
graphs of the oxide layers are shown in
Fig. 3A — C. The surface oxides on the ex-
perimental steels formed continuous lay-
ers over short distances at the weld pool
periphery, while the central region of the
weld was oxide-free. Average oxide thick-
nesses of 19.7 = 3.8 umand 17.1 = 4.1 um
(95% confidence interval) were measured
for VFB 237 and VFB 241, respectively.
No oxide particles were observed within
the weld metal of the experimental alloys
after welding in oxygen-containing shield-
ing gas.

The SEM examination confirmed that
the surface layers on Cromanite welds are
less uniform, and not as continuous as
those observed on the experimental alloys.
The average thickness of the Cromanite
oxide layer was measured as 17.7 = 4.3
um. The layer had a granular appearance,
and consisted of a mixture of oxide parti-
cles and small metal droplets. Although
active degassing was not observed during
welding in argon-oxygen mixtures, the
presence of metal droplets in the surface
layer can probably be attributed to nitro-
gen evolution during welding. It is postu-
lated that the formation of nitrogen bub-
bles in the weld pool disrupted the oxide
layer and generated a spray of metal
droplets that became trapped in the oxide
layer. Due to the granular nature of the
layer, the surface oxide probably acted as
a less effective barrier for oxygen absorp-
tion, which may account for the higher
oxygen content measured in these welds.
Small oxide inclusions (5 um or less in di-
ameter) were observed within the Cro-
manite weld metal.

The surface oxide compositions were
determined using SEM-EDS analysis
techniques (Table 6). The oxide layers on
the experimental welds were shown to
consist of almost equal amounts of SiO,
and MnO, with some CrOy (assumed to be
Cr,03) and a small amount of Al,O3. No
iron was detected in any of the oxide lay-
ers. The Cromanite surface oxide layer
was shown to consist largely of Cr,O3, with
some MnO and low levels of SiO, and
AlL)O;.

Because of the important influence of
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the dissolved weld oxygen content on ni-
trogen absorption and degassing during
welding, the factors that control this oxy-
gen content need to be understood. Those
elements that form the most stable oxides
tend to remove dissolved oxygen from the
weld metal. In principle, it is possible to
estimate the weld pool oxygen content by
calculating the deoxidation equilibria for
such elements. This calculation is compli-
cated by the presence of several reactive
(deoxidizing) elements in the weld pool,
namely aluminum, silicon, manganese,
and chromium. The oxide compositions
(Table 6) demonstrate that these elements
reacted simultaneously, and apparently
formed a liquid oxide mixture (slag) on the
weld surface.

In order to evaluate the complex reac-
tion equilibrium of the four main reactive
elements in the weld pool, the FactSage
package (v. 5.4.1) (Ref. 31) was used, with
the alloy compositions (Table 1) as inputs.
In the calculation, different amounts of
oxygen were conceptually allowed to react
with the steel to equilibrium. Equilibrium
phases considered were the liquid steel
(modeled using FactSage liquid solution
phase FTmisc-FeLQ (Ref. 32)), liquid slag
(modeled using FactSage liquid FToxid-
SLAGA), various solid-solution oxides,
and stoichiometric oxides such as SiO,,
A1203, MnO, MHA1204, and CI'203. Two
temperatures were used in the majority of
calculations. The lower temperature, 1750
K, is approximately 20 K higher than the
equilibrium liquidus temperature of AISI
310 and about 40 K higher than the lig-
uidus of Cromanite. This temperature
represents the cooler weld pool periphery.
The higher temperature, 1995 K, is the av-
erage temperature of the pool measured
earlier (Ref. 10). An additional tempera-
ture, 2275 K, was used in calculating the
deoxidation equilibria for Cromanite.
This temperature falls within the pre-
dicted weld pool peak temperature range,
estimated for AISI 304 during GTAW at a
current of 150 A and a welding speed of
2.5 mm/s (Ref. 33).

The results of the FactSage calcula-
tions are presented in Figs. 4-6. In each of
these figures, the metal composition is
given in the upper graph, and the compo-
sition of the oxide (liquid slag) in the lower
graph. If no slag composition is given, no
slag formed — typically because all the
oxygen dissolved in the metal. In most
cases, the oxygen was present in two forms
in the equilibrium reaction products: as
dissolved oxygen in the steel, and as liquid
slag. Occasionally (for the lower reaction
temperature), solid Al,O5 or (in the case
of Cromanite) MnAl,O, were stable, but
only at low amounts of reacted oxygen,
typically less than 250 ppm. The main
form of chromium oxide in the slag was

found to be CrO, with only minor levels of
CI'203.

For all three steel compositions, Al,O4
is a prominent component of the first slag
to form. However, the low level of dis-
solved aluminum is largely removed from
the melt at small degrees of reaction with
oxygen. The analyzed oxide compositions
(Table 6) indicate that, for the experimen-
tal steels, the amount of oxygen that had
reacted with the weld metal was around
0.1% of the steel mass, yielding a slag con-
sisting mainly of SiO, and MnO, with a sig-
nificant amount of CrO,. For these inter-
mediate amounts of reacted oxygen, the
analyzed weld oxygen content (Table 4)
agrees reasonably well with the predicted
oxygen content at 1995 K. For this degree
of reaction, where the weld contains little
aluminum, the dissolved oxygen content is
mainly determined by the weld silicon
content. This is confirmed by the high slag
SiO, content, as well as the noticeable dif-
ference between VFB 241 and VFB 237:
the former has a higher silicon content,
which corresponds to a lower dissolved
oxygen content. This effect is also notice-
able in the weld metal analyses (Table 4).

The situation is rather different for
Cromanite (Fig. 6), where MnO is the
major slag oxide in most cases. The exper-
imental observations of high weld oxygen
contents (Table 4) and high slag CrO, con-
tents (Table 6) indicate that, for this steel,
the analyzed compositions correspond to
both a higher equilibration temperature
and a higher degree of reaction with oxy-
gen than for the experimental steels.

These calculations confirm that a sur-
face oxide layer forms at the weld periph-
ery on welding in oxygen-containing
shielding gas. In all three alloys, more oxy-
gen dissolves in the weld metal at higher
temperatures, suppressing the formation
of slag at lower amounts of reacted oxy-
gen. The higher temperatures under the
arc therefore prevent the formation of a
molten slag layer in the central regions of
the pool.

Proposed Mechanism

The results of this investigation suggest
that the increased weld metal nitrogen
contents measured after welding in oxy-
gen-containing shielding gas cannot be at-
tributed only to enhanced convergent
Marangoni flow or increased surface cov-
erage. The addition of oxygen to argon
shielding gas raised the weld metal nitro-
gen contents even when mass flow in the
pool was clearly divergent. Welding in oxy-
gen-containing shielding gas resulted in
higher weld metal nitrogen contents with-
out any significant increase in weld oxygen
content, suggesting that reduced surface
availability plays a minor role in enhanc-



ing nitrogen dissolution. The conclusion
can be drawn that the higher weld metal
nitrogen contents observed in the pres-
ence of oxygen are mainly due to the for-
mation of a surface oxide layer.

Any mechanism accounting for the
role of the surface slag layer has to be con-
sistent with the kinetic model developed
earlier (Ref. 11). This model states that
the weld metal nitrogen content is deter-
mined by the amounts of nitrogen enter-
ing and leaving the weld pool per unit
time.

Nitrogen enters the pool from the arc
atmosphere, i.e., the dissolution of
monatomic nitrogen from the arc plasma
into the liquid metal, and from nitrogen-
containing base metal melting at the lead-
ing edge of the pool.

Dissolved nitrogen is removed from
the weld pool by recombining to form N,
molecules that escape to the atmosphere,
and through solidification of nitrogen-
containing weld metal at the rear of the
pool.

Since the travel speed was kept con-
stant, it follows that the melting and solidi-
fication rates at the leading and trailing
edges of the pool did not vary significantly
with changes in shielding gas composition.
The presence of a slag layer can therefore
influence the amounts of nitrogen entering
and leaving the pool due to melting and so-
lidification only through a change in the
weld pool dimensions (in particular the
pool volume and length). To examine the
influence of a change in pool dimensions on
the weld metal nitrogen content, the weld
pool length and volume were measured
after welding in various shielding gases and
substituted into the kinetic model. The
model revealed that the increase in pool
length and volume observed after welding
in oxygen-containing shielding gas does not
result in any appreciable change in the pre-
dicted steady-state weld metal nitrogen
content. The presence of a surface slag
layer is therefore not expected to affect the
amounts of nitrogen entering and leaving
the weld pool through melting and resolid-
ification to any significant extent.

The presence of a surface oxide layer
can influence the absorption of
monatomic nitrogen from the arc and the
evolution of nitrogen from the pool by act-
ing as a barrier between the liquid weld
metal and the arc atmosphere. Absorption
of monatomic nitrogen, however, occurs
at the interface between the arc plasma
and the liquid weld metal, the area not
covered by the oxide layer. Absorption of
nitrogen from the arc is therefore not in-
fluenced by the presence of oxygen. The
recombination of nitrogen to form N,
molecules occurs over the entire weld pool
surface. The presence of a slag layer at the
weld periphery is thus expected to retard
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nitrogen evolution by reducing the surface
area available for the adsorption of atomic
nitrogen prior to recombination. The
presence of a surface oxide layer at the
weld pool periphery therefore reduces the
amount of nitrogen leaving the weld pool
per unit time, whereas the amount of ni-
trogen entering the pool is not influenced
to any significant extent. This results in an
increase in the measured weld metal ni-
trogen content.

The high nitrogen content measured in
Cromanite after welding in oxygen-
containing shielding gas can probably be at-
tributed to the high nitrogen solubility in
the alloy, the granular nature of the oxide
and the higher weld oxygen levels. Since the
recombination of adsorbed nitrogen to
form N, requires two vacant surface sites,
and the dissolution of monatomic nitrogen
from the arc only one vacant site, the sur-
face slag layer retards nitrogen desorption
to a greater extent than nitrogen absorp-
tion. The granular nature of the oxide layer
therefore facilitates greater nitrogen ab-
sorption, while retarding nitrogen desorp-
tion in the form of N,. This results in high
weld metal nitrogen contents after welding
in oxygen-containing shielding gas.

Conclusions

* The addition of nitrogen to argon
shielding gas during autogenous arc weld-
ing raises the nitrogen content of stainless
steel welds, but increases the likelihood of
active degassing and porosity. An increase
in base metal nitrogen content results in
higher weld metal nitrogen levels.

* The addition of 2% oxygen to argon
and argon-nitrogen shielding gas mixtures
increases the weld metal nitrogen content,
stabilizes the arc, suppresses degassing
and limits nitrogen-induced porosity. The
addition of oxygen to the shielding gas
does not raise the weld oxygen content to
any significant extent.

* Thermodynamic calculation of the
deoxidation equilibria in the weld metal
demonstrates that a liquid slag layer forms
on the weld pool surface during welding in
oxygen-containing shielding gas. This slag
layer forms readily at the cooler weld pe-
riphery, but is suppressed by the higher
temperatures under the arc due to in-
creased oxygen solubility in the molten
metal.

* The slag layer that forms at the weld
periphery in the presence of oxygen retards
nitrogen degassing by reducing the surface
area available for the adsorption of nitro-
gen atoms prior to recombination. The ab-
sorption of monatomic nitrogen is, how-
ever, not strongly affected by the oxide
layer, since absorption occurs mostly at the
interface between the arc plasma and the
liquid metal, the area not covered by oxide

during welding. The surface oxide layer at
the weld periphery therefore reduces the
amount of nitrogen leaving the weld per
unit time, whereas the amount of nitrogen
entering the pool is not influenced signifi-
cantly. This results in an increase in the
measured weld metal nitrogen content.
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