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Nitrogen Control during the Autogenous
Arc Welding of Stainless Steel
Part 2: A Kinetic Model for Nitrogen
Absorption and Desorption

The influence of three variables on the absorption and desorption of nitrogen

ABSTRACT. This study deals with nitro-
gen absorption and desorption during the
autogenous welding of stainless steel. The
influence of the base metal nitrogen and
surface-active element concentrations
and nitrogen partial pressure in the shield-
ing gas were investigated. The weld nitro-
gen concentration increased with shield-
ing gas nitrogen content at low-nitrogen
partial pressures, but at higher partial
pressures, nitrogen absorption was bal-
anced by N, evolution. This steady-state
nitrogen content was not influenced sig-
nificantly by the base metal nitrogen con-
tent in low-sulfur alloys, but in high-
sulphur alloys, an increase in the initial ni-
trogen concentration caused higher weld
nitrogen contents over the entire range of
partial pressures evaluated. A kinetic
model can be used to describe this behav-
ior. The desorption rate constant de-
creased with increased sulfur content, but
the absorption rate constant was not a
strong function of the sulfur concentra-
tion. The higher rate of nitrogen removal
at the onset of steady-state behavior
caused high-nitrogen alloys to require
more supersaturation prior to bubble for-
mation.

Introduction
Nitrogen-alloyed austenitic stainless

steels offer a unique combination of
strength, toughness, and corrosion resis-
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during welding is investigated
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tance. This has led to increased interest in
these materials in recent years. Although
high-nitrogen stainless steels can be
welded successfully, nitrogen desorption
to the arc atmosphere during autogenous
welding has been a cause for concern. This
not only creates potential for nitrogen-
induced porosity, but a decrease in nitro-
gen concentration in the region of the
weld also has a detrimental effect on the
mechanical properties and corrosion re-
sistance of the joint.

Nitrogen absorption and desorption
during welding are complex phenomena
and, up to this point, no unified theory for
the quantitative understanding of the ex-
tent of nitrogen dissolution in stainless
steels has emerged. This investigation
aimed at examining the influence of three
variables on the absorption and desorp-
tion of nitrogen during the autogenous
welding of stainless steel: the shielding gas
composition, the base metal nitrogen con-
tent prior to welding, and the surface-
active element concentration in the weld
metal.

During the first phase of this investiga-
tion, a number of experimental stainless
steels (similar in composition to AISI 310)
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with varying amounts of nitrogen (approx-
imately 0.005 to 0.27%) and sulphur
(about 0.02 and 0.05%) were welded au-
togenously in pure argon and argon-
nitrogen shielding gas atmospheres. The
results of this study are considered in a
separate publication (Nitrogen Control
during the Autogenous Arc Welding of
Stainless Steel — Part 1: The Influence of
Shielding Gas Nitrogen Content and Base
Metal Nitrogen and Sulphur Concentra-
tions on Nitrogen Absorption/Desorp-
tion) (Ref. 1) and are summarized below.

Sievert’s law cannot be used to predict
the nitrogen content of stainless steel arc
welds. At low-nitrogen partial pressures,
the weld metal nitrogen content generally
exceeds the concentration predicted from
equilibrium considerations and increases
with an increase in the shielding gas nitro-
gen content. This enhanced solubility has
been reported by several authors and is
normally attributed to the presence of
monatomic nitrogen in the arc plasma
(Refs. 2-5). At higher nitrogen partial
pressures in the shielding gas, a dynamic
equilibrium is created where the amount
of nitrogen absorbed by the weld metal
from the arc plasma is balanced by the
amount of nitrogen evolved from the weld
pool during welding. This steady-state be-
havior is usually associated with degassing,
violent metal expulsion from the weld
pool, and excessive spattering.

Nitrogen absorption and desorption
reactions during the autogenous welding
of nitrogen-alloyed stainless steels were
also found to depend on the base metal ni-
trogen content and the weld surface-active
element concentration. In alloys with low
surface-active element concentrations,
the weld nitrogen content was not influ-
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Fig. 1 — Schematic illustration of the proposed kinetic model for the absorption and desorption of ni-
trogen from autogenous stainless steel weld metal.
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Fig. 2— Comparison of the actual decrease in nitrogen content from the original base metal composi-
tion (filled circles) with the calculated decrease using the rate constant for liquid iron (filled diamonds)
and for the case where this rate constant is increased by a factor of 6 (open diamonds). Results shown:
A — low-sulfur steel; B — high-sulfur steel. Both welded with pure argon.

enced to any significant extent by the base
metal nitrogen content. In alloys with high
surface-active element concentrations, in-
creased base metal nitrogen content re-
sulted in higher weld metal nitrogen con-
tents over the entire range of nitrogen
partial pressures evaluated. It is postu-
lated that the weld surface-active element
concentration influences the nitrogen ab-
sorption and desorption rates by occupy-
ing some of the surface sites required for
the absorption of monatomic nitrogen
from the arc plasma and the recombina-
tion of nitrogen atoms to form N, (des-
orption).

The weld metal saturation limit (asso-
ciated with nitrogen bubble formation)
was reached at progressively lower shield-
ing gas nitrogen contents as the base metal
nitrogen level increased. This confirms
that base metal nitrogen participates in
the nitrogen absorption and desorption
reactions during welding. Less nitrogen is
required in the shielding gas to reach the
saturation limit in alloys with high surface-
active element concentrations because an
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appreciable fraction of the nitrogen al-
ready present in the base metal is pre-
vented from escaping by the higher level
of surface coverage.

In order to justify the conclusions
reached in the first phase of this investiga-
tion, a suitable theoretical framework is
needed. Although a number of thermody-
namic models have been developed for ni-
trogen absorption and desorption during
welding, most of these models were de-
rived for pure iron or low-alloy steel welds.
Results reported by Kuwana et al. (Ref. 6)
suggest that higher chromium contents in-
fluence nitrogen absorption/desorption by
increasing the equilibrium nitrogen solu-
bility limit in steel. More nitrogen can dis-
solve in the steel during welding, and re-
action rates therefore play an increasingly
important role. This suggests that a kinetic
approach may be more appropriate than a
thermodynamic method for describing the
dissolution of nitrogen in high-chromium
alloy and stainless steel welds. A kinetic
model was therefore developed to quan-
tify the effect of the shielding gas nitrogen

content, the base metal nitrogen content
prior to welding, and the weld metal
surface-active element concentration on
nitrogen absorption and desorption dur-
ing the autogenous arc welding of stainless
steel.

Kinetic Model of Nitrogen
Absorption and Desorption
during Welding

Outline of the Kinetic Model

The proposed kinetic model is illus-
trated schematically in Fig. 1 and was de-
veloped on the basis of the following as-
sumptions:

1) Nitrogen enters the molten weld
pool from two sources: the arc atmos-
phere, i.e., the dissolution of monatomic
and diatomic nitrogen from the arc plasma
into the liquid metal, and the nitrogen-
containing base metal that melts at the
leading edge of the weld pool during weld-
ing.
2) Dissolved nitrogen is removed from
the weld pool by recombining to form ni-
trogen molecules (N,), which can escape
to the atmosphere, and solidification
of nitrogen-containing weld metal at the
rear of the weld pool during welding.

3) Under steady-state conditions, the
amount of nitrogen entering the weld pool
is equal to the amount leaving the weld
pool per unit time.

4) The molten weld pool is completely
covered by plasma using the welding para-
meters described in Part 1 (Ref. 1) of this
study.

5) The solidification rate at the rear of
the pool is proportional to the welding
speed.

6) Due to rapid convection in the
molten metal, the weld pool is well mixed
with a uniform nitrogen concentration.
Rapid mass flow also ensures a fairly ho-
mogeneous temperature distribution in
the molten pool.

7) The model is only valid under con-
ditions where the evolution of nitrogen oc-
curs at the weld pool surface and no bub-
ble formation takes place in the weld
metal.

The proposed rate equations for the
four nitrogen absorption and desorption
processes shown in Fig. 1 are given below.

Nitrogen Entering the Weld Pool from the
Arc Atmosphere

The absorption of monatomic nitrogen
from the arc plasma, represented by Reac-
tion 1, is best described by a first order rate
equation, with the mass transfer rate for this
reaction represented by Equation 2.

N (2) = N (wt-%) (1)
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Where N (wt-%) refers to nitrogen dis-
solved in the molten weld metal, dm,/dt is
the rate of mass transfer of nitrogen
(kg.s1), A is the weld pool surface area
(m?2), k is the reaction rate constant for
Reaction 1 (kg.m-2.s-l.atm-1), N(g) is the
monatomic nitrogen content of the arc
(atm), N, is the weld nitrogen content
(Wt-%), and K is the apparent equilibrium
constant for Reaction 1.

Nitrogen Entering the Weld Metal through
Nitrogen-Containing Base Metal Melting
at the Leading Edge of the Pool

If the weld pool has a length L, the time
required to melt a volume of metal equal
to the volume of the pool is equal to L/v,
where v is the torch travel speed. The base
metal melting rate (in kg.s-1) is then rep-
resented by Equation 3.

Melting rate = pV(Vv/L) 3)

Where p is the density of the molten metal
(kg.m-3) and V' is the weld pool volume
(m?).

The nitrogen mass transfer rate is given
by Equation 4.

N;|wt%
am l( ) 0y0
Rk L S A /SR
dt 100 nLn 4)

Where N, is the initial base metal nitrogen
content (Wt-%).

Nitrogen Leaving the Weld Pool by
Recombining to Form N,

Nitrogen evolution from the weld
metal is represented by Equation 5, and
the mass transfer rate for this reaction by
the second order rate Equation 6.

2N (wt-%) = N, (g) )

dmN 2

a
—=-k ,A%N steel

K’P .
~-K'Py, ]
dt 2

O]

Where k' is the reaction rate constant for
Reaction 5 (kg.m=2.s-1.[%N]-2) and K" is the
apparent equilibrium constant for the re-
action N, (g) = 2N (wt-%).

Nitrogen Leaving the Weld Pool through
Weld Metal Resolidifying at the Rear of
the Pool

Since the solidification rate at the rear
of the pool is equal to the melting rate

W(CH . \a

(Equation 3), the rate at which nitrogen
leaves the pool by resolidifying is repre-

sented by Equation 7.
dm N Uyt
N _ _ “Vsteel PV
dt 100 OLD

™

Assumption 3 states that the amount of ni-
trogen entering the weld pool is equal to
the amount leaving the weld pool per unit
time under steady-state conditions. From
the above, it follows that N, must be
equal to the steady-state nitrogen content,
N,,, and the total of Equations 2 and 4
must be equal to the total of Equations 6
and 7 under steady-state conditions.
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€
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where N is the steady-state nitrogen con-
tent (wt-%).

Rearranging Equation 8 to collect all
the terms containing N on the left yields
Equation 9.

ANZ + YV N ap N
100 L K
— AK'K Py, +AkN(g)
L 100 9)

For a specific shielding gas composition
and set of welding parameters, the weld
pool area A, length L, and volume V; the
monatomic nitrogen content of the arc
N(g); the welding speed v; the density p;
the equilibrium constants K and K'; and
the nitrogen partial pressure in the shield-
ing gas PN, should remain constant re-
gardless of the base metal nitrogen con-
tent and the surface-active element
concentration in the weld metal. The fol-
lowing conclusions can now be drawn:
According to Equation 9, the steady-
state nitrogen content, N, is a function of
the base metal nitrogen content N;, with
an increase in base metal nitrogen con-
centration leading to an increase in the
steady-state nitrogen content. This was
observed experimentally, as shown in Figs.
2and 3 in Part 1 (Ref. 1). The extent of this
dependence, however, is determined by
the magnitude of the two reaction rate
constants, k (for the absorption reaction)
and k' (for the desorption reaction). Ear-
lier results suggested that the desorption
rate constant varies with the surface-
active element concentration in the weld

metal. In the low-sulfur steels, desorption
of nitrogen from the weld pool is rapid,
leading to high values of k', whereas des-
orption is retarded in the high-sulfur al-
loys, resulting in low k' values. The ab-
sorption rate constant, k, is not expected
to be a strong function of the surface-
active element concentration.

Given the low desorption rate constant
in the high-sulfur alloys, Equation 9 sug-
gests that the steady-state nitrogen con-
tent is a strong function of the base metal
nitrogen content, with N increasing as V;
increases. This is consistent with the re-
sults shown in Fig. 3 of Part 1. In the low
sulfur alloys, k' is expected to be higher
and gas-metal (or plasma-metal) reactions
should, therefore, play a more significant
role in determining the steady-state nitro-
gen content. According to Equation 9, the
influence of the base metal nitrogen con-
tent on the steady-state weld metal nitro-
gen level is less pronounced at high k' val-
ues. This is consistent with the results
shown in Fig. 2 of Part 1.

Values of the Constants

In order to use Equation 9 to predict
the nitrogen content of the experimental
alloys after welding, a number of con-
stants, including the partial pressure of
monatomic nitrogen in the arc N(g), the
weld pool surface area 4, volume V, and
length L; the density of the molten metal
p; the two apparent equilibrium constants
for the absorption and desorption reac-
tions K and K'; and the two reaction rate
constants k and k'; have to be determined.
The values of these constants were mea-
sured experimentally or calculated using
relationships obtained from published
literature.

Partial Pressure of Monatomic
Nitrogen in the Arc

The partial pressure of monatomic ni-
trogen in the arc was estimated using the
method developed by Mundra and
DebRoy (Ref. 7) and Palmer and DebRoy
(Ref. 8). These authors derived Equation
11 for calculating the partial pressure of
monatomic nitrogen formed as a result of
the dissociation of molecular nitrogen,
Reaction 10, at a hypothetical tempera-
ture Ty in the arc plasma. T, is defined as
the dissociation temperature at which the
equilibrium thermal dissociation of di-
atomic nitrogen in the arc would produce
the actual partial pressure of monatomic
nitrogen present in the plasma. The au-
thors concluded that 7, is approximately
100 K higher than the weld pool surface
temperature.

AN, (8) = N (g) (10)
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Table 1 — Estimated Monatomic Nitrogen Partial Pressure in the Arc Atmosphere

Shielding Gas Nitrogen Partial
Nitrogen Content Pressure, PN,
1.09% 0.0094 atm
5.3% 0.0456 atm
9.8% 0.0843 atm
24.5% 0.2107 atm

Monatomic Nitrogen
Partial Pressure, PN

Equilibrium Nitrogen
Content, N,,

8.43 x 10-8 atm 0.0200 wt-%
1.86 x 107 atm 0.0442 wt-%
2.53x 107 atm 0.0601 wt-%
4.00 x 10-7 atm 0.0950 wt-%

Where r is the radius of the sphere, and 6
is the angle between the fusion line and
the plate at the surface of the sample.

The Apparent Equilibrium
Constants Kand K'

The Apparent Equilibrium Constant for
the Desorption Reaction K*

Note: Monatomic partial pressure estimated for an effectlve plasma temperature of 2628 K and the equilibrium nitrogen content

of the weld metal at a weld pool temperature of 1722°C.

Table 2 — Weld Pool Dimensions

Weld pool surface area 34.1 + 4.8 mm?
Weld pool length 7.4 = 0.5 mm
Weld pool volume 63.9 = 6.3 mm3
Note: 95% confidence interval.
U 0
AGy T,
»id
Py = PNz expl————4
RT;
(11)

Where Py is the partial pressure of
monatomic nitrogen in the arc (atm),
AG",74 is the standard free energy for
Reaction 10 at 7, and R is the universal
gas constant (8.314 J.K-1.mol-1).

Since the extent of dissociation of di-
atomic nitrogen is low under typical weld-
ing conditions, PN, can be assumed to be
equal to the partial pressure of N, in the
inlet gas. The free energy of formation of
monatomic nitrogen from Ny, AG*14,74,
used by Mundra and DebRoy (Ref. 7) and
Palmer and DebRoy (Ref. 8), was obtained
from the compilation by Elliott and
Gleiser (Ref. 9). However, the data in this
reference appears to be in error, specifi-
cally with regards to the heat of formation
of N from N,. Elliott and Gleiser quote a
value of 358.0 kJ/mol (of N), whereas
Kubaschewski et al. (Ref. 10) report 472.7
kJ/mol. The latter value agrees exactly with
the bond strength of the diatomic molecule
of 945.44 kJ/mol (of N,) (Ref. 11).

One implication of this is that the con-
clusion of Palmer and DebRoy that the ef-
fective plasma temperature (as regards
the dissociation of N,) is 100°C higher
than the metal surface temperature, is in
error, because this conclusion was based
on the data of Elliott and Gleiser. In the
current investigation, this inaccuracy was
corrected by recalculating the “effective
dissociation temperature” as that temper-
ature that yields — for the conditions of
the Palmer and DebRoy experiments —
the same partial pressure of monatomic
nitrogen when the Kubaschewski et al.
data are used, as does the Elliott and
Gleiser data at a temperature of 1400°C,
which is 100°C higher than the surface
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temperature in the Palmer and DebRoy
investigation. This yields a reassessed ef-
fective plasma temperature that is 633°C
higher than the surface temperature —
much higher than the value reported by
Palmer and DebRoy.

If the surface temperature of the weld
poolis assumed to be approximately equal
to the measured weld pool temperature of
1722°C (refer to Part 1), the values of Py,
AG’ 9,14 T4 and R can be substituted into
Equation 11, and the partial pressure of
monatomic nitrogen in the arc plasma can
be estimated for all the shielding gas at-
mospheres used in this investigation. The
estimated monatomic nitrogen partial
pressures are shown in Table 1, taking into
consideration that total atmospheric pres-
sure in Pretoria, where the experiments
were performed, is 0.86 atm.

Data in Table 1

The Weld Pool Surface Area A, Length L,
and Volume V

The area and length of the weld pool
were estimated by assuming that the
crater at the end of each weld bead, where
insufficient liquid metal was present to fill
the depression created by the arc jet, has
the same dimensions as the weld pool dur-
ing welding. In order to determine these
dimensions, the end craters of seven weld
beads were photographed, and the area
and maximum length of each crater were
measured. The average values of the weld
pool length and area determined using
this method are shown in Table 2.

Data in Table 2

The volume of the weld pool was esti-
mated by sectioning a number of weld
beads and photographing polished and
etched cross sections. If it is assumed that
the weld pool has the shape of a section of
a sphere, Equation 12 can be used to cal-
culate the weld pool volume (Ref. 12). The
average weld pool volume determined
using this method is shown in Table 2.

V= l7rr352 —3cos0 + cos395
3
(12)

If nitrogen desorption from the weld
pool during welding is represented by
Equation 5, the apparent equilibrium con-
stant K' for this reaction is given by Equa-
tion 13.

J f
K- e.j.\’eq(Wt%)ﬁ.

Py, (13)
Where N, is the equilibrium N content of
the molten metal at the weld pool tem-
perature (wt-%).

The equilibrium nitrogen content as a
function of temperature can be calculated
using Wada and Pehlke’s results and
Equation 14 (Ref. 13).

) 247

log(ﬂeq =-T-1 22

04780
-—-15 1D logfy 1873
0T

01760 2
-—-0. 91D(10ng 1873)

Where T is the temperature (K) and
fa»18731s the nitrogen activity coefficient at
1873 K.

The activity coefficient, fy, is calcu-
lated from the composition of the steel
using Equation 15 (Ref. 13).

log fiy = {~164[%Cr] + 8.33[%Ni] - 33.2[%Mo]

—134[%Mn] + 1.68[%Cr]2 - 1.83[%Ni]2

~2.78[%Mo}2 + 8.82[%Mn]2 + (1.6[%Ni]

+1.2[%Mo)] + 2.16[%Mn]){%Ct]

+ (<0.26[%Mo] + 0.09[%Mn]){%Ni]}/T

+ {0.0415[%Cr] + 0.0019[%Ni]

+ 0.0064[%Mo] + 0.035[%Mn]

~0.0006[%Cr]2 + 0.001[%Ni]>

+ 0.0013[%Mo2 - 0.0056[%Mn]2

+ (<0.0009[%Ni] - 0.0005[%Mo]

—~0.0005[%Mn])[%Ct] + (0.0003[%Mo]

+ 0.0007[%Mn]){%Ni]} + 0.13[%C]

+ 0.06[%Si] + 0.046[%P] + 0.007[%S]

+0.01[%Al] - 09[%Ti] - 0.1[%V]

~0.003[%W] - 0.12[%0]

(15)
Where [%M] is the alloying element con-
tent in wt-%.

For the experimental alloys, calculation
yields the equilibrium nitrogen contents
shown in Table 1 at a weld pool tempera-
ture of 1722°C, taking into consideration



total atmospheric pressure in Pretoria is
0.86 atm. These values were substituted

Table 3 — Calculated Values of the Rate Constant & for the Absorption of Dissociated Nitrogen by

. . . the Weld Pool
into Equation 13 to yield an average ap-

parent equilibrium constant of 4.28 ( 10-2

. . : a) Rate constant k' for liquid iron
for the nitrogen desorption reaction.

Alloy Comments Base Metal Sulphur 103k
o Nitrogen Content (kg.m2.s1. atm1)
The Apparent Equilibrium Constant for Content
the Absorption Reaction K
VFA 657 Low N, low S 0.005 0.023 38
i VFA 658 Medium N, low S 0.105 0.023 43
; The apparent equilibrium constant, K, - gp (so 1un N, low s 0.240 0.022 35
or the nitrogen dissolution reaction VFA 752 Low N, high S 0.006 0052 36
(Equation 1) is represented by Equation  ypp 753 Medium N, high S 0.097 0.061 30
16. The relationship between K, K, and K VFA 755 High N, high S 0.280 0.049 27
(Fhe equll{brlum. con_stant for t.he dlSSOlel- b) Rate constant k' taken to be 6 times that for liquid iron
tion of diatomic nitrogen) is shown in VFA 657 Low N, low S 0.005 0.023 57
Equation 17 with the equilibrium con-  VFA 658 Medium N, low S 0.105 0.023 124
stant, K;, for nitrogen dissociation (Reac- VFA 659 High N, low S 0.240 0.022 210
VFA 753 Medium N, high S 0.097 0.061 61
VFA 755 High N, high S 0.280 0.049 159
Ne
K="%4
Py (16)

Where N, is the nitrogen concentration
in equilibrium with the monatomic nitro-

gen in the arc.
I

K=
K (17)
where K;= PL
VN (18)

Since PN, and K' are known, and the par-
tial pressure of monatomic nitrogen in the
arc plasma at the weld pool temperature
can be determined, K can be calculated.
Calculation yields an average K value of
2.55( 108 at the weld pool temperature of
1722°C. K;, the equilibrium constant of
Reaction 10, was calculated from the data
of Kubaschewski et al. (Ref. 10).

The Nitrogen Desorption and Absorption
Rate Constants, k'and k

The Nitrogen Desorption Rate
Constant, k'

Correlations based on the reaction rate
of diatomic nitrogen with pure iron from
the summaries of Belton (Ref. 14) and
Turkdogan (Ref. 15) were used to estimate
the rate constant for nitrogen desorption
from the weld pool as N, (Reaction 5). For
the reaction Ny(g) = 2N (wt-%), the rate
constant (for temperatures ranging from
1550 to 1700°C) is given by Equation 19.

(—6340/ T+1.85)
X 10

.
1+ 260f0[%0]+130fs[%s]

gem 2 min~!atm™!

(19)

Where f, and f; are the activity coefficients
of dissolved oxygen and sulfur, respec-
tively, and [%O] and [%S$] are the mass
percentages of dissolved oxygen and sul-
fur, respectively.

The rate expression used with this rate
constant is as follows:

p d 24
m € N 3
N =k1A€P : ste,el ¢
dt e K E. (20)

Comparison with Equation 6 shows that &'
= k I/K .

For stainless steels, the activity coeffi-
cient of sulfur, f;, can be estimated as fol-
lows (Ref. 16):

0 0
logf, = [%Cr]%—%T'z +00407
(21)

where [%Cr] is the mass percentage of
chromium in the steel. For a weld pool
temperature of 1722°C and an average
chromium content of 24.4%, this yields a
value of f; = 0.67 for the experimental al-
loys.

In these calculations, the effect of dis-
solved oxygen on the rate constant was ne-
glected since no data were available on
oxygen levels. However, the activity of
oxygen is expected to be low in chromium-
rich steels, and since the sulfur levels are
comparatively high, neglecting the effect
of dissolved oxygen is not expected to af-
fect the calculations significantly.

Substitution of the constants and unit
conversion yield the following expression
for the rate constant, for a temperature of
1722°C:

o 0183

: _ -2
- 1+87[%S] kgrm iy IE(%)

(22)

This expression for the desorption rate
constant is valid for liquid iron. For stain-
less steels, the rate constant for this reac-
tion is generally larger than that for liquid
iron by a factor of about 6 (Refs. 14, 17).
However, this conclusion is based on ex-
periments conducted at 1600°C and leads
to an overestimate in this investigation.
Part of the reason for choosing not to in-
crease the rate constant over that for pure
ironisillustrated in Fig. 2, which compares
the measured and predicted reduction in
the weld nitrogen content for welding
under pure argon. When welding in pure
argon, no monatomic nitrogen is assumed
to form in the plasma, and hence, the (un-
known) absorption rate constant k has no
effect on the weld nitrogen content that is
calculated using Equation 9. As the figure
shows, both values of the rate constant &'
overpredict the decrease in the weld ni-
trogen content, but the correspondence is
much better for the smaller rate constant.

Explaining Figure 2

Based on these conclusions, Equation
22 yields values for the desorption rate
constant, k', of 6.28 ( 10-2 and 3.21 { 10-2
kg-m-2s-1-(%)-2 for the low- and high-
sulfur alloys, respectively. The reduction
in the desorption rate constant at higher
surface-active element concentrations is
consistent with a site blockage model,
where sulfur atoms are assumed to occupy
a fraction of the surface sites required for
the adsorption of nitrogen.

The Nitrogen Absorption Rate
Constant k

No literature data on the value of the
rate constant k for the reaction of
monatomic nitrogen with stainless steel
were found. This constant was, therefore,
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Fig. 3— Predicted change in weld nitrogen con-
tent for shielding gases that are increasingly rich
in nitrogen. Calculated for the base metal com-
positions of the experimental alloys. The arrows
indicate the minimum shielding gas composi-
tions where bubbling was observed experimen-
tally.

Table 4 — Summary of the Constants
Required in Equation 9

Constant Values

PN 8.43 x 10-8 atm if PN, = 0.0094 atm
1.86 x 10-7 atm if PN, = 0.0456 atm
2.53x 10-7 atm if PN, = 0.0843 atm
4.00 x 10-7 atm if PN, = 0.2107 atm
34.1 mm?
7.4 mm
63.9 mm3
2.55x 108
4.28 x 102
6755 kg . m3
2.7mm.s!
35x10%kg. m2.s1 . atm!
6.28x102kg . m2.s1. (%)2for
the low sulphur alloys
321x102kg. m2.s1. (%)2for
the high sulphur alloys
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estimated from the experimental data,
using Equation 9 for the case where the
shielding gas contained 1.09% nitrogen
(nitrogen bubbles formed at higher nitro-
gen contents, rendering one of the as-
sumptions on which the model is based in-
valid). Calculated values of the absorption
rate constant are summarized in Table 3.

Data of Table 3

As shown in Table 3, use of the larger
rate constant k' yields values for the con-
stant k, which seem to depend on the ini-
tial nitrogen content of the steel. There
appears to be no fundamental reason why
this should be the case. When the rate con-
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stant k' for liquid iron is used in its origi-
nal form, the rate constant k is approxi-
mately the same for all the steels. Inter-
estingly, no strong effect of the sulfur
content on the rate constant for dissoci-
ated nitrogen was found. This is in con-
trast with the case for the reaction that in-
volves molecular nitrogen, where an
increase in sulfur from 0.022 to 0.054%
causes a decrease in the rate constant k' by
a factor of approximately 2. Given the
weak dependence of £ on steel composi-
tion, an average value of 3.5 ( 104
kg.m—2.sL.atm-! was used in the subse-
quent calculations (together with the
value of k' as for liquid iron).

A summary of all the constants re-
quired for substitution into Equation 9 is
given in Table 4.

Explaining Figure 3

Predicted Weld Nitrogen Concentration

Figure 3 shows the predicted weld ni-
trogen concentration as a function of the
shielding gas nitrogen content for the ex-
perimental alloys. The predicted behavior
is close to that found experimentally
(shown in Figs. 2 and 3 in Part 1), with
marked increases in weld nitrogen content
at low-nitrogen partial pressures. The in-
fluence of the base metal nitrogen content
and the surface-active element concentra-
tion is also consistent with that observed
experimentally.

The results shown in Fig. 3 are only
valid until the onset of bubble formation.
Beyond this point, nitrogen is removed
from the weld pool not only by the gas-
metal reaction at the weld pool surface but
also by bubble formation within the pool.
This condition is not covered by the sim-
ple kinetic model presented here. For
shielding gas compositions at the onset of
bubbling, the predicted rates at which ni-
trogen enters and leaves the pool by
means of the four mechanisms considered
in the model are summarized in Table 5.
This shows that the main mechanism by
which nitrogen enters the pool is a func-
tion of the initial base metal nitrogen con-
tent, with nitrogen absorption from the
arc playing a dominant role at low base
metal nitrogen contents, and melting of
nitrogen-containing base metal at high ini-
tial nitrogen levels. The main exit mecha-
nism appears to be nitrogen leaving the
weld metal through solidification, rather
than nitrogen desorption to the atmos-
phere. It is evident from Fig. 3 that higher
sulfur concentrations slightly retard the
desorption of N, to the atmosphere (giv-
ing higher nitrogen contents in the weld
pool for a similar base metal nitrogen con-
tent). This is consistent with the site block-
age model described earlier.

Data in Table 5

Two factors are of interest in the prac-
tical welding situation: the change in ni-
trogen content upon welding, and the for-
mation of nitrogen bubbles. The former
situation appears to be fairly well de-
scribed by the kinetic model. However, the
latter is more difficult to predict. As Figs.
2 and 3 in Part 1 show, bubble formation
was observed for weld nitrogen contents
ranging from 0.16 to 0.29%. In compari-
son, the equilibrium nitrogen content for
anitrogen partial pressure of 0.86 atm (at-
mospheric pressure in Pretoria) is 0.19%
at 1722°C. (The saturation concentration
depends somewhat on temperature).

For the formation of a nitrogen bubble
in the weld pool, the nitrogen partial pres-
sure within the bubble must at least equal
atmospheric pressure (in fact, it must be
slightly higher to compensate for the sur-
face tension of the bubble). Considering
that the nitrogen saturation content is
0.19%, the high-nitrogen alloys display a
significant degree of supersaturation prior
to the onset of bubble formation. This is
consistent with the results of Blake and
Jordan (Ref. 18), who reported that the
steady-state nitrogen content of molten
iron is in excess of that required to provide
an internal pressure of one atmosphere at
the assumed temperature of the liquid
metal. The increased levels of supersatu-
ration for the higher-nitrogen alloys are
presumably related to the higher rate of ni-
trogen removal as N, at the onset of bub-
ble formation (as is evident from Table 5).
Given that nitrogen bubble formation and
detachment require bubble nucleation and
growth, it appears reasonable to assume
that a higher nitrogen removal rate (as
bubbles) would require a higher degree of
supersaturation (a larger “driving force”).
Such a link between supersaturation and
the nitrogen removal rate is also evident in
the experimental results shown in Figs. 2
and 3 (Part 1), where the weld nitrogen
concentration increases if the shielding gas
nitrogen content is increased beyond the
onset of bubble formation.

On the other hand, it does not appear
possible to form bubbles at weld nitrogen
contents below 0.19%, as was found exper-
imentally for most of the lower-nitrogen al-
loys. Possible reasons for this discrepancy
include deviation of the weld pool temper-
ature from that measured, deviation of the
actual saturation concentration of nitrogen
from that predicted by the correlation for
fn» and errors in chemical analysis.

Conclusions

A kinetic model can be used to describe
nitrogen absorption and desorption during
the welding of the experimental stainless



Table 5 — Relative Contributions of the Four Reactions that Add or Remove Nitrogen to or from the Weld Pool

AN(wt-%) | mg s’
dt

Alloy Comments (1) Absorption (2) Melting of Base (3) Desorption of N, (4) Solidification at the
of Monatomic Metal at Leading from the Weld Pool Rear of the Weld
N from Plasma Edge of Weld Pool Pool

VFA 657 Low N, low S 0.203 0.008 -0.025 -0.185

VFA 658 Medium N, low S 0.151 0.165 -0.055 -0.261

VFA 659 High N, low S 0.116 0.378 -0.120 -0.374

VFA 752 Low N, high S 0.191 0.009 -0.014 -0.187

VFA 753 Medium N, high S 0.117 0.153 -0.024 -0.246

VFA 755 High N, high S 0.095 0.441 -0.093 -0.442

Note: The reactions are at the respective shielding gas compositions where bubble formation was observed experimentally.

steels. The proposed model considers the
absorption of monatomic nitrogen from
the arc plasma, the evolution of N, from
the weld pool, nitrogen entering the weld
metal through the melting of nitrogen-
containing base metal, and nitrogen leav-
ing the weld pool through the solidification
of weld metal at the rear of the pool. The
predictions of the model show good agree-
ment with the experimental results dis-
cussed in Part 1 of this investigation.

The calculated nitrogen desorption
rate constant is a function of the surface-
active element concentration in the alloy,
with the rate constant decreasing at higher
concentrations of sulfur in the steel. 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,
however, not a strong function of the
surface-active element concentration.

The main mechanism by which nitro-
gen enters the weld pool is dependent on
the initial nitrogen content of the alloy,
with nitrogen absorption from the arc
plasma playing a dominant role at low
base metal nitrogen contents, and the
melting of nitrogen-containing base metal
at high initial nitrogen levels. The main
exit mechanism appears to be nitrogen
leaving the pool due to the solidification
of nitrogen-containing weld metal at the
rear of the weld pool rather than nitrogen
desorption to the atmosphere as N,.

Although the minimum shielding gas ni-
trogen content that leads to bubbling can-
not be determined from the model, it is ev-
ident that some supersaturation above that
required to nucleate nitrogen bubbles in the
melt occurs in the high-nitrogen alloys. This
can probably be attributed to the higher rate
of nitrogen removal as N, at the onset of
bubble formation.

Practical Implications

Although the kinetic model described in

this publication was derived for a series of
experimental austenitic stainless steels, its
application can probably be extended to
other austenitic alloys by considering the in-
fluence of composition on the equilibrium
nitrogen content and the desorption rate
constant. Further work is needed to deter-
mine the influence of welding parameters
on nitrogen absorption and desorption.
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