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Physical Modeling of Nitrogen Partition between
the Weld Metal and Its Plasma Environment

A plasma near the weld pool creates a condition where the concentration of
nitrogen in the weld metal exceeds equilibrium Sieverts’ Law calculations, and a
model is applied to explain this phenomenon

ABSTRACT. When pure iron is exposed
to diatomic nitrogen, the equilibrium
concentration of nilrogen in iron can be
determined from Sieverts” Law. Howoever,
during many fusion welding processes, a
plasma, consisting af various excited
specios, atoms, ions, and electrons, is
present near the weld poal and affects the
dissalution process. Sieverts' Law, there-
iore, cannot be applied to understand the
dissolution of nitrogen during welding of
steels. The work reported here is aimed
at understanding the basic laws govern-
ing the partilion of nitrogen botween the
wald moetal and its plasma environment.

To avoid temperature gradients on the
weld pool surface and spatially variahle
properties of the plasma in the gas phase,
small high-purity iron samples, main-
tained at a constant temperature, were
exposed 1o a nuriber of low-pressure ni-
trogen plasmas and analyzed for the re-
sulting nitrogen contents. Throughout
the range of experimental conditions, the
concentration of nitrogen in each iron
sample was significantly higher than the
Sieverts' Law predictions. Nitrogen-con-
taining plasmas were characterized
using optical emission spectroscopy to
examine the species present and deter-
minc clectron temperature. Thermady-
namic calculations show that a trace
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amount of monatomic nitrogen in the
plasma causes a many-fold increase in
the nitrogen selubility above that pro-
dicted by Sicverts” | aw. The experimen-
tal results are explained on the basis of a
madel involving the dissociation of di-
atomi¢ nitrogen in the plasma and sub-
sequent dissululion of atomic nitrogen in
iron. The applicability of the results of the
physical modeling experiments to GTA
welding of iron is demonsirated.

Introduction

Al the high lemperatures characteris-
tic of welding, the rates of reaction be-
tween oxygen and nitrogen and the weld
metal are rapid. The weld metal is pro-
tected frem exposure to these pases by a
number of shielding methods. Shielding
may he achieved by means of a flux as in
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electroslag welding, an external gas sup-
ply like that used in gas metal are (GMA),
gas tungsten arc (GTA), and plasma weld-
ing;, a contbination of the two as in
shielded metal arc (SMA} welding; or
from the evacuation of the atmosphere as
in clectron beam welding. I the welding
ot reactive metals, special shielding mea-
sures such as welding inside o gas-fifled
box are often used to protect the weld
metal, Without the benefit of shielding el-
fects, oxygen and nitrogen contents as
high as 0.7 and 0.2 wt-%, respectively,
have been obtained in steel welds during
arc welding (Ref, 1), These concentration
levels are far greater than thaose in the
hase and filler metals and indicate the
importance of the dissolution of these
species into the metal from the gas phase.
Since the presence of nitrogen, oxypen,
and hydrogen in the weld metal affects its
properties, the controf ol concentration
of these elements in steel weldments is an
important goal.

Al a constant tempoerature, the cqui-
lihrium concentration of nitrogen in iron
is given by Sieverts' Law, which states
that the equilibrium nitrogen concentra-
lion in iron is proportional 1o the square
root of the partial pressure of diatomic ni-
lrogen (Ref. 2):
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cal simulation, plow dis-
charge plasmas are at-
tractive since they can he
generated at low cnerpy
density and their use does
not lead to temperature
gradients un the sample
surface. On the whole,
the glow discharge pro-
vides an  appropriate
methad for simulating the
plasma present above the
weld metal for the study
ol the partitioning of ni-
trogen.

The research reparted
in this paper is aimed al
achieving an improved
understanding ol the en-
hancoed solubility of nitro-
gen in the weld pool
through physical model-
ing. Experiments were
conducted under isother-
mal conditions in which
small iron samples were
exposed to a well-charac-
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gen contents determined.

A guantitative analysis of

the data from the nitrogen dissolution ex-
periments was performed to better un-
derstand the relation between the en-
hanced solubility and the processing
conditions. The enhanced solubility
could be explained on the basis of a
maode! that considered homogeneous
dissociation of the diatomic gas in the
presence of an energy source and the dis-
solution of nitrogen at the temperatare of
the metal surface.

Experimental

Figure 1 is a schematic diagram of the
experimental setup, which can he di-
vided into three main parts: the radio fre-
quency (RF) generator, the reaction
chamber, and the emission spectroscopy
cquipment. A 10-kW RF generator with a
frequency of 450 kHz was utilized to cre-
ate inductively coupled RF plasmas from
the feed gases. The RF energy was ap-
plied through a copper coil wound
around a quartz reaction tube with an
outer diameter of 48 mm. A photograph
of a representative  glow-discharge
plasma created in this experimental
setup is shown in Fig, 2.

Aniron dise, 5 mm in diameter and
1.5 £0.2 mm in thickness, was placed in
the reaction chamber within the area de-
fined hy the copper coils by the use of a
tantalum wire specimen holder, which

Table 3 — Experimentally Determined Concentration of Nitrogen in Solid Iron at 1573 K
Exposed to Controlled Nitrogen Plasmas Composed of a Feed Gas Composition of 100% for a
Periad of 45 Minutes

Py {atm.)
Total Sieverts’ Law Nitrogen due to P (atm.)
Pressure Approximation Concentration Thermal due to
fatm. {ppmy (ppm) Dissociation Plasma
7.89 % 107 6.04 97 6.9 % 1071 111 = 107?
7.89 % 1074 6.04 151 6.9 1071 1.73x 107"
1.0583 = 1077 6.98 195 7.97 x 1071 223 x 10°%
1.053 % 107 6.98 135 7.97 x 1071 1.77 = 107%
1.316 % 107 7.8 106 8.91 x 107" 1.21 = 1079
1.316x10 7.8 Yo 8.91 x 107! 1.03 = 1079
1.579 % 1077 8.54 145 9.76 x 107! 1.66 % 1077
1579 % 107 8.54 45 9.76 x 1071 5.14 % 10719
Table 4 — Data Used in the Calculafion of Electron Density
Constants Symbol Value
Rest Mass of Electron Me 9.1095 » 1074 kg

Boltzmann Conslant k 1.38066 x 1073)/K

Electron Temperature T 5000 K
Plancks Constant h 6.62662 x 1073 Jsec
lonization Potential v 23277 x 107 1# |
Partition Function of an Electron Z. 2

Table 5 — Data Used in the Calculation of Partifion Functions

Energy Level

Dcgeneracy, g, tlan} Degeneracy, g Energy Level
tlon) cm™"y iAtom) {Atam) (em™)
1 o 4 0
3 48.7 6 192245
5 130.4 4 192332
5 15316.2 2 288389
1 32688.8 4 288393
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Fig. 6  Relationship between the ratio of the computed monatomic
mitrogen partial pressure in the plasma based on the experimental mi-
trogen soluhility and the monatomic nitrogen partial pressure owing
to thermal dissociation of Nyig) and the lotal pressure in the experi-
mental chambor.
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Fig. 7 - Typical Boltzrmann plot for a pure helivm plasma at 1.2 Torr
total pressure used ra calculate electron temperalure.
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mirimized the con-
tact arca between
the sample and the
holder. Sample tem-
perature, measured
through the use of a
two-calor  optical
pyrometer, Wwas
maintained at 1573
K +20 K far a period
of 45 minutes. This
temperature falls in
the austenite region
of the Fe-C phase di-
agram, and, there-
fore, the Fe sample
remains in the solid
state. The nitrogen
pickup in the solid
sample is different
from that observed
in a molten metal.
However, our goal
was to focus on the
principles ol parti-
tion of nitrogen be-
tween a plasma and
a metal. It was not
our poal to deter-
mine the absolute
value of nitrogen
concentration in the
weld pool. Sample
temperatures waore
maintained by ma-
nipulating the power
input from 1he RF
generator. A pure ni-
trogen atmosphere
was created in the
rcaction chamber by
introducing  ultra-
high-purity nitrogen
at a flow rate of 100
SCCM. Total pres-
sures for the experi-
ments were main-
tained bebtween (0.6
and 1.2 Torr. After
exposing the sam-
ples to a plasma for a
predetermined time,
the samples were
qguenched inside the
experimental cham-
her by turning off
power to the genera-
tor and allowing pas
to flow over the sam-
ple. The nitrogen
concentration in the
samples was deter-
mined trom vacuum

fusion analysis,

Spectroscopic data were gathered
using an EG&G Princeton Applied Re-
search Corporation (PARC) model 1235
Drigital Triple Grating Spectrograph con-
nected to a Model 1430-P Charge Cou-
pled Mevice (CCD} Detector. This setup
was controlled by a 386 personal com-
puter using an aptical multichannel ana-
lyzer applications software package
{EG&G PARC OMA SPEC 2000).
Throughout all of the spectroscopic
analyses, a 1200 gratings/mm diffraction
arating was used. Optical emissions from
the plasmas could be analyzed from beth
the top and the side of the setup through
the use of a fiber-optic cable connected
to the CCD detector.

Results and Discussion

Thermodynamics of Nitrogen
Dissolution in Iron

The computed equilibrium concen-
tration of nitrogen in iron, based on Siev-
erts’ Law, is shown in Fig. 3A-C. The
standard free energy data (Refs. 10-11
used in the calculations are presented in
Table 2. The calculated values show that
at a given partial pressure of diatomic ni-
tropen, the equilibrivm nitrogen concen-
tration decreases slightly with tempera-
ture. On the other hand, the equilibrium
concentration increases linearly with the
square root of the partial pressure of di-
atomic nitrogen at a given temperature.
The effects of temperature and partial
pressure are illustrated more fully in Fig,
3B and C, respectively, in two-dimen-
sional sections of the data presented in
Fig. 3A. Figure 3C shows that the solu-
bility of diatomic nitrogen species in y-Fe
decreases only a small amount over the
temperature range of interest for a num-
her of nitrogen partial pressures, Simi-
larly, the computed equilibrium solubil-
ity of monatomic nitrogen gas in solid
iron is shown in Fig. 4A-C and is based
on the free encrgy data in Tahble 2 and
Lquations 10 and 11,

N(g)—)ﬁ[wf ”o) )
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In contrast to the iron-diatomic nitro-
gen system, Lhe iron-monatomic nitragen
equilibrium system displays much differ-
ent behavior. The equilibrium solubility
of nitragen in iron exposed to monatomic
nitrogen increases in a linear manner
with respect to increasing monatomic ni-
trogen partial pressure, as shawn in Fig.



Table 6 — Calculated Number Densities of Electrons, Atoms and Molecules

Total Pressure Py (Plasma}

Electron Density, ng

{Atm.) {Atm.) fm=*
789 x 100 111 = 1077 1.175 = 10
TR 10 173 %107 1.467 x 10'*
1053 x 1077 2,25 % 10°° 1.665 % 10"

1.053 <1074 1.77 <107 1.483 % 10"
13161007 1.21 x 107 1.227 x 10™
1316 <1074 1.03 = 1077 1,132 = 10™
1579 < 10°%  1.66 x 107 1.437 x 10™
1.579 =10 514 %107 7.994 = 10"}

Number Density of
Nifrogen Atorms

Nurmber Density of
Nitrogen Molecules

(=) m=
1.630 % 10" 1.159 % 104!
2.540 % 10" 1159 x 10%!
3.274 % 10" 1.545 % 10!
2,399 x 10'3 1.545 x 10*!
1776 = 10" 1.932 % 107!
1312 x 10" 1932 % 107!
2.437 x 10" 2318 x 104!
7.546 % 10 2318 % 104!

4B, and decreases significantly in a non-
lirear manner according to temperature
over the defined range of temperatures,
as shown in Fig. 4C. Since the
monatomic nitrogen solubility increases
rather sharply with decreasing tempera-
ture helow 1575 K, small changes intem-
perature can cause large changes in the
ensuing equilirrium nitrogen cancentra-
tion. When compared, this variation in
temperatere plays a much greater role
than that of pressure in determining the
extent of nitrogen solubility in iron ex-
posed o monatomic nitrogen gas,

In the plasma, the concentralion of
atomic nitrogen gas, which is formed
from diatomic nitrogen, is higher than
what would be obtained solely from the
consideration of thermal equilibrium be-
tween these two species at the system
temperature and pressure, If the actual
concentration of the atomic nitrogen
woere known, its concentration in iron
could be estimated considering cquilib-
rium hetween the atomic nitrogen and
the metal. In the plasma, the extent of dis-
sociation of diatomic nitrogen depends
on factors such as the nature of the power
source, the energy dissipated, the overall
system geometry, and the nature of the
diatomic gas. We define a hypothelical
temperalure, T, at which the equilibrium
thermal dissociation of the diatomic ni-
trogen would produce the actual partial
pressure of monatomic nitrogen present
in the plasma. The partial pressure of the
monatomic nitrogen in the plasma is
given by:

o
_ A L

Py = {Pm‘_, }'I{(' KT

{12)
where Py, is the partial pressure of di-
atomic nitrogen in the plasma and AGe,
is the standard free energy for reaction
13.

%N_a{s:] »N(g) 13

The extent of dissociation of diatomic
nitrogen at Ty can be calculated from
Equation 12, Since the extent of dissaci-
ation of diatomic nitrogen is low under

typical welding conditions and in glow
discharge plasmas, "~ can he assumed
10 be equal to the partial pressure of N,
in the inlel gas, ¥"'~; . Combining Equa-
tions 11 and 12, and remembcering that
the dissociation of No{g) is considered at
T4 and the dissolution of Nig} at T, we gel
the equilibrium nitrogen concentration
mren. 11 acit LA 1
Ni{wt %) = “’TC Bt

AN N 14)
Equation 14 indicates the solubility of ni-
trogen iniron exposed to a plasma envi-
ronment with the sample at a tempera-
ture T.. The hypothetical dissociation
temperature, T, is higher than the tem-
peralure of the sample, T, and is a mea-
sure of the partial pressure of the atomic
nitrogen in the plasma. For the experi-
mental conditions in this study, the mag-
nitude of T, is calculated by inserting the
experimentaf solubility into Equation 14
and salving this equation for T,.

If a system consisting of monatomic
and diatomic nitrogen and iron is in equi-
librium, the nitrogen solubility in iron
can be readily calculated considering
equilibrium between the iron and either
the diatomic or monatamic farms of ni-
trogen. Let us consider such a system at
2000 K and 1 atm total pressare. At equi-
lihrium, the gas will consist of
0.99999909 atm of N,ig) and 9.1 x 10-7
atm of N{gl. The
equilibrium nitrogen

Table 7 -— Computed Dissociation
Temperatures for Various Experiments.
Sample Temperalure was 1573 K

Experimental  Dissociation

Tolal Pressure Salubility Tempurature,
{atm.} (ppm}) Ta (K
1.579 % 107} 45 1673
1,579 x 107! 145 1752
1316 %10 ! 106 1737
1316 5 107! o0 1725
1.053 x 10 ¢ 195 1788
1.053 % 107 155 1771
7.89x 107" 97 1748
7.89 %10 151 1780

cred i this paper, the monatomic nitro-
gen gas is not in cquilibrium with the di-
atomic gas at the temperature of the iron
sample. In that respect, there is some dif-
ference between the straightforward pre-
ceding example and the complex weld-
ing problem. Gedeon and Eagar (Ref. 9)
have considered equilibrium between
iron and diatomic and monatomic kydro-
gen and assume that the overall solubility
is the sum of solubilities of diatomic hy-
drogenfiron and monatomic
hydrogen/firen svstems. In the nitrogen
system of interest in this paper, the con-
centration of dissolved nitrogen in iron in
equilibrium with monatamic gas is signif-
icantly higher than the nitrogen concen-
tration in equilibrium with diatomic ni-
trogen gas. This is because the partial
pressure of monatomic nitrogen gas is far
in excess of what is expecled under equi-
librivm conditions as a result of thermal
dissociation of diatomic nitrogen. Far the
conditions described in this paper, the
contribution of diatomic nitrogen gas is
insignificant in the calculation of the ni-
trogen concentration in the metal. Its pri-
mary role is o act as a precursor for the
generation of monatomic species at a par-
tial pressure which is Tar in excess of the
amount expected from thermal dissocia-
tion at the temperature of the sample be-
cause of the presence of a plasma phase.,

solubility consider- | 500

ing equilibrivm be- :

tween diatamic ni- Effective

trogen  gas at | g LRt . + | Dissuciation

0.99999909 atm and | % e * Tempcratur

2000 K and ironis | £ 7L Range

0.0043 wt-% N. The | £ ;

equilibrium nitrogen é‘ 1600 | —r e | Sample

solubility in iron ex- o i Temperature

posed to monatomic 1,300 £

nitrogen gas at 2000 , ‘ ' . ‘ ‘ '

K and F %‘1:“‘1! ﬁrnes_-’ 3,40040 0 80 10 120 a0 160 o 200

sure of 9.1 x 10 7 "

atm is also 0.0045 Solubility (ppm)

wi-% H . . - - N - " m—
Fig. 9 - Comparison of the nitrogen solubility twt-%] and the ettective

In the scheme of
calculations consid-

dissociation tenmperature over the experimental pressure rngge.
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electrons is taken to be equal to two.
Quasi-neutrality of charge and ideal gas
behavior, represented in Fquations 18
and 19, are assumptions used in the cal-
culation of the number densities along
with the assumption of kinetic equilib-
rium (T, =1, =Ty=T).

N, =r, (18}
sy :ﬁ’lxgﬁ Py
Vo T (19)

where Ny is Avagadro’s number (6.0273 x
1043, vV, is the volume occupied by one
male of gas at standard temperature and
pressure (22.4 x 1073 m¥/mol), Py is the
pressure of atomic nitrogen, and T is the
temperature. Thus, the values of the pop-
ulation density of the electrons, (n,), ions,
i), and atomic nitrogen, (ny), can be de-
termined from Equations 15, 16, and 19
if the electron temperature, T, is known.

The electron temperature was deter-
mined from spectral data taken from He-
N, plasmas. Because of the dominant ef-
fect of the molecular spectra over the
alomic nilrogen peaks in pure nitrogen
plasmas, helium plasmas containing a
trace amount of nitrogen were analyzed.
The following equation, based on the as-
sumptions that electron energies follow a
Bolizmann distribution and local thermal
cquilibrium is attained, was vsed.

IH[ -nC {i{i—
| HAV

(201
where | is the integrated intensity, g is the
degeneracy of the upper energy level g,
Ais the transition probability for the tran-
sitian from state g to the lower energy
level, Vis the frequency, E, is the energy
associated with the level g, k is the Boltz-
marnn constant, Tis the electron temper-
ature, and C is a constant, The electron
temperature is then obtained fronr a plot
of the left-hand side of Equation 20 vs. E,,.
Atypical platis shown in Fig. 7. The elec-
tran temperatures for the plasmas formed
from various He-N, mixtures and total
pressures fell within a range of tempera-
lures from approximately 4880 K at 0.6
Tarr total pressure to 4680 K at 1.2 Torr
total pressure for plasmas compased nf
an inlet gas of He-2%MN.,. This range of
electron temperature is somewhat higher
than the 3400 to 4200 K electron tem-
peratures reported by Peebles and
Williamson (Ref. 14) for the Nd:YAG
laser assisted welding of commercial
1100 aluminum alloy. The values are
comparable to the 5030 K clectron tem-
porature for Cr | lines reported by Shaw
(Ref. 151 and somewhat lower than the
values reportecd by Collur and DebRoy
(Ref. 16) and Milier and DebRay (Ref. 17)
both for CO, laser welding of stainless
sleels. Thus, the observed electron tem-
peratures are well within the range of

electron  temperatures
reported inthe literalure,
Using an average

electron temperature of
3000 K, the electron
densities were calcu-
lated far different partial
pressures of atomic ni-
trogen in the plasma
from Equatians 11, 18,
and 19, The data used in

Temperature (K)

these caleulations are
presented in Tables 4
and 5, and the com-

puted electron density

values are presented in 0.075 -
Table 6. The values ior
the electron densities are
consistent with the valuces
common in process plas-
mas, (Ref, 18) and the
number density of elec-
trons decreases with in-
crease in total pressure. A
plot of the ratio of the
number density of elec-

N (wi.%)

(b)

trans ta that of the nitro-
gen molecules as a func-

tion of total pressure is
plotted in Fig. 8. This plot
shows that this ralio de-
creases with increasing
total pressure, indicating

(0.6 atm.

Fig, 11 — Computed values for: A — tomperatire; 8 — nitrogen
concentration across the radius of the weld pool for Ty values
of 2500 K and 2200 K and diavomic nitrogen partinl pressure of

again, the importance of

colbisional processes at low pressures
and the facilitation of these processes at
these prossures. The results are also con-
sistent with the mechanism of formation
ol nitrogen aloms in the plasma. It has
been pointed out that the formation of
atomic nitrogen is a conseruence of the
collision of fast electrons with the nitro-
gen maolecules (Ref. 19). Since the aver-
age electran energy of the plasma is rel-
atively insensitive to the total pressure in
lhe range of pressures investigated in this
work, the tormation of atomic nitrogen
depends on the electron density. Since
the electron density decreases with in-
crease in pressure, as observed from Fig,
g, the partial pressore of atomic nitrogen
also decreases with pressure,

The observed high concentrations of
nitragen in iron can be explained by as-
suming that the atomic nitrogen partial
pressure in the plasma can be effectively
modeled by a hypothetical thermal dis-
saciation of diatomic nitrogen at a tem-
perature higher than the sample temper-
ature and represented as T,. At this
temperature, thermal dissociation of N,
produces a parlial pressure of atomic ai-
trogen gas equal to that in the plasma. Far
cach cxperiment, the eflective dissocia-
tion temperaturcs can be calcolated from
the measured values of the nitrogen can-

centration in iren, partial pressure of di-
atemic nitrogen in the feed gas, and the
sample temperature using Equation 14.
The computed dissociation temperatures
are plotted in Fig. 9 as a function of the
total pressure and are presented in Tahle
7. The calculated dissociation tempera-
tures for all of the experimental solubility
values are approximately 100 to 215 K
higher than the sample temperature.
These values agree well with the results
obtained from the analysis of several in-
dependent experimental data sels from
plasma-metal systems reported recently
(Ref. 20). The results reparted therc (Ref.
200 are consistent with our previous ob-
servation that if experimental dlata are not
available, a rough estimate of the nitro-
gen concenlration may be obtained by
assuming a hypothetical dissociation
ternperature about 100 to 200 K higher
than the sample temperature.

Application to Welding

Kuwana and Kokawa (Ref, 21} inves-
tigated the gas tungsten arc (GTA) weld-
ing of a low-alloy steel in controlled ni-
trogen environments. They measured
nitrogen concentration in the weld poal
for various welding conditions. Here, we
examined the application of the results of
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Fig. 12 — Comparison between the experimental nitrogen solubility results of Kuwana and
Kokawa (Ref. 21) and the computed nitrogen solubility predictions based on the physical mod-

eling experiments.

the physical modeling experiments ta the
actual welding experiments performed
by these investigators (Ref. 21},

Unlike the physical modeling experi-
ments reported in this paper, the temper-
ature of the weld pool surface during the
welding operation shaws a significant
spatial variation. If the partial pressure of
diatomic nitrogen was the main factor in
determining the nitrogen concentration
in the weld metal, the consequences of
the spatial variation in the weld poal sur-
face temperature would he rather unim-
portant. This fact can be appreciated
from Fig. 3, in which the equilibriunm ni-
trogen concentration is observed to be
insensitive to variations in temperature.
In contrast, for monatomic nitrogen
species, a slight variation in the temper-
ature can lead to a significant vartation in
the equilibrium solubility of nitrogen as
shown in Fig. 4. Indeed, for this system,
the equilihrium nitrogen concentration
increases significantly with a small de-
crease in temperature, Rigorous calcula-
tion of the nitrogen concentrations in the
weld pool from hasic principles is very
complex and beyond the scope of this
paper. However, it is shown that by mak-
ing a few simplifying assumptions, the re-
sults of the physical modeling experi-
ments can be utilized to understand the
results of actual welding experiments
(Ref. 21).

First, the extent of coverage of the
weld poo! by the plasma, as shown in
Fig. 10A and B, is determined by weld-
ing variables. In the welding data exam-
ined here, a fairly small weld pool ap-
proximately 4 mm wide was formed and
an arc current of 250 A was used. Thus,
complete coverage of the weld pool by
the plasma, as shown in Figure 10A, is as-
sumed. Second, to compare their exper-
imental data with calculations, it is nec-
essary to know the temperature
distribution at the surface of the weld

206-s | JULY 1996

poal, which is not known for these ex-
perimental conditions. Khan (Ref. 22) has
shown that the temperature distribution
at the surface of the weld pool can be
represented by Equation 21,

T =Tyaxe™ (21
where T is the temperature at any loca-
tion, Tpay is the weld pool surface tem-
peralure at the axis of the arc, a is a con-
stant, and * is the dimensionless
distance from the axis of the arc given by
the ratio, r/r,. In this ratio, r is the radial
distance from the center of the molten
pool or axis of the arc, and r,, is the radius
of the molten pool. Since the temperature
at the solid/liquid interface, i.e, atr=r,,
is known, the value of the variahle a can
be calculated if the value of Tyax is
known. Figure 11A shows two tempera-
ture profiles for two assumed values of
Traax:

Third, apart from the surface temper-
ature distribution, the values of the dis-
sociation temperature are necessary to
calculate the nitrogen concentration dis-
tribution of the weld pool surface from
Equation 14, The value of the dissocia-
tion temperature, Ty, is higher than the
surface temperature. The exact differ-
ence between the surface temperature
and the dissociation temperature de-
pends an the concentration of atomic ni-
trogen gas in the plasma, which, in turn,
depends on the properties of the plasma,
such as the electron temperature and
clectron density. [n the physical model-
ing experiments, the dissociation term-
peratures were found to be about 100 to
200 K higher than the sample tempera-
ture. These results are interpreted as
showing that the higher the camputed ef-
fective dissociation temperature, the
higher the atomic nitrogen gas partial
pressure in the plasma. In view of the
large welding velocity (1.67 mm/s) in the
experiments of Kuwana and Kokawa
{Ref. 213, it is believed that the plasma

continually mixes with the surrounding
gas and a small difference between the
dissociation temperature and the surface
temperature of the weld pool is appra-
priate. A temperature difference of 125 K
between the dissociation temperature
and the surface temperature is assumed
based on the final nitrogen concentra-
tions reported (Ref. 21).

The equilibrium concentration of ni-
trogen at all locations on the surface of
the weld pool can be computed from
Equation 14 once the dissociation tem-
perature a1 each of these locations is
known. The computed values of nitrogen
concentration are shown as a function of
dimensianless distance in Fig. 11B. The
nitrogen concentrations are higher at the
outer edge of the weld pool since the
monatomic nitrogen solubility increases
rather sharply with decreasing tempera-
ture. This phenomenon has also been
postulated (Ref. 9) in the enhanced dis-
solution of hydrogen. In view of the fact
that the liquid metal in the weld poal un-
dergoes vigorous recirculation (Ref. 23,
243, the nitrogen from the surface is read-
ily transported to the interiar of the weld
poal.

Finally, we assume that the overall ni-
trogen concentration of the weld metal,
wt-%MN),,, if the nitrogen is not lost from

the pool in any appreciahle amount, is
determined by an average concentration
of nitrogen on the weld pool surface in-
tegrated over the entire surface

1

7’

(wt %N} =

rU

N J2me[we %v]dr =
. a
IEr"[wf %Bpr'
0 (22)
where [wt-%N] is the local value of ni-
trogen concentration at any location on
the weld pool surface and r* (= 1/1,)) is the
dimensionless radial distance from the
axis of the heat source on the weld pool
surface.

The compuled overall concentration
of nitrogen in the weld pool is shown in
Fig. 12 as a function of Py in Hy-Ny mix-

tures from the experimental data of
Kuwana and Kokawa (Ref. 21) for two
values of Tyax. The calculations show

that a fair agreement is reached between
the computed results and the experimen-
tal data. An improved agreement be-
tween the experimental data and the pre-
dicted values can be obtained by
selecting a temperature difference of
about 100 K belween the surface tem-
peralures and the dissociation tempera-
tures. However, Lhe calculations demon-
strate that the findings of the physical
modeling experiments can be applied to
understanding dissolution of nitrogen in



the weld mefal.

Summary and Conclusions

Physical modeling experiments were
performed to provide an understanding
of the partitioning of nitrogen hetween
the weld metal and its plasma environ-
ment. Small high-purity iron samples
maintained at a constant temperatare
were exposed ta low pressure nitrogen
plasmas and analyzed for the resulting
nitrogen contents, The nitrogen concen-
trations in each case were significantly
higher, up to 30 times, than that pre-
clicted hy equilibrium calculations using
Sieverts” law. The results were consistent
with the presence of atomic nitrogen gas
in the plasma at a partial pressure that is
siphilicantly in excess of that anticipaled
from thermal equilibrium hetween the
diatomic and the alomic nitrogen species
at the temperature of the sample. This
higherthan-equilibrium partial pressare
of atomic nitrogen gas in the plasma was
modeled by an equivalent thermal disso-
ciation of diatomic nitrogen at a dissaci-
ation temperature higher than the sample
temperature. In each case, the dissocia-
tion temperature was found to be bhe-
tween 100 and 210 K higher than the
sample temperature. The results were ap-
plied to actual GTA welding experiments
previously reported in the literature in
order to explain the nitrogen soluhility
resulls. The observed nitrogen concen-
trations in the pure iron weld metals
could he explained by the caiculalion of
atomic nitrogen partial pressure profiles
on the weld pool surface assuming that at
cachlocation, the atamic nitrogen partial
pressures were consistent with dissocia-
tion temperatures which were 125 K
higher than the local temperature. The
physical modeling experiments reparled
in this paper show that the results of such
studies can be applied, to quantitatively
unclerstand, albeit approximately, nitro-
gen concentrations in the weld metal.
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