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Physical Modeling 
the Weld Metal 

of Nitrogen Partition between 
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 

BY T. A. PALMER A N D  T. DEBROY 

ABSTRACT. When pure iron is exposed 
to diatomic nitrogen, the equi l ibr ium 
con(entration of nitrogen in iron can be 
determined from Sieverts' Law. However, 
during many fusion welding processes, a 
plasma, consisting of various excited 
species, atoms, ions, and electrons, is 
present near the weld pool and affects the 
dissolution process. Sieverts' Law, there- 
fore, (annot be applied to understand the 
dissolution of nitrogen during welding of 
steels. The work reported here is aimed 
at understanding the basic laws govern- 
ins the partition of nitrogen between the 
weld metal and its plasma environment. 

To avoid temperature gradients on the 
weld pool surface and spatially variable 
properties of the plasma in the gas phase, 
small high-purity iron samples, main- 
tained at a constant temperature, were 
exposed to a number of low-pressure ni- 
trogen plasmas and analyzed for the re- 
suiting 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 chara(terized 
using optical emission spectroscopy to 
examine the species present and deter- 
mine electron temperature. Thermody- 
natal( {al(ulat ions show that a trace 
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amount of monatomic nitrogen in the 
plasma (auses a many-fold increase in 
the nitrogen solubility above that pre- 
dicted by Sieverts' Law. The experimen- 
tal results are explained on the basis of a 
model involving the dissociation of di- 
atomic nitrogen in the plasma and sub- 
sequent dissolution of atomic nitrogen in 
iron. The applicability of the results of the 
physical modeling experiments to GTA 
welding of iron is demonstrated. 

Introduction 

At the high temperatures 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 from exposure to these gases by a 
number of shielding methods. Shielding 
may be 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 arc (GMA), 
gas tungsten arc (GTA), and plasma weld- 
ing; a combination of the two as in 
shielded metal arc (SMA) welding; or 
from the evacuation of the atmosphere as 
in electron beam welding. In the welding 
of reactive metals, special shielding mea- 
sures such as welding inside a gas-filled 
box are often used to protect the weld 
metal. Without the benefit of shielding ef- 
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 those in the 
base 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, oxygen, 
and hydrogen in the weld metal affects its 
properties, the control of concentration 
of these elements in steel weldments is an 
important goal. 

At a constant temperature, the equi- 
librium concentration of nitrogen in iron 
is given by Sieverts' Law, which states 
that the equilibrium nitrogen concentra- 
tion in iron is proportional to the square 
root of the partial pressure of diatomic ni- 
trogen (Ref. 2): 

(1) 
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Fig. 1 - -  Schematic diagram of  the experimental setup. 

p•N2 e RT 
(2) 

where AGI ° is the standard free energy for 
reaction 1, N(wt-%) is the nitrogen con- 
centration in solution at equilibrium with 
the diatomic nitrogen gas, Kdeq is the 
equilibrium constant for reaction 1, PN2 
is the partial pressure of N 2, and T is the 
temperature of iron. During fusion weld- 
ing processes such as laser, arc, and elec- 
tron beam welding, a plasma phase re- 
sides above the weld pool. The plasma 
consists of electrons, ions, excited atoms, 
and molecules and can collectively be 
both electrically conducting and neutral. 

When a diatomic gas is transformed to a 
plasma phase, it may dissociate, ionize, 
or become electrically or vibrationally 
excited. Each of these individual species 
will then have different equilibria with 
the metal. As a result, Sieverts' Law can- 
not be applied to understand the dissolu- 
tion of diatomic gas species into a metal 
in contact with a plasma. In many weld- 
ing processes, the weld metal comes into 
contact with a plasma formed from a di- 
atomic source gas. 

Several investigators have reported 
that the solubility of diatomic gaseous 
species in metals is enhanced above that 
predicted by Sieverts' Law when a 
plasma is present above the liquid melt 
(Refs. 3-9). Ohno, et al. (Ref. 3), and 

Table 1 - -  Comparison of Several Important 
Welding Processes and a Glow Discharge Plasma 

Feature 

Species in the Gas 
Phase 

Typical Electron 
Energy (K) 

Typical Electron 
Density (m -3) 

Temperature 
Gradient on Metal 
Surface 

Energy Density 
during Welding 

Features of Plasmas Formed during Common 

Laser/Electron Glow Discharge 
Electric Arc Beam Plasma 

Electrons, Ions (N2 +, Electrons, Ions (1'42% Electrons, Ions (N2 +, 
N+), Excited N+), Excited N+), Excited 
Neutral Atoms Neutral Atoms Neutral Atoms 
and Molecules and Molecules and Molecules 
(N*, N*2), and (N*, N*2), and (N*, N*2), and 
Monatomic and Monatomic and Monatomic and 
Diatomic Species Diatomic Species Diatomic Species 
(N, N2) (N, N2) (N, N2) 

6000-16000 (Ref. 3400-17000 (Ref. 4000-13500 (This 
27) 14 and 31) work and Ref. 26) 

1021-1023 (Ref. 25) 102°-1024 (Ref. 29 1013-1020 (Ref. 25 
and 30) and this work) 

Present, Strong Present, Strong Absent 

Medium High Low 

Fig. 2 - -  Photograph of  a representative g low 
discharge plasma created with the experi- 
mental setup. 

Uda, et al. (Ref. 4), have shown that the 
concentrations of nitrogen in liquid 
nickel and iron during arc melting are 
significantly higher than the correspond- 
ing equilibrium solubilities when the 
metals are exposed to diatomic nitrogen 
under non-arc melting conditions. Katz 
and King (Ref. 5) observed that, in the 
presence of an arc discharge, the con- 
centration of nitrogen in liquid iron was 
significantly higher than the value pre- 
dicted by Sieverts' Law. Bandopadhyay, 
et al. (Ref. 6), studied the plasma en- 
hanced nitrogen solubility in pure tanta- 
lum and niobium at 2243 K and attrib- 
uted the enhanced nitrogen solubility to 
the presence of atomic nitrogen in the 
plasma. Ouden and Griebling (Ref. 7) 
found that the solubility of nitrogen in 
pure iron in the presence of an arc was 
much greater than that calculated by 
Sieverts' Law. Lakomskii and Torkhov 
(Ref. 8) attributed the plasma enhanced 
solubility of nitrogen in metals to excited 
nitrogen molecules, N* 2. On the other 
hand, Gedeon and Eagar (Ref. 9) ex- 
plained the enhanced hydrogen concen- 
tration in the weld metal by assuming the 
presence of monatomic hydrogen in the 
gas phase. 

Each of these theories can be applied 
to the explanation of the enhanced nitro- 
gen solubility and is summarized below. 
The first theory involving the dominant 
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role of activated nitrogen molecules (Ref. 8) in 
the plasma is described by Equations 3-6. 

N i + Site -~ Ni(ads ) (3) 

N'2(ads)+ Site~ 2N(ads) (4) 

2N(ads) ----> 2N(%)+ 2Sites 
(5) 

~(g)- ,  2N(%) (6/ 
where N* 2 represents nitrogen molecules with 
excess vibrational energy provided by the 
electric field. The second theory describing 
the dominant role of monatomic nitrogen 
(Ref. 5) in the reaction is displayed in Equa- 
tions 7-9. 

U(g)+ Site--*N(ads) (7) 

N( ~ds ) -~ N( % ) + site 
(8) 

N(g) ~ N_(wt %) (9) 

Although the enhanced dissolution process is 
consistent with each of these theories, no uni- 
fied theory for the quantitative understanding 
of the extent of enhanced dissolution has 
emerged up to this point. 

The transformation of diatomic molecules 
to excited neutral atoms and ions in the gas 
phase involves inelastic collisions of the di- 
atomic molecules with electrons (Ref. 6). 
Plasma properties such as the electron density 

Table 2 - -  Free Energy Relationships for Nitrogen Solubility Calculations in y-Fe (1184 K to 
1669 K). 

Free Energy-Temperature 
Reaction Relationship (cal/mo[) Reference Number 

~N2(g)--~ N(g) 86,596.0-  15.659 T 12 
~N2(g) --~ N(wt-%) -2060 + 8.94 T 13 
N(g) --~ N(wt-%) -88,656 + 24.599 T 12, 13 
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Fig. 3 - -  Computed equi l ibr ium solubi l i ty o f  nitrogen in iron exposed to d iatomic nitrogen. A - -  as a funct ion o f  temperature and part ial pressure o f  
d iatomic nitrogen; B - -  as a funct ion o f  part ial  pressure o f  d iatomic nitrogen at three temperatures; C - -  as a funct ion o f  temperature at three part ial  
pressures o f  d ia tomic nitrogen. 
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enhanced dissolution of nitrogen in the 
weld metal. Atomic and excited gases 
and electrons present in the gas phase in- 
troduce several special features to the 
system. Of these, three issues are of spe- 
cial interest in welding: the extent of dis- 
sociation of a diatomic gas in the weld- 
ing environment; the effect of 
temperature on the species concentra- 

B.@g} 

{3.5 g}z'%,r@. ° "~.(3 

£0@4. % 0 

tion in the weld metal for different gases; 
and the concentration of dissolved 
species in the weld pool retained by the 
weld metal after cooling. 

Welding is a complex operation in 
which a large number of physical 
processes occur simultaneously, each af- 
fecting the other. In order to understand 
any single one of these processes, it is 

(a) 

~D 

necessary to isolate this process from the 
others and study it individually• Physical 
modeling experiments allow for the indi- 
vidual process to be studied with much 
greater ease than attempting to control an 
actual welding process to achieve the 
same results. In the physical modeling 
experiments undertaken here, the parti- 
tioning of nitrogen between the weld 
metal and its plasma environment is con- 
sidered. Small high-purity iron samples 
are used to avoid the problems of inter- 
action of alloying elements and spatial 
variations of temperature across the sur- 
face of the sample. In addition, the weld 
metal-plasma interaction is studied with 
the aid of a glow discharge plasma. A 
comparison between several major fea- 
tures of the plasmas created by both arc 
welding and laser/electron beam weld- 
ing and those of glow discharge plasmas 
is presented in Table 1. It is observed that 
the species present in the welding plas- 
mas, e.g., electrons, ions, excited neutral 
atoms and molecules, and monatomic 
and diatomic species, can be created in 
glow discharge plasmas. Furthermore, 
typical electron energies in a glow dis- 
charge plasma are comparable with that 
commonly present during high energy 
density beam or arc welding processes. 
Typical electron densities in glow dis- 
charge plasmas are somewhat lower than 
those in plasmas created during arc 
welding and laser/electron beam weld- 
ing processes. For the purpose of physi- 

0.040 

o.o3o 

.~_>'0.020 
• p , , , 4  

,.O 

~ 0.010 
O 

r.,¢} 

0.000 0.2 0.7 1.2 1.7 
Pressure (atm x 109 ) 

(b) 

~, 0.040 

~ 0.030 
>, 
~ 0.020 

I!o.o,o 
0.000 

• • i . . . .  i . . . .  

\ 2 .0  x 10-9arm. 

~ 1 . ~  10-9atm. 

Ix,,,,//~Q,.6 x 10-9arm 

. . . . .  i6'00 1550 I650 
Temperature (K) 

(c) 

Fig. 4 - -  Computed equi l ibr ium solubi l i ty o f  nitrogen in iron exposed to monatomic  nitrogen. A - -  As a funct ion o f  temperature and partial pressure 
o f  monatomic  nitrogen; B - -  as a funct ion o f  part ial pressure o f  monatomic  nitrogen at three temperatures; C - -  as a funct ion o f  temperature at three 
part ial pressures o f  monatomic  nitrogen. 
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cal simulation, g low dis- 
charge plasmas are at- 
tractive since they can be 
generated at low energy 
density and their use does 
not lead to temperature 
gradients on the sample 
surface. On the whole ,  
the g low discharge pro- 
vides an appropr iate 
method for simulating the 
plasma present above the 
weld metal for the study 
of the part i t ioning of ni- 
trogen. 

The research reported 
in this paper is aimed at 
achieving an improved 
understanding of the en- 
hanced solubil i ty of nitro- 
gen in the we ld  pool 
through physical model- 
ing. Experiments were 
conducted under isother- 
mal condit ions in which 
small iron samples were 
exposed to a well-charac- 
ter ized plasma, 
quenched, and the nitro- 
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Fig. 5 A typical intensity vs. wawdength plot for a He-2%N 2 plasma. 

gen contents determined. 
A quantitative analysis of 
the data from the nitrogen dissolution ex- 
periments was performed to better un- 
derstand the relation between the elm- 
hanced solubi l i ty  and the processing 
condi t ions.  Time enhanced solubi l i ty  
could be expla ined on the basis of a 
model  that considered homogeneous 
dissociation of time diatomic gas in the 
presence of an energy source and the dis- 
solution of nitrogen at the temperature of 
the metal surface. 

E x p e r i m e n t a l  

Figure 1 is a schematic diagram of the 
exper imental  setup, which can be di- 
vided into three main parts: the radio fre- 
quency (RF) generator, the react ion 
chamber, and the emission spectroscopy 
equipment. A 10-kW RF generator with a 
frequency of 450 kHz was uti l ized to cre- 
ate inductively coupled RF plasmas from 
the feed gases. The RF energy was ap- 
pl ied through a copper coi l  wound 
around a quartz reaction tube with an 
outer diameter of 48 ram. A photograph 
of a representative g low-d ischarge 
plasma created in this exper imenta l  
setup is shown in Fig. 2. 

An iron disc, 5 mm in diameter and 
1.5 _+0.2 mm in thickness, was placed in 
the reaction chamber within the area de- 
fined by the copper coils by the use of a 
tantalum wire specimen holder, which 

Table 3 1 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 
Period of 45 Minutes 

PN (atm.) 
Total Sieverts' Law Nitrogen due to PN (atm.) 

Pressure Approximation Concentration Thermal due to 
(atm.) (ppm) (ppm) Dissociation Plasma 

7.89 x 10 -4 6.04 97 6.9 x 10 -11 1.11 x 10 -9 

7.89 x 10 4 6.04 151 6.9 x I0 -11 1.73 x 10 -9 

1.053 x 10 -I 6.98 195 7.97 x 10 -11 2.23 x 10 9 
1.053 x 10 3 6.98 155 7.97 x 10 -11 1.77 X 10 -9 

1.316 x 10 I 7.8 106 8.91 x 10 -11 1.21 x 10 -9 
1.316 x 10 ,3 7.8 90 8.91 x 10 11 1.03 x 10 -9 

1.579 x 10 -:3 8.54 145 9.76 x 10 -11 1.66 x 10 9 
1.579 x 10 <3 8.54 45 9.76 x 10 -11 5.14 x 10 10 

Table 4 1 Data Used in the Calculation of Electron Density 

Constants Symbol Value 

Rest Mass of Electron me 9.1095 x 10 TM kg 
Boltzmann Constant k 1.38066 x 10-23j/K 
Electron Temperature T 5000 K 
Plancks Constant h 6.62662 x 10 34 J-sec 
Ionization Potential V 2.3277 x 10 -18 J 
Partition Function of an Electron Ze 2 

Table 5 - -  Data Used in the Calculation of Partition Functions 

Energy Level 
Degeneracy, gi, (Ion) Degeneracy, gi, Energy Level 

(Ion) (cm 1) (Atom) (Atom) (cm 1) 

1 0 4 0 
3 48.7 6 19224.5 
5 130.8 4 19233.2 
5 15316.2 2 28838.9 
1 32688.8 4 28839.3 
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minimized the con- 
tact area between 
the sample and the 
holder. Sample tem- 
perature, measured 
through the use of a 
two-color optical 
pyrometer, was 
maintained at 1573 
K +20 K for 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 of parti- 
tion of nitrogen be- 
tween a plasma and 
a metal. It was not 
our goal to deter- 
mine the absolute 
value of nitrogen 
concentration in the 
weld pool. Sample 
temperatures were 
maintained by ma- 
nipulating the power 
input from the RF 
generator. A pure ni- 
trogen atmosphere 
was created in the 
reaction chamber by 
introducing ultra- 
high-purity nitrogen 
at a flow rate of 100 
SCCM. Total pres- 
sures for the experi- 
ments were main- 
tained between 0.6 
and 1.2 Torr. After 
exposing the sam- 
ples to a plasma for a 
predetermined time, 
the samples were 
quenched inside the 
experimental cham- 
ber by turning off 
power to the genera- 
tor and allowing gas 
to flow over the sam- 
pie. The nitrogen 
concentration in the 
samples was deter- 
mined from vacuum 

fusion analysis. 
Spectroscopic data were gathered 

using an EG&G Princeton Applied Re- 
search Corporation (PARC) model 1235 
Digital Triple Grating Spectrograph con- 
nected to a Model 1430-P Charge Cou- 
pled Device (CCD) Detector. This setup 
was controlled by a 386 personal com- 
puter using an optical multichannel ana- 
lyzer applications software package 
(EG&G PARC OMA SPEC 2000). 
Throughout all of the spectroscopic 
analyses, a 1200 gratings/mm diffraction 
grating was used. Optical emissions from 
the plasmas could be analyzed from both 
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- 
trogen, the equilibrium 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-re 
decreases only a small amount over the 
temperature range of interest for a num- 
ber 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 energy data in Table 2 and 
Equations 10 and 11. 

N(g)-~N_(wt %) (10) 

A o G,) 

N(wt%)PNe RT (11) 

In contrast to the iron-diatomic nitro- 
gen system, the iron-monatomic nitrogen 
equilibrium system displays much differ- 
ent behavior. The equilibrium solubility 
of nitrogen in iron exposed to monatomic 
nitrogen increases in a linear manner 
with respect to increasing monatomic ni- 
trogen partial pressure, as shown in Fig. 
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Table 6 - -  Calculated Number Densities of Electrons, Atoms and Molecules 

Number Density of Number Density of 
Total Pressure PN (Plasma) Electron Density, n e Nitrogen Atoms Nitrogen Molecules 

(Atm.) (Atm.) (m 3) (m-3) (m-3) 

7.89 x 10 4 1.11 x l 0  -9 1.175 x 1014 1.630 x 10 I~ 1.159 x 1021 
7.89 x 10 -4 1.73 x 10 9 1.467 x 1014 2.540 x 1015 1.159 x I021 

1.053 x 10 -~ 2.23 x 10 -9 1.665 x 1014 3.274 x 10 I~; 1.545 x 1021 
1.053 x 10 -~ 1.77 x 10 -9 1.483 x 1014 2.599 x 1015 1.545 x 1021 
1.316 x 10 ~ 1.21 x 10 -9 1.227 x 1014 1.776 x 1015 1.932 x 1021 
1.316 x 10 -~ 1.03 x 10 9 1.132 x 1014 1.512 x 1015 1.932 x 1021 

1.579 x 10 } 1.66 x 10 -9 1.437 x 1014 2.437 x 1015 2.318 x 1021 
1.579 x 10 ~ 5.14 x 10 9 7.994 x 101} 7.546 x 1014 2.318 x 1021 

4B, and decreases significantly in a non- 
linear 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 below 1575 K, small changes in tem- 
perature can cause large changes in the 
ensuing equil ibrium nitrogen concentra- 
tion. When compared, this variation in 
temperature plays a much greater role 
than that of pressure in determining the 
extent of nitrogen solubility in iron ex- 
posed to monatomic nitrogen gas. 

In the plasma, the concentration of 
atomic nitrogen gas, which is formed 
from diatomic nitrogen, is higher than 
what would be obtained solely from the 
consideration of thermal equil ibrium be- 
tween these two species at the system 
temperature and pressure. If the actual 
concentrat ion of the atomic nitrogen 
were known, its concentration in iron 
could be estimated considering equilib- 
rium between 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 hypothetical 
temperature,T d, at which the equil ibrium 
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: 

(12) 
where  PN2 is the partial pressure of di- 
atomic nitrogen in the plasma and AG°I ~ 
is the standard free energy for reaction 
13. 

(13) 
The extent of dissociation of diatomic 

nitrogen at T d can be calculated from 
Equation 1 2. Since the extent of dissoci- 
ation of diatomic nitrogen is low under 

typical welding conditions and in glow 
discharge plasmas, PN, can be assumed 

to be equal to the partial pressure of N 2 
in the inlet gas, P~nN- ' . Combining Equa- 

tions 11 and 12, and remembering that 
the dissociation of N2(g) is considered at 

T d and the dissolution of N(g) at T s we get 
the equi l ibr ium nitrogen concentration 
in iron. 

N(wt );,)=~ p~Nr, e-lR[ "G['~ f~ 
(14) 

Equation 14 indicates the solubility of ni- 
trogen in iron exposed to a plasma envi- 
ronment with the sample at a tempera- 
ture T s. The hypothetical dissociation 
temperature, T d is higher than the tem- 
perature of the sample, T s, 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 d is calculated by inserting the 
experimental solubility into Equation 14 
and solving this equation for T d. 

If a system consisting of monatomic 
and diatomic nitrogen and iron is in equi- 
l ibrium, the nitrogen solubil i ty in iron 
can be readily calculated considering 
equil ibrium between the iron and either 
the diatomic or monatomic forms of ni- 
trogen. Let us consider such a system at 
2000 K and 1 atm total pressure. At equi- 
l ibr ium, the gas wi l l  consist of 
0.99999909 atm of N2(g) and 9.1 x 10 7 
atm of N(g). The 
equil ibrium nitrogen 
solubi l i ty consider- 
ing equi l ibr ium be- L900, 
tween diatomic ni- 
trogen gas at ~' J,soo f 
0.99999909 atm and ~ 
2000 K and iron is ] LTe~)~. 
0.0045 wt-% N. The ~ " 
equil ibrium nitrogen ~. L6oo r-  -~- 
solubility in iron ex- ~ 
posed to monatomic 1,5oo 
nitrogen gas at 2000 
K and a partial pres- 14oo . . . . . .  4O 
sure of 9.1 X 10 7 
atm is also 0.0045 
wt-% N. 

In the scheme of 
calculations consid- 

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

Experimental Dissociation 
Total Pressure Solubility Temperature, 

(atm.) (ppm) Td (K) 

1.579 x 10 ~ 45 1673 
1.579 x 10 :~ 145 1752 
1.316x 10 ~ 106 1737 
1.316x 10 -~ 90 1725 
1.053 x 10 ~ 195 1788 
1.053 x 10 ~ 155 1771 
7.89 x 10 _4 97 1748 
7.89 x 10 4 151 1780 

ered in this paper, the monatomic nitro- 
gen gas is not in equil ibrium 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 equi l ibr ium between 
iron and diatomic and monatomic hydro- 
gen and assume that the overall solubility 
is the sum of solubilities of diatomic hy- 
drogen/iron and monatomic 
hydrogen/iron systems. In the nitrogen 
system of interest in this paper, the con- 
centration of dissolved nitrogen in iron in 
equil ibrium with monatomic gas is signif- 
icantly higher than the nitrogen concen- 
tration in equil ibrium with diatomic ni- 
trogen gas. This is because the partial 
pressure of monatomic nitrogen gas is far 
in excess of what is expected under equi- 
librium conditions as a result of thermal 
dissociation of diatomic nitrogen. For 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 to act as a precursor for the 
generation of monatomic species at a par- 
tial pressure which is far in excess of the 
amoLInt expected from thermal dissocia- 
tion at the temperature of the sample be- 
cause of the presence of a plasma phase. 

41. 'O '1~ 

6o 80 100 120 T40 160 ~80 200 

Solubility (ppm) 

Effective 
Dissociation 
Temperature 
Range 

Sample 
Temperature 

Fig. 9 - -  Comparison of the nitro~4en solubility (wt- %) and the efl~c tive 
dissociation temperature over tire experimental pressure rant4e. 
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Fig. 10 - -  Schematic diagrams of a weld pool. A - -  completely covered by a plasma; B - -  incompletely covered by a plasma. 

Analysis of Experimental Data 

Measured nitrogen solubilities as a 
function of reactor pressure at a constant 
sample temperature (1573 K) are pre- 
sented in Table 3. The data show that the 
nitrogen concentration in each case is 
significantly higher than that expected 
from calculations based on Sieverts' law. 
Previous researchers found that when a 
metal is exposed to a plasma formed from 
a diatomic source gas, the gas solubility 
values are significantly higher than the 
Sieverts' Law predictions. This enhanced 
solubility has been attributed to 
monatomic gaseous species in the 
plasma, and the presence of monatomic 
nitrogen in our experimental plasmas has 
been confirmed by optical emission 
spectroscopy. A typical intensity vs. 
wavelength plot for a He-2%N 2 plasma 
is shown in Fig. 5, where prominent 
atomic nitrogen peaks at 742.36, 744.23, 
and 746.83 nm are clearly visible. On the 
other hand, in the range of wavelengths 
analyzed spectroscopically, no diatomic 
nitrogen peaks were observed. 

The atomic nitrogen partial pressures 
in the plasma can be estimated from the 
experimental values of nitrogen concen- 
trations in the iron samples and the sam- 
ple temperature using Equation 11. The 
computed values of atomic nitrogen par- 
tial pressures for all the experiments 
along with the partial pressures of atomic 
nitrogen in thermal equilibrium with di- 
atomic nitrogen for the sample tempera- 
ture and the feed gas nitrogen partial 

pressure are presented in Table 3. The 
atomic nitrogen partial pressures in the 
plasma should be higher than those pro- 
duced solely by equilibrium thermal dis- 
sociation of diatomic nitrogen gas at the 
experimental conditions. A higher partial 
pressure of monatomic nitrogen in the 
plasma over that of thermal dissociation 
of diatomic nitrogen molecules is ob- 
served owing to the additional effects of 
electrical induction produced by the 
power source and collisional processes 
characteristic of a plasma. 

The calculated ratios of the 
monatomic nitrogen partial pressures in 
the plasma and the equilibrium partial 
pressures of monatomic nitrogen owing 
to thermal dissociation of N2(g) at the 
sample temperature are plotted as a func- 
tion of total pressure in Fig. 6. There is a 
measure of scatter in the data plotted in 
Fig. 6, which can be traced back to the 
steep temperature dependence of the 
equilibrium solubility of monatomic ni- 
trogen as shown in Fig. 4. In this rela- 
tionship, a small change in temperature 
can cause a pronounced change in the 
equilibrium nitrogen concentration. 
Since the monatomic nitrogen partial 
pressures in the plasma are computed di- 
rectly from the nitrogen concentration in 
the samples, this effect is carried over 
into Fig. 6. The data, nevertheless, show 
a trend in which the ratio decreases with 
an increase in total pressure, which is 
consistent with the increased importance 
of collisional processes at low pressures. 
The generation of monatomic nitrogen 
gas in the plasma involves the collision 
of diatomic nitrogen molecules with fast 

electrons (Ref. 6). Therefore, to under- 
stand the variation of atomic nitrogen 
partial pressure in the plasma with pres- 
sure, it is necessary to examine how the 
electron density varies with the total 
pressure. The number density of elec- 
trons was calculated for different total 
pressures. The calculation is based on the 
reaction of an atom forming an ion and 
an electron, i.e., N(g) --> N + + e-, and is 
formalized by Saha's equation (Ref. 12). 

3 -v 

nN Zah 3 (15) 

where ne, n i, and n N are the particle num- 
ber densities of electrons, ions, and neu- 
tral atoms, respectively. T is the absolute 
temperature, and V is the ionization po- 
tential, while m e is the rest mass of an 
electron, k is the Boltzmann's constant, 
and h is the Planck's constant. The inter- 
nal partition functions, Z e Z i and Z N, are 
defined by the following equation 

-Uj 
Z = Z g j e  kT 

J (I 6) 
where gj is the degeneracy or statistical 
weight corresponding to the energy level, 
u i. The following equation is for a 
monatomic gas: 

g=25+1 (17) 
in which S is the vector sum of the spin 
numbers. The partition functions were 
calculated from the data given in the Na- 
tional Bureau of Standards' (NBS) Tables 
of  Atomic  Energy Levels compiled by 
Moore (Ref. 13), and the degeneracy of 
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electrons is taken to be equal to two. 
Quasi-neutrality of charge and ideal gas 
behavior, represented in Equations 18 
and 19, are assumptions used in the cal- 
culation of the number densities along 
with the assumption of kinetic equilib- 
rium (T e = T i = T N = T). 

n e = n i (1 8) 

NAx 27"] n,\, = x P,, 
V m T (1 9) 

where N A is Avagadro's number (6.023 x 
102~), V m is the volume occupied by one 
mole of gas at standard temperature and 
pressure (22.4 x 1()-~ m~/mol), PN is the 
pressure of atomic nitrogen, and T is the 
temperature. Thus, the values of the pop- 
ulation density of the electrons, (G.), ions, 
(ni l  and atomic nitrogen, (nN) , 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 2 plasmas. Because of the dominant ef- 
fect of the molecular spectra over the 
atomic nitrogen 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 
Bohzmann distribution and local thermal 
equilibrium is attained, was used. 

inl I ]= lnC ( Eq " 
k gAv ) I kY  (2O) 

where I is the integrated intensity, g is the 
degeneracy of the upper energy level q, 
A is the transition probability for the tran- 
sition from state q to the lower energy 
level V is the frequency E~ is the energy 
associated with the level q, k is the Boltz- 
mann constant, T is the electron temper- 
ature, and C is a constant. The electron 
temperature is then obtained from a plot 
of the left-hand side of Equation 20 vs E{ 

• l "  

A typical plot is shown in Fig. 7. The elec- 
tron temperatures for the plasmas formed 
from various He-N 2 mixtures and total 
pressures fell within a range of tempera- 
tures from approximately 4880 K at 0.6 
Torr total pressure to 4680 K at 1.2 Torr 
total pressure for plasmas composed of 
an inlet gas of He-2%N 2. This range of 
electron temperature is somewhat higher 
than the 3400 to 4200 K electron tem- 
peratures reported by Peebles and 
Will iamson (Ref. 14) for the Nd:YAG 
laser assisted welding of commercial 
1100 aluminum alloy. The values are 
comparable to the 5050 K electron tem- 
perature for Cr I lines reported by Shaw 
(Ref. 15) and somewhat lower than the 
values reported by Collur and DebRoy 
(Ref. 1 6) and Miller and DebRoy (Ref. 1 7) 
both for CO 2 laser welding of stainless 
steels. Thus, the observed electron tem- 
peratures are well within the range of 

electron temperatures 
reported in the literature. 3,000 

Using an average 
electron temperature of 
5000 K, the electron 
densities were calcu- P 
lated for different partial ,{ 
pressures of atomic ni- ~a:a 
trogen in the plasma 
from Equations 11, 18, 
and 19. The data used in 
these calculations are 
presented in Tables 4 
and 5, and the com- 
puted electron density 
values are presented in 0.075 
Table 6. The values for 
the electron densities are 0.065 
consistent with the values 
common in process plas- ~ 0.05s 
mas, (Ref. 18) and the 
number density of elec- zI 0:045 
trons decreases with in- 
crease in total pressure. A 0.035 " 

plot of the ratio of the 
number density of elec- 0.025 " 

trons to that of the nitro- 
gen molecules as a fun(-- 
tion of total pressure is 
plotted in Fig. 8. This plot 
shows that this ratio de- 
creases with increasing 
total pressure, indicating 
again, the importance of 
collisional processes at low pressures 
and the facilitation of these processes at 
these pressures. The results are also con- 
sistent with the mechanism of formation 
of nitrogen atoms in the plasma. It has 
been pointed out that the formation of 
atomic nitrogen is a consequence of the 
collision of fast electrons with the nitro- 
gen molecules (Ref. 19). Since the aver- 
age electron energy of the plasma is rel- 
atively insensitive to the total pressure in 
the range of pressures investigated in this 
work, the fomiation of atomic nitrogen 
depends on the electron density• Since 
the electron density decreases with in- 
crease in pressure, as observed from Fig. 
8, the partial pressure of atomic nitrogen 
also decreases with pressure. 

The observed high concentrations of 
nitrogen 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- 
sociation of diatomic nitrogen at a tem- 
perature higher than the sample temper- 
ature and represented as T d. At this 
temperature, thermal dissociation of N 2 
produces a partial pressure of atomic ni- 
trogen gas equal to that in the plasma. For 
each experiment, the effective dissocia- 
tion temperatures can be calculated from 
the measured values of the nitrogen con- 

2,750 ~ PN? 0.6 atm. TM~X = 2500 K 

2.500 ~ - - - - - - - - - - - ~  / J  

2,250 ~ ~  

2,o00 L- \'T ~ 
1,750 P MAX 

1,500 ' 0.2 0.4 0.6 0.8 

I-* 

(a) 

pN2= 0.6 atm. 

0.2 

= 

0.4 

- -  TMA x=2500K 

0,6 0.8 

(b) 

Fig. 11 - -  Computed values for: A - -  temperature; B - -  nitrogen 
concentrat ion across the radius o f  the weld poo l  for TMA x values 
o f  2500 K and 2200 K and diatomic nitrogen part ial pressure o f  
0.6 atm. 

centration in iron, partial pressure of di- 
atomic 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 Table 
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 sets from 
plasma-metal systems reported recently 
(Ref. 20). The results reported there (Ref. 
20) are consistent with our previous ob- 
servation that if experimental data are not 
available, a rough estimate of the nitro- 
gen concentration may be obtained by 
assuming a hypothetical dissociation 
temperature 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 pool 
for various welding conditions. Here, we 
examined tile 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 to 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 shows 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 pool sur- 
face temperature would be rather unim- 
portant. This fact can be appreciated 
from Fig. 3, in which the equilibrium 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 variation in 
the equilibrium solubility of nitrogen as 
shown in Fig. 4. Indeed, for this system, 
the equilibrium nitrogen concentration 
increases significantly with a small de- 
crease in temperature. Rigorous calcula- 
tion of the nitrogen concentrations in the 
weld pool from basic 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 pool 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 

pool, 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. 

.2 

T = TMAX e-ar (21) 

where T is the temperature at any loca- 
tion, TMA X is the weld pool surface tem- 
perature at the axis of the arc, a is a con- 
stant, and r* is the dimensionless 
distance from the axis of the arc given by 
the ratio, r/r o. In this ratio, r is the radial 
distance from the center of the molten 
pool or axis of the arc, and r o is the radius 
of the molten pool. Since the temperature 
at the solid/liquid interface, i.e., at r = r o, 
is known, the value of the variable a can 
be calculated if the value of TMA X is 
known. Figure 11A shows two tempera- 
ture profiles for two assumed values of 
TMAX. 

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, T d, is higher than the 
surface temperature. The exact differ- 
ence between the surface temperature 
and the dissociation temperature de- 
pends on 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 
electron density. In the physical model- 
ing experiments, the dissociation tem- 
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 computed 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. 21), 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 appro- 
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 at each of these locations is 
known• The computed values of nitrogen 
concentration are shown as a function of 
dimensionless 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 pool un- 
dergoes vigorous recirculation (Ref. 23, 
24), the nitrogen from the surface is read- 
ily transported to the interior of the weld 
pool. 

Finally, we assume that the overall ni- 
trogen concentration of the weld metal, 
(wt-%N)av, if the nitrogen is not lost from 
the pool in any appreciable amount, is 
determined by an average concentration 
of nitrogen on the weld pool surface in- 
tegrated over the entire surface 

(wt %N)av = ~ ri2-~r[wt %N_ldr = 
;fro o 

1 

~ 2r*[wt %N_~r* 
0 (22) 

where [wt-%N] is the local value of ni- 
trogen concentration at any location on 
the weld pool surface and r* (= r/r o) is the 
dimensionless radial distance from the 
axis of the heat source on the weld pool 
surface. 

The computed overall concentration 
of nitrogen in the weld pool is shown in 
Fig. 12 as a function of PN2 in H2-N 2 mix- 
tures from the experimental data of 
Kuwana and Kokawa (Ref. 21) for two 
values of TMA x. 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 between the surface tem- 
peratures and the dissociation tempera- 
tures. However, the calculations demon- 
strate that the findings of the physical 
modeling experiments can be applied to 
understanding dissolution of nitrogen in 
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the weld metal. 

Summary and Conclusions 

Physical model ing experiments were 
performed to provide an understanding 
of the parti t ioning of nitrogen between 
the weld metal and its plasma environ- 
ment. Small h igh-pur i ty  iron samples 
mainta ined at a constant temperature 
were exposed to 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- 
dicted by equi l ibr ium calculations using 
Sieverts' law. The results were consistent 
with the presence of atomic nitrogen gas 
in the plasma at a partial pressure that is 
significantly in excess of that anticipated 
from thermal equi l ibr ium between the 
diatomic and the atomic nitrogen species 
at the temperature of the sample. This 
higher-than-equil ibrium partial pressure 
of atomic nitrogen gas in the plasma was 
modeled by an equivalent thermal disso- 
ciation of diatomic nitrogen at a dissoci- 
ation temperature higher than the sample 
temperature. In each case, the dissocia- 
t ion temperature was found to be be- 
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 solubi l i ty 
results. The observed nitrogen concen- 
trations in the pure iron we ld  metals 
could be explained by the calculation of 
atomic nitrogen partial pressure profiles 
on the weld pool surface assuming that at 
each location, the atomic nitrogen partial 
pressures were consistent with dissocia- 
t ion temperatures which were 125 K 
higher than the local temperature. The 
physical model ing experiments reported 
in this paper show that the results of such 
studies can be applied, to quantitatively 
understand, albeit approximately, nitro- 
gen concentrations in the weld metal. 
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