G at equilibrium with G, at temperature T,. Thus, the
actual partial pressure of G in close proximity of the
metal surface is at a superequilibrium concentration,
i.e., its partial pressure exists at a value that is much
higher than the value that would be obtained if G were
at equilibrium with G, at 7. The lower limit of the con-
centration of the dissolved gas, G', can be obtained by
considering the equilibrium between G, and the dis-
solved gas G (Sieverts law) as follows:

1
EGZ (8) = G (wtpct) AG3|r, [6]

Ql (wtpet) = [ sz]l/Z e~AG°2|1,/RTx (7]

Similarly, the maximum concentration of the dissolved
gas in the metal, G™, can be obtained from the consid-
eration of the dissolution of gas, G, in the metal.

G (g) = G (wtpct) AGS|;, = AGS|;, — AGS|;, [8]
G™(wt pct) = (po)r, oA /RT, 0]

Because the partial pressures of monatomic and diatomic
nitrogen, (pg)r, and (pg,)r, respectively, are known
from the solutions of Egs. [2] through [5], the lower and
the upper limits of the concentrations, G' and G”, re-
spectively, can be calculated for any value of T,. The
upper limit of the concentration, G™, given by Eq. [9]
may not be realized in practice because of either com-
pound formation or gas evolution, as discussed
subsequently.

III. THERMODYNAMIC LIMIT
OF GAS DISSOLUTION

The thermodynamic limits for the maximum concen-
tration of oxygen or nitrogen in the liquid metal in the
presence or absence of plasma are established either by
the formation of compounds, such as nitrides in
nitrogen-metal systems and oxides in oxygen-metal sys-
tems, or by the nucleation of gas bubbles at heteroge-
neous nucleation sites. In some systems, the formation
of compounds may be more favorable than the nucle-
ation of gas bubbles. For example, in the Fe-O system
at 1900 K, the maximum amount of dissolved oxygen is
about 0.25 wt pct and FeO (1) forms when this limit is
exceeded. However, in Fe-N system at 1873 K and
1 atm pressure of N,, the maximum solubility of nitro-
gen is limited to 0.045 wt pct. If the concentration of
dissolved nitrogen were to exceed this limit, nitrogen gas
would desorb from the melt. Thus, independent of the
mechanism of dissolution and the concentration of the
monatomic species in the gas phase, the thermodynamic
limit of the dissolution would be reached at a certain
concentration of the species in the liquid metal. How-
ever, in the presence of plasma, this limiting concentra-
tion can be reached at a much lower partial pressure of
dissolving gas in the feed gas mixture because of the
partial dissociation of the dissolving gas.

IV. RESULTS AND DISCUSSION
A. Plasma Species

A schematic diagram of the plasma near the metal sur-
face is presented in Figure 2. The plasma consists of
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excited neutral atoms, molecules, and ions. In the
plasma, the flux of the highly mobile electrons to the
liquid surface is far greater than the flux of the heavier
species. As a result, an electrically insulated metal sur-
face becomes negatively charged when exposed to
plasma. The adsorption of negatively charged species
such as N~ is highly improbable, and they would not
contribute to enhanced solubility. Furthermore, posi-
tively charged species such as N* and Nj will be at-
tracted towards the surface, where they will absorb
electrons near the surface and will be converted to N and
N,. Excited molecules cannot contribute to enhanced
solubility because they will loose the excess vibrational
energy when adsorbed on metal surfaces.!s) Thus, the in-
creased solubility likely results from the presence of the
monatomic nitrogen in the gas phase.

B. System I: Niobium and Tantalum
in Nitrogen-Helium Plasma

Bandopadhyay et al."”! conducted nitrogen-dissolution
experiments with two different metals under identical
conditions. In these experiments, high-purity tantalum
and niobium samples maintained at 2243 K were sepa-
rately exposed to a well-characterized helium and nitro-
gen containing glow-discharge plasma, and the amounts
of nitrogen in the metals were determined as a function
of time.

To analyze their data, we combine Egs. [2] through

Plasma

IS

Weld Pool

Fig. 2—A schematic diagram of the gaseous species near a metal
surface exposed to plasma. The plasma consists of electrons (e”), neu-
tral atoms (G, I, M) and molecules (G.,), excited atoms (I*, G*, M*)
and molecules (G¥), and ions (G~, G*, G;, I).
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Fig. 3—Plot of effective dissociation temperature vs percent nitrogen
dissociated for the experimental conditions of Bandopadhyay et al.!”!

[5] to have a relationship between the percentage dis-
sociation, x, and an effective dissociation temperature,
T,

2

{2(100 - x)} 4 2100 - x)

2x 2x
(100 — y)P

— = 1
(100 + yx/100) o]

where z = 91/R79 y s the percent of diatomic gas in

the inert gas, x is the percentage of the diatomic gas that
dissociates at T,, P is the total pressure in the reaction
chamber, and AGSr, is the standard free energy for the
dissociation of the diatomic gas at T,.

For the experimental conditions of Bandopadhyay
et al.'"" the computed values of percentage dissociation,

x, obtained from Eq. [10] is plotted as a function of an
effective dissociation temperature, T, in Figure 3. The
free energy data required for the calculations are given
in Table 1. It can be observed from the figure that as an
effective dissociation temperature in the plasma in-
creases, the percentage dissociation also increases. The
computed nitrogen solubilities in the tantalum sample
due to diatomic and monatomic nitrogen obtained from
Eqgs. [7] and [9] are plotted in Figure 4(a) for various
effective dissociation temperatures. The experimental
result of Bandopadhyay et al.”! for tantalum is also
superimposed on the graph. From the perusal of the data,
we can make two important conclusions. First, the sol-
ubility resulting from diatomic species is significantly
lower than the experimentally observed solubility.
Second, an effective dissociation temperature of approx-
imately 2390 K can explain the observed nitrogen con-
centration in tantalum. The conditions in the
experiments of Bandopadhyay er al.l”! were such that the
metal samples did not affect the properties of the plasma.
Because both niobium and tantalum do not vaporize to
any appreciable extent at the reaction temperature, the
plasma properties did not change with the change in the
nature of the metal samples. Because the effective dis-
sociation temperature represents an important character
of the plasma, it should not change when the tantalum
sample is changed to niobium in the chamber containing
plasma. Thus, for the hypothesis that the enhanced sol-
ubility results from the presence of monatomic nitrogen
to be correct, the experimental solubility data for nio-
bium should be consistent with an effective dissociation
temperature of 2390 K. The solubility vs effective dis-
sociation temperature for niobium sample is given in
Figure 4(b). Also superimposed on the graph is the result
of Bandopadhyay et al./? The affective dissociation tem-
perature for the tantalum-nitrogen sample was also found
to be 2390 K. Thus, the concentration of nitrogen in
both tantalum and niobium exposed to helium-nitrogen

Table I. Free Energy Temperature Relationships Used for the Calculations*
Free Energy Temperature
Metal/Gas Reaction Relationship Reference Number
1
E N, (g) = N (g) 86,596.0 — 15.659 T 17
1
EOZ (2 =0(@ 60,064 — 15.735T 17
1
Tantalum/Nitrogen E N, (g) = N (wt pct) —-43,483.5 + 10.394 T 18
N (g) = N (wt pct) —130,079.5 + 26.053 T
1
Niobium/Nitrogen E N, (g) = N (wt pct) -42.512.6 + 11.357 T 13

N (g) = N (wt pet)

1

> N, (g) = N (wt pct)
N (g) = N (wt pct)

Liquid Iron/Nitrogen

1
Silver/Oxygen > 0, (g) = O (wt pcv)

O (g) = O (wt pct)

—129,108.6 + 27.016 T

860.0 + 5.71 T 19
—85,736.0 + 21405 T
11,850.8 + 5.339 T 20

—48,213.1 + 21.074 T

*Free energy data are in cal/g mole.
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plasma is consistent with an effective dissociation tem-
perature of 2390 K. Furthermore, a unique effective dis-
sociation temperature which represents the extent of
dissociation of diatomic nitrogen can explain the plasma-
enhanced solubility in the experiments of Bandopadhyay
et al." for experiments with both niobium and tantalum.

C. System 2: Iron in Nitrogen-Argon Plasma
at Different Nitrogen Pressures

The model was also tested against the experimental
observations of Ouden and Griebling.®! They exposed
high-purity iron drops to mixtures of nitrogen and argon
in the presence of an arc. The nitrogen content in the

3
Tantalum
R 2] Monatomic
5
E Experimental
= N\
-g 1
= Diatomic
w
[
0 L) T
2200 2300 2400 2500
Effective Dissociation Temperature, Tq (K)
(@)
3
Niobium
S :
2 Monatomic
2
= .
S 14 Experimental
° \
75
Diatomic.
/ \_
0 y T
2200 2300 2400 2500
Effective Dissociation Temperature, Tq (K)
®

Fig. 4— Computed solubility of nitrogen exposed to diatomic and
monatomic nitrogen as a function of effective dissociation temperature
in (@) tantalum and (b) niobium for the experimental conditions of
Bandopadhyay et al.1! The observed experimental solubilities are also
presented. Total pressure: 1.45 X 107%; partial pressure of nitrogen
(Ny): 1.11 X 107°; sample temperature: 2243 K.
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gas mixture was varied from 0 to 25 pct. The total pres-
sure in the chamber was maintained at 1 atm and the
samples were kept at 1873 K. The experimental results
are presented in Figure 5. It is observed that for a nitro-
gen partial pressure of 0.01 atm, the solubility of nitro-
gen in the iron drop is 0.021 wt pct. It can be observed
from the equilibrium solubility vs effective dissociation
temperature curve, presented in Figure 6, that an effec-
tive dissociation temperature close to 2010 K is required

Iron drop at 1873 K

0.05
Sieverts' law predictions at Py, = 1 atm
P;dd """"""" o o— )
0.044 tTe icte z
—_
N ;
= J _:';
J 0.03 / 9 Data from Ouden et al.
B 002 A
= j
]
w2
0.017 Sieverts' Law
0.00¢ T y ———
0 1 2 3 4 5

oy

Fig. 5—Experimental results of nitrogen solubility in iron for the
experimental conditions of Ouden and Griebling.'® Nitrogen solubility
predictions based on Sieverts law are also presented. The solubility
predicted at low partial pressures of nitrogen assuming an effective
dissociation temperature of 2010 K is superimposed.

0.05
Pr=1atm

§ 0.041 1 % N, in Ar
5 N
— 0.031 Experimental Monatomic
)
Boo{ T T T
=
) . .
A 0.01- DlatOQC

0.00 ; ) .

1800 1900 2000 2100 2200

Effective Dissociation Temperature, T4 (K)

Fig. 6—Plot of solubility vs effective dissociation temperature for the
experimental conditions of Ouden and Griebling.®!
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to attain a solubility of 0.021 wt pct under the conditions
of the experiments. If we assume that the effective dis-
sociation temperature does not change significantly with
the change in the composition of the gas, we can plot
the solubility vs percentage nitrogen for an effective dis-
sociation temperature of 2010 K. The results are super-
imposed on the experimental observations in Figure 5.
It is observed that at a low partial pressure of nitrogen,
the predictions are in good agreement with the experi-
mental observations. The deviations at higher nitrogen
pressures can be attributed to the fact that the assumed
effective dissociation temperature of 2010 K may not be
valid in the entire pressure range. Also, as the nitrogen
content in the melt increases, there is a possibility of off-
gassing in the vapor phase at the surface of the metal.
As a consequence, some nitrogen will diffuse away from
the metal into the plasma. Furthermore, Ouden and
Griebling ¥ observed gas-bubble formation beyond a ni-
trogen content of 16 pct in the nitrogen-argon feed gas
mixture, and no further increase in solubility was no-
ticed. It will be explained subsequently that the concen-
tration of nitrogen in iron can be limited by bubble
formation resulting from the desorption of the dissolved
nitrogen. In the experiments of Ouden and Griebling,®
the equilibrium partial pressure of diatomic nitrogen ex-
ceeds the total pressure when the nitrogen concentration
in iron reaches about 0.045 wt pct as shown in Figure 5.

The solubility data of Ouden and Griebling® at low
pressures indicates that nitrogen dissolution is propor-
tional to the square root of partial pressure of nitrogen.
This behavior is similar to that predicted by Sieverts law.
Based on the solubility relationship, it was concluded in
previous works!!'*¥ that nitrogen dissolution in plasma
obeys Sieverts law. However, in some cases, the pres-
ence of monutomic nitrogen in the plasma can also ex-
hibit a concentration vs partial pressure relationship
similar to Sieverts law. Substituting for p; from
equation (2) in equation (9)., we have

Q’”(Wt pCt) _ [l)(;lll/l e *lA(;N,‘//RT‘/*AG}‘,\/RT\) ll l]

or G"(wt pet) = K, [pg,]'"” [12]

where K, is the enhanced equilibrium constant and is
given by

(AG |y /R + AGHr /RT) [13]

K, =e¢

en

When an effective dissociation temperature is unaffected
by the changes in the partial pressure of the diatomic
gas. Eq. |12] shows that the solubility resulting from
monatomic nitrogen is proportional to the square root of
partial pressurc of molecular nitrogen. However, the
proportionality constant is enhanced because of the pres-
ence of monatomic nitrogen.

D. Svstem 3. Large Scale Experiments with Iron
Exposed to Nitrogen-Argon Plasma

Katz and King!*! exposed large quantities of liquid iron
to nitrogen-argon plasma. Although spatial variation in
the plasma propertics is expected in large scale system,
an interesting observation can be made form the results.
The data of Katz and King!®! are presented in Figure 7.
The results show that the nitrogen concentration in iron
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Fig. 7— Steady-state nitrogen content vs surface availability at two
different temperatures for ARMCO iron.!! Experiments were con-
ducted with argon-5 pct N, plasma. The symbol 6, is the measure of
the fraction of total sites occupied by surface active elements such as
oxygen and sulfur.

increased with a decrease in the temperature of the liquid
iron for the same fraction of total sites occupied by the
surface active elements. This is in contrast to the be-
havior predicted by Sieverts law, which predicts an in-
crease in the solubility of nitrogen with temperature for
iron. The calculated equilibrium solubility of nitrogen as
a function of partial pressure and temperature for di-
atomic and monatomic species are presented in Figures 8
and 9, respectively. The free energy data used for the
calculations are given in Table I. It can be observed from
Figure 8 that at a given partial pressure of diatomic ni-
trogen in the gas phase, the equilibrium nitrogen con-
centration increases slightly with temperature. Thus, the
variation of nitrogen concentration with substrate tem-
perature observed by Katz and King'® cannot be ex-
plained by the equilibrium calculations involving
diatomic nitrogen in the gas phase. In the experiments
of Katz and King,!% the effective dissociation tempera-
ture, and therefore the partial pressure of monatomic ni-
trogen in the plasma, would be constant for different
experiments because the plasma is generated under iden-
tical conditions. The results in Figure 9 shows that for
the same partial pressure of the monatomic nitrogen in
the gas, the solubility increases with a decrease in tem-
perature for a given fraction of surface sites occupied by
the surface active elements. This trend is consistent with
the variation of equilibrium concentration of nitrogen
with temperature in the presence of monatomic nitrogen,
presented in Figure 9. If the data are extrapolated to ni-
trogen absorption on clean surfaces, i.e., at 87 = 0, the
nitrogen concentration in the experiments of Katz and
King!®' can be explained by effective dissociation tem-
peratures of approximately 2000 and 1990 K for the ex-
periments conducted at 1813 and 1853 K, respectively.
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Fig. 8—Equilibrium solubility of nitrogen in iron exposed to di-
atomic nitrogen. The computed values are shown (a) as a function of
temperature and partial pressure of diatomic nitrogen, (b) as a func-
tion of partial pressure of diatomic nitrogen for three different tem-
peratures, and (c) as a function of temperature for three different
partial pressures of diatomic nitrogen. Figures (b) and (c) are pre-
sented for improved clarity.

E. System 4. Silver in Oxygen Plasma

Madey and DebRoy!'¥ conducted oxygen dissolution
experiments in silver. They exposed high-purity silver
samples to an oxygen plasma generated using a micro-
wave power source. The silver samples were heated to
923 K and the total pressure in the chamber was main-
tained close to 0.004 atm. The experimental solubility
was observed to be close to 4.5 X 10> wt pct. For the
experimental conditions of Madey and DebRoy,!
Sieverts law predicts a solubility of 6.7 X 107° wt pct
based on the free energy data presented in Table I. Thus,
the solubility predicted by Sieverts law is significantly
less than the experimental solubility. However, the en-
hanced solubility can be explained using an effective dis-
sociation temperature of 1153 K in the model.

F. Significance of Dissociation Temperature

The experimental observations of Bandopadhyay
et al.'’ of enhanced solubility in tantalum and niobium
maintained at 2243 K could be explained on the basis of
an effective dissociation temperature of 2390 K. Like-
wise, the experimental observations of Ouden and
Griebling!® of enhanced solubility in iron maintained at
1873 K could be explained on the basis of an effective
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dissociation temperature of 2010 K. The enhanced sol-
ubility in silver at 923 K in oxygen plasma in the ex-
periments of Madey and DebRoy!'*! can be explained
using an effective dissociation temperature of 1153 K.
In the experiments of Katz and King,!® there is variation
in the surface coverage of iron by the surface active ele-
ments, spatial variation of plasma properties, and sub-
strate temperature. Therefore, a unique effective
dissociation temperature cannot explain the enhanced
solubility. However, the data can be explained by taking
an effective dissociation temperature 100 to 200 K
higher than the substrate temperature. Thus, in all these
experiments, the enhanced dissolution could be ex-
plained on the basis of an effective dissociation temper-
ature that was higher than the substrate temperature by
100 to 300 K.

Gedeon and Eagar!™! postulated that in arc welding,
hydrogen will dissociate at a reaction temperature gov-
erned by the temperature of the cathode boundary layer.
Thus, the percentage dissociation of the diatomic gas in
the cathode boundary layer will depend on many factors,
such as the diatomic gas present in the system, partial
pressures of the individual gases, total pressure, the arc
voltage, and the arc current. Furthermore, the residence
time of the gaseous species in the plasma, determined
by the gas flow rate, would also be important. Deter-
mination of the effect of an individual parameter on the
percentage dissociation is difficult. However, the anal-
ysis of the various results show that the enhanced sol-
ubility can be explained in many cases by choosing an
effective dissociation temperature 100 to 300 K higher
than the substrate temperature.

G. Gas Bubble Formation

During weld solidification, the formation of gas bub-
bles and pin holes is a common occurrence. Ouden and
Griebling'® observed the formation of gas bubbles in
their experiments with iron drops exposed to nitrogen-
argon plasma when the solubility of nitrogen in iron was
close to 0.043 wt pct. Similarly, Ohno and Uda™ ob-
served the formation of bubbles in nickel during their
arc-welding experiments. Similar observations were
made by Uda and Ohno™ in their arc-melting experi-
ments with iron. In all these experiments carried out at
1 atm total pressure, the solubility of nitrogen did not
increase with increasing nitrogen partial pressure in the
gas mixture once the bubble formation began. The
bubble formation was observed when the species con-
centration was close to the concentration predicted by
Sieverts law for a hypothetical diatomic nitrogen pres-
sure of 1 atm. However, the equilibrium concentrations
of nitrogen in the metal predicted by Sieverts law utiliz-
ing the actual partial pressures of diatomic nitrogen were
much below the experimentally observed concentrations.
The presence of monatomic nitrogen in the plasma en-
hances the dissolution, and concentrations close to
Sieverts law predictions for 1 atm pressure of nitrogen
are reached at partial pressures of nitrogen much lower
than 1 atm. Once the Sieverts law solubility for a nitro-
gen pressure of 1 atm is reached, the following reaction
in the liquid metal becomes important:

2N — N, [14]
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Fig. 9— Equilibrium solubility of nitrogen in iron exposed to mon-
atomic nitrogen. The computed values are shown (a) as a function of
temperature and partial pressure of monatomic nitrogen, (b) as a func-
tion of partial pressure of monatomic nitrogen for three different tem-
peratures, and (c) as a function of temperature for three different
partial pressures of monatomic nitrogen. Figures (b) and (c) are pre-
sented for improved clarity.

Desorption of nitrogen can occur by heterogeneous nu-
cleation of nitrogen bubbles at various sites. Once the
pressure in the bubbles exceeds the ambient pressure,
they can be expelled out. This behavior limits the nitro-
gen solubility in metals exposed to plasmas when nitride
formation is not favored.

H. Compound Formation

The extent of dissolution can also be limited by the
formation of compounds such as oxides in some cases.
For example, in the iron-oxygen system the maximum
solubility is governed by the formation of FeO (1).
Kuwana and Sato!'® conducted welding experiments
with pure iron in a controlled argon-oxygen atmosphere.
They observed that oxygen dissolution increases with the
increase in the partial pressure of oxygen in the feed gas.
However, once the oxygen concentration reached close
to 0.26 wt pct oxygen, there was no further increase in
the dissolved oxygen concentration because of the for-
mation of FeO (1). The temperature of the molten pool
was measured to be about 1910 K. Thus, the presence
of plasma may promote the kinetics of oxygen dissolu-
tion, but the amount of dissolved oxygen into liquid iron
is limited by the formation of FeO (1).
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V. SUMMARY AND CONCLUSIONS

A theoretical model was developed to gain a better
understanding of the principles of enhanced dissolution
of oxygen and nitrogen in the weld metal from its plasma
environment. In the presence of plasma, the concentra-
tion of the dissolved gaseous species in liquid metal can
be higher than the value predicted by the Sieverts law.
The model coupled with data from several independent
experimental investigations showed that the enhanced
solubility of gases in the weld metal results from higher-
than-equilibrium (superequilibrium) concentration of
atomic species near the weld surface. The super-
equilibrium concentration was calculated on the basis of
an effective dissociation temperature, which is deter-
mined by the factors that affect the percentage dissocia-
tion of the diatomic gas in the plasma. The effective
dissociation temperature was calculated to be 100 to
300 K higher than the substrate temperature for each of
the plasma-metal systems analyzed here. The nucleation
of gas bubbles or the formation of compounds (oxides
or nitrides) limits the concentration of the dissolved gas
in the metal in contact with a plasma.
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