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Weld-metal nitrogen concentrations far in excess of Sieverts-law calculations during gas tungsten arc
(GTA) welding of iron are investigated both experimentally and theoretically. A transient, three-
dimensional mathematical model has been developed to calculate the residual nitrogen concentrations
during GTA welding. This model combines calculations for the plasma phase with those for nitrogen
absorption and for the transport of nitrogen by convection and diffusion in the weld metal and diffusion
throughout the weldment. In addition, the model takes into account the roles of turbulence and
the nitrogen desorption reaction in affecting the residual nitrogen concentration in the weldment.
Autogeneous GTA welding experiments in pure iron have been performed and the resulting nitrogen
concentrations compared with the modeling results. Both experimental and modeled nitrogen concen-
trations fall in a range between 2.7 and 4.7 times higher than Sieverts-law calculations at a temperature
of 2000 K. Modeled nitrogen concentrations correlate well with the experimental results, both in
magnitude and in the general trends, with changes in the travel speed and nitrogen addition to the
shielding gas.

I. INTRODUCTION plasma phase exists above the liquid metal. This plasma
phase, which is composed of a number of different speciesCONCENTRATIONS of diatomic gases, such as
not normally observed in gas-metal systems, significantlyhydrogen, oxygen, and nitrogen, are observed in the weld
alters the nitrogen absorption reaction in liquid iron andmetal during arc welding processes at levels far in excess
steel.[9–17] Monatomic nitrogen (N), which is one such spe-of Sieverts-law calculations. In particular, nitrogen contents
cies produced in the plasma phase, is considered to be theas high as 0.2 wt pct have been obtained in steel welds
species responsible for the observed enhancements in theduring arc welding.[1–9] Nitrogen in the weld metal can origi-
nitrogen concentration. This role for monatomic nitrogen isnate from a variety of sources, depending on the welding
based on its significantly higher solubility in iron, with par-operation in question. For example, nitrogen in the weld
tial pressures many orders of magnitude less than that formetal can originate from the interaction between the sur-
diatomic nitrogen.[4,18,19]

rounding atmosphere, which is about 80 pct nitrogen, and
Several authors have also proposed that the total amountthe plasma phase above the weld-pool. Impingement of the

of nitrogen present in the liquid metal is the balance ofsurrounding atmosphere into the arc column can be due, in
two independent processes.[12,20–23] Monatomic nitrogen ispart, to insufficient shielding of the weld metal.
absorbed through the interface between the arc and the liquidSeveral researchers[2–8] have provided experimental
metal. Once a saturation level is reached at any location onresults of gas tungsten arc (GTA) welding experiments in
the metal surface, nitrogen is then expelled from the surfacenitrogen-containingatmospheres for a variety of base-metal
of the liquid metal. This expulsion of nitrogen from thecompositions. Results for the GTA welding of iron in nitro-
weld-pool surface occurs via a desorption reaction, in whichgen-containing atmospheres is shown in Figure 1. In this
bubbles form at the surface and other heterogeneous nucle-figure, the weld-metal nitrogen concentration is plotted as
ation sites in the liquid melt. These bubbles are filled witha function of the nitrogen partial pressure in the shielding
nitrogen gas, which has been rejected from the liquid iron.gas and is compared with Sieverts-law calculations for three
Outside the arc column, the nitrogen in solution in the iron istemperatures in liquid iron.[7] The observed nitrogen concen-
in equilibriumwith diatomicnitrogen rather than monatomictrations in the weld metal are significantly higher than
nitrogen, which dominates the arc column.Sieverts-law calculations. Nitrogen concentrations in the

Models based on the role of the plasma phase in producingweld-pool at these levels are considered to be the result of
these enhanced nitrogen concentrations have also beenthe interaction between a nitrogen-containing plasma phase
developed. For example, Gedeon and Eagar[24] have pro-and liquid iron.
posed that the diatomic gas introduced into the plasma phaseThe mechanisms responsible for these enhanced nitrogen
in the arc column partiallydissociates at a temperature higherconcentrations in an iron weld-pool have been of significant
than that at the sample surface. The monatomic speciesinterest. In both arc melting and arc welding operations, a
is then transported to the liquid-metal surface, where it is
absorbed at the temperature on the liquid-metal surface.
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the weld-pool must be known. This value can be determined
by calculating the species density of each species present in
the plasma phase above the weld-pool as a function of the
electron temperatures and the system pressure.

A methodology to calculate the number densities of spe-
cies present in the plasma phase for a variety of pure gases
and gas mixtures was presented in a previous study.[19] This
methodology is based on the assumption of local thermody-
namic equilibrium (LTE) in the plasma phase. Under LTE
conditions, both quasineutrality and an ideal gas-law behav-
ior are assumed to be dominant in the system. In this study,
a number of Ar-N2 gas mixtures have been analyzed, and
the species densities of the individual components have
been calculated.

In these argon-nitrogen gas mixtures, there are a number
of species to be considered, including Ar, Ar+, Ar11, N2,
N1

2 , and N+. The ionization reactions for both Ar and N2
Fig. 1—Relation between the nitrogen content of the weld metal and the species are shown as follows, along with the accompanying
nitrogen partial pressure (PN2) for an Ar-N2 shielding gas mixture at a Saha–Eggert relation:[25,26,27]
welding current of 250 A, an arc length of 0.010 m, and a travel speed of
0.00167 m/s.[7]

Ar ® Ar+ 1 e2 [1]

nenAr1

nAr
5

2(2pmekT )3/2

h3

ZAr1

ZAr
e2(«Ar)/kT [2]partial pressure of monatomic nitrogen in the plasma, is

defined. This dissociation temperature is in a range of 100
Ar+ ® Ar11 1 e2 [3]to 300 K higher than the temperature at the metal surface

(Ts) and is a measure of the partial pressure of the atomic nenAr11

nAr1
5

2(2pmekT )3/2

h3

ZAr11

ZAr1
e2(«Ar

1)/kT [4]nitrogen in the plasma. This methodology, which is termed
the two-temperature model, provides an order-of-magnitude
agreement between the calculated and experimental nitro- N2 ® N1

2 1 e2 [5]
gen concentrations.
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dissolution into the weld-pool is intimately tied to several
simultaneously occurring physical processes. These pro- where ne is the electron density, ni is the number density for
cesses include the formation of various nitrogen species in each of the respective gaseous species, me is the rest mass of
the plasma phase above the weld-pool, the nature of reactions an electron, k is the Boltzmann constant (1.38 3 10223 J K21),
at the interface between the plasma phase and the weld-pool T is the electron temperature (in Kelvin), h is the Planck’s
surface, and the transport of nitrogen within the weldment constant (6.63 3 10234 J s), Zi is the partition function for
by convection and diffusion. A mathematical model, which each gaseous species, and «i is the ground-state energy for the
combines calculations describing each of these processes species of interest. The partition functions[25–28] are based on
into a single model, has been developed here. The validity the various energy levels of each atomic or molecular species
of this model has also been tested by comparing the modeling and provide insight into the fundamental nature of the species
results with those from a series of GTA welding experiments of interest. Values of the partition functions, which vary with
with pure iron. the electron temperature, are calculated elsewhere.[19]

In addition to the ionization reactions occurring in the
plasma phase, the dissociation of the diatomic moleculesII. MODEL DEVELOPMENT
into atomic species is also considered. The dissociation of

A. Plasma Phase Calculations diatomic nitrogen is given by Eq. [9], and its equilibrium
constant (K ) is expressed by Eq. [10]:During GTA welding, the interactionbetween the tungsten

electrode and the inert shieldinggas produces a plasma phase N2(g) ® 2N(g) [9]
above the weld-pool. This plasma phase is characterized
by electron temperatures between 3000 and 20,000 K and
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2 [10]consists of a number of different ionized and neutral species,

depending on the nature of the shielding gas mixture. In the
GTA welding of pure iron samples performed here, Ar-N2 where P is the total system pressure (in atmospheres); pN is

the partial pressure of monatomic nitrogen; pN2 is the partialgas mixtures of various compositions have been used. In
order to calculate the resulting nitrogen concentration in the pressure of diatomic nitrogen; XN and XN2 are the mole

fractions of N and N2, respectively; nN and nN2 are theweld metal, the partial pressure of monatomicnitrogenabove
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number densities (in m23) for N and N2, respectively; R is the absorption of diatomic nitrogen is shown in the follow-
ing relation:the gas constant (8.314 J mol21 K21); and NA is Avogadro’s

number (6.022 3 1024 mol21). At temperatures commonly
used for conventional materials processing, the free-energy [N] 5 (PN2)

1/2 e
12

DG o
N2

RT 2
[15]

values are available and the value of K can be easily calcu-
lated. On the other hand, accurate thermodynamic data are where PN2 is the diatomic nitrogen partial pressure (in mega-
not readily available for the high temperatures commonly pascals) and DG8N2 (in J/mol) is the free-energy relationship
found in the welding plasma. A recourse is to calculate the for the absorption of diatomic nitrogen, which is shown in
necessary data, which have been presented elsewhere.[19]

Table I. In this region, the diatomic nitrogen partial pressure
In addition to the relations describing the prevalent reac- outside the arc column is determined using the relation for

tions in the plasma phase, both the charge and mass of the the thermal dissociation of the diatomic nitrogen at the tem-
system must be balanced.The charge balance,which is based perature on the weld-pool surface, whose free-energy rela-
on the principle of quasi neutrality in the plasma phase, is tionship is also defined in Table I.
shown in Eq. [11]. This reaction is the sum of electrons As previous researchers have noted, the residual nitrogen
produced by the ionization reactions. The conservation of concentration in the weld-pool is governed by a balance
mass in the system, which is expressed in Eqs. [12] and between both the nitrogen absorption and desorption reac-
[13], is based on the total number of species present in the tions. Therefore, the nitrogen desorption reaction is also
system being equivalent to the species assumed to be present considered here. In order for nitrogen to leave the weld
in the plasma phase. metal, a certain level of nitrogen concentration in the liquid

metal must be reached. Above these nitrogen concentrationne 5 nAr1 1 2nAr11 nN1
2

1 nN1 [11]
levels, nitrogen leaves the weld metal. Nitrogen concentra-
tions are, therefore, not allowed to exceed this level, thus

XAr1NA 1 p
RT22 5 XAr(nAr 1 2nAr1 1 3nAr11) [12] controlling the onset of nitrogen desorption.

XN21NA 1 p
RT22 5 XN2(nN2 1 2nN1

2 1 nN 1 2nN1) [13] C. Nitrogen Transport in the Weldment

1. Governing equations
where XAr and XN2 are the mole fractions of argon and The absorption of nitrogen on the weld-pool surface and
nitrogen, respectively. Equations [2], [4], [6], [8], and [10] the transport of nitrogen in the weld-pool are based on
through [13] are then solved simultaneously to obtain values knowledge of the temperature and fluid-flow fields in the
for nAr, nAr1, nAr11, nN2, nN1

2 , nN, nN1, and ne , which represent weldment. These values are calculated here using a transient,
each species considered to exist in the plasma phase at each three-dimensionalcontrolvolume–based computationalpro-
electron temperature. cedure developed elsewhere.[32,33] In this procedure, the

equations for the conservation of mass, momentum, energy,
and the nitrogen concentration in the weld-pool are solved.B. Nitrogen Absorption at the Weld-Metal Surface
These equations are formulated in a coordinate system (z,
y, z, and t)[32] in which the heat source and the molten metalNitrogen is introduced into the weldment only at the top
under it are fixed in space, and the material enters and leavessurface. The reaction governing the nitrogen absorption reac-
the computational domain at the welding velocity.[34,35] Eachtion, thus, depends on the location on the weldment surface.
equation of conservation is defined subsequently. Table IIIn the area underneath the arc column and defined by the
lists the thermophysical properties used in the solution ofliquid weld-pool, the absorption of monatomic nitrogen (N
these governing equations.[36–39](g) ® [N] (ppm)) is dominant. The relation used to solve

The conservation of momentum is represented by thefor the nitrogen concentration absorbed on the weld-pool
following equation:surface is shown subsequently:



t
(rV ) 1 ¹ ? (rVV ) 5 2¹P 1 m¹ ? (¹V )

[16][N] 5 PN e
12

DG o
N2

RT 2
[14]

1 S 1 Se2p 2 ¹ ? (rUV )
where [N] is the nitrogen concentration,PN is the monatomic
nitrogen partial pressure, DG8N(g) is the free-energy relation- where t is the time; m is the viscosity; r is the density; P

is the effective pressure; S is the source term, which takesship for the absorption of monatomic nitrogen, T is the
temperature, and R is the gas constant.[10,11,29–31] Table I into account both the buoyancy (Fb) and electromagnetic

forces (Fe); Se2p is the source term, which modifies thelists the free-energy relationships for the nitrogen absorption
reactions. The monatomic nitrogen partial pressure used here momentum equation in the mushy zone; U is the welding

velocity; V is the convective velocity term; and V 8 is theis defined by the electron-temperaturedistribution above the
weld-pool and is calculated using the methodology net velocity (V 8 5 V 1 U ).

In this equation, the buoyancy, electromagnetic, and sur-described previously.
In the region outside the arc column and above the solid face-tension forces are taken into account in the calculation

of the fluid-flow velocities in the weld-pool. A comparisonportion of the weldment, the nitrogen dissociation reaction
is minimal, and the absorption of diatomic nitrogen species between the relative magnitudes of these forces has been

performed elsewhere.[40] According to these calculations, the(1/2 N2 (g) ® [N] (ppm)) in solid iron is predominant. The
relation used to solve for the nitrogen concentration due to buoyancy force is negligible,while the surface-tension force
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Table I. Summary of Free Energies Used in Nitrogen Absorption Reactions[7,10,11,29,31,32]

Temperature
Reaction Phase Free Energy (J/mol) Range (K) Reference

1/2 N2 (g) ® N (g) gas 362,318.0 2 65.52 T 273 to 1811 10
N (g) ® N (wt pct) liquid 2358,719.4 1 89.56 T .1811 10, 11, 31
N (g) ® N (wt pct) solid-d 2349,265.3 1 74.01 T 1663 to 1810 10, 29
N (g) ® N (wt pct) solid-g 2353,698.6 1 10.29 T 1185 to 1662 10, 32
N (g) ® N (wt pct) solid-a 2349,265.3 1 74.01 T 273 to 1184 10, 31

1/2 N2 (g) ® N (wt pct) liquid 3598.2 1 23.89 T .1811 10, 31
1/2 N2 (g) ® N (wt pct) solid-d 13,052.4 1 8.49 T 1663 to 1810 10, 29
1/2 N2 (g) ® N (wt pct) solid-g 28619.0 1 37.40 T 1185 to 1662 7, 29
1/2 N2 (g) ® N (wt pct) solid-a 13,052.4 1 8.49 T 273 to 1184 10, 29

Table II. Summary of the Thermophysical Properties Used 

t
(rC ) 1 ¹ ? (rVC ) 5 ¹ ? (rD¹C ) 2 ¹ ? (rUC ) [18]in the Calculations Described Here[36–38,47]

Material Property Value References where C is the nitrogen concentration and D is the nitrogen
Density of liquid metal (kg/m3) 7200 47 diffusion coefficient in iron, whose values are summa-
Liquidus temperature (K) 1811 47 rized,[36,44–47] as a function of temperature (D 5 D0e2E/RT),
Solidus temperatue (K) 1811 47 in Table III. The diffusion coefficients for nitrogen in solid
Viscosity of liquid (kg/m s) 0.60 36 iron are several orders of magnitude lower than those forViscosity enhancement factor 30 —

nitrogen in liquid iron. Therefore, the diffusion of nitrogenThermal conductivity of solid iron 20.9 36
in the solid portion of the weldment is only considered in(W/m K)
the d-iron phase, since very little, if any, nitrogen diffusesThermal conductivity of liquid iron 154 —
outside this range during the time scale of the welding(W/m K)

Specific heat of solid iron (J/kg K) 702.9 47 process.
Specific heat of liquid iron (J/kg K) 807.5 37 There are several features of GTA welding which also
Enthalpy of solid iron at melting 1.05 3 106 37 affect the solution procedure used here. For example, during

point (J/kg) arc welding, the weld-pool geometry reaches steady-state
Enthalpy of liquid iron at melting 1.32 3 106 37 conditions in a very short time after the start of welding.

point (J/kg) This condition allows the transient terms from the governingTemperature coefficient of surface 24.3 3 1024 38
equations to be removed and the steady-state versions of thetension (N/m K)
governing equations for conservation of mass, momentum,Coefficient of thermal expansion 1 3 1025 36
and energy to be solved. On the other hand, the nitrogen-(1/K)
concentration calculations are time dependent. Therefore,
the governing equations for momentum and energy are
solved separately from the equation of conservation of nitro-is approximately 4 times greater than the electromagnetic
gen concentration. A nonuniform grid (96 3 25 3 26) hasforce. Therefore, fluid flow in the weld-pool is primarily
been used to solve all of these equations and to accountdriven by surface tension or the Marangoni stress, which is
for the large temperature gradients commonly present ina result of the temperature variation of the surface tension
welding operations.and the large temperature gradients characteristic of the

weld-pool surface.[41,42]
2. Role of turbulence

When solving for the conservation of energy during the The previous equations are based on the assumption of
arc welding process, the total enthalpy (H ) is considered, laminar flow in the weld-pool. On the other hand, fluid flow
in order to take into account phase changes in the material. in weld-pool has been found to be turbulent in nature.[48–50]

The equation for the conservation of energy is given by the In several cases, the turbulent flow in the weld-pool has
following relationship: been taken into account by enhancing both the viscosity and

thermal conductivity.[32,33,51–53] By enhancing these values,

t
(rh) 1 ¹ ? (rVh) 5 ¹ ? 1 k

Cp
¹h2 2 ¹ ? (rVDH )

[17]
the predicted shape and size of the weld-pool more closely
match those observed experimentally.The levels of enhance-
ment to these values have been examined elsewhere,[52] and

2 ¹ ? (rUDH ) 2 ¹ ? (rUh) 2


t
(rDH ) 1 S they tend to be rather empirical in nature. In the calculations

presented here, the enhancement to the viscosity is given in
Table II.where k is the thermal conductivityand S is the source term.

The source term accounts for the latent heat of melting and The use of enhanced viscosity and thermal conductivity
values is common in computational fluid dynamics, to takethe convective transport of latent heat.

Monatomic nitrogen absorbed on the weld-pool surface into account turbulent flow.[54] In such calculations, the
energy dissipation due to turbulence is taken into accountis transported to the interior of the weld-pool through both

convective and diffusive processes. The conservation of the by locally increasing the viscosity. This effective viscosity
is the sum of the molecular viscosity, which is a physicalnitrogen concentration in the weldment is defined by the

following relation.[43] property of the fluid, and the turbulent viscosity, which is
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Table III. Summary of Nitrogen Diffusion Constants in a , g , d , and Liquid Iron Phases[36,47]

Temperature
Iron Phase Range (K) D (m2/s) D0 (m2/s) E (J/mol) Reference

a 273 to 1184 — 7.80 3 1027 7.91 3 104 47
g 1185 to 1662 — 9.10 3 1025 1.68 3 105 47
d 1663 to 1810 — 7.80 3 1027 7.91 3 104 47

Liquid .1811 1.10 3 1028 — — 36, 47

and the initial temperature is set at 298 K. The top surface
of the solution geometry is considered to be flat, and the
flow of liquid out of the face is not permitted. Specifically,
the gradients of the u and v velocity components are tied to
the spatial gradient of the surface tension, as shown in Figure
2, and the z-component of the velocity, w, is zero. Along
the plane of symmetry through the weld-pool center, similar
conditions, which are specifically shown in Figure 2, are
prevalent.

The distribution of the heat flux from the arc is assumed
to be Gaussian in nature. The energy flux from the arc
to the weld metal is prescribed on the top surface by the
relationship shown in Figure 2. Knowledge of the arc effi-
ciency is an important consideration in the calculation of
heat transfer and fluid flow in the weld-pool.Previous studies
have investigatedthe efficiency of variouswelding processes
using calorimetry.[55] In general, the maximum efficiency of
the GTA welding process has been measured to be approxi-
mately 80 pct, which is assumed to be the arc efficiency in
this case. Heat transfer in the liquid-metal portion of the
weldment on the top surface is defined by the relationshipFig. 2—Summary of boundary conditions used in the mathematical model

for solution of heat transfer and fluid flow in the weldment. shown in Figure 2. On the sample surfaces, the temperature
is initially set at 298 K and is maintained at this level at the
surfaces far from the heat source. On the plane of symmetry,
the temperature gradient is set to zero.based on the nature of the flow in a given system. An

In addition to the initial and boundary conditions for theeffective thermal conductivity is determined similarly. The
solutionof the heat-transfer and fluid-flow calculations, sim-turbulent thermal conductivity and the turbulent viscosity
ilar conditions must be imposed on the solution of the nitro-are related by the turbulent Prandtl number (Prt), which is
gen concentration. An initial nitrogen concentration of 20defined in the following relation:
ppm, which is the initial nitrogen concentration in the base
metal used in the experiments, is assumed throughout thePrt 5

Cp mt

kt
5 0.9 [19]

weldment. Along the plane of symmetry, the nitrogen-con-
centration gradient (dc/dy) is zero. Nitrogen concentrations

where Cp is the specific heat of the liquid iron, mt is the at locations away from the sample surface and the weld-
turbulent viscosity, and kt is the turbulent thermal conductiv- pool are prescribed to be equal to the initial nitrogen concen-
ity. The turbulent Prandtl number is held constant at a value tration of the base metal ([N] 5 20 ppm).
of 0.9 for these calculations.

The effect of turbulent flow on the transport of nitrogen
in the weld-pool has also been considered. In order to III. EXPERIMENTAL METHODS
enhance the transport of nitrogen with the presence of turbu-
lence, the diffusion coefficient has been enhanced. By A series of autogeneous, bead-on-plate GTA welds have

been made on nearly pure iron samples, with only traceenhancing the diffusion coefficient, the ratio between the
effective and theoretical diffusivity for nitrogen in liquid levels of alloying elements, as shown in Table IV. Samples

of this purity were used in order to avoid the effects ofiron (Deff/DN) is defined. For the following calculations, the
nitrogen diffusion coefficient in liquid iron is enhanced by additional alloying elements on the nitrogen solubility. A

summary of the welding conditions studied here is alsoa constant factor of 20.
included in Table IV. The effects of changes in the travel
speed and shielding-gas composition on the resulting nitro-

D. Boundary Conditions gen concentration have been studied.
A schematic diagram of the welding chamber is shownThe boundary conditions for the steady-state solution of

the equations of conservation of mass, momentum, and in Figure 3. Within the chamber, the welding head and
electrode are maintained stationary, and the sample is fas-energy are shown in Figure 2. In the solid portion of the

weldment, all velocities (u, v, and w) are set equal to zero, tened to a computer-controlled stage that controls travel
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Table IV. Experimental Welding Parameters Considered
in This Study

Welding Parameters Condition 1 Condition 2

Arc current (A) 150 150
Arc voltage (V) 25 25
Arc length (m) 0.0032 0.0032
Total pressure (MPa) 0.1 0.1
Travel speed (m/s) 0.0085 0.0042
Electrode diameter (m) 0.0024 0.0024
Ar-N2 shielding gas mixture (vol 0 to 20 pct 0 to 20 pct

pct)
Chemical composition of base Fe

plate (wt pct)
0.031Al
0.002C

0.0022Cr
Fig. 4—Schematic representation of location of samples along weld line

0.20Mn removed for nitrogen concentration analysis.
0.003Mo
0.006Ni
0.002N
0.002O
0.006P
0.001S
0.009Si

Fig. 5—Plots of computed species densities for an Ar-5 pct N2 gas mixture
as a function of temperature.

Fig. 3—Schematic diagram of experimental chamber used for controlled
GTA welding experiments.

point of the weld line. The weld-metal nitrogenconcentration
in each of these samples was then measured using vacuum

speed. The distance between the electrode tip and the work- fusion analysis. Samples at the various locations on each
piece, defined as the arc length, is maintained constant weld line were analyzed, in order to detect any variation in
throughout the welding runs, and a 2 pct thoriated tungsten the nitrogen concentration along the length of the weld line.
nonconsumable electrode, with a diameter of 0.00024 m,
has been used. In order to avoid contamination of the

IV. RESULTS AND DISCUSSIONshielding gas and weld-pool by the surrounding atmosphere,
the chamber has been back-filled with argon prior to welding

A. Nitrogen in the Plasma Phaseto purge the system of unwanted environmental impurities.
Throughout the duration of each welding run, a total pressure Using the calculation methodology discussed previously,

the number densities for the species present in the argon-of 0.1 MPa was maintainedwithin the experimental chamber.
Shielding of the weld-pool is provided by the use of con- nitrogengas mixtures of interest have been calculated.Figure

5 shows a plot of the calculated species-density distributiontrolled argon-nitrogen gas mixtures as the weld shielding
gas. In all cases, ultra-high-purity argon and nitrogen gases as a function of temperature for an Ar-5 pct N2 gas mixture

at atmospheric pressure. Similar plots can be made for theare used. These gases contain extremely low quantities of
impurities, thus increasing the controls on the experiments other Ar-N2 mixtures of interest here. These plots provide

insight into the effects of changes in electron temperaturesand decreasing any factors that may unduly affect the nitro-
gen concentration results. in the plasma on the resulting species distributions. For

example, in Figure 5, argon species dominate across theAfter the completion of each weld line, several samples
were removed from the weld line for analysis. Figure 4 range of temperatures considered, given the much higher

fraction of argon in the gas mixture. Among the nitrogenshows a schematic drawing of the locations of the samples.
All of these samples are 0.00064 m in thickness and are species, diatomic nitrogen dominates at temperatures below

6000 K, where the extent of dissociation and ionization islocated at 0.013, 0.038, 0.064, and 0.089 m from the starting
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Calculations of the monatomic nitrogen partial pressures
are shown in Figure 6 as a function of the electron tempera-
ture typical of the region adjacent to the weld-pool surface
for several Ar-N2 gas mixtures. Even though only a narrow
temperature range is shown here, monatomicnitrogen partial
pressures vary by up to five orders of magnitude. Therefore,
even small variations in the temperature directly above the
weld-pool can significantly affect the amount of monatomic
nitrogen available to take part in the nitrogen dissolution
reaction. This steep monatomic nitrogen partial-pressure
dependenceand a lack of knowledgeof the electron tempera-
ture adjacent to the weld-pool surface further complicate the
modeling of the nitrogen dissolution reaction.

B. Temperature and Fluid-Flow Fields in the Weld Pool

Calculations of the temperatures and velocity fields inFig. 6—Graph showing dramatic changes in monatomic nitrogen partial
pressures with rather small changes in the electron temperature. The electron three dimensions have been performed for each set of experi-
temperature range shown in this figure matches those temperatures found mental parameters. Figure 7 shows the calculated steady-
in the anode boundary layer. state temperature and fluid-flow fields in the weld-pool in

three dimensions, for a travel speed of 0.0085 m/s. Similar
calculationshavebeenperformed for a travel speed of 0.0042
m/s. In each case, the elongated pool shapes and temperaturelow. In this temperature range, ionized species play no role

and are not considered. Above approximately 7000 K, mon- fields are typical of welds with a moving heat source. At
each travel speed, the temperature gradients are greater inatomic nitrogen is the dominant species, and N+ dominates

as the temperature is increased above 17,000 K. Although front of the heat source than behind it. Computed values of
the peak temperature, maximum velocities, and the weld-Figure 5 shows computed species densities only for the Ar-

5 pct N2 gas mixture, the general trends shown in this figure pool depth and width are listed in Table V for each travel
speed investigated here. The effect of the change in travelare representative of all gas compositions studied here.

The behavior of monatomic nitrogen, which is the domi- speed is evident. For example, the calculated peak tempera-
tures and weld-pool widths and depths are greater at thenant species in the nitrogen dissolution reaction,[4,6–8,56] is

of greatest interest here. The partial pressure of monatomic slower travel speed. These results are consistent with those
observed in previous modeling efforts.[32]nitrogen above the weld-pool is based on the electron-tem-

perature distribution and the accompanying monatomic The temperature distribution on the weld-pool surface
contributes to the amount of nitrogen absorbed from thenitrogen species density in the plasma phase. Temperatures

in the arc column have been found to range from approxi- plasma phase. Figure 8 shows the weld-pool surface-temper-
ature distribution calculated for a travel speed of 0.0085mately 3000 to 20,000 K, with higher temperatures near the

electrode and lower temperatures at the weld-pool sur- m/s. This figure shows a rather symmetrical temperature
distribution, with the peak temperatures present under theface.[57–63] As the weld-pool surface is approached, though,

the characteristics of the plasma phase in the arc column heat source and decreasing temperatures observed as the
weld-pool periphery is approached. Similar behavior is alsosignificantly change. This region is typified by temperatures

that are significantly less than those found in the arc column observed with a travel speed of 0.0042 m/s, except that
higher temperatures are observed with the slower traveland approach those on the weld-pool surface.[64]

Fig. 7—Three-dimensional diagram showing modeling results for both temperature and fluid flow fields in the weld-pool for a travel speed of 0.0085 m/s.
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Table V. Summary of Output Data from These on the electron temperatures present in the plasma phase
Calculations and the nitrogen addition to the shielding gas. In this study,

electron temperatures are assumed to be between 2500 andCondition 1 Condition 2
4000 K. This choice of temperature is based, in part, on

Peak temperature (K) 2377 2551 previous experimental measurements[58–63] of the tempera-
Maximum velocities (m/sec) ture distribution in the welding arc, which show electronumax 0.064 0.11

temperatures in the range of 5000 K close to the weld-poolvmax 0.083 0.12
surface. Furthermore, our previous calculations show that,wmax 0.011 0.017
with an Ar-1 pct N2 gas mixture, the weld-pool surfaceWeld-pool depth (m) 0.00077 0.001
becomes saturated with nitrogen[19] at electron temperaturesWeld-pool width (m) 0.0073 0.010

Number of grids 62400 62400 of 5000 K. For gas mixtures containing higher percentages
of nitrogen, the saturation occurs at lower electron tempera-
tures. Therefore, the effects of electron temperatures below
this level are investigated here.

A distribution of electron temperatures is also assumed
to exist above the weld-metal surface. For example, a maxi-
mum electron temperature is located directly under the heat
source, and a minimum value occurs at the solid-liquid inter-
face. This variation is based on the change in electron tem-
peratures in the plasma phase as the distance from the energy
source is increased. The magnitude of this temperature varia-
tion is expected to be rather small, given the small size

Fig. 8—Computed temperature profiles on the weld-pool surface for a of the weld-pools examined here. Therefore, the effects oftravel speed of 0.00847 m/s. All temperatures are in degrees Kelvin.
electron temperature variations of 250 and 500 K have been
examined here. An example of the electron-temperature dis-
tributions analyzed here is shown in Figure 10(a), for anspeed. Changes in the temperature distribution on the weld-
electron-temperature distribution between 3250 and 3000 Kpool surface affect the resulting nitrogen absorption and the
at a travel speed of 0.0085 m/s. Similar electron-temperaturespatial distribution of nitrogen concentrations.
distributions are observed with each electron-temperatureThe calculated weld-pool dimensions are compared with
range examined here. When the travel speed is decreased,the corresponding experimental values at a travel speed of
the electron-temperature range is distributed over the larger0.0085 m/s in Figure 9. The calculated dimensions generally
size of the weld-pool.correspond with the experimental weld-pool shape, even

These electron-temperature distributions are then used asthough the modeled weld-pool is somewhat wider. Velocity
a basis for determining the monatomic nitrogen partial pres-fields in the weld-pool cross section are also shown in Figure
sures above the weld-pool. Table VI summarizes the mini-9. In each case, a strong outward flow of liquid from the
mum and maximum electron temperatures and theweld-pool center to the weld-pool periphery is observed at
corresponding monatomic nitrogen partial pressures. It iseach travel speed. This behavior is indicative of a metal
observed that even small changes in the electron temperaturewith low concentrations of surface-active elements and is
can produce changes in the monatomic nitrogen partial pres-consistent with previous modeling[32] and experimental[65]

sure of between a factor of 3 and 10. The monatomicnitrogenwork. The nitrogen-concentration distributions resulting
partial-pressure distribution, based on the electron-tempera-from these changes in temperature and the monatomic nitro-
ture distribution in Figure 10(a), is shown in Figure 10(b)gen partial pressure are discussed in Section C.
with an Ar-10 pct N2 shielding gas mixture. The monatomic
nitrogen partial-pressure distribution is closely related to the

C. Nitrogen Surface Concentrations electron-temperature distribution, with higher monatomic
nitrogen partial pressures present in areas with higher elec-Nitrogen concentrations on the weld-pool surface are
tron temperatures and decreasing monatomicnitrogen partialbased on both the monatomic nitrogen partial pressures
pressures present at the periphery of the weld-pool.above the weld-pool and the weld-pool surface temperatures.

The monatomic nitrogen partial pressures, in turn, are based Nitrogen concentrationson the weld-pool surface can then

Fig. 9—Comparison between the experimental and calculated weld-pool cross sections at a travel speed of 0.00847 m/s.
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At the weld-pool center, the nitrogen concentrations are
their lowest, even though the monatomic nitrogen partial
pressures are at a maximum. As the weld-pool periphery is
approached, the nitrogen concentrations reach a maximum
value, equal to the level at which nitrogen desorption occurs.
This nitrogen concentration is defined by Sieverts law at the
surface temperature and at a nitrogen partial pressure of 0.1
MPa.[4,18,19] For example, the nitrogenconcentrationin liquid
iron at a temperature of 1873 K and a total pressure of(a)
0.1 MPa is approximately 450 ppm. The overall behavior
observed here is indicative of the solubility of nitrogen in
iron due to monatomic species, in which the nitrogen solubil-
ity decreases with an increase in the temperature of the
liquid iron.[23]

Changes in either the electron-temperature distribution or
the nitrogen addition to the shielding gas also affect the
nitrogen surface concentrations. In each case, changes in
either of these parameters result in changes in the monatomic
nitrogen partial pressures above the weld-pool. Lower elec-

(b) tron temperatures translate into lower nitrogen concentra-
tions on the weld-pool surface, while higher electron
temperatures result in higher nitrogen concentrations. The
nitrogen-concentration distribution noticeably changes with
the addition of more nitrogen to the shielding gas. Nitrogen
concentrationsat the level of nitrogen desorption are present
over a larger proportion of the weld-pool surface. Higher
nitrogen concentrationsare also present in the region directly
under the heat source, never reaching the levels observed
on the weld-pool periphery.

(c)

D. Nitrogen Concentrations in the Weld PoolFig. 10—(a) Electron temperature (K), (b) monatomic nitrogen partial pres-
sure (atm), and (c) nitrogen concentration (ppm) distributions for a travel

Nitrogen absorbed on the weld-pool surface is transpor-speed of 0.0085 m/s and a 10 pct N2 addition to the shielding gas. A
maximum temperature of 3250 K and a minimum temperature of 3000 K ted to the weld-pool interior by convection and diffusion.
are considered. Therefore, the nitrogen concentrations on the weld-pool

surface have a significant impact on the resulting nitrogen
concentrations in the weld-pool interior. Three-dimen-
sional, transient calculations of the nitrogen concentrationsbe calculatedby combining the surface-temperature distribu-

tion with the monatomic nitrogen partial-pressure distribu- in the weld-pool have been performed here. A typical
nitrogen-concentration distribution in the weld-pool istion above the weld-pool. Figure 10(c) shows the calculated

nitrogen concentrations on the weld-pool surface for the shown in Figure 11 for a travel speed of 0.0085 m/s, a 10
pct N2 addition to the shielding gas, and electron tempera-conditions described in Figures 10(a) and (b). A similar

pattern emerges for each electron-temperature distribution. tures between 3250 and 3000 K. In this figure, the transient

Table VI. Summary of Electron Temperature and Monatomic Nitrogen Partial Pressure (PN) Distributions

Electron
Temperatures 5 Pct N2 10 Pct N2 15 Pct N2 20 Pct N2

PN Max PN Min PN Max PN Min PN Max PN Min PN Max PN Min
Maximum Minimum (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

250K difference
3500 K 3250 K 1.21 3 1024 3.36 3 1025 2.42 3 1024 6.73 3 1025 3.63 3 1024 1.01 3 1024 4.83 3 1024 1.35 3 1024

3250 K 3000 K 3.36 3 1025 7.58 3 1026 6.73 3 1025 1.52 3 1025 1.01 3 1024 2.27 3 1025 1.35 3 1024 3.03 3 1025

3000 K 2750 K 7.58 3 1026 1.31 3 1026 1.52 3 1025 2.61 3 1026 2.27 3 1025 3.92 3 1026 3.03 3 1025 5.22 3 1026

2750 K 2500 K 1.31 3 1026 1.59 3 1027 2.61 3 1026 3.17 3 1027 3.92 3 1026 4.76 3 1027 5.22 3 1026 6.34 3 1027

500K difference
4000 K 3500 K 9.69 3 1024 1.21 3 1024 1.94 3 1023 2.42 3 1024 2.91 3 1023 3.63 3 1024 3.88 3 1023 4.83 3 1024

3500 K 3000 K 1.21 3 1024 7.58 3 1026 2.42 3 1024 1.52 3 1025 3.63 3 1024 2.27 3 1025 4.83 3 1024 3.03 3 1025

3250 K 2750 K 3.36 3 1025 1.31 3 1026 6.73 3 1025 2.61 3 1026 1.01 3 1024 3.92 3 1026 1.35 3 1024 5.22 3 1026

3000 K 2500 K 7.58 3 1026 1.59 3 1027 1.52 3 1025 3.17 3 1027 2.27 3 1025 4.76 3 1027 3.03 3 1025 6.34 3 1027
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Fig. 11—Three-dimensional plot of nitrogen concentrations in the weld-pool at several times for a travel speed of 0.00847 m/s. Electron temperatures
between 3250 and 3000 K for a 10 pct N2 addition to the shielding gas are assumed.

nitrogen concentrations are superimposed on the steady-
state weld-pool shape, giving an indication of how the
nitrogen concentration varies up to solidification.

Nitrogen concentrations evolve along the length of the
weld-pool up to the point of solidification. In the early stages
of this evolution, lower nitrogen concentrationsare observed
in the center of the weld-pool. This behavior is a result of the
lower solubility of nitrogen in liquid iron due to monatomic
nitrogenat the higher temperatures present in these locations.
It is also apparent that the transport of nitrogen is the result
of the fluid-flow patterns in the weld metal. A radially out-
ward flow dominates in the weld-pool, and the nitrogen
concentrations present in the weld-pool are affected by this
behavior. As the weld-pool evolves, the transport of nitrogen (a)
from the outer edges to the interior of the weld-pool cross
section is evident.

By the time the weld-pool solidifies, the nitrogen concen-
tration distribution is rather homogeneous. Once the weld-
pool solidifies, the nitrogen is trapped in place, and this final
distributiondetermines the residual nitrogenconcentrationin
the weld-pool. Figure 12(a) shows a nitrogen-concentration
distribution across the solidified weld-pool cross section for
a 10 pct N2 addition to the shielding gas, electron tempera-
tures in the plasma phase between 3250 and 3000 K, and a
travel speed of 0.0085 m/s. A spatial variation in the nitrogen
concentration exists in the weld-pool. The highest nitrogen (b)
concentrations are located in the weld-pool center and
decrease as the former liquid-solid interface is approached.
In general, though, the nitrogen concentrations are rather
homogenous throughout the bulk of the weld-pool, but they
rapidly change at the weld-pool peripheries.

The effect of changes in the travel speed, the nitrogen
addition to the shielding gas, and the electron temperatures
in the plasma phase above the weld-pool on the resulting
nitrogen-concentration distribution in the weld-pool have
been examined here. Changes in the travel speed with all
other conditions maintained constant have little effect on
the resulting nitrogen-concentrationdistribution in the weld- (c)
pool. On the other hand, changes in the electron-temperature

Fig. 12—Nitrogen-concentration (ppm) distributions in the weld-pool fordistribution above the weld-pool noticeably affect the calcu- electron temperature distribution across the weld-pool ranging between (a)
lated nitrogen-concentration distributions, as shown in Fig- 3250 and 3000 K, (b) 3500 and 3250 K, and (c) 2750 and 2500 K with a

10 pct N2 addition to the shielding gas and a travel speed of 0.0085 m/s.ures 12(b) and (c). Significantly higher nitrogen
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concentrations are observed at the higher electron tempera-
tures. An analysis of the resulting nitrogen-concentration
distributionsover this electron-temperature range shows that
electron temperatures above 3000 K produce similar nitro-
gen concentrations in the weld-pool. At these electron tem-
peratures, there is little variation in the nitrogen surface-
concentration distributions, thus leading to similar nitrogen
concentrations in the weld-pool interior. Therefore, only
electron temperatures between 3000 and 3250 K are consid-

(a)ered in the remaining analysis.
The effects of different nitrogen additions to the shielding

gas on the resulting nitrogen-concentration distribution in
the weld-pool have also been investigated.Nitrogen concen-
trations in the weld-pool interior increase with an increase
in the nitrogen addition to the shieldinggas, but there is little
change in the general shape of the nitrogen-concentration
distribution. As the nitrogen addition to the shielding gas is
further increased, especially in the range between 15 and
20 pct N2 additions, nitrogen concentrations in the weld-
pool approach the level required for nitrogen desorption.
Changes in the nitrogen addition to the shielding gas have

(b)less of an effect on the resulting nitrogen-concentrationdis-
tribution than those observed with changes in the electron Fig. 13—Calculated Nitrogen-concentration (ppm) distributions (a) on the

weld-pool surface and (b) in the weld-pool interior at a travel speed oftemperatures. In each case, the monatomic nitrogen partial
0.0085 m/s and a 10 pct N2 addition to the shielding gas for an enhancementpressure is increased, but its level of increase is much less
in the level of nitrogen supersaturation of 1.75.with increases in the nitrogen addition than with the changes

in the electron temperatures considered here.
The residual nitrogen concentrations in the weld-pool

weld-pool is the desorption of nitrogen from the solidifyingare computed by integrating the nitrogen concentrations
weld metal. Previous researchers[18,20,50] have addressed theacross the solidified weld-pool cross section. These values
role of this reaction in determining the final nitrogen concen-can then be compared with the experimental results
tration in the weld-pool. In this model, a limit is placed onobtained here. At each travel speed, the average nitrogen
the nitrogen concentrations in the weld-pool to define theconcentration generally increases with an increase in the
level of nitrogen at which desorption occurs. The choice ofnitrogen partial pressure. Observed nitrogen concentrations
this level is rather arbitrary, and in the previous calculations,fall in a range of 2.7 to 4.7 times greater than Sieverts-law
it was set equal to the Sieverts-law calculations for nitrogencalculations at temperatures of 2000 and 2500 K and at the
in liquid iron, with a nitrogen partial pressure of 0.1 MPa.same nitrogen partial pressures. Therefore, temperatures on
Since this value is insufficient to explain the experimentalthe weld-pool surface are shown to not be responsible for
results, the effects of changing this level of nitrogen-concen-these nitrogen concentrations.
tration value are examined here.Nitrogen concentrationshave been calculatedover a range

The effect of the gas concentration in the liquid metal onof electron temperatures and compared with these experi-
the resulting desorption of gas has been noted else-mental results. For each set of electron temperatures and
where.[66,67] For example, during the decarburization of irontravel speeds, the calculated nitrogenconcentrationsincrease
melts, ([C] 1 [O] ® CO (g)), carbon concentrations canwith the nitrogen addition to the shielding gas. When higher
reach levels up to 15 times higher than those predicted byelectron temperatures are assumed to exist above the weld-
equilibrium calculations. The removal of carbon from thepool, the magnitude of this increase becomes less and the
melt through the evolution of CO (g) from liquid iron hasnitrogen concentrations across the range of nitrogen addi-
been found to be dependent upon the availability of nucle-tions become similar. Electron temperatures at these levels
ation sites for bubble formation within the melt. As theproduce nitrogen concentrations on the weld-pool surface at
number of heterogeneousnucleation sites increases, the levelor near the level at which nitrogen desorption is considered,
of carbon supersaturation in the melt decreases.allowing no more nitrogen to enter the weld-pool. On the

In this case, nitrogen desorption (2[N] ® N2 (g)) is tiedother hand, when the calculated nitrogen concentrations are
to a supersaturation of nitrogen in the liquid iron. This levelcompared with the experimental results, they fall below the
of nitrogen supersaturation is not well defined, and the effectexperimental values for each condition considered. There-
of several nitrogen supersaturation levels ranging betweenfore, there are other conditions to be taken into account in
25 and 100 pct higher than the nitrogen solubility calculatedthe calculations.
by Sieverts-law calculations, for a nitrogen partial pressure
of 1 atm, have been analyzed. In Figures 13(a) and (b), the

E. Nitrogen Desorption Effects effects of nitrogen supersaturation enhancements of 75 pct
on the resulting nitrogen-concentration distributions on theSince these calculated nitrogen concentrations are less

than the experimental results, other mechanisms are contrib- weld-pool surface and in the weld-pool interior, respectively,
are shown. Electron temperatures between 3250 and 3000uting to the nitrogen dissolution reaction. One such mecha-

nism which contributes to the nitrogen concentration in the K are analyzed here, because the calculated nitrogen surface
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(a)

(a)

(b)

(c)

(b) Fig. 15—Summary of final nitrogen-concentration (ppm) distributions for
several diffusive mass transport enhancement factors for a travel speed of

Fig. 14—Comparison between experimental and calculated nitrogen con- 0.0085 m/s and a 10 pct N2 addition to the shielding gas for electron
centrations over a range of nitrogen additions to the shielding gas for several temperatures ranging from 3250 to 3000 K: (a) 1, (b) 10, and (c) 50. A
levels of nitrogen supersaturation for a travel speed of (a) 0.0085 m/s and nitrogen supersaturation level of 50 pct is assumed.
(b) 0.0042m/s for an electron temperature range between 3250 and 3000 K.

concentrations are near the levels of nitrogen saturation enhancements in the nitrogen saturation levels are also
defined by Sieverts law in the previous section. shown. Unlike previous comparisons between experimental

With a 75 pct enhancement in the maximum allowable and calculated results, the calculated results for enhance-
nitrogen concentration on the weld-pool surface, signifi- ments between 50 and 75 pct fall in the same range as the
cantly higher nitrogen concentrations are present on the experimentally observed results for each travel speed. For
weld-pool surface and in the weld-pool interior. For example, each level of enhancement, the calculated nitrogen concen-
nitrogen concentrations on the weld-pool surface reach lev- trations increase with greater additions of nitrogen to the
els approaching 800 ppm [N] near the weld-pool periphery shieldinggas. This generally linear increase in the calculated
and 750 ppm [N] in the weld-pool interior for the conditions nitrogen concentration provides a similar trend to that
shown in Figures 13(a) and (b). Even though these levels observed experimentally. Therefore, the consideration of
are significantly higher than those observed in previous cal- nitrogen desorption through an increase in the allowable
culations, there is minimal difference in the general trends nitrogen concentrations on the weld-pool surface provides
observed on either the weld-pool surface or in the weld- a necessary component to this model and enhances the under-
pool interior, when no supersaturation is assumed. Similar standing of the nitrogen dissolution reaction.
conditionsare observed with each level of nitrogen supersat-
uration examined at each travel speed and with each nitrogen
addition to the shielding gas. F. Effect of Turbulence

A comparison between the calculated nitrogen concentra-
tions and the experimental results is shown in Figures 14(a) In the previous calculations, the presence of turbulence

in the weld-pool was taken into account. Little is known,and (b), as a function of the nitrogen additions to the
shielding gas for each travel speed. The effects of several though, about the quantitative role of turbulence on the
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Fig. 16—Summary of calculated nitrogen concentrations for a number of
enhancement factors to the diffusion coefficient for a travel speed of 0.0085 (a)
m/s and 5 and 20 pct N2 additions to the shielding gas and an electron
temperature distribution above the weld-pool ranging from 3250 to 3000
K and a 50 pct nitrogen supersaturation level.

transport of nitrogen in the weld-pool and the resulting nitro-
gen-concentrationdistribution.One way to take into account
this agitated or turbulent fluid flow is to enhance the diffu-
sion coefficient. This concept is based on previous work,
which took into account the role of convection in the weld-
pool and its effect on heat transfer by enhancing the thermal-
conductivity value.[52] Calculations are made with several
enhancements to the nitrogen diffusion coefficient at each
travel speed and with nitrogen supersaturation levels
between 50 and 75 pct. Figures 15(a) through (c) show the
final calculated nitrogen-concentration distributions in the
weld-pool for several levels of enhancement to the nitrogen
diffusion coefficient and at a nitrogen supersaturation of 50
pct. Nitrogen concentrations increase throughout the weld-

(b)pool with each enhancement of the nitrogen diffusion
Fig. 17—Comparison between experimental nitrogen concentrations andcoefficient.
modeled results for several mass transport enhancement factors at electronThe effects of enhancing the nitrogen diffusion coefficient
temperatures between 3250 and 3000 K for a nitrogen supersaturation levelon the residual nitrogen concentration at a constant nitrogen of 75 pct at a travel speed of (a) 0.0085 m/s and (b) 0.0042 m/s.

addition are shown in Figure 16 for 5 and 20 pct N2 additions
to the shielding gas and at a nitrogen supersaturation of 50
pct. In this figure, enhancements in the nitrogen diffusion
coefficient produce a corresponding increase in the residual
nitrogen concentration at a constant nitrogen addition to the enhanced, the calculated residual nitrogen concentrations

fall in the range of the experimentalresults. At enhancementsshielding gas. With a significant increase in the nitrogen
addition to the shielding gas, there is little increase in the of 10 and above, though, there is little difference in the

resulting nitrogen concentrations. Taken as a whole, turbu-residual nitrogen concentration. Changes in the travel speed
and level of nitrogen supersaturationdo not affect the behav- lence is an important component in the calculation of the

nitrogen concentration, but the choice of the level ofior shown in Figure 16 as a function of the enhancement of
the nitrogen diffusion coefficient. These results indicate that enhancement in the diffusion coefficient appears insignifi-

cant, as long as the value is 10 or above.changes in the nitrogen diffusion coefficient do not affect
the basic nitrogen transport mechanisms in the weld-pool,
but, rather, only further enhance the mixing in the weld-pool.

V. SUMMARY AND CONCLUSIONSCalculated and experimental nitrogen concentrations for
each travel speed and with several enhancements to the A model to calculate the nitrogen concentration in the weld

metal during the GTA welding of iron is developed here. Thenitrogen diffusion coefficient are compared in Figures 17(a)
and (b) for nitrogen supersaturations of 75 pct. In each calculation of the nitrogen concentrations in the weld-pool is

based on a combination of calculations involving the plasmacase, changes in the nitrogen diffusion coefficient affect the
resulting residual nitrogen concentration. For example, the phase above the weld-pool, the interface between the weld-

pool surface and the plasma phase, and the weldment interior.nitrogen concentrationswith no enhancement to the nitrogen
diffusion coefficient are significantly lower than the experi- Monatomic nitrogen partial pressures are calculated as a func-

tion of the electron temperatures in the plasma phase usingmental results. When the nitrogen diffusion coefficient is
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