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ABSTRACT

The observation o f  nitrogen concentrations* well above those predicted by Sieverts' 

Law* during the arc welding o f iron and steel is well established. Several models* based 

on the role o f  monatomic nitrogen and a competition between nitrogen absorption and 

desorption, are currently available. This work represents the first comprehensive effort to 

combine knowledge o f the plasma phase* the plasma-metal interaction* and the transport 

o f  nitrogen in the weldment in a  single model to determine the nitrogen concentration in 

iron during gas tungsten arc (GTA) welding.

The development o f this model is based, in part* on a comprehensi ve analysis o f  the 

species density distribution in a typical GTA welding arc. A detailed calculation meth

odology has been developed and used here to determine the densities o f  various species 

as a function o f electron temperature for both pure gases and a number o f gas mixtures. 

According to these calculations* ionized species dominate at temperatures commonly 

found close to the electrode, while neutral monatomic and diatomic nitrogen are the pri

mary species near the metal surface.

This calculation methodology can also shed light on physical processes occurring in 

more complex gas mixtures. For example* oxygen additions to inert gas-nitrogen mix

tures further enhance the resulting nitrogen concentration in the weld metal and affect the 

species density distribution in the plasma phase. Using this calculation scheme, defini

tive proof is provided for an increase in the monatomic nitrogen partial pressure with the 

presence of NO in the plasma phase at temperatures below 6000K. These results are 

further validated by emission spectroscopy o f glow discharge plasmas containing these 

same gas mixtures.

The calculated species densities can then be applied to determine the monatomic ni

trogen partial pressure above the weld pool. Using these values at electron temperatures 

characteristic o f  the region adjacent to the weld pool surface* the resulting nitrogen con

centration on the weld pool surface is calculated with knowledge o f the weld pool surface 

temperatures* determined from the heat transfer and fluid flow characteristics o f  the weld 

pool. Once absorbed* nitrogen is then transported to the weld pool interior by convection
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and diffusion. A quasi-steady-state three-dimensional mathematical model is developed 

to numerically solve the equations o f  conservation o f  energy, nitrogen concentration, and 

momentum during the GTA welding o f pure iron and determine the resulting nitrogen 

concentration in the weld pool.

With the presence o f  turbulence in the weld pool also considered, the model produces 

realistic nitrogen concentrations in the weld metal. It is shown that the desorption of the 

dissolved nitrogen via bubble formation in the nitrogen supersaturated weld pool plays an 

important role in determining the resulting nitrogen concentration. When nitrogen super- 

saturation levels in the liquid metal are in the range o f 50 to 75% greater than the equilib

rium nitrogen solubility at one atmosphere o f diatomic nitrogen at the weld pool surface, 

the calculated nitrogen concentrations are equivalent to the experimental observations.

In addition to the development o f  this model, it has been observed that changes in 

welding parameters also produce significant changes in the weld pool appearance and 

microstructure. For example, weld pools produced at a higher travel speed with nitrogen 

additions to the shielding gas exhibit no porosity while weld pools formed at the lower 

travel speed exhibit significant porosity. The predominant weld pool microstructures are 

also significantly different in each case. Therefore, a connection between the nitrogen 

concentration in the weld metal, the resulting microstructure, and the presence or absence 
of porosity is indicated.
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Chapter 1 

INTRODUCTION

1.1 NITROGEN DISSOLUTION DURING ARC WELDING

A wide range o f fusion welding processes is utilized in  an equally wide range o f 

manufacturing processes. These welding processes vary primarily in the choice o f  the 

power source, which can range from advanced lasers or electron beams to arcs. Methods 

for producing arcs can vary from non-consumable tungsten electrodes used in gas- 

tungsten arc (GTA) welding processes to consumable metal electrodes used in gas-metal 

arc (GMA) welding processes. Given the high temperatures prevalent in these various 

welding processes, the liquid metal must be shielded from the surrounding atmosphere. 

Shielding may be achieved by means o f a flux, an external gas supply, a combination o f 

the two, or from the evacuation o f the atmosphere. The means of shielding the weld pool 

depends on the welding process to be used.

During GTA welding processes, which are o f  primary interest here, shielding is 

achieved using an inert shielding gas, such as argon or helium. A plasma phase is formed 

by the interaction between the inert shielding gas and the electromagnetic radiation pro

duced by the arc. At times, weld metal shielding may be inadequate, and diatomic gases 

present in the surrounding atmosphere, such as hydrogen, nitrogen, and oxygen, may im

pinge upon the shielding gas stream and dissolve into the weld metal. The impingement 

o f nitrogen gas from the surrounding atmosphere or its purposeful addition into an inert 

shielding gas produces enhanced levels o f nitrogen in iron and steel. At the high tem

peratures characteristic o f  welding, the rapid absorption o f gases such as oxygen and ni

trogen is possible. For example, oxygen and nitrogen contents as high as 0.7 and 0.2 

wt.%, respectively, have been obtained in steel welds during arc welding. 1 These con

centration levels are far greater than those present in the base metal and indicate the im

portance o f the dissolution o f  these species into the metal from the gas phase. In this 

case, the dissolution o f nitrogen into iron and steels is considered.
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Typically, the nitrogen concentration in solution in iron is calculated using Sieverts’ 

Law, which is based on Equation (LI)  for the iron-nitrogen system. The equilibrium ni

trogen concentration in iron at a constant temperature is proportional to the square root o f 

the partial pressure o f  diatomic nitrogen2 and is shown in Equation (1.2):

i N 2(g )-> M w t.% ) (LI)

AG i

N(wt.%) = K«, ^  =  , / P ^ V  ̂  (1.2)

o
where AG, is the standard free energy for the reaction in Equation (1.1), N (wt.%) is the 

nitrogen concentration in solution at equilibrium with the diatomic nitrogen gas, K eq is 

the equilibrium constant for this reaction, PN, is the partial pressure of N2. and T is the

temperature o f iron. The computed equilibrium concentration o f  nitrogen in liquid iron is 

shown in Figures 1.1 (a-c)3 and is based on the following free energy relationship4'5 for 

the reaction in Equation (1.1) for a temperature range between 1820 and 2620 K:

AG, =860.0+ 5.7IT (cal/mol) (1-3)

In these figures, the relationship between the nitrogen concentration in liquid iron, the 

temperature, and the partial pressure o f  diatomic nitrogen are highlighted. For example, 

at a given temperature, the equilibrium nitrogen concentration increases linearly with an 

increase in the nitrogen partial pressure. At a given nitrogen partial pressure, the equilib

rium nitrogen concentration also increases with a rising temperature. This behavior is 

specific to liquid iron and changes with the iron phase being analyzed.

However, such conditions are not always present in materials processing operations. 

For example, arc melting is a common practice in the processing of iron and steel. Dur-
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Figure l.l(a-c). Computed equilibrium solubility o f nitrogen in iron exposed to diatomic 
nitrogen (a) as a function of temperature and partial pressure o f  diatomic nitrogen, (b) as 
a function of partial pressure o f  diatomic nitrogen at three temperatures, and (c) as a 
function o f temperature at three partial pressures of diatomic nitrogen.3
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mg arc melting, there is a  plasma phase present above the liquid iron, which significantly 

alters nitrogen absorption from the surrounding environment into liquid iron and steel.4-1 r 

Typically , nitrogen concentrations are observed to be far in excess o f the equilibrium val

ues calculated using Sieverts’ Law. Figure 1.2 compares a  series o f experimental nitro

gen concentration in small arc melted iron samples with Sieverts’ Law calculations for a 

range o f nitrogen partial pressures.4 Nitrogen concentrations in these samples are consid

erably larger than those based on equilibrium calculations and display a different behav

ior as a  function of the nitrogen partial pressure. As the nitrogen partial pressure is fur

ther increased, the nitrogen concentration plateaus at a level equivalent to the nitrogen 

solubility in pure iron at 1 atm using Sieverts’ Law calculations.

Nitrogen concentrations far in  excess o f  Sieverts’ Law calculations are also typically 

observed during arc welding operations with nitrogen present in the shielding gas. 12"18 

One study o f this phenomenon by Kuwana and Kokawa17 involves the GTA welding o f 

pure iron samples with controlled nitrogen additions to an argon shielding gas. Figure

1.3 shows the relationship between the nitrogen partial pressure in the shielding gas and 

the measured nitrogen concentration in the weld metal along with Sieverts’ Law calcula

tions for three temperatures in liquid iron.17 The nitrogen concentrations in the weld 

metal are significantly higher than the Sieverts’ Law calculations. These nitrogen con

centrations increase rapidly at very low nitrogen partial pressures until reaching a plateau, 

corresponding to approximately 0.06 wt.% QSQ, at a nitrogen partial pressure o f approxi

mately 0.005 MPa. This behavior is nearly identical to that observed in the arc melting 

operations. This agreement in results shows that there are common mechanisms in the 

fusion welding conditions contributing to these large nitrogen concentrations in the weld 

pool. Therefore, the mechanisms o f  the enhanced nitrogen dissolution and the reasons 

and conditions for the observed nitrogen solubility are o f interest.

Even though weld metal nitrogen concentrations far in excess o f Sieverts’ Law cal

culations have been a long-standing problem, the mechanisms for the nitrogen dissolution 

reaction are not well understood. This study will concentrate on nitrogen dissolution 

during the GTA welding o f pure iron. GTA is studied here because it provides a much 

simpler case for understanding nitrogen dissolution than other welding operations. Dur-
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Figure 1.2. Nitrogen concentration in an arc melted iron sample plotted as a function o f 
the square root o f  the nitrogen partial pressure.6
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partial pressure (Pn2 ) for an Ar-N2 shielding gas mixture at a welding current of 250 A, 
an arc length o f  10 mm, and a travel speed o f 1.67 mm/sec.17
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ing GTA welding, nitrogen is introduced into the weldment only through an interaction 

between the plasma phase in the arc column and the weld pool surface. Therefore, the 

study o f  this welding process allows for only the plasma-metal reactions occurring at the 

weld pool surface to be considered. Characteristics o f this plasma phase and the current 

understanding o f  this process are discussed in the following sections.

1.2 CURRENT UNDERSTANDING OF THE NITROGEN DISSOLUTION
REACTION

1.2.2 Plasma -  Metal Interactions

During GTA welding, a plasma phase resides above the weld pool as the result o f  an 

interaction between the shielding gas and electromagnetic radiation. This plasma phase 

consists o f electrons, ions, excited atoms, and molecules, and can collectively be both 

electrically conducting and neutral.19 When a  diatomic gas is transformed to a plasma 

phase, it may dissociate, ionize, or become electrically or vibrationally excited. The 

transformation of diatomic molecules to excited neutral atoms and ions in the gas phase 

involves inelastic collisions between these diatomic molecules and electrons.20 Plasma 

properties such as the electron density and energy affect the formation of these various 

species from the diatomic molecules. Atomic and excited gases and electrons present in 

the gas phase introduce several special features to the system, of which three are o f  spe

cial interest in welding. These features include: the extent o f  dissociation o f  a diatomic 

gas in the welding environment; the effect o f  temperature on the species concentration in 

the weld metal for different gases; and the concentration o f dissolved species in the weld 

pool retained by the weld metal after cooling.

Plasma-metal interactions have been studied in the arc melting o f iron and steel. The 

general plasma/metal reactions, which occur in simple arc melting operations, are also 

present in fusion welding operations. Based upon observations, there are primarily two 

mechanisms available to explain the enhanced levels o f  diatomic gas present in the metal. 

In the first model, Lakomskii and Torkhov8 have postulated that the reaction between ex

cited nitrogen molecules, N 2, which possess a  higher energy o f internal degrees o f free

dom, and the liquid metal is responsible for the enhanced concentrations o f nitrogen in
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iron. The retention o f  a sufficient amount o f  vibrational energy in excited nitrogen mole

cules enhances the breaking o f interatomic bonds when the nitrogen is adsorbed on the 

surface of the liquid iron. An additional excitation energy thus lowers the energy re

quired for dissociation o f  the nitrogen molecules on the iron surface, thus increasing the 

equilibrium constant o f the absorption o f nitrogen, K*» and the equilibrium concentration 

of nitrogen in solution.

A second reaction has been suggested to be responsible for the enhanced levels o f  ni

trogen in the iron weld metal.9 Among the number o f activated states present in the arc 

column, monatomic nitrogen, N(g), is primarily absorbed at the surface o f  the liquid iron 

under the arc column. Equation (1.4) shows the reaction described by this model, and 

Equation (1.5) shows the relationship used to calculate the nitrogen concentration in the 

liquid metal:

N(g) -> N(wt.%) (1.4)

AG4

N(wt%) =  PNe R-T (1.5)

where Pn is the partial pressure of monatomic nitrogen, AG 4 is the standard free energy 

for the reaction in Equation (1.4), N (wt.%) is the nitrogen concentration in solution at 

equilibrium with the diatomic nitrogen gas, Keq is the equilibrium constant for this reac

tion, and T is the temperature o f liquid iron. The standard free energy for the reaction 

shown in Equation (1.4) is defined by the following relation:4 5

AG 4 =  -85736 + 21.405T (cal/mol) (1.6)

The computed equilibrium solubility o f monatomic nitrogen gas in liquid iron is

shown in Figures 1.4(a-c).3 As a  result, the iron-monatomic nitrogen equilibrium system

displays much different behavior than the iron-diatomic nitrogen system. The equilib

rium solubility o f  nitrogen in iron exposed to monatomic nitrogen increases in a linear
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Figure I.4fa-c). Computed equilibrium solubility o f nitrogen in iron exposed to mona
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gen, (b) as a function of partial pressure of monatomic nitrogen at three temperatures, and
(c) as a  function o f temperature at three partial pressures o f  monatomic nitrogen.3
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manner with respect to increasing monatomic nitrogen partial pressure, as shown in Fig

ure 1.4(b). On the other hand, it decreases significantly in a  non-linear manner with tem

perature over the defined range o f  temperatures, as shown in Figure 1.4(c). Since the 

monatomic nitrogen solubility increases rather sharply with decreasing temperature be

low 1575 K, small changes in temperature can cause large changes in the ensuing equilib

rium nitrogen concentration. When compared, this variation in temperature plays a  much 

greater role than that o f pressure in determining the extent o f  nitrogen solubility in iron 

exposed to monatomic nitrogen gas.

1.2.2 Existing Models

Several authors have proposed that the total amount o f nitrogen present in the liquid 

metal is the balance o f two independent processes.6,21'24 Nitrogen is first absorbed 

through the interface between the arc and the liquid metal. Once a saturation level is 

reached at the metal surface, nitrogen is then expelled from the surface o f  the liquid metal 

outside the arc column. Nitrogen desorption occurs via bubble formation at the surface 

and other heterogeneous nucleation sites in the liquid melt. These bubbles are filled with 

nitrogen gas, which has been rejected from the liquid iron. Outside the arc column, the 

nitrogen in solution in the iron is in equilibrium with diatomic nitrogen rather than 

monatomic nitrogen, which dominates the arc column.

Other researchers have concentrated on the role o f the plasma phase in producing 

these enhanced nitrogen concentrations. Gedeon and Eagar25 have developed a basic 

model for further understanding the dissolution of monatomic species during welding. 

This model is based on the assumption that the diatomic gas dissociates into monatomic 

gas at a temperature higher than that at the sample surface. The monatomic species is 

then transported to the liquid metal surface where it is absorbed into the liquid metal at 

the temperature of the liquid surface. Mundra and DebRoy3 have developed a model 

based on this same premise. They have also attempted to define the monatomic nitrogen 

partial pressure responsible for the nitrogen concentrations observed in the weld metal.

In the plasma phase, the extent o f dissociation o f diatomic nitrogen depends on fac

tors such as the nature o f  the power source, the energy dissipated, the overall system ge-
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ometiy, and the nature of the diatomic gas. The thermal dissociation o f diatomic nitrogen 

is defined in Equation (1.7), and its standard free energy value is defined in Equation

(1.8).

2 N 2 (g) N(g) (1.7)

AG ° =86596-I5.659T  (cal/mol) (1.8)

Figure 1.5 defines the relationship between the percentage dissociation o f  diatomic nitro

gen species into monatomic species, based on the experimental work o f Bandopadhyay et 

at.™ showing that the dissociation o f  diatomic nitrogen increases with increasing tem

perature. A hypothetical temperature, Td, is defined. This temperature is equal to the 

temperature at which the equilibrium thermal dissociation o f  diatomic nitrogen produces 

the partial pressure o f  monatomic nitrogen in the plasma.

Since the dissociation occurs at Td and nitrogen absorption occurs at Ts, the equilib

rium nitrogen concentration in iron can be defined by the following relationship:3

N(wt%) = R

AGd t AGS

(1-9)

where P^ 1 is the inlet nitrogen pressure (atm), AGd is the standard free energy for the

9
nitrogen dissociation reaction, and AGS is the standard free energy for the absorption o f  

monatomic nitrogen in liquid iron. The hypothetical dissociation temperature, Td, is 

higher than the temperature o f the sample, Ts, and is a measure o f  the partial pressure o f 

the atomic nitrogen in the plasma. These hypothetical dissociation temperatures fall in a 

range o f 100 to 300°C above the sample temperature for all o f  the systems analyzed.
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Each o f these methodologies provides a semi-quantitative explanation o f the nitrogen 

dissolution reaction in plasma-metal systems. The two-temperature model provides an 

order o f magnitude level agreement between the calculated and experimental nitrogen 

concentrations. On the other hand, it relies on an assumption of the effective dissociation 

temperature and does not provide an a priori capability for predicting the nitrogen con

centration. Unfortunately, the characteristics o f the plasma phase, as well as the interac

tion between the plasma phase and the liquid metal, are not yet fully understood. No 

quantitative means for predicting these enhanced nitrogen concentrations in the liquid 

metal has been developed. It is thus desired to develop a model with the capability o f 

predicting the nitrogen concentration in the weld metal with only knowledge o f  the ex

perimental parameters. In order to accomplish this task, more detailed knowledge of the 

plasma phase and the transport of nitrogen within the weld metal must be integrated. 

Each o f these components is further discussed in the subsequent sections.

1.3 CALCULATION OF ATOMIC NITROGEN PARTIAL RESSURE IN
THE PLASMA

The arc present above the weld pool during GTA welding processes is produced by 

the interaction between the electrode and the shielding gas over the area between the 

electrode and the weld metal surface. Based on the potential distribution across the arc 

length, the arc is divided into five parts: the cathode spot, the cathode fall region, the 

arc column, the anode fall region, and the anode spot,27as shown in Figure 1.6. Charac

teristics of the plasma phase in the arc column vary across these various regions. Only 

the arc column is in local thermodynamic equilibrium (LTE), which is defined, in this 

case, by a condition when the electron temperature is identical to the heavy particle tem

perature. The regions adjacent to the electrode and the weld pool surface, which are de

fined by the cathode and anode fall regions, respectively, display significant voltage 

drops and exhibit substantial deviations from LTE conditions. 26,28

Temperatures in the arc column can vary many thousands of degrees between the 

electrode and the work piece.29*34 The highest temperatures are observed in the vicinity 

o f the electrode, in some cases approaching 20000 K, while lower temperatures are ob-
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served as the work piece is approached. Even more significant temperature gradients ex

ist in the boundary region adjacent to either the electrode or the weld pool surface. In the 

region adjacent to the weld pool surface, the temperatures approach those found on the 

weld metal surface.

Once the temperatures in the plasma phase are known, the distribution of various spe

cies in the plasma phase can be determined. Knowledge o f  the concentration o f various 

species within the plasma phase is the key to a quantitative understanding o f the en

hanced dissolution of nitrogen in the weld metal. Theoretical studies o f  the number den

sities of various species in inert gaseous, pure nitrogen and oxygen plasmas at atmos

pheric pressures have been performed.35*38 In these studies, ionization and dissociation 

reactions have been primarily considered to calculate the number density of species in the 

plasma phase. These calculations provide a database of species densities over a range o f  

temperatures.

The calculation o f  species densities in the plasma phase has not been extended to 

temperatures approaching those on the weld pool surface. In addition, the calculation o f  

the number densities for these various species has been limited to pure gases. Monatomic 

nitrogen number densities at temperatures adjacent to the weld pool surface must be de

termined for inert gas-nitrogen mixtures. The number densities o f various gaseous spe

cies calculated can then be integrated into the calculation o f the nitrogen concentration on 

the weld pool surface. In addition to inert gas-nitrogen mixtures, even more complex gas 

mixtures are commonly found in the plasma phase in the arc column.

Nitrogen mixed with oxygen and hydrogen is much more likely than pure nitrogen to 

enter the arc column above the weld metal during arc welding processes. The role played 

by the second diatomic gas additions in the shielding gas stream in affecting the amount 

o f nitrogen absorbed by the weld metal must be considered. Oxygen and hydrogen addi

tions to a nitrogen-containing shielding gas have been shown to have a rather significant 

effect on the resulting nitrogen concentration in the weld pool. These gas additions have 

significant effects on the resulting nitrogen concentration in  the weld metal, and, in par

ticular, the addition o f a small amount of oxygen to the shielding gas increases the nitro

gen concentration in the weld metal.11'12'39'41 This increase in nitrogen concentration in
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the presence o f  oxygen has been explained by the formation o f  FeO on the surface o f  the 

solidifying metal and by the presence o f  NO in the plasma. However, there is currently 

no unified theory to understand the effect of oxygen in the gas phase on nitrogen solubil

ity. The role o f oxygen on the enhanced nitrogen dissolution reaction is also investigated 

using these calculations.

1.4 MATHEMATICAL MODELING OF THE WELDING PROCESS

Heat transfer and fluid flow processes contribute significantly to the development of 

weld metal properties.42*43 Calculations o f  these heat transfer and fluid flow processes are 

commonly used to determine the resulting weld pool size and shape and thermal cycles at 

different locations in the weldment. These calculations have proven to be a reliable 

method for predicting weld pool characteristics in a number o f  different welding proc

esses.42̂ 5 The welding process can significantly alter the heat transfer and fluid flow 

characteristics in the weld pool. For example, the driving forces for fluid flow in the 

weld pool during gas-metal arc (GMA) and gas tungsten arc (GTA) welding operations 

and even laser welding are different. In the GTA welding process, for example, fluid 

flow is driven by the surface tension gradient on the weld pool surface, or Marangoni 

convection, as well as the electromagnetic force field. The contributions o f electromag

netic and buoyancy forces to fluid flow in the GTA weld pool are much less.

Arc welding processes are also dominated by a large number o f  complex physical 

processes, which are driven in large part by heat transfer and fluid flow in the weld pool. 

Similar mathematical modeling techniques have been applied to analyze these processes. 

Examples include the prediction o f  weld metal microstructures for various C-Mn steels 

during GMA and SMA welding46'47 and the calculation o f the growth and dissolution o f 

oxide inclusions during the arc welding o f low alloy steels 48 49

Nitrogen dissolution into the weld pool is intimately tied to a number of these same 

physical processes. Nitrogen dissolution into the weld metal is typically characterized by 

a competition between the absorption o f monatomic nitrogen a t the weld pool surface and 

the desorption o f  diatomic nitrogen gas from the solidified weld metal outside the arc 

column.20’23 Existing models provide a qualitative basis for understanding the nitrogen
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absorption reaction and the principal role o f  the plasma phase in this reaction. Since fluid 

flow and heat transfer processes significantly impact on the properties o f the weld metal 

surface and interior, there should be a similar effect on the nitrogen dissolution reaction 

during GTA welding. During GTA welding, gaseous species are introduced into the 

weldment only through an interaction between the plasma phase in the arc column and 

the weld pool surface.

Therefore, the dissolution o f  nitrogen from an inert shielding gas during the GTA 

welding o f iron can also be better understood through the calculation o f  heat transfer and 

fluid flow in the weld pool. A mathematical model, which combines these calculations 

with others for the plasma phase above the weld pool and monatomic nitrogen absorption 

on the weld pool surface, has been developed. The validity o f  this model has also been 

tested by comparing the modeling results with previously discussed experimental results 

from a series o f (GTA) welding experiments.

1.5 OBJECTIVE AND MOTIVATION FOR RESEARCH

Previous models o f the nitrogen dissolution reaction provide a good qualitative un

derstanding of the nitrogen dissolution process. These models primarily take into ac

count the role of the plasma in supplying monatomic nitrogen to the weld pool surface. 

In fact, the two-temperature model provides predictions of nitrogen concentrations in the 

weld metal within an order o f magnitude level accuracy . On the other hand, these exist

ing models do not take into account the role which fluid flow processes in the weld pool 

play on the distribution o f  nitrogen in the weldment.

The welding process is complex, with a large number o f physical processes occurring 

simultaneously in and around the weld pool. There are three primary areas of interest in 

the arc welding process, including the plasma phase in the arc column above the weld 

pool, the interface between the plasma phase and the weld pool, and the weld metal. A  

number of important physical and chemical processes occur in each o f these areas, which 

interact with each o f the other processes, and thus affect the nature o f the welding proc

ess. For example, reactions in the plasma phase produce monatomic nitrogen, which is 

then absorbed on the liquid metal surface. Once absorbed at the liquid metal surface, ni
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trogen is transported to the interior regions o f  the molten metal. Nitrogen concentration 

levels can rapidly reach saturation at the molten metal surface. Once the saturation level 

in the melt is reached, the metal can no longer hold this amount o f  nitrogen in solution. It 

must, therefore, be expelled, resulting in a phenomenon similar to boiling occurring near 

the surface of the melt.

A quantitative methodology to accurately determine the nitrogen concentration in the 

weldment during the GTA welding o f iron and steels is lacking. In order to determine the 

nitrogen concentration in the weldment,. knowledge o f  the plasma phase above the weld 

pool, the absorption o f  nitrogen on the weld pool surface, and the transport o f  nitrogen 

throughout the weldment is integrated. Detailed calculations o f the monatomic nitrogen 

partial pressures in the plasma phase present above the weld pool are coupled with the 

absorption of monatomic nitrogen on the weld pool surface. The resulting nitrogen con

centration on the surface will then be integrated with heat transfer and fluid flow calcula

tions in order to determine the distribution o f nitrogen in the weld pool and the nitrogen 

concentration in the weldment. Finally, the computed nitrogen concentrations are com

pared with the corresponding experimentally determined values.

There are several primary objectives to be accomplished here in order to develop a 

quantitative model for the calculation of the nitrogen concentration in the iron during 

GTA welding processes. Nitrogen containing shielding gases and nitrogen-oxygen gas 

mixtures are studied, and a comprehensive model for accurately determining the residual 

nitrogen concentration in a steel weldment is developed. The primary objecti ves o f this 

research project are listed here:

(a) To calculate the number densities of the inert gases, nitrogen, and oxygen 

present in the plasma phase in the arc column for temperatures characteristi

cally found during GTA welding operations.

(b) To examine the role o f  oxygen additions on the nitrogen dissolution reaction 

and develop a  model to describe the further enhancements in the residual ni

trogen concentration in the presence o f oxygen.
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(c) To integrate heat transfer and fluid flow calculations with the plasma phase 

calculations to determine the distribution o f  nitrogen species within the 

weldment during GTA welding operations.

(d) To investigate the effects of changes in welding parameters on the nitrogen 

dissolution reaction and the residual nitrogen concentration.

(e) To investigate the effects of nitrogen present in the weld metal on the pres

ence o f  porosity and the microstructure o f  the weld pool, and how these char

acteristics may affect the nitrogen concentration.
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Chapter 2

BACKGROUND AND LITERATURE REVIEW

2.1 NITROGEN SOLUBILITY IN CONVENTIONAL MATERIALS PROCESSING

2.1.1 Dissolved Gases in Metals

The ability to control the amount o f dissolved gas in a liquid metal is very important 

in determining its final product quality. During processings diatomic species, such as N2, 

O2, and H2, and more complex species, such as CO2, CO, H2O, and SO2, are often present 

above a liquid metal. Various elements from these species, such as C, H, S, and O, can 

be easily dissolved in the metal, leading to higher gaseous concentrations in the solidified 

metal.1'4 Nitrogen, oxygen, and hydrogen present in the solidified metal at these elevated 

levels may cause changes in the final properties of iron and plain carbon steels. For ex

ample, the presence of nitrogen in steels increases their hardness and machinability but 

decreases ductility and toughness.1 On the other hand, nitrogen can improve the tough

ness and strength in aluminum-killed steels by forming aluminum nitride particles, 

which, in turn, controls the grain size o f  the steel.1

These properties thus depend, in part, on the gaseous concentration in the liquid and 

solid iron. At these gaseous concentrations, porosity and inclusions in the solidified 

metal become a concern. The presence o f  gas-induced porosity in the solidified metal is 

caused by a large difference in the gas solubility between the liquid and solid states. 

Once these gases are in the metal, their removal is made difficult by the inability o f re

moving relatively large volumes of gas at both the solidification front and in the solidi

fied metal. Inclusions and second phase particles in the solidified iron or steel are the 

result of excess nitrogen or oxygen reacting with alloying elements, such as AI or Ti, in 

either the liquid or solid iron to form secondary particles.
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2.1.2 Iron-Nitroeen System

The iron-nitrogen system5 shown in Figure 2.1 is o f greatest interest here. In many 

ways, the iron-nitrogen system is similar to iron-carbon. Aside from the same general 

shape o f  each phase diagram, many of the phases commonly found in iron-carbon alloys, 

i.e. austenite and ferrite, are also found in the iron-nitrogen phases. One major difference 

between the phase diagrams is the temperature at which the eutectoid transformation oc

curs in the iron nitrogen system. The eutectoid reaction equates to the commonly known 

pearlite reaction (y —> a  + Fe;}C) in Fe-C and a  similar reaction in Fe-N (y —* a  + Fe4N). 

In Fe-C, the eutectoid reaction occurs at approximately 727°C, while the reaction is de

pressed to approximately 590°C for Fe-N.

There are additional nitride phases present in the Fe-N system at nitrogen concentra

tions well in excess o f the concentration range for the Fe4N  (y') nitride phase.6*8 Several 

phases and their respective equilibrium concentration ranges are listed in Table 2.1. The 

formation o f  these various nitride phases in the Fe-N system requires rather significant 

amounts of nitrogen in solution in order to remain stable. Such levels are difficult to 

achieve in bulk. Therefore, these phases tend to be observed on the surface o f  the metal, 

and are formed only as the result of a solid phase reaction.

The formation o f a  martensitic phase has also been reported during the quenching of 

iron powder or thin iron wire in ammonia-hydrogen gas mixtures.9*11 The iron-nitrogen 

martensite is very similar in both structure and appearance to that observed in the iron- 

carbon system.9 Using electron microscopy, low-nitrogen martensite (-0.3 wt.% N) ap

pears as a lath shaped crystal with a length large in comparison to its width and thickness. 

Above 0.5 wt.% N, the crystals become generally wider and often show twins, suggesting 

that the martensite crystals at these nitrogen levels are mainly internally - twinned plates.9

Nitrogen concentrations in pure iron can range from 0 to 2.7 wt.% N. Iron samples 

containing up to 0.7 wt.% N have been observed to be fully martensitic when quenched 

from an austenitizing temperature to 20°C. As the nitrogen concentration is further in

creased, the alloys contain progressively more retained austenite. Fe-N alloys, though,
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Table 2.1. Summary of iron nitride phases present in the iron-nitrogen system.

Iron Nitride Crystal Structure Nitroeen Concentration Reference

Phase fwt.%*

Fe4N (y ) BCC 5.77-5.88 9

FegN ( a ” ) Tetragonal 5.77-5.88 9

Fer6N2 ( a " ) Tetragonal 5.77 -5.88 7

Fe2N <£) Orthorhombic l l .L — I t .3 6

Fe3N (e) Hexagonal <11.0 6
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cannot be re-austenitized in a vacuum or in an inert atmosphere. During the re- 

austenitizing heat treatment, nitrogen is desorbed from the alloy into the surrounding en

vironment, leaving an alloy devoid o f nitrogen and with altered physical properties.10"12

2.1.3 Nitrogen Absorption Reaction

Absorption o f  nitrogen in liquid iron is an important consideration in the processing 

o f iron and steel. For example, during processing, large quantities of superheated molten 

steel come in contact with the surrounding atmosphere. In this vein, a great deal o f work 

has been devoted to understand the thermodynamics and kinetics of the absorption o f ni

trogen in liquid iron. 12"15 Pehlke and Elliott, 15 for example, have examined this phe

nomenon and developed a mathematical formulation describing its thermodynamic be

havior. The equilibrium nitrogen concentration in iron (7  N 2 (g) —► N(wt.%)) at a con

stant temperature is given by Sieverts’ Law and is proportional to the square root o f  the 

partial pressure o f  diatomic nitrogen:12

AG°

N(wt.%) = K ^n / p ^ "  = 1/ P ^ 'e  RT (2.1)

o
where AG is the standard free energy for the overall solution reaction, N(wt.%) is the

nitrogen concentration in solution at equilibrium with the diatomic nitrogen gas, K^, is

the equilibrium constant for nitrogen absorption reaction, PNi is the partial pressure o f

Ni, and T is the temperature of liquid iron. Based on the above calculation scheme, a lin

ear relationship between the square root of the nitrogen partial pressure and the resulting 

nitrogen concentration in the liquid iron at 1600°C is shown in Figure 2.2(a) .12 The free 

energy relationships used to calculate these nitrogen concentrations are shown in Table

2 .2 .

The solubility o f  nitrogen in iron has also been studied using similar Sieverts’ Law 

calculations over a  large temperature range, containing both solid and liquid iron
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Table 2.2. Free energy relationships for nitrogen solubility calculations in pure iron.

Reaction Free Energy-Temperature 
Relationship (cal/mol)

Temperature 
Range(K) Reference

* N 2(g) ->• N(g) 86,596.0- 15.659 T 2 7 3 -  1811 13

£ N 2(g)->N (w t.% )

Liquid Fe 860.0 + 5.71 T >1811 13,15

8-Fe 7200 +4.62 T 1663- 1810 13,16

y-Fe -2060 + 8.94 T 1185- 1662 13,17

a - Fe 7200 +4.62 T 273- 1184 13,16
N(g)-+£J(wt.%)

Liquid Fe -85,736 +21.405 T >1811 13-15

8-Fe -79396 + 20.28 T 1663- 1810
i

13,16

y-Fe -84536 +24,599 T 1185- 1662 13,17

a- Fe -79396 +20,28 T 273- 1184 13,16
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phases.12' 17 Figure 2.2(b)14 shows the calculated nitrogen solubility across this tempera

ture range at a  nitrogen partial pressure o f  I atm. In this figure, there is a rather signifi

cant difference in the nitrogen solubility between both liquid and solid iron and between 

the various solid iron phases.

2.1.4 Effect of Alloying Elements on Nitrogen Absorption

Additions o f dilute solute elements in iron cause a  number o f  interactions between 

each solute and the nitrogen present in solution. tfr27 Thus, these interactions affect the 

nitrogen solubility in ternary and multi-component iron alloys. The effect o f  the individ

ual alloying elements on the resulting nitrogen solubility can be determined based on the

calculation o f their interaction coefficients, e£p, which are defined in terms o f the activ

ity coefficient o f nitrogen (f>i):

where Xj is the mole fraction o f the alloying element, j. Table 2.3 lists the values for the 

interaction coefficients o f  common alloying elements present in liquid iron at 1600 C. 

These interaction coefficients are then used to determine the influence of these common 

alloying elements on the activity coefficient of nitrogen and the resulting nitrogen solu

bility in the alloy. The effect of these various alloying elements on the nitrogen activity 

coefficient in liquid iron is determined using a Taylor’s series expansion o f In fN which is 

given by the following relationship:

Figure 2.3 shows the effect o f several dilute alloy element additions on the nitrogen 

solubility in liquid iron.15 Some o f these alloying elements, for example, Cr, V, and Nb, 

significantly increase the nitrogen solubility with rather small additions to the m elt On

> J%X,-+0
(2.2)

In fN(%N,%2,%3,...) = e ^ ) (%N>f e jj* (%2>+-€§) (%3)+... (2.3)
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Table 2.3. Summary of interaction parameters on the nitrogen solubility in iron for common alloying elements calculated during 
the heating of liquid iron and during arc melting.

Alloving Ele

ment

Interaction Parameter 

(Heating of Melt)
References

Interaction Parameter 

(Arc Melting)
References

Al 0.0025 to 0.0060 15,27,62

C 0.1250 to 0.2500 15,25-27,62

Cr -0.040 to -0.057 15,27,62 -0,028 to -0.044 64,65

Mn -0.0200 15,27,62

Mo -0.0040 to -0,025 15,25-27,62 -0,0051 64

Ni oo.ou 15,25-27,62 0.003 65

0 0.05 o r -0.014 14,63

s 0.0130 25,26,62

Si 0.047 15

Ti -0.6300 27,62

V -0.10 27,62 -0.062 64

77
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Figure 2.3. The effect o f alloying element additions on the nitrogen solubility in liquid 
iron at a nitrogen pressure o f 1 atm. and a temperature o f 1600° C.15
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the other hand, several other alloying elements, such as C and Si, significantly decrease 

the nitrogen solubility in liquid iron. The roles which these alloying elements play are 

important in understanding the significantly different nitrogen concentrations observed in 

low alloy steels and stainless steels, even though a Sieverts’ Law type behavior is fol

lowed.

2.2 NITROGEN DISSOLUTION IN PLASMA -  METAL SYSTEMS

2.2.1 Observation o f  Enhanced Nitrogen Concentrations During Arc Melting

Sieverts’ Law based calculations o f  the nitrogen concentration in liquid iron are based 

on a metal-diatomic gas system. However, such conditions are not always present in 

materials processing operations. For example, arc melting is a common practice in the 

processing o f plain carbon and other steels. During arc melting, there is a plasma phase 

present above the liquid iron. With a plasma phase present above the liquid metal, the 

metal-diatomic gas equilibrium defined by Sieverts’ Law is not present. Under these 

conditions, nitrogen concentrations much greater than Sieverts’ Law calculations are ob

served in the liquid iron.28'35 For example, oxygen and nitrogen contents as high as 0.7 

and 0.2  wt.%, respectively, have been observed in liquid steel exposed to a  nitrogen con

taining arc.36

Several researchers28'35 have thus investigated the role which the presence o f a  plasma 

phase above the liquid metal plays on the absorption o f nitrogen from the surrounding 

environment into liquid iron and steel. Death and Haid investigated the dissolution of 

nitrogen in arc melted iron by adding predetermined amounts of nitrogen to an argon at

mosphere in an electric arc furnace. Very high nitrogen concentrations in the liquid iron 

bath, not attainable using conventional gas-metal reactions, were achieved in this case. 

Lakomskii and Torkhov29 performed similar arc melting experiments on carbonyl iron 

samples in several argon-nitrogen atmospheres. Nitrogen levels in the iron samples were 

far in excess of calculated values for equilibrium conditions. In Figure 2.4,29 the nitrogen 

content in the metal is proportional to the square root o f nitrogen partial pressure at low 

gas pressures. At higher nitrogen partial pressures (Pn2 )? the nitrogen concentration in
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the metal remains constant, which corresponds to the saturation o f  nitrogen in the iron. 

Above this level, nitrogen begins to bubble from the metal.

Unlike previous researchers,2*33 who analyzed nitrogen absorption into large molten 

iron baths, Ouden and Griebling30 studied the nitrogen absorption in small iron buttons in 

a small arc-melting chamber. The nitrogen concentrations in the small arc melted sam

ples were also considerably larger than those based on equilibrium calculations. In Fig

ure 1.2, the nitrogen concentrations in the iron samples are compared with Sieverts’ Law 

calculations as a function o f  the square root o f nitrogen partial pressure in the shielding 

gas. The linear behavior previously noted29 at low nitrogen partial pressures is not ob

served here. However, the nitrogen concentration plateaus at higher nitrogen partial pres

sures. The level o f this nitrogen concentration plateau is equivalent to the nitrogen solu

bility in pure iron at 1 atm using Sieverts’ Law calculations.

One difference between most high temperature materials processing operations and 

those described in this section is the presence o f a plasma phase above the liquid iron. 

This gaseous plasma phase is formed as the arc interacts with the surrounding atmos

phere. The original equilibrium conditions, therefore, no longer exist in the plasma-metal 

system during the arc melting o f iron and steel. As a result, Sieverts’ Law calculations 

cannot be used to determine the nitrogen concentration during the arc melting o f iron and 

steel. Unfortunately, the characteristics of the plasma phase, as well as the interaction 

between the plasma phase and the liquid metal, are not yet fully understood. No quanti

tative means for predicting these enhanced nitrogen concentrations in the liquid metal has 

been developed. On the other hand, several studies analyzing the plasma phase above the 

metal and several others, which describe proposed mechanisms for the enhanced nitrogen 

absorption in plasma-metal systems are available.

2.2.1.1 Species Present in the Plasma Phase 

Within a plasma phase, there are electrons, ions, excited atoms, and molecules.37'39 

When a diatomic gas, such as nitrogen, oxygen, or hydrogen, is transformed into a 

plasma phase, it may dissociate, ionize, or become electrically or vibrationally excited. 

Ouden40 investigated the forms in which nitrogen may exist in the plasma phase present
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in the arc. Nitrogen enters the arc from the surrounding atmosphere in its molecular 

form, N2. Once the nitrogen molecules enter the arc column, the high temperatures 

prevalent in the arc column cause the molecules to be dissociated into atoms or ionized.

in an arc column and has determined the number densities for both nitrogen molecules 

and atoms over a range of temperatures. In this analysis, ideal gas law behavior is as

sumed to prevail in the plasma phase. A  simplified measure o f  the role o f temperature in 

the plasma phase on the nitrogen dissociation reaction is expressed by the degree o f dis

sociation, a<i. It is defined as the fraction o f  molecules which is  dissociated into atoms, 

and is shown in the following two relations:41

where p is the total pressure, Kp is the reaction constant for the dissociation reaction 

( ^ ( g ) —► 2N(g)), which is calculated from fundamental spectroscopic data, n is the 

number of moles of diatomic gas to be dissociated, and C is a constant. The dissociation 

behavior for nitrogen and several other diatomic gases, including O2, H2. and CO2, is 

shown as a function of temperature in Figure 2.5.40

The dissociation behavior for each diatomic gas shown here is  similar. For example, 

each curve displays a steep transition between no dissociation and complete dissociation, 

indicating that a small change in the arc temperature can give rise to a considerable 

change in the degree o f dissociation.40”41 Near complete dissociation o f the diatomic ni

trogen species occurs between temperatures from approximately 6000 K to 10000 K, 

which are common in the arc column. In this temperature range, CO2, H2, and O2 com-

Fast41 has investigated the dissociation o f diatomic nitrogen gas in the plasma phase

(2-4)

(2-5)
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Figure 2.5. Degree of dissociation (a<j) o f several gases as a function o f  temperature.40
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pletely dissociate at much lower temperatures than N2- Therefore, only the dissociated 

forms o f these various molecules are present at temperatures prevalent in the arc column.

At even higher temperatures, nitrogen atoms and molecules can also be ionized. The 

number density o f the various ionized species and the electron density in the plasma 

phase can be calculated using the Saha-Eggert relationship.4244

nine _  2(2nmekT)3 Qj ^ —(g; —e;_i )/ kT (2 6)
ni-i h3 Qi-i

where m, lie, and n n  are the number densities (m‘3) o f  the ions, electrons, and ground 

state atoms or molecules, respectively, me is the mass o f an electron, h  is Planck’s con

stant, k is Boltzmann constant, T is the temperature, Qj and Q;_t are the partition functions 

for the ions and atoms or molecules, respectively, and e; and en  are the ground state en

ergies o f the ions and their respective ground state atoms or molecules.

The degree o f  ionization of either a molecular or atomic species can be determined in 

much the same way as the degree o f dissociation o f a diatomic molecule. It is defined 

below using a modified version of the Saha Equation:40

1̂ r  = 3 .0xl0-7 ( l ^ i ) e x p [ - |L ]  ' (2.7)

where p is the gas pressure (atm.), T is the temperature (K), a; is the degree o f  ionization, 

Ej is the ionization energy, and k is the Boltzmann constant. As shown in this relation

ship, the arc temperature and the system pressure determine the degree o f ionization.

Several other investigators4144 have combined these calculations and attempted to 

compute the number densities of various species in a plasma phase over a  range o f tem

peratures. Dunn and Eagar,42 for example, investigated inert gaseous plasmas, and Drel

lishak et a /.,4144 examined both inert gaseous and pure nitrogen and oxygen plasmas at 

atmospheric pressures. They assumed that a number o f different species are present in 

the plasma, depending on the gases from which the plasma phase was formed. Plasma
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properties* such as the electron density and energy, affect the formation o f  various 

atomic, ionic, and excited neutral species in the plasma phase. These studies provide a 

database for the distribution of species over a  range o f  temperatures prevalent in the 

plasma phase. On the other hand, these calculations have not been extended to tempera

tures approaching those on the weld pool surface nor have they been used to calculate the 

nitrogen concentration in liquid iron during arc melting or welding.

2.2.1.2 Predominant M echanism s Responsible for Enhanced 
Nitrogen Concentration

The presence o f  these various atomic and excited species and electrons in the plasma

phase is responsible for the enhanced nitrogen concentrations observed in arc melted iron

and steel. Researchers29'31 have attributed these results to one o f two species present in

the plasma phase above the weld pool. Lakomskii and Torkhov29 first postulated that the

excited nitrogen molecule, N 2, is the primary species responsible for the enhanced nitro

gen concentrations observed in the liquid metal. A N j  species has a higher energy o f 

internal degrees o f  freedom than a N* species. It results from various collision processes

and other effects commonly associated with the plasma phase.
*

The nitrogen dissolution reaction involving N 2 is represented by the following set o f

reactions:

N 2 + Site —* N2(ads)

N 2(ads) + Site-* 2N(ads)

2N(ads) —► 2^(wt.%) + 2Sites

N 2(g) -► 2 N(wt.%)

Lakomskii and Torkhov29 based their hypothesis on the observation o f a linear rela

tionship between the square root of the nitrogen partial pressure and the nitrogen concen

tration in the metal at low nitrogen partial pressures. These results are shown in Figure

2.4 and resemble a Sieverts’ Law type relationship, providing a role for diatomic nitrogen

(2-8)

(2.9)

(2 .10)

(2.11)
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in the nitrogen dissolution process. In this model, the retention o f additional energy in 

the nitrogen molecules enhances nitrogen dissociation at the moment when the nitrogen is 

adsorbed on the surface o f  the liquid iron.29 The equilibrium constant for the absorption 

of nitrogen, K*, is thus increased, along with the equilibrium concentration o f nitrogen in 

solution.

Katz and King31 have presented a second mechanism, which is responsible for the 

enhanced absorption o f nitrogen in the metal. They refute the arguments of Lakomskii 

and Torkhov29 supporting a diatomic species and propose that monatomic nitrogen is the 

dominant species in this reaction. The mechanism involving monatomic nitrogen is de

scribed through the following set of reactions:

N(g) +  Site -► N(ads) (2.12)

N(ads) —» Mwt.%) + Site (2.13)

N(g) -► N(wt.%) (2.14)

The formation o f monatomic nitrogen in the plasma phase has been previously stud

ied and proposed to involve inelastic collisions o f  the diatomic molecules with elec

trons.43̂ 6 The first step in the dissociation process involves the formation of N 2 a s  a 

precursor to the formation of nitrogen atoms, which involves the collision of fast elec

trons, e f , with diatomic nitrogen molecules. The N 2 species can also be formed by a 

Penning ionization mechanism in which metastable He atoms, He*, collide with N2 mole

cules as shown below.

N 2 + e f  =  N2 +2e“ (2.15)

N 2 +He* = N ^ + H e + e ~  (2.16)
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The collisions o f N |  with electrons can lead to excited nitrogen atoms o f  2D and 2P 

states by the following relationships:

N J  + e f  = N(2D) + N(2D) (2.17)

N j  + e f  = N(2D) +  N(2P) (2.18)

The presence o f monatomic nitrogen in the plasma phase begs the question o f  its ef

fect on the nitrogen concentration in the liquid metal. Table 2.2 lists the free energy rela

tionships for the dissociation o f  diatomic nitrogen and the absorption o f the resulting 

monatomic nitrogen species in liquid iron. Based on these relationships, the equilibrium 

solubility o f  monatomic nitrogen gas in liquid iron is shown in Figures 1.4(a-c).47 Its be

havior is significantly different than that observed when the liquid iron is exposed to 

diatomic nitrogen. For example, the nitrogen concentration in liquid iron due to mona

tomic nitrogen decreases significantly as the temperature increases, as shown in Figure 

1.4(c). Since the monatomic nitrogen solubility increases sharply with decreasing tem

perature below 1575 K, small changes in temperature can cause large changes in the en

suing equilibrium nitrogen concentration.

Foremost among the many unique characteristics o f  this system is the rather potent 

nature o f  a small amount o f  monatomic nitrogen. In order to attain a specific nitrogen 

concentration, the necessary equilibrium partial pressure o f  monatomic nitrogen is about 

a million times lower than that o f diatomic nitrogen. Let us consider an equilibrium sys

tem at 2000 K and 1 atm. total pressure. Based on the nitrogen dissociation reaction 

shown in Table 2.2, an equilibrium system of nitrogen gas at 1 atm. contains 9.1 x 10"7 

atm. o f  N(g). The equilibrium nitrogen solubility in liquid iron due to the diatomic nitro

gen species is 0.045 wt.% N and that due to monatomic nitrogen is also 0.045 wt.% N.
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2.2.1.3 Use o f Glow Discharges to Model Arcs

Plasma-metal interactions, which dominate the nitrogen absorption reaction during 

arc melting, are rather complex and only further complicated by the nature of the arc col

umn. In particular, the arc is a non-isothermal heat source, characterized by rather large 

temperature gradients within the plasma phase. The temperature distribution primarily 

influences the nature o f the species present above the liquid metal surface. The liquid 

metal surface is also characterized by significant temperature gradients, further compli

cating the absorption reaction.
In order to analyze the fundamental nature o f  the plasma-metal interaction, these 

complicating factors in the arc plasma must be mitigated. Glow discharge plasmas have 

been used in the past to model the reactions occurring in the arc column.48'50 A compari

son between the major features for several common plasmas and those found in glow dis

charge plasmas is shown in Table 2.4. For example, the same species are present in each 

of these plasmas, and, specifically, monatomic nitrogen is present in both arcs and glow 

discharges. Most importantly, though, the absence o f temperature gradients on the metal 

surface and the very small temperature gradients within the glow discharge are very 

much desired.

Glow' discharges have also been used to model the enhanced nitrogen dissolution re

action in iron. Small iron samples have been exposed to low pressure helium-nitrogen 

glow discharges at a temperature o f 1300°C for a period o f time sufficient to ensure ni

trogen saturation of the sample.51 Unlike the arc melting experiments discussed above, 

the iron samples in these experiments are still in the solid state (y-Fe) when exposed to 

the glow discharge plasma. Figure 2.6 shows the relationship between the observed ni

trogen concentrations and the nitrogen partial pressure.59 Even with these samples being 

in the solid state, the observed nitrogen concentrations are significantly higher than the 

Sieverts’ Law calculations predicted at these nitrogen partial pressures. Thus, no matter 

what the state o f the metal in contact with the plasma, the interaction o f  the iron sample 

with a nitrogen containing plasma results in enhanced nitrogen concentrations over those 

without a plasma phase present.
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Table 2.4. Comparison o f  several important features o f  plasmas formed during common 
welding processes.

Feature Electric Arc Laser/ 
Electron Beam

Glow
Discharge

Plasma

Species in the Gas 
Phase

Electrons, Ions
(N ^N *), Excited 
Neutral Atoms and 
Molecules (N*,
N 2), and Mona
tomic and Diatomic 
Species (N, N2)

Electrons, Ions 
(N 2 ,N"), Excited 
Neutral Atoms and 
Molecules (N*,
N 2), and Mona
tomic arid Diatomic 
Species (N, N2)

Electrons, Ions
(N 2 , N^), Excited
Neutral Atoms and
Molecules (N*,

* -

N 2), and Mona- 
tomic and Diatomic 
Species (N, N2)

Typical Electron 
Energy (K)

6000 -16000 
(Ref. 55)

3400 -17000 
(Refs. 52 and 58)

4000-13500 
(Ref. 51 and 54)

Typical Electron 
Density (m*3)

102* - 1023 
(Ref. 53 )

102° - 1024 
(Refs. 56 and 57)

10lJ - 1020 
(Ref. 51 and 53)

Temperature Gradi
ent on Metal Sur
face

Present, Strong Present, Strong Absent

Energy Density 
During Welding Medium High Low
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Figure 2.6. Experimental nitrogen solubility plotted as a function o f the nitrogen partial 
pressure for iron samples at a  temperature o f  1300 C exposed to glow discharges com
posed o f  various He-N2 gas mixtures at a total pressure o f  1.316 x 10*3 atm .59 The range 
of observed nitrogen concentrations is shown.
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2.2.1.4 Effect o f  Changes in Arc Parameters on Nitrogen Concentration 

It is well established that the resulting nitrogen concentration in iron exposed to a  ni

trogen-containing plasma phase cannot be fully explained using equilibrium calculations. 

Changes in the melting parameters primarily affect the energy transfer from the electrode 

to the metal surface, and change the temperature distribution both within the plasma 

phase in the arc column and within the iron sample. These changes, in turn, affect the 

mechanisms controlling the nitrogen dissolution reaction in a plasma-metal system.

Several researchers30*35 have investigated the effect of such changes on the enhanced 

nitrogen concentration in liquid iron and steel samples. Ouden and Griebling,30 for ex

ample, arc melted a number o f iron samples at various arc currents and nitrogen partial 

pressures. Their results30 are shown in Figure 2.7 for several small nitrogen additions to 

the melting environment, ranging from 0.1% to 4% N*. At arc currents below approxi

mately 60 A, the nitrogen saturation value decreases with a rising current. Above an arc 

current o f 60 A, the nitrogen saturation value rises with increasing arc current above 60 

A. Based on these results, they30 observed that the amount o f nitrogen entering the mol

ten metal and the interfacial area between the arc column and the liquid metal increase 

with the arc current. These effects at the molten metal surface are believed to be due to 

an increase in the arc temperature, which equates to an increase in the degree o f dissocia

tion of diatomic nitrogen in the arc column, and an increase in the arc volume. Kuwana 

and Kokawa32 observed an increase in the temperature o f the molten metal as the arc cur

rent was increased from 100 to 200 A. On the other hand, they did not observe a con

comitant change in the nitrogen concentration over this same arc current range.

In Figure 2.7, the nitrogen concentrations are far below the nitrogen solubility in iron 

predicted by Sieverts’ Law at I atm., except for a nitrogen addition o f 4%, at which point 

the nitrogen concentration in the liquid metal reaches the saturation level.28 They inves

tigated only two levels o f  nitrogen additions, 10% and 100% and observed nitrogen con

centrations in both cases near the level o f nitrogen solubility at 1 atm. The absence o f  

any significant change in the nitrogen concentration may be due to the amount o f nitro

gen added to the melting environment. Since the levels o f nitrogen present in the weld
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Figure 2.7. Relationship between the nitrogen saturation level in an iron sample as a 
function o f the arc current for various nitrogen gas additions to the atmosphere.30
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metal were near saturation, no further increases in the nitrogen concentration could be 

attained with further changes in the arc characteristics.

In addition to the arc current, changes in the arc voltage, which can be equated with 

the arc length, also affect the energy transfer from the arc column to the metal surface. 

Ouden and Griebling,30 for example, analyzed the effect o f  increasing the arc length, the 

distance between the tungsten electrode and the metal surface, on the resulting nitrogen 

concentration. Figure 2.8 shows the effect30 o f  increasing the arc length on the nitrogen 

saturation value in the metal sample for a  melting environment containing 0.1% N2. For 

arc lengths less than 3 mm, the nitrogen saturation value in the metal sample increases 

with arc length. Above approximately 3 mm, though, the nitrogen saturation value 

reaches a plateau at about 0.02 wt.% N, which is far below the nitrogen saturation level 

for atmospheric diatomic nitrogen.

The properties o f  the arc column in contact with a liquid metal can also be affected by 

changes in the arc polarity.35 For example, the researchers above used what is considered 

a straight polarity case, with the tungsten electrode serving as the cathode with a negative 

charge and the liquid metal serving as the anode with a positive charge. On the other 

hand, Neuschutz et a l.57 attempted to select the optimum current mode and torch polarity 

to minimize unwanted nitrogen pick-up in the liquid metal. In several experiments, the 

polarity o f the plasma torch was operated in three different configurations: DC cathodic, 

AC, and DC anodic. Nitrogen concentrations varied with changes in the arc configura

tions, with the lowest nitrogen levels in DC cathodic conditions and the highest in DC 

anodic conditions.

Figures 2.9(a&b)60 show the influence o f torch polarity on the behavior of nitrogen 

ions present in the arc column and the effect of arc polarity on the arc jet momentum, re

spectively. Based on their experimental observations, the authors concluded that the 

choice o f the arc polarity affects the nitrogen pick-up by creating a stirring effect. In 

their explanation, the impact o f the arc agitates the melt, thereby enhancing the mass 

transport in the melt, and raising the rate o f nitrogen pick-up. On the other hand, the melt 

is more strongly agitated when the torch acts as the cathode rather than as the anode.
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Figure 2.9fa&b). Schematic diagrams o f (a) the influence o f  torch polarity on the be
havior o f nitrogen ions at the melt surface and (b) the effect o f arc polarity on arc jet 
momentum at the surface o f  the steel melt.60
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In addition to the effect on the agitation in the melt* the authors60 also describe a 

pumping effect, in which the plasma arc enhances the transfer o f  nitrogen from the gas 

phase to the m elt For example, when the torch acts as the anode, hT ions contribute to 

the nitrogen pick-up and increase the steady-state nitrogen concentration. When the arc 

acts as the cathode, the effect o f  M* ions is reversed and they do not contribute to the ni

trogen pick-up. In the AC operating mode, the arc was more diffuse and provided a 

weaker flow impact than the two DC conditions and did not influence the nitrogen con

centration values in the melt.60

2.2.2 Role o f Alloying Element Additions on Resulting Nitrogen Concentration:

Changes in the arc parameters affect the nitrogen concentration in the arc-melted 

samples. In addition, changes in the base metal chemistry can also provoke changes in 

the enhanced nitrogen dissolution process by significantly affecting the equilibrium ni

trogen concentration in iron. For example, the addition of V, Nb, Ta, Ti. Cr, Mn. or A1 to 

iron increase the nitrogen solubility, while the addition o f Ni, Co, Si, and C decrease the 

nitrogen solubility.18'27 Several researchers have studied the effect o f  these additions on 

the nitrogen concentration during arc-melting.35,37'39 Kuwana et a /.,61 as shown in Fig

ures 2.10(a&b), have investigated the effect o f chromium (4 to 32 wt.%) and nickel (3 to 

30 wt.%) additions to iron during arc melting in a nitrogen containing environment. They 

have observed an increase in the nitrogen concentration with the addition o f Cr and a de

crease with the addition o f Ni. As shown in Table 2.3, the apparent interaction parame

ters o f Cr and Ni on the nitrogen absorption reaction during the arc melting o f iron 

closely correspond to the interaction parameters calculated under equilibrium calcula

tions. In general, though, the nitrogen concentration in the liquid iron, whether it con

tains chromium or nickel alloying additions, exceeds Sieverts’ Law calculations and be

haves much like that in pure iron.

Uda and Wada64 have also investigated the effect of alloying element additions on the 

nitrogen concentration during the arc melting o f iron. Figures 2.1 l(a-c)64 display the be

havior o f the nitrogen concentration as a function o f  the amount o f Cr, Mo, and V addi

tions to pure iron at two nitrogen pressures. Both Cr and V additions in Figures 2.11(a)
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Figure 2.10(a&b). Relation between the nitrogen concentration in arc melted (a) Fe-Cr 
and (b) Fe-Ni alloys and the nitrogen partial pressure for an arc current o f 150 A in a Ar- 
N i atmosphere at a total pressure o f  1.0 atm.
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and 2.11(c) affect the nitrogen concentration in a similar fashion. On the other hand, the 

addition o f Mo, in Figure 2.11(b), has little to no effect on the nitrogen concentration for 

either nitrogen partial pressure. The apparent interaction parameters for Cr, Mo, and V 

for both arc-melting conditions are also included in Table 2.3. In each case, the interac

tion parameters for the arc melting conditions are higher than those calculated for equilib

rium conditions. Any potential effects o f  these alloying additions are related to the high 

affinity these alloying elements may have for nitrogen.

Only Kuwana et a /.61 have studied the effect o f  changes in the melting parameters on 

the nitrogen concentration in iron alloys. Their results are shown m Figure 2 I2(a&b)&1 

for a number o f  Fe-Cr and Fe-Ni alloys. In each case, the nitrogen content with low alloy 

element additions increases slightly with arc current. On the other hand, the nitrogen 

content in Fe-Cr alloys with about 5 to 8w t%  Cr additions decreases with an increase in 

the arc current and with higher additions of Cr. The nitrogen content in the Fe-Ni alloys, 

though, continues to increase with an increase in the arc current for all the alloys studied. 

Such a difference in behavior appears to be the result o f  changes in the liquid metal prop

erties rather than those o f the arc or the nitrogen dissolution reaction. A more in-depth 

study of the remaining Cr and Ni in each liquid metal, to account for the vaporization of 

the alloying elements with the increase in temperature accompanying the increase in the 

arc current, would be beneficial.

Changes in the nitrogen concentration during the arc melting o f Fe-Ta, Fe-Ni, Fe-Co, 

and Fe-Si alloys have been studied by Uda and Ohno.62 Figure 2.13 shows the nitrogen 

concentrations in these alloys, which have been arc melted in an Ar-3% N2 environment. 

In all cases, the effect o f  these alloying element additions on the nitrogen concentration 

differs from that observed under non-arc melting conditions. Uda and Ohno62 have as

sumed that the anomalous nitrogen concentrations are dependant upon both the physical 

state of the molten alloy surface under the arc and the mutual reaction between the deoxi

dizing power and the nitrogen affinity o f  the alloying elements.
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Figure 2.13. The effect o f alloying element additions, including Ni, Co, Ta, and Si, to 
pure iron on the nitrogen content in Ar-3% Ni gas mixtures at atmospheric pressure.62
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2.2.3 Role o f  Surface Active Elements on Nitrogen Concentration

Surface active elements, including oxygen and sulfur, display effects different from 

alloying elements discussed previously. In particular, these elements affect the surface 

tension of iron. The effect o f  the presence of these elements in solution in liquid iron on 

the resulting nitrogen concentration has been investigated under non-arc melting condi

tions.66"68 Much like these substitutional alloying elements, surface active elements, such 

as oxygen and sulfur, affect the resulting nitrogen concentration in iron, and their inter

action parameters are also shown in Table 2.4. Unfortunately, the effect o f  these alloying 

elements on the nitrogen concentration is mixed, with different researchers reporting 

contradictory results, especially for oxygen.

The liquid metal surface, though, plays a more important role during arc melting. 

Even though their effect during non-arc melting is mixed, surface active elements are ex

pected to display a much more prominent effect on the nitrogen concentration during arc 

melting. Uda and Ohno66"67 have investigated the effects o f sulfur, oxygen, and selenium 

on the nitrogen concentration in iron during arc melting in N2-Ar gas mixtures. The ef

fect of these oxygen additions on the nitrogen solubility67 is shown in Figure 2.14. Ni

trogen concentrations markedly increase to levels far above those previously observed in 

pure iron exposed to a nitrogen-containing arc. For example, an Fe-O alloy with 2200 

ppm of oxygen displays a nitrogen concentration near 1000 ppm,-which is nearly double 

that expected for a pure iron sample. The equilibrium nitrogen concentration increases 

with rising oxygen concentrations in the liquid metal. This increase in the nitrogen satu

ration level is most rapid between 200 and 400 ppm [O]. Similar results have been re

ported by Hoojimans and Ouden,69 as shown in Figure 2.15. In this figure, the nitrogen 

saturation level in the liquid metal, represented by a plateau in the nitrogen concentration 

behavior, increases to nearly 900 ppm [N] with oxygen concentrations in the base metal 

approaching 800 ppm [O].

The effect o f these alloying element additions on the properties o f the melt surface 

has also been examined. Belton70"71 has described the extent o f  surface coverage o f the 

liquid metal with the addition o f  surface active elements using the following relationship.
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Figure 2.15 . Nitrogen saturation concentration in iron samples as a function of the oxy
gen concentration in the sample arc melted in pure nitrogen at atmospheric pressure.69
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y ^  = Kaa s (2.19)

where a* is the activity o f the solute, expressed in wt.%, Ka is the adsorption coefficient 

(wt.%*1), and 0 is the fraction coverage by the solute. In this relationship, the Gibbs ad

sorption isotherm, which relates changes in surface tension to changes in solute activity, 

and the Langmuir isotherm, which relates activity to surface coverage, are combined.

Figure 2.16 shows a relationship between the fractional surface coverage on high pu

rity liquid iron and the solute concentration70 for Se, S, and O. It becomes clear that even 

a small addition o f any of these solutes causes an appreciable coverage o f the liquid metal 

surface. For example, only 100 ppm O present in the liquid metal can cause coverage 

over 50% of the surface.70 Nearly complete coverage o f the liquid metal surface is ob

served with the addition o f these elements at solute concentrations approaching 1000 

ppm. These results correspond well with the nitrogen concentration behavior discussed 

above. Even though these results are only approximations and are prone to rather signifi

cant error, they point to the role which the presence o f  surface acti ve elements play on the 

absorption and desorption o f  nitrogen in the liquid melt. This relationship will be ad

dressed in a later section.

Up to this point, discussions o f the effect of surface active element additions on the 

nitrogen dissolution reaction has been limited to that in pure iron. Several researchers62,66 

have investigated the effect o f substitutional alloying elements on the behavior o f surface 

active element additions. For example, Sinha and Gupta66 have investigated the effect o f 

oxygen and sulfur additions on the nitrogen concentration during the arc melting o f  Fe- 

Cr-NI alloys in atmospheric nitrogen environments. Their results are significantly differ

ent from previous results dealing with pure iron.67*69 Instead o f  increasing with the addi

tion o f surface active elements, the nitrogen saturation values decrease with the addition 

o f each of these surface active elements to the liquid iron alloy. On the other hand, the 

nitrogen concentrations, ranging between 0.24 and 0.16 wt.% N, are significantly higher 

than those reported in pure iron. Sinha and Gupta66 attributed these nitrogen concentra-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fr
ac

tio
na

l 
Su

rf
ac

e 
C

ov
er

ag
e

62

t.O

0.8

0.6

0.4

0.2 -

0.002 0.004 0.006 0.02 0.04 0.06O.OOt 0.01 O.t
Solute Concentration, wt-*fc
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tions in the alloys and the change in the behavior o f  the nitrogen concentrations with S 

and O additions to differences in the experimental conditions.

Uda and Ohno62 have investigated the effect o f  the interaction between surface active 

element additions and a number o f  other substitutional alloying element additions on the 

resulting nitrogen concentration. They62 have attributed these dissolved nitrogen con

centrations to the physical properties o f the surface o f the molten metal alloy. With the 

addition o f surface active elements, the amount o f dissolved nitrogen in the liquid metal 

during arc melting is, thus, the result of the mutual reaction between the deoxidizing 

power o f  the alloying element and the nitrogen affinity o f this same alloying element. 

Table 2.5 shows four categories o f alloy elements commonly added to iron. A. summary 

of the behavior common to these four categories o f  alloying elements is shown62 in Fig

ure 2.17(a-d). In each figure, curve I illustrates the effect o f  the alloying element on the 

nitrogen concentration when the oxygen content is held constant. Curve III illustrates the 

nitrogen content as a function o f  the oxygen content in the alloy, and curve II represents 

the nitrogen content in arc melted iron from the mutual reaction between curves I and III.

Each alloying element category displays a  different nitrogen concentration behavior. 

With the addition o f the first category alloying elements, the nitrogen concentrations in 

the metal during arc melting initially decrease and then increase with further amounts o f  

alloying elements. In the second group, the nitrogen content in the metal initially de

creases dramatically with the addition o f  these alloying elements, but the nitrogen content 

levels out with increasing amounts o f alloying elements in the liquid metal. With the 

third group, the nitrogen content does not significantly change for any amount of alloying 

element added to the iron. Small alloying element additions from the fourth group cause 

the nitrogen content to decrease dramatically and then remain constant as the amount o f 

this alloying element in the iron alloy increases.

2.2.4 Role o f Convection

During arc melting, fluid flow and heat transfer in the liquid metal have been proven 

to have significant effects on the final properties o f  the metal.48-49’72'74 The flow o f  liquid 

metal is affected by the spatial variation in surface tension at the metal surface, electr-
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Table 2.5. Summary o f alloying elements in several categories and their relationship 
with the presence o f  surface active elements in liquid iron.66

Category I V, Nb, Ta, Ti, Cr, and Mn
- Increase the nitrogen solubility

- Decrease oxygen content in iron

Category II S i and C
- Decrease the nitrogen solubility

- Decrease the oxygen content

Category III Ni, Co, Mo, Cu, W, and Sn
- Little effect on nitrogen solubility

- Little effect on oxygen content

Category IV A1
- Little effect on nitrogen solubility

- Decrease the oxygen content
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magnetic forces, and the buoyancy force, which is the smallest and has little impact on 

the resulting fluid flow.

O f these three driving forces for fluid flow, the spatial variations in surface tension 

have received a  great deal o f attention. These spatial variations in surface tension are the 

result o f significant temperature or concentration gradients at the liquid metal surface and 

are commonly referred to as a Marangoni stress, which is defined below.75

* = (2 -2°)

where x is the Marangoni stress due to the temperature and concentration gradients, y is 

the interfacial tension, T is the temperature, and y is the distance along the surface from 

the axis o f  the heat source. In many situations, the spatial variation o f concentration is 

negligible, and the first term on the right hand side o f  Equation 2.20 describes the Ma

rangoni stress.
dyFor pure metals, is negative, resulting in a radially outward flow o f  liquid metal 

from the center o f the weld pool surface to the liquid-metal interface, as shown in Figure 

2.18(a). The effect o f oxygen additions on the calculated surface tension in pure Fe is 

shown72 in Figure 2.19, in which the surface tension for a given concentration o f oxygen 

can significantly vary over a given temperature range. This effect can become even more

pronounced at higher oxygen concentrations, leading to changes in from a positive

value at low temperatures to a negative value as the temperature is increased. These 

changes in the surface tension with the presence o f surface active elements, such as oxy

gen and sulfur, result in a reversal in the direction o f fluid flow in the metal pool,72'74 as 

shown72 in Figure 2.18(b). Positive gradients are observed in the presence o f  surface ac

tive elements, which produce fluid flow fields opposite in direction to those for pure met

als, thus significantly changing the fluid flow fields and the general shape o f  the liquid 

metal pool.
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Figure 2.19. Surface tension of iron-oxygen alloys plotted as a function of temperature 
and oxygen concentration.72
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Previous researchers have pointed out that Marangoni convection, induced by either a 

surface or an interfacial tension gradient, may also promote mass transfer across the sur

face/interface and enhance reaction rates.31*72'73 Katz and King31 have recognized the im

portance of the Marangoni and electromagneticaily driven flows on the dissolution o f  ni

trogen and the rapid absorption o f nitrogen into arc melted iron in nitrogen containing 

atmospheres. Four major factors, which control nitrogen transfer into molten iron during 

arc melting, have been cited. These factors include electromagnetic stirring, natural con

vection, momentum transfer from the impinging plasma jet, and surface tension driven 

flow between regions o f  the melt surface with different potentials of surface active ele

ments. The effect o f surface active elements on the surface tension-driven flow domi

nates the mass transfer in the melt. On the other hand, the effect o f the flow patterns on 

the resulting nitrogen concentration has been largely ignored. Therefore, the role played 

by fluid flow and Marangoni convection on the resulting nitrogen concentration in the 

liquid metal should be studied further.

Nitrogen in solution in iron has also been observed to have an effect on the surface 

tension of pure liquid iron.76*77 Its effect on the surface tension is rather small, though,
dy

and is much less than that o f  O, S, and Se. In iron-nitrogen systems, this gradient, , 

tends to be negative, resulting in a radially outward flow o f liquid metal from the center 

o f the liquid melt towards the liquid-metal interface during welding.

The effect o f nitrogen concentration gradients on the Marangoni convection in liquid 

iron has been analyzed by Hirashima et al.76 They performed nitrogen absorption meas

urements by blowing nitrogen gas through a lance over the free surface o f  liquid iron un

der resistance heating. In these experiments, the absorption measurements indicated that 

the mass transfer coefficient o f  nitrogen in liquid iron due to Marangoni convection 

(kjn =1.5xl0 '4 m/sec) is slightly less than that due to induction stirring ( = 2 . 1 x 1  O'4 to 

1.5x10*4 m/sec). Both the surface tension of liquid iron and the resulting fluid flow fields 

are affected by the presence o f nitrogen in solution. This effect is not as significant as 

that for traditionally identified surface active elements. Nevertheless, the effect o f nitro

gen on the flow patterns in the liquid iron should be considered.
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2.2.5 Steadv-State Nature o f Nitrogen Dissolution Process 

Based on the observations o f  significantly enhanced nitrogen concentrations in iron 

samples during arc melting,2*3557 several models have been developed. There is a con

sensus among these various models that the observed nitrogen concentrations in the liq

uid iron are the result o f  a type o f  steady-state mechanism involving both the absorption 

and desorption of nitrogen from the arc-melted iron sample. The basis for this steady- 

state mechanism is shown68 in Figure 2.20(a), where nitrogen is absorbed from the area in 

the arc column. Among the number of activated states present in the arc column, mona- 

tomic nitrogen is primarily absorbed at the surface o f the liquid iron under the arc col

umn. Based on this mechanism, Takeda and Nakamura78 have developed a general reac

tion mechanism to describe the resulting nitrogen concentration in liquid iron. A part o f  

this mechanism includes the nitrogen absorption reaction in liquid iron in the area defined 

by the arc spot described by the following relation:

N(g) + Vacant Site —> N(ad) —»N + Vacant Site (2.21)

If  monatomic nitrogen is the primary species absorbed on the liquid iron surface, its 

amount in the arc column needs to be determined. Uda and Wada,64 who assumed that 

atomic nitrogen is dissolved in the liquid metal, have developed a  rather rudimentary sta

tistical thermodynamic treatment o f the nitrogen-iron system. In their model, they define 

a ratio between the solubility o f nitrogen in the liquid metal and the number of nitrogen 

atoms in the arc atmosphere and in non-arc atmospheres. This relationship is shown be

low:

£ n

x N

^ ( T r )

’In

(2.22)
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where and xfj are the atom fraction o f  nitrogen in the liquid iron for arc and non-arc

melting conditions, respectively, t j |^ (T p )  and q ^ ( T m ) are the number o f nitrogen

atoms in the gas phase in arc-melting and non-arc-melting conditions, respectively. Us

ing this relationship, the authors determined that the temperature at which the equilibrium 

nitrogen dissociation constant would have the value corresponding to the number o f at

oms required to meet the nitrogen concentration in the metal would be approximately 

3000 K. This temperature is much lower than those normally believed to exist in the arc 

column, usually on the order o f 5000 to 10000 K.

On the other hand, the reactions described above occur at the liquid metal surface. 

Once absorbed at the liquid metal surface, nitrogen is transported by fluid flow to the in

terior regions o f  the molten metal. Nitrogen concentration levels can rapidly reach satu

ration, which corresponds to the nitrogen solubility at 1 atm. total pressure, at the molten 

metal surface. Once the saturation level in the melt is reached, the metal can no longer 

hold this amount o f nitrogen in solution. It must, therefore, be expelled, resulting in a 

phenomenon similar to boiling occurring near the surface o f the melt, which is referred to 

as "spattering’ or ‘splattering.’

The authors have thus postulated that the total amount o f nitrogen present in the liq

uid metal is the balance o f two independent processes. Nitrogen is first absorbed through 

the interface between the arc and the liquid metal. Once a saturation level is reached at 

the metal surface, nitrogen is then expelled from the surface o f the liquid metal outside 

the arc column. Nitrogen desorption occurs via bubble formation at the surface and other 

heterogeneous nucleation sites in the liquid melt. These bubbles are filled with nitrogen 

gas, which has been rejected from the liquid iron. Outside the arc column, the nitrogen in 

solution in the iron is in equilibrium with diatomic nitrogen rather than monatomic nitro

gen, which dominates the arc column. Based on this assumption, nitrogen is desorbed 

from the metal surface in the area outside the arc spot as shown below .78

2N + 2 VacantSites —► 2 N(ads) -► N2 + 2 Vacant Sites (2.23)
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The evolution of nitrogen is affected by the characteristics o f  the surface in the region 

outside the arc column. As discussed previously, the presence of surface active elements 

in the liquid iron significantly alters the nature o f the liquid metal surface.67̂ 9 Figure 

2 .20(b) schematically shows the modified steady-state model taking into account the 

presence o f oxygen concentrations in the liquid metal.68 In the region underneath the arc 

column, monatomic nitrogen is absorbed by the liquid metal. An oxygen rich film forms 

on the surface o f  the droplet outside the arc column. This oxide film does not allow ni

trogen to easily evolve from the melt, and the nitrogen concentration within the liquid 

metal increases. It is thus apparent that i f  oxygen or sulfur covers a part o f the surface, 

nitrogen does not evolve from the surface as easily as in the absence o f these surface ac

tive elements.

2.2.6 Time-Dependent Nature o f  the Nitrogen Dissolution Process

2.2.6.1 Rate Of Nitrogen Absorption and Desorption Reactions at Equilibrium

Nitrogen absorption and desorption in iron and steels under conditions typical o f 

ironmaking and steelmaking operations have been studied over the past several dec

ades.79'89 The absorption of nitrogen into liquid iron is believed to follow four major 

steps. Nitrogen molecules are first transferred through the gas phase to the vicinity o f the 

gas/liquid interface. Adsorption or dissociation of nitrogen molecules then occurs, fol

lowed by the transfer o f nitrogen atoms through the interfacial region. The adsorbed ni

trogen is then transferred from the surface into the bulk melt.90 Based on this reaction 

mechanism, three rate-limiting processes have been identified, including mass transfer in 

the gaseous phase, a chemical reaction at the interface, and mass transfer in the liquid 

phase.

The order o f the nitrogen absorption reaction into the liquid iron melt obeys a first 

order rate law, such as that shown in the following equation:79

R = f L = k |^ ( Ce - C) (124)
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where ki is the first-order rate constant for absorption (cm/sec), A is the exposed surface 

area (cm2), V is the melt volume (cm3), Ce is the equilibrium nitrogen concentration for 

the specified nitrogen pressure (mol cm*3), and C (mol cm*3) is the nitrogen concentration 

in the melt at time, L Rate constants for the absorption o f  nitrogen range from 19 to 

35xl0*3 cm-sec'1.

Since most studies on the nitrogen absorption reaction have been performed in induc

tively stirred melts, the circulation o f liquid metal is thus enhanced.79*81,88 Flow condi

tions in the melt are primary contributors to the liquid phase mass transfer mechanism. 

Liquid-phase mass transfer is the rate-limiting step in the nitrogen absorption reaction.

Nitrogen can also be removed from the liquid iron through a desorption reaction. The 

mechanism for nitrogen desorption from liquid iron is the same as that for nitrogen ab

sorption, only with the steps reversed in order.79 On the other hand, the rate-limiting step 

in the nitrogen desorption reaction in an inert atmospheres is not simple but based on a 

sequential mixed-control model, involving both interfacial reactions and gas-phase mass 

transfer. This change in the rate-limiting step makes nitrogen desorption a  second order 

reaction. The second order rate constant governing this reaction is shown in the follow

ing relation:79

where k2rv is the second order rate constant (cm4 mol*1 s*1) when the rate of the reaction 

increases inversely with the volume of the system. Rate constants for the nitrogen de

sorption reaction range from 62 to 693 cm4 mol*1 sec*1.

Changes in the experimental conditions have also been shown to have an impact upon 

both the nitrogen absorption and desorption reaction rates in a liquid iron melt. Both ab

sorption and desorption rates, for example, are shown to increase with the temperature o f  

the melt, while the absorption rate has also been shown to increase with the nitrogen par

tial pressure above the liquid melt. The addition o f  Cr and Mn80'83 has no effect on the 

rate limiting steps in the reaction, but the nitrogen absorption and desorption rates are
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connected with their rate o f  vaporization.82 Specifically, the nitrogen desorption rate de

creases as the local temperature drops at the gas-liquid interface, due to the latent heat o f  

vaporization and the decrease in the number o f available surface sites taken up by vapor

izing metal atoms.82 Other researchers have observed that carbon dissolved in the liquid 

iron increases the rate o f  nitrogen desorption by affecting the nitrogen activity.84 Other 

researchers87 have observed that Al, Cb, and Si have little to no effect on the rate o f  ni

trogen absorption or desorption, except when these elements serve as deoxidizers.

The nitrogen absorption and desorption reactions differ in solid iron phases.86 Since 

there is no fluid flow in the solid phase, the rate-limiting step in these reactions involves 

the interfacial chemical reaction between the nitrogen gas and the iron surface or the dif

fusion o f  nitrogen into the iron. The interfacial chemical reaction is dominated by the 

condition in which the amount o f  nitrogen in the atmosphere above the metal is signifi

cantly higher than the amount o f  nitrogen absorbed. The interfacial chemical reaction 

can be considered to proceed by two consecutive steps. First, a chemisorption reaction 

characterized by the dissociation o f nitrogen at the surface occurs and is followed by the 

transport of the nitrogen atoms from the occupied surface sites to the solid metal interior.

N 2 (g) + 2 vacant sites —► 2 N (occupied sites) (2.26)

N (occupied site) —► N + vacant site (2.27)

The solid iron surface is essentially saturated with nitrogen at short times. It can thus 

be assumed that the interfacial chemical reaction reaches equilibrium in a short period. 

Therefore, the rate controlling process for the desorption o f nitrogen must be the diffu

sion o f nitrogen into the solid iron.

1.2.6.2 Effect o f Surface Active Element Additions on the Reaction Rate

The addition of surface active elements to the melt decreases the rate o f both nitrogen 

absorption and desorption reactions.79’81’83-87,89 At low oxygen and sulfur levels, the ab-
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sorption reaction is first order and the desorption reaction is second order, which are the 

same as those observed in iron samples without these elemental additions. There is little 

change in the measured rate constant with the addition o f these solutes at low levels. On 

the other hand, reaction rates decrease with further increases in the surface-active element 

concentration since oxygen and sulfur atoms occupy surface sites normally available for
topi an

nitrogen absorption. The absorption reaction becomes second order and the chemi

cal reaction rate at the interface the rate-limiting step with these increased concentrations 

o f surface active elements. Even further increases in the oxygen or sulfur concentration 

causes the reaction rate to become constant. At this point, the Iiquid-phase mass transfer 

mechanism once again limits the rate o f the reaction.79

At intermediate levels o f these surface-active elements, the nitrogen absorption and 

desorption reactions can best be described by a mixed-control model. These models have 

been developed to take into account the role o f  multiple controlling mechanisms. For 

example, both the interfacial chemical reaction rate and the mass transfer rate affect the 

overall reaction rate for the nitrogen desorption reaction. The reaction rate is primarily 

determined by the surface coverage caused by the addition o f  these surface active ele

ments to the liquid metal.

R = ( l - 0 ) R bs+0Rs (2.28)

where R is the observed reaction rate, 0  is the fraction o f surface coverage due to the 

oxygen and sulfur additions, Rbs is the rate of reaction through the bare surface, and Rs is 

the rate of reaction through covered sites. The reaction is thus also controlled by the 

mass transfer rate in liquid iron.

Two types o f mixed-control models have been developed to explain the absorption 

and desorption o f nitrogen from iron melts. The first o f these models is the parallel reac

tions model,79*81 which assumes that the desorption process can follow one o f  two paths, 

and that the overall rate o f the reaction is the sum of the rates o f the individual reactions. 

The second mixed mode model is the sequential reaction model, which is based on the
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assumptions that these steady state reactions occur in series. This second model is de

scribed by the following relationship:

R - X ~ k * v v t e - C ? ) - k i $ ( c i - c )  ( 2 -2 9 >

where Cl is the nitrogen concentration at the interface, ki is the first order rate constant, 

and k.2rv is the rate constant for the nitrogen desorption reaction when the rate o f  reaction 

increases inversely with the volume o f the system. The use o f this mixed control model 

between the gas-phase mass transfer and the interfacial chemical reaction appears to be 

applicable, for the most part, to the nitrogen desorption reaction in an inert atmosphere.91

2.2.6.3 Rate o f  Nitrogen Absorption and Desorption During Arc Melting

Several researchers31*33 have examined the kinetics o f  the nitrogen absorption and de

sorption reactions during the arc melting of iron and steels. These researchers have gen

erally found that the presence of an arc above liquid iron significantly enhances the rate 

o f the nitrogen absorption reaction. For example, Kuwana and Kokawa32 and Blake and 

Jordan3j observed a  rapid increase in the nitrogen concentration with melting time. The 

observed nitrogen concentrations reach a saturation value within approximately 30 to 50 

seconds. This behavior is shown in Figure 2.21 for a  number o f nitrogen partial pressures 

in Ar-N2 gas mixtures 30 As the nitrogen partial pressure in the atmosphere is increased, 

a shorter time is required to reach a saturation value, especially at higher nitrogen partial 

pressures, and a higher nitrogen saturation value is observed.

Changes in the arc melting parameters, such as arc current or gas flow rate in the 

chamber have been examined,3233 but conflicting results are observed by different re

searchers. For example, Kuwana and Kokawaj2 observed little effect on the rate o f  nitro

gen absorption in the liquid metal with changes in the arc current, sample weight, or gas 

flow rate in the chamber. On the other hand, Blake and Jordan33 observed an increase in 

the nitrogen concentration with an increase in arc current at times on the order o f  30 to 40 

seconds, at which point nitrogen saturation levels were reached. The amount o f nitrogen
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Figure 2.21. Relation between the nitrogen content in arc melted iron samples and the 
melting time at a number o f nitrogen partial pressures.32
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entering the metal surface as a function o f time also rises with an increase in arc current 

over a range from 100 to 300 A.

The effect o f C r and Ni additions to liquid iron on the rate o f nitrogen absorption is 

shown in Figure 2 .22 (a&b).61 There is little to no difference in the rate of increase in the 

nitrogen concentration with time for each level o f alloying element addition. Each alloy 

system reaches a saturation value at approximately the same time. The only real differ

ence between the nitrogen concentrations observed for each o f these alloys is a result o f 

the effect o f the alloying element additions on the nitrogen saturation level. As expected, 

the nitrogen concentration in liquid iron increases with additions o f Cr to the liquid metal 

and decreases with the additions of Ni.

Katz and King31 further investigated the kinetics o f  both nitrogen absorption and de

sorption during the arc melting o f iron in a much more systematic fashion. Figure 2.23 

shows a typical plot o f the nitrogen concentration in the liquid iron as a function o f  time. 

The experimental results show three regions relating to the absorption o f nitrogen, a 

steady-state plateau relating to the saturation o f nitrogen, and, finally, a region o f desorp

tion, which occurs in a pure Ar environment. Their analysis is based on the nitrogen con

centration being the result o f a steady state reaction with monatomic nitrogen as the 

dominant species. In their model, nitrogen absorption occurs only in the area o f the melt 

where the arc plasma impinges on the melt surface, and desorption occurs outside the 

area covered by the arc plasma.

The absorption process is composed of a  sequence o f steps similar to that observed in 

non-arc melting conditions. During arc melting, this complex process is primarily influ

enced by electromagnetic stirring, natural convection, momentum transfer from the im

pinging plasma jet, and surface tension-driven flow. In general, the higher the atomic 

nitrogen content in the plasma, the larger the rate o f absorption. Based on these results, 

the nitrogen absorption reaction is first order with respect to atomic nitrogen. Mass trans

fer in the melt is the rate-limiting step in the nitrogen absorption, and the nitrogen ab

sorption reaction rate is defined below.
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where [NKpct)] is the nitrogen content o f a melt in equilibrium with the atomic nitrogen 

potential o f  the plasma arc and Icf is the forward rate constant for the nitrogen absorption 

reaction. Nitrogen desorption from a pure iron surface is governed by many o f  the same 

mechanisms and is also a  first order reaction. With this agreement, the mass transport in 

the melt also appears to be the rate-limiting step in the nitrogen desorption reaction.

Surface-active elements in liquid iron significantly affect the nitrogen absorption and 

desorption reactions during the arc melting o f  iron and steels. Hooijmans and Ouden69 

investigated the effect o f several oxygen concentrations in the liquid iron on the rate of 

nitrogen absorption in an Ar-0 .4%N2 melting environment. In Figure 2.24, the nitrogen 

concentration rose rapidly at short times and leveled off at longer times when the nitrogen 

saturation value was reached for each oxygen concentration analyzed. The level o f nitro

gen saturation increased with an increase in the oxygen concentration in the base metal. 

On the other hand, the addition o f increasing levels o f oxygen does not seem to affect the 

kinetics of the nitrogen absorption reaction to any extent, since the individual saturation 

levels are reached at approximately the same time.

On the other hand, the effect o f  oxygen, in particular, on the absorption rate in the 

region under the arc column is negligibly small. Under the arc column, the liquid metal 

is vigorously stirred and the liquid metal at the surface is continually replenished. There

fore, oxygen which may occupy surface sites at one instant are quickly transported away 

from the surface, thus allowing the surface sites to be available for nitrogen absorption. 

Surface active elements, which are present in the area outside the arc column, halt nitro

gen desorption by decreasing the frequency o f this bubble formation.

Nitrogen desorption outside the arc column is sensitive to the availability o f surface 

sites and thus easily affected by the presence o f  surface active elements. These elements 

occupy vacant locations on the liquid metal surface, where the nitrogen desorption reac

tion would normally occur. The reaction rate is thus limited by the association o f two 

absorbed nitrogen atoms on the liquid metal surface outside the arc column. The extent
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Figure 2.24. Nitrogen concentration as a function o f arc time for four samples with dif
ferent oxygen concentrations.69
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of surface coverage of the surface active elements and its effect on the reaction rate are 

defined below.89

T (l+K^k (wt-VoOj+Kf5 (wt.%S)j
(231)

k aPP = k bs(1_ 0 T )2 (2.32)

where and are the rate constant for the adsorption of oxygen and sulfur, re

spectively, kapp is the apparent rate constant, and kte is the apparent rate constant on the 

bare melt surface. Therefore, when surface active elements are present in any amount,

the desorption reaction becomes a second order reaction. The following relation shows 

the rate change o f  nitrogen desorption with the presence of an appreciable amount o f  sur

face active elements in the liquid metal:

They also recognized that the steady-state nitrogen content is the net effect o f both the 

absorption and desorption of nitrogen from the melt, and it is not a simple function o f the 

surface coverage, even though the surface-active elements played an important role. 

Based on the proposed steady-state nature o f  the process and the computed reaction or

ders for both the nitrogen absorption and desorption reactions, the following relation has 

been developed.31

(2.33)

{ ^ d T ^ } t=o ~ k fKs(PC*)] = k Bt N e(pet)]2 - [Nss(pet)]2 (2.34)
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where Nss(pct) is the steady-state nitrogen concentration, Ne(pct) is the equilibrium nitro

gen concentration in the liquid metal, Icf is the forward rate constant, and kn is the back
ward rate constant.

2.3 NITROGEN DISSOLUTION DURING T H E  WELDING OF IRON A N D  STFF.T.S

2.3.1 Role o f Arc Welding Process in Affecting Nitrogen Dissolution Reaction

The nitrogen concentrations in arc melted iron are the result of the interaction be

tween a nitrogen-containing plasma phase and liquid iron. In both arc melting and arc 

welding operations, a  plasma phase exists above the liquid metal. Several reviews are 

available82'98 on the enhanced nitrogen concentrations in the weld metal during the arc 

welding o f iron and steels. Nitrogen in the weld metal can originate from welding con

sumables, such as a  filler wire or as a flux, which are common in both gas-metal arc 

(GMA) and submerged metal arc (SMA) welding operations.97 Otherwise, nitrogen in 

the weld metal can originate from the interaction between the surrounding atmosphere, 

which is 80% nitrogen, and the plasma phase above the weld pool. The impingement of 

the surrounding atmosphere into the arc column can be due, in part, to insufficient 

shielding o f the weld metal.

The mechanism for nitrogen absorption into the weld metal varies significantly in 

each case. For example, i f  nitrogen originates primarily from the welding consumable, 

the resulting nitrogen in the weld pool is simply transported from the consumable to the 

weld pool. I f  the nitrogen in the weld pool originates from the atmosphere, the plasma- 

metal reaction dominates. This reaction is nearly identical in nature to that discussed 

above for the arc melting o f  iron and other ferrous materials. Therefore, it can be as

sumed that common mechanisms exist between these various processes which contribute 

to the large nitrogen concentrations observed.

2.3.2 GTA Welding o f Iron and Plain Carbon Steels

2.3.2.1 Structure o f Arc Column in GTA Welding

The GTA welding process, shown in Figure 2.25, consists o f  a  non-consumable tung

sten electrode, which acts as the cathode, and the weld pool, which acts as the anode.60
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Figure 2.25. Schematic representation of the gas tungsten welding arc including the non
consumable electrode and the weld pool.50
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Energy is transported from the electrode to the workpiece via conductive heat transfer in 

the electrode, ohmic heating in the electrode, radiative exchange between the electrode 

and the arc, and the distributions o f  heat flux and current density at the surface o f the 

electrode tip.60*99 Electrons, emitted from a cathode spot and transferred to the anode 

spot, provide the main components of the heat and current fluxes that enter the work-
„  60,99piece.

The GTA welding arc is produced by the interaction between the electrode and the 

shielding gas residing in the area between the electrode and the weld metal surface. 

Based on the potential distribution across the arc length,91 the arc is divided into five 

parts: the cathode spot, the cathode fall region, the arc column, the anode fall region, and 

the anode spot.91 Only the arc column is in local thermodynamic equilibrium (LTE), in 

which the electron temperature is identical to the heavy particle temperature. Tempera

tures in the arc column can vary many thousands o f degrees between the electrode and 

the work piece.100*105 The highest temperatures are observed in the vicinity of the elec

trode, in some cases approaching 20000 K, while lower temperatures are observed as the 

work piece is approached. The cathode and anode fall regions display significant voltage 

drops, making the analysis o f these regions difficult.91106 Unlike the arc column, there 

are substantial deviations from LTE conditions, with the temperatures o f  the heavy spe

cies approaching the temperature o f  the molten metal. On the other hand, the electron 

temperature remains sufficiently high to ensure the required electrical conductivity across 

this boundary to allow electron transfer to the anode to occur.

2.3.2.2 Nitrogen Concentrations in GTA Weld Pool 

Nitrogen concentrations in iron and steel during GTA welding are much higher than 

Sieverts' Law calculations.92*99'107*109 Kuwana and Kokawa107 have studied the nitrogen 

dissolution reaction during the GTA welding of pure iron samples with controlled addi

tions o f nitrogen to argon and helium shielding gases. Figure 2.26(a&b)107 shows the re

lationship between the nitrogen partial pressure in Ar and He shielding gas, respectively, 

and the measured nitrogen concentration in the weld metal. Sieverts' Law calculations 

for three temperatures in liquid iron and the nitrogen partial pressures are also shown in
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Figure 2.26(a&b). Relation between the nitrogen content of the weld metal and the nitro
gen partial pressure (Pn2 ) under (a) Ar-N2 and (b) He-N2 atmospheres at a welding cur
rent o f250 A, an arc length of 10 mm, and a travel speed o f  1.67 mm/sec.107
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Figure 2.26(a). In both cases, the nitrogen content in the weld metal is significantly 

higher than the Sieverts’ Law calculations shown in Figure 2.26(a) and rapidly increases 

at very low nitrogen partial pressures. Above approximately 0.005 MPa, the nitrogen 

concentration reaches a plateau, corresponding to approximately 0.06 wt.% N, which is a 

little higher than the equilibrium solubility at the measured temperature o f  the weld mol

ten pool. A larger amount o f nitrogen is thus absorbed into the molten weld pool than, 

that evolved during the cooling process. Based on this result, the authors107 suggested 

that the weld metal cooling rate significantly influences the nitrogen content in the weld 

metal, especially for nitrogen welding atmospheres of 0.1 MPa.

The effect of changes in the total pressure from 0.1 to I atm with a pure nitrogen 

shielding gas on the resulting nitrogen concentration during GTA welding is shown107 in 

Figure 2.27. At low values o f  Pjsi, , the nitrogen concentrations in the weld metal rapidly 

increase at a pressure o f 0.005 MPa to a nitrogen concentration, 0.26 wt.%, which is far 

above the equilibrium solubility o f  nitrogen in iron at 0.1 MPa. As the pressure is further 

increased, the nitrogen concentrations rapidly fall to levels much closer to the equilibrium 

nitrogen solubility. The authors provide no explanation for this behavior, but it can be 

attributed, at least in part, to an increased monatomic nitrogen partial pressure at these 

low total pressures. Little is known o f  the effect o f  this low pressure on the arc behavior 

and the interaction between the plasma phase and the liquid metal.

The nitrogen concentration in the weld metal was also dependent upon the choice o f 

welding conditions. An increase in the welding current from 50 to 300 A at a constant 

travel speed and arc length causes a decrease in the nitrogen content in the weld metal for 

a nitrogen shielding gas at atmospheric pressure. On the other hand, the nitrogen content 

shows little to no dependence on the arc length, arc voltage, and travel speed at atmos

pheric pressure with a nitrogen shielding gas. An increase in the travel speed, up to ap

proximately 1.67 mm/sec, causes the nitrogen content in the weld metal to also increase 

from a level o f  approximately 0.04 wt.%. At travel speeds above approximately 1.67 

mm/sec, the nitrogen concentration remains constant at approximately 0.06 wt.% N. 

During these experiments, the weld penetration area o f the welds decreased dramatically
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Figure 2.27. Relation between the nitrogen concentration in a weld metal and the nitro
gen pressure (PNl ) for a pure N i atmosphere, a welding current o f  250 A, an arc length 
of 10 mm, and a travel speed o f  1.67 mm/sec.107
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with an increase in travel speed. The nitrogen content o f  the weld metal is thus believed 

to decrease with an increase in the penetration area.

2 3 .2 .3  Role o f  Alloying Elements in Nitrogen Dissolution During GTA Welding

The effect o f chromium and nickel, respectively, on the resulting nitrogen concentra

tion during the GTA welding of iron is shown in Figure 2.28(a&b).6:> The addition of Cr 

and N i have different effects on the magnitude o f the nitrogen concentration in the weld 

metal. For example, the chromium additions increase the nitrogen concentration, while 

nickel additions decrease the nitrogen concentration. -For each alloy addition, though, the 

nitrogen concentration markedly increases at nitrogen partial pressures lower than 0.01 

MPa, after which it becomes constant Based on these results, the effects o f  Cr and Ni 

additions on the nitrogen concentration during arc welding are very close to those ob

served during arc melting and under equilibrium conditions.

The effect o f changes in the arc current on the resulting nitrogen concentration with 

each alloying element addition is shown in Figure 2.29(a&b).65 In addition to the nitro

gen concentrations, temperatures within the weld pool were also measured. These tem

peratures show little to no dependence on the welding current, which runs contradictory 

to previous observations in arc-melting experiments. Nitrogen concentrations in the weld 

metal decrease with an increase in the welding current as Cr is added to the base metal. 

With increasing chromium contents, the tendency for the nitrogen concentration in the 

weld metal to further decrease becomes more pronounced. On the other hand, the nitro

gen content remains constant in the Fe-Ni alloys even with an increase in the welding 

current.

These alloy additions to the iron base metal closely resemble the compositions of 

common stainless steels. Stainless steels have significant industrial relevance, and the 

role which nitrogen plays on their resulting properties is of significant interest. Several 

researchers have also investigated the effect o f nitrogen additions to the shielding gas 

during the GTA welding o f stainless steels on the resulting nitrogen concentration in the 

weld metal.97 108' 109 On the other hand, the majority o f the work reported in the literature 

deals primarily with the effect of nitrogen additions on the resulting properties and mi-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

03-

Iron

0.06 0.06002
(MPa)

0JC-

005

002 0.06 0.08
(MPa)

(b)

FiRure 2,28(a&b). Relation between the nitrogen concentration and nitrogen partial pressure (I*n 2 ) in Ar-fy gas mixtures for (a) 
Fe*Cr and (b) Fe-Ni alloys during GTA welding at a travel speed o f 3.33 mm/sec and at atmospheric pressure.65



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

0,3-

0 2 -

i!%Cr

Iron

200 250
Welding current ( A )

300

0.10

Q05 ■

250
Welding current (A )

200 300

(b)

Figure 2.29(a&bl Relationship between the nitrogen concentration in the weld metal and the arc current for several (a) Fe-Cr and 
(b) Fe-Ni alloys at a travel speed of 3.33 mm/sec and at atmospheric pressure,65



94

crostructure o f  the stainless steel, primarily in austenitic stainless steels.97 The small 

amount o f  work performed on the nitrogen dissolution mechanism in stainless 

steels,96,98108,109 though, sheds no further light on other mechanisms which may be re

sponsible for the enhanced nitrogen concentration observed during the welding o f  these 

alloys. Rather, the results are similar to those reported for high concentrations o f Cr ad

ditions in binary Fe-Cr alloys.

2.3.3 GMA Welding o f Iron and Plain Carbon Steels

The GMA welding process shown in Figure 2.30 is fundamentally different from 

GTA welding.60 GMA welding begins with the melting o f the electrode and is followed 

by the growth and detachment o f the metal droplet from the electrode and the transfer o f 

the molten metal droplet to the workpiece, where it solidifies.90 In this process, the anode 

is a consumable electrode, which acts as filler material in the welded joint, and the work 

piece serves as the cathode. The GMA welding arc also differs from the GTA welding 

arc,60 but many o f the same transport processes prevalent in GTA welding are also main 

contributors to the transport o f  energy here. These additional components in the GMA 

welding process lead to several additional transport processes, including the transient 

melting o f the electrode, the interaction o f  the arc with the continuously deformed free 

surface o f  the electrode, and the losses o f heat and mass due to vaporization. The elec

tron transfer in this process is also more complex, since the anode spots are mobile and 

the solid electrode and liquid melt attached to its tip continually change shape.

Differences in the GTA and GMA welding processes also lead to differences in the 

nature o f the nitrogen dissolution reaction. Based on these differences, several research

ers110*114 have studied the nitrogen dissolution reaction in iron and plain carbon steels 

during GMA welding. Kobayashi et al.no have performed controlled GMA welding ex

periments on mild steel samples using a low C  electrode wire similar in chemistry to the 

base metal. They analyzed the effect o f various nitrogen additions to an argon shielding 

gas on the resulting nitrogen concentration in the weld metal. In Figure 2.31, nitrogen 

concentrations in the weld metal increase considerably110 for nitrogen partial pressures 

below 0.15 atm., above which they remain constant at approximately 0.048 wt.% N.
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These results are almost identical to those for GTA welding, especially in terms o f the 

general behavior o f  the nitrogen content over the range o f  nitrogen partial pressures.

The effect o f  changes in the total pressure on the resulting nitrogen concentration in 

the weld metal in pure nitrogen atmospheres at pressures is shown110 in Figure 232. 

Here, the nitrogen concentration increases rapidly to approximately 0.055 wt.% N at a 

pressure o f  only 0.065 atm. This increase in nitrogen concentration is not observed at the 

same nitrogen partial pressure in Ar-N? shielding gases at atmospheric pressure. As the 

pressure increases further, the nitrogen concentration decreases significantly to a  more 

acceptable level o f  approximately 0.034 wt.% at a  pressure of 0.13 atm. Above this pres

sure, the nitrogen content in the weld metal increases linearly, ending at a nitrogen con

centration o f  0.048 wt.% N at a pressure o f  I atm. This behavior is nearly identical to 

that observed by Kuwana and Kokawa65 over this same pressure range in GTA welding.

The authors110 also investigated the role o f  changes in the arc current and arc voltage 

on the nitrogen concentration in the weld metal. Like previous investigations, the nitro

gen content decreases with an increase in the arc current. This reduction in the amount of 

nitrogen absorbed by the weld metal may be in part due to the enhanced transfer rate of 

molten metal drops, which occurs with an increase in the welding current. Nitrogen 

contents, though, were unaffected by any changes in the arc voltage, matching those ob

served in the GTA welding of iron and steels. On the other hand, Verhagen et al) 11 ob

served an increase in the nitrogen concentration in the weld metal with increasing weld

ing voltage during the GMA welding of a  ferritic base metal containing Mn, Si, and C 

using both solid and flux cored electrode wires.

The effect o f  hyperbaric atmospheres on the nitrogen concentration in high purity 

iron during GMA welding has also been studied. 114 In these experiments, the authors 

used electrode wire identical in composition to the base metal in order to avoid any 

change in chemistry affecting the nitrogen concentration. Figure 233 displays114 the re

lationship between the nitrogen concentration and the nitrogen partial pressure at pres

sures up to 30 atm. At nitrogen partial pressures greater than 1 atm., the nitrogen con

centrations continue to increase until a plateau double this concentration (1000  ppm) is 

reached at pressures above 20 atm. Little to  no difference is observed between the nitro-
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gen concentrations reported for the different nitrogen, partial pressures measured under 

different total pressures and shielding gas conditions. With these results, the authors 

suggested that the reaction time in the welding process was too short to allow for equilib

rium values o f  nitrogen concentration in the weld metal to be reached under high pres

sure.

During GMA welding, the electrode polarity can also be reversed, resulting in rather 

significant changes in the nitrogen concentration. Nitrogen concentrations are nearly 

twice as large with a positively charged electrode as with a negatively charged one, as 

shown111 in Figure 2.34. These results indicate a role for nitrogen ions (N") in the arc 

column in the enhanced nitrogen dissolution reaction. Since the number o f nitrogen ions 

in the arc column are extremely low, their effect on the nitrogen concentration is insig

nificant. In contrast to these results, an analysis o f  the droplets present at the end o f  the 

welding wire shows the nitrogen absorption into the wire is much greater with the elec

trode negatively charged than with it positively charged. Therefore, the nitrogen absorp

tion reaction must occur at both the metal droplet at the electrode and at the weld pool 

surface. On the other hand, little is known of which process and location dominates the 

nitrogen absorption reaction.

There are three primary metal transfer mechanisms in GMA welding, including the 

short circuiting transfer, globular transfer, and spray transfer. The choice o f metal trans

fer mechanisms from the electrode to the workpiece is determined by the choice o f  elec

trode polarity, arc current, voltage, and even shielding gas mixtures.90 Miller and Sal

ter112 and O’Brien and Jordan111 have studied the effect o f nitrogen additions to the 

shielding gas for both short-circuiting and spray transfer type arcs for mild steels with a 

CO2 carrier gas. In both cases, the nitrogen concentration is much lower for the spray- 

type arc than for the short circuiting arc. Short circuiting transfer produces nitrogen con

centrations nearly double to those observed for the spray transfer113 mode in Figure 2.35. 

As the nitrogen in the shielding gas approaches 100%, the weld metal nitrogen concen

tration drops significantly to that observed during spray transfer with a pure nitrogen 

shielding gas. This difference in nitrogen concentration is believed to be due to the 

freezing rate o f the weld pool and the differences in the heat input. The faster freezing
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function of the nitrogen content in a CO2 carrier gas for both (I) a  positive electrode and 
(2 ) a negative electrode. 111
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rate of the short-circuiting arc weld allows less time for gas desorption and may cause 

more bubbles to be trapped before they rise to the surface o f the weld pool.

A relationship has been shown to exist between the welding speed (v), the bead area 

(a), and the amount of gas absorbed per unit volume of weld metal. 112 For decreasing 

values o f the product (va), the gas absorbed per unit volume o f weld metal increases. 

Therefore, a small weld bead and low welding speed result in higher amounts o f nitrogen 

absorbed per unit volume o f weld metal. Based on this supposed relationship, the 

authors112 also examined the role changes in the weld speed for each o f  these arc types 

would play on the resulting nitrogen concentrations in the weld metal. For the short cir

cuiting arc, an increase in the welding speed decreased both the volume o f the weld metal 

and the amount of nitrogen retained in the weld metal. This increase in the welding 

speed also reduced the observed weld metal porosity.

2.3.4 Formation o f Porosity in the Weld Pool

Porosity in the weld metal has been studied in a number o f materials systems. 115116-122 

In terms of size, shape, and location, porosity can be described as either interdendritic 

porosity or bulk pores.122 Interdendritic porosity is characterized by the trapping o f gas 

bubbles between dendrite arms in the solidification substructure. Furthermore, when 

pores can stay near or nucleate inside the dendritic solidification region, they can also 

originate or stay near other heterogeneous sites. Bulk pores, which originate from the 

supersaturation of gases in the weld metal, are much larger in size and are generally di

vided into two categories. When the cavities observed exceed 1 mm in diameter, they are

considered blowholes, and when the cavity is less than I mm, they are simply gas
122pores.

Nitrogen solubility is much greater in liquid iron than in solid iron. Porosity is 

formed in the weld metal when nitrogen is present in amounts greater than their solubility 

limit when the metal solidifies. The thermodynamic limits for the maximum concentra

tion o f  nitrogen in liquid iron are established by the formation o f  nitride compounds or by 

the nucleation o f gas bubbles. In the Fe-N system, the thermodynamic solubility limit is 

determined by the nitrogen solubility in liquid iron, which is approximately 450 ppm at
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1873 K and 1 atm. N2, and the pressure at which the reaction occurs.47 I f  the concentra

tion of nitrogen in solution in the weld metal exceeds this limit, nitrogen gas is desorbed 

from the liquid metal, either as diatomic or monatomic nitrogen. This evolution o f  nitro

gen is supported by the formation of blowholes and pits in the weld metal. The weld 

metal nitrogen concentration is thus primarily controlled by the evolution o f  nitrogen 

during the cooling o f the weld metal. Nitrogen desorption from the weld metal is thus the 

driving force for the formation of porosity, blowholes, and spatter in the weldment.

Porosity can form in the solidified metal by either the rejection o f  dissolved gas at the 

advancing solid/liquid interface or, when gas contamination levels are high, by the nu- 

cleation o f bubbles ahead o f  the solid/liquid interface. Figure 2.36 shows111 several ab

sorption curves describing how nitrogen may be trapped in the solid metal bv the passing 

solidification front. In situation I, no pores are formed because the nitrogen concentra

tion in the liquid remains below the nitrogen solubility value. On the other hand, situa

tion II arises when the nitrogen concentration in the liquid metal exceeds the nitrogen 

saturation value in front o f  the solid-liquid interface. N2 gas bubbles are formed at nu- 

cleation sites along the solid-liquid interface, and additional nitrogen from the solid phase 

diffuses across the interface, leading to the formation o f  a porous weld. In Situation III, a 

maximum nitrogen concentration is reached, and the nitrogen concentration in the weld 

metal decreases. At this point, the nitrogen content in the weld metal is so high that gas 

bubbles form in the free liquid, and a great deal o f nitrogen evolves from the liquid be

fore it meets the solidification front.

During the GTA welding of iron and steels, porosity in the weld metal is generally 

observed with the addition o f a sufficient amount of nitrogen to the shielding gas.65' 107 

Kuwana and Kokawa. 107 for example, have observed no blowholes or pits in the weld 

metal for nitrogen pressures lower than 0.01 MPa during the GTA welding o f  pure iron. 

In cases when only argon is used as the shielding gas, no porosity o f any kind is ob

served. As the nitrogen addition to the shielding gas increases, the number o f  blowholes 

increase. Miller and Salter112 also observed porosity in the weld metal during GMA 

welding o f mild steels in a CO2 carrier gas for both short-circuiting and spray transfer 

type arcs. In both cases, no apparent deterioration in the weld metal properties is ob-
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Figure 2.36. Schematic diagram of the change in nitrogen content during the welding
process.111
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served up to nitrogen concentrations o f  0.02 wt.%. Above this nitrogen concentration, 

weld metal porosity is observed. Metallographic examination o f  the weld pools for a  

short-circuiting arc and nitrogen additions o f 3 ,5 , and 15% show scattered nitride needles 

within the ferrite grains and at the grain boundaries. The appearance o f  nitrogen in this 

form in the weld metal has not been extensively studied and has rarely been noted.36

Changes in welding conditions also affected both the formation and the characteris

tics o f  the porosity present in the weld metal. For example, the pore size increases with 

increasing welding current- However, changes in the arc length have no effect. Once 

again, blowholes and pits were detected in all o f  the weld metals, and the number of 

blowholes and pits seemed to increase with travel speed. On the other hand, the number 

o f these blowholes and other forms o f  porosity were rather small in alloys with higher 

amounts o f chromium.6S Therefore, the presence o f  blowholes and porosity can be re

lated to the nitrogen solubility in the alloy.

An examination o f  the effect o f weld pool convection patterns on the formation o f  gas 

porosity in the weld pool has been performed by Kou and Wang.49 Convection condi

tions in the absence and presence o f surface active elements, respectively, are shown in 

Figure 2.37(a&b) 49 In Figure 2.37(a), the convection patterns produce a downward 

sweeping action, trapping the gas bubbles within the fusion zone as the solidification 

front advances. The convection pattern is reversed in Figure 2.37(b),49 creating an up

ward sweeping action, which has the reverse effect on the motion o f the gas bubbles in 

the weld pool. Rather than being trapped within the fusion zone, the gas bubbles are 

brought to the free surface and thus allowed to escape.

The formation o f  blowholes in the weld metal and the forcible ejection o f liquid 

metal from the weld pool in the form o f  spatter can also result from the liquid metal being 

supersaturated with nitrogen. Ohno and Uda123 have studied the formation o f  blowholes 

caused by enhanced nitrogen dissolution during the arc welding o f nickel. Given the 

much lower nitrogen solubility in nickel (18 ppm at 2000 K), the formation o f  porosity 

occurs at low nitrogen partial pressures in the shielding gas, as low as 0.025% Nz. The 

pores and blowholes in all o f  the samples are generally spherical in shape, and the size o f 

the pores increases as the nitrogen addition to the shielding gas is increased. 123 Many o f
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Figure 2.37fa&b1. Effect o f  weld pool convection on weld porosity: (a) convection pat
tern favoring trapping o f gas bubbles; (b) convection pattern favoring removal o f  gas 
bubbles.49
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the same conclusions can be made as to the mechanisms o f  blowhole formation in the Fe-

N  system.

Weld metal spattering has a  distinct relationship with the nitrogen concentration in 

the weld pool. Uda and Ohno68 observed that at low residual nitrogen concentrations in 

the weld metal, spattering does not seem to occur. On the other hand, spattering is ob

served as the nitrogen concentration reaches its characteristic plateau. A proposed 

mechanism for spattering has been developed by Uda and Ohno6* and is shown in Figure 

2.38. The driving force for the ejection o f  a spattered particle is initiated from inside the 

liquid iron near the periphery o f the arc spot area. This bubble has a high internal pres

sure, calculated to be greater than two atmospheres. It grows quickly toward the surface, 

where there is the least resistance for the movement o f the bubble. A columnar projec

tion is produced on the surface o f the melt by the growing bubble, a portion o f which is 

thrown from the weld pool, resulting in a spattered particle.

2.3.5 Role of Oxygen and Hvdroeen Mixtures on Nitrogen Dissolution

Air containing additional amounts o f  oxygen and hydrogen is much more likely than 

pure nitrogen to enter the arc column above the weld metal during arc welding processes. 

The role played by the second diatomic gas additions in the shielding gas stream, in a f

fecting the amount o f nitrogen absorbed by the weld metal, must be considered. The 

presence of oxygen in the welding arc can also be the result o f  a purposeful addition to 

the shielding gas stream. Pure Ar and He are commonly used as the shielding gas during 

the GMA welding of nonferrous metals. However, when these pure gases are used to 

shield ferrous alloys during GMA welding, an erratic arc is produced. Therefore, addi

tions o f 1 to 5% O2 or 3 to 25% COz to the shielding gas, produce a noticeable improve

ment in arc stability. The optimum amount o f oxygen or CO2 to be added is a function o f  

the work surface condition, the joint geometry, the welding position, and the base metal 

composition.90

Several researchers78,92,93*107*110*113*124' 125 have studied the effects o f oxygen and hy

drogen additions to a nitrogen-containing shielding gas on the resulting nitrogen concen

tration in the weld pool. These gas additions have significant effects on the resulting ni-
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Figure 2.38. Schematic diagram showing a model for the ejection o f  a spattering particle 
from liquid iron during arc melting.68
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trogen concentration in the weld metal, and, in particular, the addition o f  a small amount 

of oxygen to the shielding gas increases the nitrogen concentration in the weld 

metal.60'92'93'110115 Kobayashi et al.uo and Verhagen ef a/.m  have performed a series o f 

GMA welding experiments with several multiple component shielding gas atmospheres 

containing air, oxygen, and carbon-dioxide. Nitrogen concentrations in the weld metal 

for several o f these shielding gas mixtures are shown92 in Figure 2.39. In each case, the 

nitrogen concentration reaches a maximum value significantly higher than the nitrogen 

saturation value at atmospheric pressure. The shape o f  the curve depends on the carrier 

gas used.111' 113

It is obvious that the nitrogen concentration in the weld metal is significantly en

hanced with oxygen o r CO2 present in the shielding gas. The authors111 point to the pos

sibility that the presence of oxygen in the shielding gas allows the weld metal to accom

modate more nitrogen or that the nucleation o f N2 bubbles Is hindered. In addition to 

these effects, the presence of oxygen in the shielding gas can lead to the formation of an 

oxygen-rich surface layer, which may retard the passage of nitrogen being desorbed from 

the weld metal. Since the pick-up o f nitrogen from the arc atmosphere is not affected by 

the addition o f  oxygen, the loss from the liquid metal must be decreased in order to 

achieve the nitrogen concentrations observed.

Pokhodnya et al.l2S and others40'92'9'5'115'124 have hypothesized that the presence of NO 

in these plasma resulting from the interaction between nitrogen and oxygen is the main 

contributor to this enhancement. There is currently no unified theory to explain this be

havior, but two mechanisms for the formation o f NO in the plasma phase above the weld 

metal are shown below.

O + N2 —► NO + N (2.35)

N + 0 2 - » N 0 + 0  (2.36)

With the addition o f  CO2 to the shielding gas, Blake93 proposed that NO in the arc 

column is formed by the following reaction:
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2C 0 2 + N 2 -*  2C 0 + 2 0  + 2N -► 2CO + 2NO (2.37)

At comparatively low temperatures (3500 to 4000 K) in the arc column, oxygen re

acts with nitrogen to form NO. As NO is transported to the surface o f  either the metal 

droplets or the weld pool, it dissociates at the lower temperatures present there. The 

atomic gases are then rapidly dissolved into the iron. Based on this proposed reaction 

mechanism, it is believed that the lower dissociation temperature o f NO leads to an in

creased amount o f  monatomic nitrogen (N) near the metal surface. Therefore, the addi

tion of oxygen to the nitrogen-containing shielding gas may lead to higher than otherwise 

expected partial pressures of monatomic nitrogen near the metal surface, thus leading to 

higher nitrogen concentration in the weld metal.

Ouden40 has suggested that the NO molecules present in the hotter arc column will 

diffuse to the cooler liquid surface, allowing the reaction shown below to occur. This 

reaction not only produces an increased partial pressure o f  monatomic nitrogen above the 

weld metal surface, but it also produces an iron oxide layer on the weld metal surface. 

As previously discussed, this oxide layer can inhibit the desorption o f nitrogen gas from 

the solidifying weld metal, thus leading to an increased amount of nitrogen remaining in 

the weld metal.

xNO +  y[Fe] -> [FeyOx ]+ x [n ] (2.38)

On the other hand, hydrogen additions to the nitrogen-containing shielding gas have 

the opposite effect on the nitrogen concentration. Several authors78*92*93 have shown that 

hydrogen additions cause the nitrogen concentration in the weld metal to decrease to lev

els below that observed for solely nitrogen additions to the shielding gas. Kuwana and 

Kokawa93 performed a series o f  GTA welding experiments on pure iron samples at at

mospheric pressure with shielding gases containing both nitrogen and hydrogen. In gen

eral, the nitrogen concentrations in the weld metal, shown in Figure 2.40, are lower than
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those observed for shielding gases containing only nitrogen.93 Rather than rem ain ing  

constant at higher nitrogen partial pressures, though, the nitrogen concentrations in the 

weld metal slowly increase as the nitrogen partial pressure is increased. This increase in 

the nitrogen concentration is due in part to the influence o f a  second dissociation reaction, 

that o f  H2. This reaction in the arc column is believed to lead to better thermal efficiency 

in the arc, thus leading to a  larger penetration area and a slower cooling rate. A  de

creased cooling rate thus leads to a larger amount o f nitrogen evolution from the weld 

metal, which results in lower residual nitrogen concentrations.

Takeda and Nakamura have attributed this reduction in the nitrogen concentration to 

the conversion o f the dissociated nitrogen in the arc column to a hydrogen-nitride species. 

They have divided the welding process into a several areas, including the high tempera

ture zone of the plasma arc, the thermal boundary layer o f the plasma arc adjacent to the 

surface o f the melt, the surface o f the melt, and the bulk o f the melt. In the high tem

perature region o f the plasma arc, temperatures reach levels above 6000 K, allowing for 

nitrogen and hydrogen to be completely dissociated. Within the thermal boundary layer, 

the temperature drops to that o f the liquid iron surface, which has been reported to be 

between 2000 and 2600 K. In the thermal boundary layer, NHm, N, and H are in equilib

rium, and the rates for recombination are neglected. Therefore, the following reaction 

occurs with both nitrogen and hydrogen present in the shielding gas:

N(g) + mH(g) NHm (g) (m =l, 2 or 3) (2.39)

7fiBased on this framework, the authors have developed a semi-quantitative analysis 

for determining the nitrogen concentration in the weld metal as shown below:
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O
where Km denotes the equilibrium constant for the reaction, NHm —► N + mH, Ph2 and 

P^ 2 are the apparent partial pressures of hydrogen and nitrogen, respectively, [%Nj is 

the nitrogen solubility, [%N]so is the nitrogen solubility at P« = 0 , k'am is the apparent 

rate constant o f nitrogen absorption from NHm (where m =l, 2, or 3), and k'a is the appar

ent rate constant for nitrogen absorption.

2.4 PROPOSED MECHANISMS FOR ENHANCED NITROGEN DISSOLUTION

2.4.1 Interaction Between Plasma Phase and Weld Pool

Nitrogen concentrations typically exceed those calculated by Sieverts’ Law during arc 

melting and arc welding operations.31'33'40’46 A general agreement in the observed results 

suggests a common mechanism for nitrogen dissolution in both arc melting and arc 

welding operations. This mechanism is not well understood due to the range and com

plexity of the related arc and weld pool phenomena. A number o f researchers have thus 

attempted to develop both qualitative and semi-quantitative models for the nitrogen dis

solution reaction.29*33’40 45'47'64'67’68’111126'127 These models are similar to the steady-state 

models developed for arc melted conditions.28*35’60 Ouden and Griebling,30 for example, 

proposed that the nitrogen is adsorbed into the weld pool directly under the arc and is 

then desorbed at the weld periphery. The amount o f  nitrogen leaving the liquid metal 

will increase with increasing nitrogen concentration, and a steady state will be reached 

when the amount of nitrogen entering the weld pool per unit time equals the amount o f 

nitrogen leaving the weld pool per unit time.

Verhagen et al.lu  developed a model to explain the resulting nitrogen concentration 

and the formation o f porosity in the weld metal. The model, shown111 in Figure 2.41, is 

based on the arc temperature, the degree of dissociation, the condition of the liquid mate

rial, and the weld metal cooling rate. The presence o f nitrogen atoms in the arc column is 

a primary contributor in explaining the supersaturation o f nitrogen in the weld metal. As 

the heat source moves past a specific point along the weld line, the weld metal at this lo

cation passes through a sequence o f events. First, the weld metal is heated and subse

quently begins to melt (1). After melting, the liquid metal in contact with the arc heats
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Figure 2.41. Schematic representation o f  the nitrogen content o f  a  weld metal under a 
moving welding arc in an atmosphere containing nitrogen.111
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up, (2), and once the arc passes, the liquid metal in contact with the shielding gas cools, 

(3), and finally solidifies, (4). Nitrogen enters the weld metal predominantly in stage (2) 

through the melt surface layer, from where it is further transported throughout the liquid 

metal by diffusion and convection. I f  the nitrogen concentration exceeds the nitrogen 

saturation value in the interior o f the weld metal, N2 gas bubbles with a  pressure slightly 

exceeding one atmosphere may be formed. The availability o f  suitable nucleation sites, 

such as oxide particles, will determine the nitrogen concentration at which the evolution 

o f N2 bubbles will actually occur.

As the arc moves, the liquid metal left behind comes in contact with the shielding gas 

outside the arc column, where the gaseous phase contains molecular nitrogen and a negli

gible amount o f  N atoms. At this point, the absorption o f  diatomic nitrogen will also oc

cur, and the nitrogen concentration in the weld metal depends on whether the current ni

trogen concentration is higher or lower than what would be in equilibrium with the 

amount o f nitrogen molecules present in the shielding gas. If  the weld metal exposure to 

the arc atmosphere has been sufficient, the nitrogen concentration will diminish in this 

stage. Whether equilibrium is reached before solidification sets in depends on the avail

able reaction time and rate.

Upon solidification, nitrogen diffusion between liquid and solid iron becomes promi

nent. The nitrogen solubility in solid iron is lower than in the liquid metal at the melting 

temperature, 0.015 wt.% and 0.045 wt.%, respectively. Nitrogen concentrations much 

greater than 0.015 wt.% are commonly observed in the weld metals. Therefore, it is ap

parent that the loss o f nitrogen from the solid to the gas phase is rather small and is due, 

in part, to the rapid slowing down o f  nitrogen diffusion in the bulk solid as the tempera

ture drops. When the solid phase is formed, N atoms will diffuse across the interface to 

liquid iron. If  the solidification front moves into the liquid, it is not possible for these 

atoms to become uniformly distributed in the liquid, resulting in a  higher nitrogen con

centration in front o f the moving interface.

Cross et aL126 have proposed a similar model in which the nitrogen concentration in 

the weld pool is driven by two simultaneous equilibrium conditions. The first of these 

conditions occurs beneath the arc, where the weld pool will attempt to approach its equi
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librium solubility (C ez) with the monatomic nitrogen. A second equilibrium solubility 

(C e i) exists at the periphery o f the weld pool with diatomic nitrogen. After a period of 

time, a balance between nitrogen adsorption in the arc column and nitrogen desorption at 

the periphery will be achieved and a steady-state condition will prevail. It is then as

sumed that the rate o f change o f  nitrogen concentration (dC/dt) in the weld pool is pro

portional to this deviation from equilibrium. The following relationship describes this 

condition:

where Ai and A2 are the surface areas o f the weld pool periphery and that directly under 

the arc, respectively, and kj and k2 represent the corresponding rate constants. By inte

grating Equation (2.41), the following relationship is derived:

where CD is the initial concentration o f  the base metal and Cs is the steady-state concen

tration. This model is difficult to apply on a practical level. The application requires the 

values o f parameters, ki, k2» At, and A2, which are not generally available. In addition, 

the model is based on an assumption o f  a constant temperature across the weld pool sur

face, which is commonly characterized by steep temperature gradients.

It has also been suggested40 that ionic nitrogen is the dominant species responsible for 

the high nitrogen contents in the weld metal. These ions are transported under the influ

ence o f  the electric field towards the cathode or work piece, where dissolution would take 

place. Ouden40 has developed a modified form of Sieverts’ Law to take into account the 

deviations occurring due to the lack of equilibrium and to describe the nitrogen concen

trations observed during welding. The following relationship has thus been developed:

= k iA i(C Ei - C ) + k 2A2 (CE2 - C ) (2.41)

C = CS +(C Q - C s)e"tkiAi +k2A2lt (2.42)
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(2.43)

where P^ 2 , P n , PN+ represent the partial pressures o f  diatomic nitrogen, monatomic

nitrogen, and monatomic nitrogen ions, respectively, and Ki, K2, and K3 are the propor

tionality constants for the absorption o f this species into the weld metal. The difference 

in absorption at the cathode and anode is due to differences in the temperature, reaction 

time, and reaction surface. On the other hand, other calculations have shown that the 

contribution of nitrogen ions to the total arc current is so small that it can be neglected.

2.4 .2 Development o f Two Temperature Model

The models discussed in the previous section provide a  framework for understanding 

the nitrogen dissolution reaction during arc welding. On the other hand, they are rather 

incomplete and do not provide a means for determining the nitrogen concentration in the 

weld pool. In a related study, Gedeon and Eagar127 examined the absorption o f  hydrogen 

during the GMA welding of low alloy steels. Based on their results, they have developed 

a model based on the dissociation of diatomic hydrogen in the arc column at a  tempera

ture higher than that directly above the weld pool surface and the absorption of the re

sulting monatomic species in the weld pool. The amount of atomic nitrogen in the 

plasma phase is higher than that obtained solely from the consideration of thermal equi

librium between these two species at the system temperature and pressure.

Mundra and DebRoy47 have utilized this theoretical concept to develop a semi- 

quantitative model to calculate the nitrogen concentration in the weld pool. Their model 

is based on the premise that i f  the actual concentration o f the atomic nitrogen were 

known, its concentration in iron could be estimated by considering equilibrium between 

the atomic nitrogen and the metal. In the plasma, the extent of dissociation o f  diatomic 

nitrogen depends on factors such as the nature o f the power source, the energy dissipated, 

the overall system geometry, and the nature o f  the diatomic gas. To take these various 

mechanisms into account, a hypothetical dissociation temperature, T«j, is defined. At this 

temperature, the thermal dissociation o f  N2 produces a  partial pressure o f atomic nitrogen
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gas equal to that in the plasma phase. Figure 2.42(a) defines the relationship47 between 

the percentage dissociation of diatomic nitrogen species and the effective dissociation 

temperature.45 In this figure* it is shown that the dissociation o f  diatomic nitrogen in

creases with increasing temperature.

Combining the dissociation o f N2(g) at T<i and the dissolution o f N(g) in liquid iron at 

Ts, the equilibrium nitrogen concentration in iron can be defined by the following rela

tionship. Since the extent o f dissociation o f diatomic nitrogen is considered to be rather 

low under typical welding conditions. PNj can be assumed to be equal to the partial pres

sure o f  N2 in the inlet gas, P*,.

N(wt%) = 1|P ^ e

^AG'I AG 
Td t ____

Ts
(2.44)

The nitrogen concentration in the iron weld pool is explained by assuming that the 

atomic nitrogen partial pressure in the plasma can be effectively modeled by a hypotheti

cal thermal dissociation o f  diatomic nitrogen, at a temperature o f  dissociation, T,j. Figure 

2.42(b)47 shows the effective dissociation temperature based on the experimental solubil

ity and the theoretical monatomic nitrogen solubility from the experimental work o f  

Ouden and Griebling.30 In this figure, the effective dissociation temperature is higher 

than the sample temperature, thus providing a higher partial pressure o f  monatomic nitro

gen species than that possible through thermal dissociation processes alone. The exact 

difference between the surface temperature and the dissociation temperature is unknown.

2.4.3 Validation o f Two-Temperature Model

When this model is applied to several sets of data, the calculated dissociation tem 

peratures fall in a range o f  100 to 300 C above the sample temperature.63 An example o f 

these results is plotted51 in Figure 2.43. In this figure, the calculated dissociation tem

peratures for the nitrogen concentrations in solid iron samples exposed to glow discharge
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plasmas are plotted as a function o f experimental nitrogen concentrations. The calculated 

dissociation temperatures for the experimental concentrations are approximately 100 to 

215 C higher than the sample temperature.51 It can thus be assumed that if  experimental 

data are not available, a rough estimate o f  the nitrogen concentration may be obtained by 

assuming a hypothetical dissociation temperature about 100 to 200 K higher than the 

sample temperature.

These results have arisen from the application o f the two-temperature model to iso

thermal conditions. On the other hand, weld pool surface temperatures show significant 

spatial variations. Since this temperature distribution is not known, a simplifying as

sumption o f  the temperature distribution on the surface o f  the weld pool has been 

made.128 Figure 2.44(a) shows temperature profiles for two assumed values of maximum 

temperature on the weld pool surface, T m a x -  In this figure, r* is the dimensionless dis

tance from the axis o f the arc to the liquid/metal interface defined by the radial distance 

from the center o f the molten pool. The calculated equilibrium nitrogen concentrations 

on the weld pool surface are shown in Figure 2.44(b). The nitrogen concentrations are 

higher at the outer edge of the weld pool, which has also been observed in the case of hy

drogen dissolution.

Since the liquid metal in the weld pool undergoes vigorous recirculation,72 73 the ni

trogen from the surface is readily transported to the interior o f the weld pool. This vigor

ous recirculation of material thoroughly mixes the nitrogen absorbed at the weld pool sur

face throughout the weld pool interior. It is thus assumed that the overall nitrogen con

centration o f  the weld metal, (wt.%N)AV is determined by an average concentration o f 

nitrogen on the weld pool surface:

1 ro l
(wt.%N)AV =  —y  f2xr[wt.%N}lr = J2r*[wt.%N)lr* (2.45)

0 o

where [wt.%N] is the local value o f  nitrogen concentration a t any location on the weld 

pool surface.
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In view of the continuous movement o f the arc with respect to the workpiece, the 

plasma continually mixes with the surrounding gas, and the mixing tends to reduce the 

concentration o f atomic nitrogen in the plasma. Therefore, a relatively small difference 

between the dissociation temperature and the surface temperature o f the weld pool is ap

propriate. A difference o f 125 C between the dissociation temperature and the surface 

temperature is assumed, and nitrogen concentrations107 in the weld pool, as a function o f 

pN, , are shown51 in Figure 2.45 for two values of T m a x -  The calculations show that a  fair 

agreement between the computed results and the experimental data. An improved 

agreement between the experimental data and the predicted values can be obtained by 

selecting a temperature difference o f about 100 C between the surface temperatures and 

the dissociation temperatures.

2.5 OVERVIEW

Nitrogen concentrations significantly larger than Sieverts’ Law calculations are 

commonly found when an iron or steel sample comes into contact with a nitrogen con

taining plasma. These plasmas are usually formed above liquid iron or steel during arc 

melting and arc welding operations. The relationship between the nitrogen concentration 

and the amount o f nitrogen added to the shielding gas is similar in all cases. For exam

ple. the nitrogen concentration rises sharply with increases in the nitrogen partial pres

sures until it reaches a maximum level equivalent to the nitrogen concentration calculated 

by Sieverts’ Law at a nitrogen partial pressure of 1 atm. Monatomic nitrogen present in 

the plasma phase is responsible for these high nitrogen concentration levels.

The study o f the nitrogen dissolution reaction during the arc melting and welding of 

iron and steels has concentrated on the effects o f changes in experimental conditions on 

the final nitrogen concentration. These various experimental conditions include changes 

in the arc current, arc voltage, travel speed, the base metal chemistry, and nitrogen addi

tion to the shielding gas. Changes in the arc current, arc voltage, and arc length have lit

tle to no effect on the nitrogen concentration in the weld pool. Even variations in the
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nitrogen addition to the shielding gas produce little to no change in the  nitrogen concen

trations observed in the weld pool.

In arc welding, the high temperatures present within the arc are responsible for accel

erating the nitrogen absorption reaction. On the other hand, the nitrogen absorption reac

tion is not always completed, since the arc may travel quickly within a short period of 

time, allowing the weld metal to quickly solidify. The travelling arc complicates the 

situation, since the nitrogen is absorbed in the portion of the weld pool exposed to the arc 

and simultaneously escapes into the atmosphere horn the solidifying metal behind the arc 

column. These facts can explain the differences between the nitrogen content o f the weld 

metal and the equilibrium solubility and the arc melting of the same metal.

On the other hand, changes in the base metal chemistry affect the nitrogen concentra

tion observed in the metal during arc melting and arc welding operations. The effects of 

alloying element additions, such as chromium and nickel, are identical to  those observed 

in the absence of an arc or plasma phase in contact with the base metal. For example, the 

addition of chromium increases the final nitrogen concentration to levels above that ob

served in pure iron, and the addition o f nickel decreases the final nitrogen concentration. 

Surface active elements, such as oxygen and sulfur, present in the liquid metal also have 

significant effects on the nitrogen concentration in the metal. The addition of these ele

ments significantly increases the magnitude of the nitrogen concentration in the liquid 

metal. In all these cases, though, a behavior similar to that described above is observed 

with the addition of these alloying element to the base metal.

Several researchers have developed models based on the assumption that the nitrogen 

concentration observed in the liquid metal is the result of a competitive process between 

nitrogen absorption in the arc column and nitrogen desorption in the region outside the 

arc column. With surface active elements present in the weld metal, a  reaction layer is 

formed on the surface of the solidifying metal and does not allow the nitrogen to desorb. 

Thus, the nitrogen concentration in the liquid metal is further enhanced. This model also 

takes into account the saturation of the liquid metal with nitrogen, which is defined as the 

maximum amount o f nitrogen which the liquid metal can hold with a  nitrogen partial 

pressure equivalent to the total pressure o f the atmosphere above the liquid metal.
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Others have concentrated on the role o f  the plasma phase in the nitrogen dissolution 

reaction. The plasma phase acts as a source o f  enhanced amounts o f monatomic nitrogen 

for the nitrogen absorption reaction on the weld metal surface. This amount o f mona

tomic nitrogen is difficult to determine, but has been estimated by assuming that the ni

trogen dissociation reaction takes place at an effective dissociation temperature higher 

than that found on the liquid metal surface. Effective temperatures in the range o f  100 to 

300°C higher than the surface temperature provide good approximations and give calcu

lated nitrogen concentrations close to the experimental results.

Further complexities are also found with the addition of nitrogen to the shielding gas. 

For example, the formation of porosity in the weld metal is the result o f  excessive gas 

absorption in the liquid metal. On the other hand, the correlation between the nitrogen 

dissolution reaction and porosity formation is not well understood. Additions o f small 

amounts o f oxygen and hydrogen to nitrogen-containing shielding gases also have no

ticeable effects on the resulting nitrogen concentration in liquid iron. Like porosity for

mation, there is little understanding of the physical processes controlling these reactions. 

Even though qualitative models exist to explain these phenomena, more work is required 

to provide a greater qualitative and quantitative understanding.

This review has provided a summary o f  the existing knowledge o f  the nitrogen dis

solution reaction in iron and steel during arc melting and welding processes. In general, 

previous researchers have examined the effects o f  nitrogen additions to the shielding gas 

and changes in the process parameters on the resulting nitrogen concentration in the base 

metal. Different welding processes and base metal chemistries have been lumped to

gether without examining the different mechanisms responsible for these observed nitro

gen concentrations. Rigorous quantitative analyses o f the plasma phase and o f  the trans

port properties in the weld pool have also not been performed. Therefore, there is little 

understanding o f  the interaction between the plasma phase, the nitrogen absorption reac

tion, and the transport o f nitrogen in the weld pool. A comprehensive model, which takes 

into account the unique properties o f each o f  these components, thus needs to be devel

oped.
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Chapter 3

THERMODYNAMIC CALCULATION OF SPECIES DENSITIES
IN THE PLASMA PHASE

3.1 INTRODUCTION

The presence o f  a plasma phase is a common feature in a wide range o f  materials 

processing operations, including thin film deposition via sputtering or chemical vapor 

deposition (CVD) and plasma nitriding processes. This plasma phase contains excited 

species not normally observed in typical gas-metal systems. These excited species take 

part in the reactions and, in many cases, significantly enhance the rate or efficiency of 

these reactions. Knowledge o f the number densities of these activated species can pro

vide needed insight into the dominant reaction processes. For example, knowledge o f the 

monatomic nitrogen partial pressure in the reactive sputtering or CVD processing o f a 

TiN thin film can lead to the development o f operating parameters which make the proc

ess more efficient.

During arc welding, the plasma phase in the arc column interacts with the liquid 

metal in the weld pool. With nitrogen present in the plasma phase, concentrations o f this 

element in an iron weld pool are significantly enhanced, and monatomic nitrogen species 

in the plasma phase above the weld pool surface are considered responsible. As dis

cussed in the previous chapters, researchers have recognized the important role o f mona

tomic nitrogen and incorporated it into their models.1*4 On the other hand, the inclusion 

of the monatomic nitrogen partial pressure in these models has been rather qualitative in 

nature or the result o f  a simplification of the nitrogen dissociation reaction. In order to 

accurately calculate the nitrogen concentration in the weld pool, the actual monatomic 

nitrogen partial pressure in the plasma phase must be known. A quantitative study o f the 

species density o f monatomic nitrogen and other species present in the plasma phase 

formed from either pure gases or gas mixtures has not, till now, been integrated into a 

study o f the nitrogen dissolution reaction.
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3.2 CURRENT STATUS OF SPECIES DENSITY CALCULATIONS IN NITROGEN- 
CONTAINING PLASMAS

Enhanced concentrations o f  hydrogen and other diatomic gases in the weld metal are 

based on the dominant role o f  monatomic gaseous species in the plasma phase. 1-6 If  the 

concentration o f the monatomic species in the gas phase near the weld pool is known, the 

species concentration can then be estimated by considering equilibrium between the 

monatomic gas and metal. Dissociation o f  diatomic nitrogen into monatomic nitrogen 

species in the welding arc has been well established.5’7 The resulting concentration o f  

atomic nitrogen in the plasma is higher than what would be obtained solely from consid

eration o f thermal equilibrium between these two species at the temperature and pressure 

prevailing at the metal surface. Rather, the amount o f  monatomic nitrogen in the plasma 

phase depends on the nature o f  the power source, the energy dissipated, the overall sys

tem geometry, and the nature o f the diatomic gas.3 It is very difficult to quantify many of 

these factors which determine the species concentrations in the welding arc, thus creating 

many problems in calculating the residual nitrogen concentration in the weld metal.

Taking these difficulties into account, Gedeon and Eagar2 have developed a model, 

which considers both the dissociation and absorption reactions. The dissociation o f the 

diatomic gas is governed by the temperature o f  the plasma phase adjacent to the weld 

pool surface, while the absorption reaction is governed by the surface temperature o f  the 

weld pool. Based on this model, several available plasma-metal systems have been ana

lyzed, and the enhanced nitrogen solubility in the weld metal is explained by a  super- 

equilibrium concentration o f  monatomic species above the weld metal.3

Uda and Wada8 also recognized the complexity o f  the interaction between the plasma 

phase and the weld metal. They divided the absorption reaction into three areas: the bulk 

plasma area, a boundary layer adjacent to the weld metal, and the weld metal itself. 

Within this boundary layer, the temperature is considered to be nearly equal to the melt

ing point o f the molten metal. The experimentally observed nitrogen concentrations un

der arc melting conditions correspond to a partial pressure o f atomic nitrogen obtained by
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equilibrium thermal dissociation of diatomic nitrogen at about 3000 K. This temperature 

is much lower than the temperatures in the arc column.

It has been well known that the presence o f a  small amount of oxygen enhances the 

nitrogen concentration in the weld metal.9*14 This behavior is illustrated earlier in Figure 

2.41, which also includes a comparison with equilibrium nitrogen concentrations. 15 Sev

eral authors12*13 have hypothesized that the presence o f NO in the plasma, which is the 

result o f  the interaction between nitrogen and oxygen, is the main contributor to this en

hancement. Currently there is no unified theory to explain this behavior. Furthermore, 

there is no experimental evidence available for the presence o f  NO. Detailed calculation 

o f species concentrations in an Ar-N2-C>2 system, considering possible reaction between 

the nitrogen and oxygen, can provide a  definitive understanding of this behavior.

A number o f researchers have investigated the characteristics o f the plasma phase in 

the arc column.12'1416*21 Theoretical studies o f  the number densities o f various species in 

a plasma phase include those performed by Dunn and Eagar,19 who investigated inert 

gaseous plasmas, and by Drellishak et a/. ,20*21 who investigated both inert gaseous and 

pure nitrogen and oxygen plasmas at atmospheric pressures. Dunn and Eagar18*19 have 

calculated the electron densities and the resulting transport properties o f argon and he

lium plasmas with small additions of metal vapors. In order to calculate these transport 

properties, only ionization reactions need to be considered, given the dominant role o f  the 

electron density in determining the electrical and thermal conductivities. They therefore 

have calculated species and electron densities in the. plasma phase using the Saha-Eggert 

relationship and the ideal gas law. Fast7 has investigated the dissociation o f nitrogen in 

the welding arc based on thermodynamic calculations and ignoring the role o f ionization 

reactions. Number density calculations for both nitrogen molecules and atoms over a 

range o f  temperatures have been determined from fundamental spectroscopic data. These 

studies provided a data base for the distribution o f species in a plasma over a  range o f 

temperatures but have not been extended to temperatures approaching those on the weld 

pool surface. A rigorous quantitative analysis o f the plasma phase to determine the con

centration o f  various nitrogen-bearing species has not been performed.
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The number densities o f  various gaseous species calculated here have been used to 

understand nitrogen dissolution in the weld pool. In order to provide a complete picture 

o f  the species present in the welding arc plasma, both dissociation and ionization reac

tions have been considered. The species densities for nitrogen, oxygen, argon, and he

lium plasmas have been calculated for both pure gases and mixtures. In addition, the role 

o f oxygen on the enhanced nitrogen dissolution reaction is also investigated using these 

calculations. Finally, the nitrogen absorption reaction during arc welding is examined by 

considering the interaction between the plasma phase and the weld pool surface during 

GTA welding. Experimental verification of these calculations is achieved through the 

use o f emission spectroscopic analysis o f glow discharge plasmas.

3.2 CALCULATION METHODOLOGY

In order to calculate the number densities o f species present in the plasma phase, 

ionization and dissociation reactions for both diatomic and monatomic species must be 

considered simultaneously. Furthermore, the balance o f charge throughout the system 

and the conservation of mass must be considered. The ionization reactions of interest for 

a pure nitrogen plasma are as follows:

Assuming local thermodynamic equilibrium, the relation between the various species

(3.1)

N = N+ + e (3.2)

densities can be expressed from the Saha-Eggert relation19'21 as follows:

n en N2 2(27tmekT)% Zn |  _-(eN,)/kT ------------   — e *
n N2 h 3 z n 2

(3.3)
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n e n N + 2(2jime

Z N
(3-4)

n N h 3

where n« is the electron density, and n ^ 2, nN+, n^j, and nN* are the number densities

for each o f the respective nitrogen species, uv is the rest mass o f an electron, k is the 

Boltzmann Constant, T is the electron temperature, h is Planck’s Constant, Z N, , Z N- ,

Zn, and Z N- are the partition functions for the respective nitrogen species, and &n2 and

£n are the ground state energies for the nitrogen molecule and atom, respectively. The 

partition functions7’19'20 for a number o f  pure species are calculated in Appendix A.

The dissociation reaction o f diatomic nitrogen is shown in Equation (3.5). Its equilib

rium constant, K, is simplified in Equations (3.6) to (3.8), with the final relation to be 

used shown in Equation (3.8).

where Pt0t is the total system pressure(atm), Pn is the partial pressure o f monatomic nitro

gen, pn 7 is the partial pressure o f  diatomic nitrogen, Xn and X ^ 2 are the mole fractions

N2 (g) -* 2N (g) (3.5)

K  -  Pn _  ( P .o t f f r N )2 _  »  (X k )2
5 n r tOt Y ..PN2 PtotXN,  tot XN2 (3.6)

(3.7)

(3-8)

o f  N and N2, respectively, nN and n ^ 2 are the number densities (m'3) for N and N2, re
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spectively, R  is the gas constant, and NA is Avogadro’s number, which is defined by the 

following relationship.

(3-9)

At temperatures commonly used for conventional materials processing, the standard free 

energy values are available and the value o f  K can be easily calculated. On the other 

hand, accurate thermodynamic data are not readily available for the high temperatures 

commonly found in the welding plasma. A recourse is to calculate the necessary data and 

the procedure used here is presented in Appendix B.

In the case o f pure nitrogen plasma, there are five species concentrations, i.e., o f nN2,

n N*, nN , nN, ,  and lie to be determined. Thus, in addition to Equations (3.3), (3.4), and

(3.8), two more equations must be developed, one based on the principle o f quasineutral

ity in the plasma phase and the other based on the conservation o f  mass:

where P is the total pressure. Since the total number o f species present in the plasma 

phase is based on the ideal gas law, a decrease in the number density o f particles with an 

increase in temperature should be expected. Equations (3.3), (3.4), (3.8), and (3.10) 

through (3.11) can be solved simultaneously to obtain values o f  nN> , nN*, n ^ ,  nN„,

and ne . To obtain the species densities over the range o f temperatures commonly found 

in the welding arc, the system o f equations must be solved simultaneously for each indi

vidual temperature.

ne = n + n. (3.10)

(3.11)
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Table 3.1. Summary o f species considered in the species density calculations for oxygen, 
nitrogen, argon, and helium.

InnutG as Snecies Considered

Argon At, At1”, At -1'

Helium He, He"

Nitrogen n 2 , n | , n , n +

Oxygen o 2 , o | , o , o % o ^
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When the plasma contains other gases, such as oxygen, additional species densities 

need to be considered. Table 3.1 lists the species o f interest for each o f  the pure gases 

analyzed. For pure oxygen, the species densities to be determined include n o , , nQ+,

n o ,  nQ+ , n Q—, and ne . These are obtained from the solution o f the following system 

o f six equations:

For pure monatomic inert gases such as argon and helium, no dissociation reaction 

needs to be considered. The argon species densities, i.e. nAr, nAr+, nAr<- , and ne, can 

be determined by the solution of the following system o f  equations.

(3.12)

>+ 2(2xmekT)^2 Z Q+ fri

ll3 Z o
(3.13)

(3.14)

2
(3-15)

(3-16)

(3.17)
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° e n Ar* _  2(2itm e k T )X  Z Ar- ^ g|>r)/tT ( 3 1 8 )

n A r  h 3 Z A r

n ' n A r -  _ 2{2*mci a ) X  Z Ar„  r (s .,.) /fcT (319)

n A r *  h 3  Z A r*

n e  n  A r*  +  2 n  A r* -*" ( .3 .2 0 )

N A f e ) = D A r + 2n Ar+ + 3n Ar^ (3 '2 I )

This same methodology is used to calculate the species densities for helium, but only

three species densities need to be solved, i.e., n He, n He» , and ne , since just a single

ionization level needs to be considered. The following three equations are thus solved in 

order to determine the number densities of these species.

n e n He+ = 2(27tmekT)% Z n e  e _(gHe) ,kT 

n He h 3 Z He

ne = n He*" (3.2j )

N  A  ( r t̂ ) =  n  H e + 2 n H e + ( 3 -2 4 )

When considering binary, ternary, or higher-order gas mixtures, the particle densities 

o f the individual species can be calculated by considering a system o f  equations involv

ing both the ionization and dissociation reactions and the overall charge and mass bal

ances. For example, the species densities in an AJ-N2-Q2 gas mixture at 1 atm. total pres

sure can be determined by solving a system of equations which takes into account the re-
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actions for argon (Equations (3.18) and (3.19)), nitrogen (Equations (3 .3), (3 .4 ). and

(3.8)), oxygen (Equations (3.12) through (3.15)), and the overall charge and mass bal

ances in Equations (3.25) through (3.28).

n e  X A r A r +  Ar"*"1* ^ ^ ^ 2  )  "**

X © 2  ( ^ O j  + n Q +  + 2 n 0 + + ) (3-25)

X A r(N A ( & ) ) = n Ar + 2 n Ar+ Ar (3-26)

(3.28)

(3.27)

where X Ar, X n , , and X qj  are the mole factions o f argon, nitrogen, and oxygen, re

spectively, in the feed gas into the welding arc. Both pure gases and binary and ternary 

gas mixtures have been analyzed using this methodology at total pressures of 1 atm. and a 

broad temperature range indicative o f the temperatures in the welding arc.

The above calculation scheme does not take into account the formation o f  any inter

mediate species, such as NO, in the plasma phase. Several authors12*14 have hypothesized 

the presence of NO in plasmas containing nitrogen and oxygen, and several others10*12*14 

have reported a further increase in the nitrogen solubility in the weld metal with oxygen 

present in the plasma phase, for which the presence o f NO is considered responsible. 

Once the NO species is formed in the plasma phase, it also undergoes dissociation and 

ionization reactions, as shown in Equations (3.29) and (3.32). When compared with the 

extent o f  dissociation o f pure N* and O2, NO is intermediate between the two. (See Fig

ure 3.1.)
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Figure 3.1. Comparison o f  the computed values for the extent of dissociation between 
N2, 0 2, and NO as a function o f temperature. In this graph, a value o f 0 for the degree o f 
dissociation describes no dissociation occurring, while a value o f I describes complete 
dissociation.
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(3.29)

■ f « f )r NO “ NO
(3.30)

NO —► NO'1’ + e'

nePNOt  _  2(2ffinekT)^ ZNq+ _(eNjr>y  kT
-  . t  v

nNO h 3 Z n o
(3.32)

In order to calculate the various species considering the interaction between nitrogen 

and oxygen, all o f the reactions for the dissociation and ionization o f nitrogen, oxygen,

For the case of an Ar-8% N2-2% O2 system, the individual species densities can be de

termined by solving a system o f equations which takes into account reactions for argon 

(Equations (3.18) and (3.19)), nitrogen (Equations (3.3), (3.4), and (3.8)), oxygen (Equa

tions (3.12) through (3.15)), NO (Equations (3 JO) and (3.32)), and the overall charge 

balance in Equation (3.33) and mass balances in Equations (3.25), (3.34), and (335).

and NO must be solved along with the ionization reactions for either argon or helium.

n e =  X Ar(nAr- + 2 nA r ~ ) + x N2(nN- +  nN- + nNO- ) +

X o ,(no  ̂+ nO* + 2n0 ~  ) (3.33)

+3nQ++ + n NO + 2 n NQ+ (3-35)
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3.4 RESULTS AND DISCUSSION

3.4.1 Species Densities in Plasmas from a Single Source Feed Gas 

Figures 3.2(a&b) show the species density distributions for argon and helium, re

spectively, in the temperature range from 4000 to 20000K. Since helium is much more 

difficult to ionize than argon, only the first ionization level o f helium, He , is considered, 

while both Ar+ and Ar*'*’ are considered for argon. Differences in the ionization behavior 

between argon and helium are consistent with their specific ionization potentials. Very 

little ionization occurs at temperatures below 8000K for argon and 14000K for helium. 

At higher temperatures, the concentration o f the singly charged species increases. In pure 

argon plasmas, the singly charged argon ions dominate above 14000K. On the other 

hand, the number density of the helium ions does not exceed that o f  the helium atoms for 

temperatures below 22000K. These results agree with reported values.19,21 Thus, the cal

culation scheme provides accurate predictions.

Computed number densities of various nitrogen species are shown in Figure 3.3 over 

a temperature range from approximately 2000 to 22000K. At temperatures below 6000 

K, the extent o f dissociation and ionization is low and diatomic nitrogen dominates. In 

this temperature range, ionized species play no role and are not considered. Above ap

proximately 7000 K, monatomic nitrogen is the dominant species, and hT dominates as 

the temperature is increased above 14000 K. Oxygen, on the other hand, dissociates and 

ionizes much more easily than nitrogen, as shown in Figure 3.4. Much like nitrogen, Oj 

and O dominate at temperatures below 5000 K, and 0 + dominates at temperatures greater 

than approximately 14000 K.

For each species analyzed here, the calculated results are compared with previous re

sults available in the literature, 19 as shown in Tables 3.2 and 3.3 for nitrogen and oxygen, 

respectively- The calculated results for nitrogen compare fairly well with those previ

ously available in the literature. On the other hand, previous examinations1720 of oxygen 

have been limited to species densities above 1020 m*3. In many instances, there are rather 

significant differences between the calculated and literature values, but similar trends are 

observed between the values for each o f the species analyzed. In the calculations per

formed here, additional energy states for the ionized species have been considered, and a
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Figure 3.2(a&b). Plots o f  the computed species density for the inert gases (a) argon and 
(b) helium as a function o f  temperature.
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Figure 3.3. Plot o f  computed species densities for nitrogen species at 1 atm. total pres
sure as a function o f temperature.
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Table 3.2. Comparison between calculated and literature values for calculation o f  species 
densities (nT3) in nitrogen over a  range of temperatures? 0

Tem perature (K)

5000 10000 15000 20000

n 2
Calculated 1.42 x 1024 2.77 x 1021 2.38 x 1014 9.07 x l O 1*

Literature 1.42 x 1024 3.37 x IO2* 2.62 x lO 14 9.34 x IO*4

N 2
Calculated 1.99 x IO14 4.12 x 1019 3.50 x 1014 3.93 x IO16

Literature 9.88 x IO*7 3.54 x IO19 3.45 x IO*4 3 2 6 x  IO16

N
Calculated 5.24 x lO 22 6.95 x IO23 1.47 x 1023 7.23 x IO21

Literature 4.77 x lO 22 5.91 x IO23 1.51 x 1023 1.47 x 1022

bT
Calculated 1 5 5 x 1 0 " 1.79 x lO 22 1.71 x IO23 1.80 x 1023

Literature 3.07 x  10' 7 3.76 x 1022 1.69 x lO 23 1.76 x 1023

e'
Calculated 2.14 x. IO14 1.80 x 1022 1.71 x IO23 1.80 x IO23

Literature 1.30 x  1014 3.77 x IO22 1.69 x lO 23 1.76 x lO 23
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Table 3.3. Comparison between calculated and literature values for calculation o f species 
densities in oxygen over a  range of temperatures.20

Temperature (K)
5000 10000 15000 20000

0 2
Calculated 2.37 x 1022 2 3 6  x IO19 3.48 x  10l/ 5.72 x 10u

Literature 1.44 x IO2*' — --- - —

0 2
Calculated 1.41 x  IO12 1.50 x 10‘5 4.57 x  10‘2 3.86 x  10u

Literature —- ---, --- —

0
Calculated 1.44 x IO2* 7.04 x  IO22 1.82 x  IO22 9.71 x 10il

Literature 139 x  IO22 5.18 x IO22 8.02 x  102i 5.40 x  I02u

0 *
Calculated 4.65 x IO14 1.50 x lO 22 1.54 x  LO22 1.79 x IO22

Literature 2.82 x I O19 1.45 x lO 22 2.75 x  IO22 2.18 x I O22

e'
Calculated 4.65 x IO14 1.50 x 1022 1.54 x  IO22 1.79 x IO22

Literature 6.75 x IO9 1.29 x lO 22 2.75 x  IO22 2 3 6  x  IO22
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more rigorous calculation scheme adopted here. When taken together* both of these con

siderations lead to higher accuracy.

In order to apply these calculations to welding conditions, temperatures in the arc 

column must be known. These temperatures can vary depending on the welding condi

tions.22*29 Several examples are shown in Figures 3.5 to 3.8, with the respective experi

mental conditions summarized in Table 3.4. High temperatures are seen close to the 

electrode and decrease as the workpiece is approached in all cases. For the temperature 

distributions shown in Figures 3.5 and 3.6, monatomic nitrogen (N) dominates through

out the arc column. Although the two temperature distributions are different, the tem

peratures are sufficiently high for significant dissociation o f the diatomic nitrogen. In 

Figures 3.7 and 3.8, the temperatures at locations much closer to the electrode are on the 

level o f 21000 K and ionic nitrogen (N*) dominates. Throughout the remainder o f  the 

plasma phase in the arc column, the temperatures are high enough for significant disso

ciation of the diatomic nitrogen to occur and for monatomic nitrogen (N) to dominate. 

Therefore, ionized species tend to dominate at locations closer to the electrode, and neu

tral species are dominant as the workpiece is approached.

3.4.2 Species Densities in Plasmas Formed From a Source Gas Containing a 
Monatomic and a Diatomic Gas Mixture

Pure nitrogen and oxygen arcs are not normally observed in welding applications. On 

the other hand, only small amounts o f these gases are added, whether purposely or not, to 

the welding arc. Therefore, calculations have been performed for inert gas plasmas with 

the addition of diatomic gases. Figures 3.9(a&b) show the species distributions for argon 

- nitrogen and helium - nitrogen mixtures. In each case, argon and helium species domi

nate across the range o f temperatures considered. The choice o f shielding gas affects the 

extent o f  ionization at high temperatures. Similar calculated results for argon-oxygen and 

helium-oxygen mixtures are presented in Figures 3.l0(a&b), and the same behavior as 

that seen in Figures 3.9(a&b) is observed.

Knowledge o f the electron density is necessary in order to calculate plasma transport 

properties, especially the electrical conductivity, important in the analysis of the welding
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Table 3.4. Summary of welding conditions used to calculate temperature distributions in 
the arc column.

Number Studv Arc
Current

IA1

Arc
Voltage

m

Arc
Leneth
(mm)

Shielding
Gas

Electrode
Diameter

(mm)
a Key, eraf" 150 varied 2.0 Ar 2 3 8

b Gick, el al. 100 16 8 Ar 1.5

c Haddad and Farmer" 100 varied 5 Ar 3.2

d Haddad and Farmer"1 200 varied 5 Ar 3 2
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Figure 3.5. Schematic diagram of the spectroscopically measured temperatures in a 
100% Ar arc, with an arc current o f 150 A, and a  30° vertex angle for the electrode tip.22
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Figure 3.6. Temperature distribution in the arc column under GTA welding conditions 
for an arc current o f  100 A. The temperatures in the arc column were calculated using 
electrostatic probes."1
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Figure 3.7. Temperature profile for a 100 A argon arc.26
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Figure 3.8. Temperature profile for a 200 A argon arc.26
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Figure 3.9fa&b). Plots o f  computed species densities for two component systems, (a) Ar- 
5%N2 and (b) He-5%N2 as a function o f temperature.
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arc. Dunn and Eagar19 investigated the role o f metal vapor additions to the GTA welding 

arc on the electrical and thermal conductivity. They found that small additions o f these 

metals have no significant effect on the transport properties o f  the arc. In this work, the 

effects of diatomic gas additions on the electron density o f  pure inert gaseous plasmas 

have been examined.

Figures 3.11 to 3.13 show the calculated electron densities for pure gases, for argon- 

diatomic gas mixtures, and for helium-diatomic gas mixtures, respectively. The calcu

lated results in Figure 3 .11 show that pure argon, nitrogen, and oxygen are roughly 

equivalent in their capacity to donate electrons to the plasma phase over the entire tem

perature range investigated. This effect is further illustrated in Figure 3.12, where it is 

shown that additions o f  nitrogen and oxygen to argon plasmas have little effect on the 

overall electron density for the argon based gas mixtures. On the other hand, there are 

fairly sizable differences between the electron densities o f argon and helium gases over 

the same temperature range in Figure 3.11, given the much higher ionization energy for 

helium. In the case o f  the helium-diatomic gas mixtures in Figure 3.13, the additions of 

oxygen and nitrogen increase the overall electron density above that for the pure helium 

gas.

3.4.3 Species Densities in Plasmas Formed From Nitrogen-Oxveen Gas Mixtures

Enhancement o f  the nitrogen concentration in the weld metal with the addition o f  ni

trogen and oxygen-bearing gases to the arc is well documented in the literature. 10’12' 14 

Detailed calculations o f the species densities, considering the interaction between nitro

gen and oxygen, can provide a definitive scientific basis for this behavior. Figures 3.14 

and 3.15 display the species density distributions for argon-nitrogen-oxygen and helium- 

nitrogen-oxygen mixtures, respectively, in which no interaction between the nitrogen and 

oxygen species is considered. At temperatures below 6000K, apart from the inert gase

ous species, diatomic nitrogen is present in appreciable concentrations. As this tempera

ture is exceeded, monatomic nitrogen and oxygen concentrations increase significantly . 

In the argon-nitrogen-oxygen plasmas, singly charged argon ions dominate above 14000 

K, while in the helium-oxygen-nitrogen plasma, helium atoms dominate up to 17000 K
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Figure 3.11. Comparison of computed total electron densities for pure gases.
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Figure 3.12. Comparison o f  computed total electron densities for argon-diatomic gas
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above which the concentration o f He4" increases significantly and almost equals the con

centration o f He at about 22000 K.

Results o f calculations, taking into account the formation o f NO and its dissociation 

and ionization in Ar-8% Na-2% 0 2 and He-8% Ni-2% O2, are shown in Figures 3 .16 and 

3.17. The NO species distribution in both cases closely follows that o f  the N2 species 

over the entire temperature range considered, and the ionization o f NO is so insignificant 

that the NO" species densities do not fall in the range o f  the plots. Species present in the 

plasma phase display much the same trends here as for cases assuming no interaction. 

On the other hand, there are significant changes in the number densities for both O2 and 

O at temperatures below 6000 K. As the temperature is increased above 6000 K, the spe

cies density distributions for both O2 and O are the same as those for the calculations as

suming no interaction, i.e. ignoring the formation o f  species containing both nitrogen and 

oxygen. There is no noticeable difference in appearance between the calculated species 

densities for helium or argon based gas mixtures shown in Figures 3.16 and 3.17.

Most importantly, these calculations show that the formation of NO increases the 

number density o f monatomic nitrogen in the plasma. In Figures 3.18 and 3.19, the 

monatomic nitrogen number density in both Ar-8% N2-2% O2 and He-8% N2-2% 0 2 

plasmas, respectively, exceeds the monatomic nitrogen number density for Ar-8% N2 and 

He-8% N2 plasmas, respectively, at temperatures less than approximately 8000 K. There 

is little difference between the monatomic nitrogen species densities calculated here in 

argon and helium gas mixtures over this temperature range.

A physical mechanism explaining the increase in the monatomic nitrogen species 

density with the addition o f oxygen to the feed gas mixture is not currently available. As 

discussed in Chapter 2, several researchers 10*12J4 have proposed two reaction mecha

nisms, in particular, to explain the formation of NO in these gas mixtures and are shown 

below:

n + o 2 -►n o + o

(3.36)

(3.37)
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Figure 3.16. Plot o f the computed species densities for a  three component system con
sisting of Ar-8%N2 -2%C>2 as a function o f temperature with interaction between nitrogen 
and oxygen.
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Figure 3.17. Plot of the computed species densities for a three component system con
sisting o f He-8%N2 -2% (h  as a function of temperature with interaction between nitrogen 
and oxygen.
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There is one significant difference between these two reactions. Equation (3.36) pro

duces N(g) and consumes 0(g)> while Equation(337) consumes N(g) and produces 0(g). 

Table 3.5 lists the standard free energies o f  formation for the species present in these re

actions and the standard free energy for each reaction.30 When compared, it is shown that 

Equation (336) has a positive free energy change, and Equation (3.37) a  negative value 

at temperatures between 2000 and 3000 K. With a negative free energy change. Equation 

(337) is expected to proceed and lead to the formation o f  NO. This reaction mechanism 

is also, in part, supported by a significant decrease in the calculated Oz species density. 

On the other hand, the fact that N(g) is consumed in Equation (3.37) is detrimental to the 

formation o f a higher N(g) species density in the plasma phase.

An additional reaction, shown in Equation (3.38) has also been considered here to 

describe a reaction mechanism for the formation o f  NO. This reaction also displays a 

negative free energy change, which would also allow it to proceed under these condi

tions.

i N 2 + 0 - > N O  (3.38)

The effect o f  oxygen additions to the feed gas on the resulting species densities of 

various species is also an important consideration in determining the dominant reaction 

mechanisms. Table 3.6 compares the calculated species densities in plasmas with two 

and three component feed gas mixtures. In the nitrogen-oxygen mixtures, the species 

densities o f oxygen species, specifically O2 and O are lower than in the corresponding 

argon-oxygen mixtures over the temperature range of interest. From these comparisons, 

it is apparent that oxygen species are consumed in the formation o f NO, and subsequently 

N in the plasma phase.

These oxygen additions to the inert gas - nitrogen mixtures also have an effect on the 

temperature at which the complete dissociation o f  nitrogen occurs and monatomic nitro

gen dominates other nitrogen-bearing species in the plasma. For example, with oxygen 

present, the monatomic nitrogen number density exceeds that o f  diatomic nitrogen at a
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Table 3.5. Summary of free energy values for the formation o f  NO.30

AGf (kJ/m ol)

2000 K 2500 K 3000 K

N(g) 346.339 312.77 278.946

O(g) 121.552 88.012 54.327

NO(g) 65.060 58.72 52.439

N2 (g) 0 0 0

o2(g) 0 0 0

O + N2 NO + N 289.85 283.48 277.058

n + o 2 - * n o + o -159.73 -166.04 -172.18

1 n 2 + o ->.n o -56.49 -29.29 -1.89
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temperature o f less than 6000 K, as compared to 7000 K with no oxygen. This tempera

ture equates to the temperature for complete dissociation o f  NO shown in Figure 3.1. 

This decrease in the temperature for complete dissociation accentuates the importance o f  

the dissociation o f  NO in increasing the number density o f  monatomic nitrogen in the 

plasma phase at lower temperatures. A higher number density o f monatomic nitrogen 

with the addition o f oxygen to the plasma phase may be, in part, responsible for the 

higher nitrogen concentrations observed in the weld metal in Figure 2.41.

3.4.4 Use o f  Species Densities in Calculation o f  Nitrogen Concentrations

A rather significant difference arises between the monatomic nitrogen partial pres

sures at temperatures characteristic o f  the arc column and those on the weld pool surface. 

Figure 3.20 shows the relationship between the monatomic nitrogen partial pressure in 

these two temperature ranges for a pure nitrogen plasma at atmospheric pressure. In this 

figure, the monatomic nitrogen partial pressures on the surface are shown for only a sin

gle temperature, 2250 K, which is indicative the higher range o f  temperatures to be found 

there. The monatomic nitrogen partial pressures in the plasma are significantly higher 

than those prevailing at the weld pool surface. For example, at a surface temperature o f 

2250 K, the atomic nitrogen partial pressure in equilibrium with diatomic nitrogen is 

2.42x1 O'8 atm., whereas the atomic nitrogen partial pressure in a nitrogen plasma at 2500 

K is 3.17x10"7 atm. Over the temperature range shown in Figure 3.20, which is indicative 

of the temperatures close to the weld pool surface, the monatomic nitrogen partial pres

sure can vary up to six orders o f magnitude in a small distance.

Based on these calculated monatomic nitrogen partial pressures, the resulting equilib

rium nitrogen concentration in the weld metal is then calculated. The following equilib

rium relationships are used to calculate the absorption o f  monatomic nitrogen into iron.

N(g>—> M wt.%) (3.39)

e

(3.40)
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Figure 3.20. Comparison between the computed monatomic nitrogen partial pressures at 
temperatures characteristic o f the plasma phase and on the weld pool surface for a pure 
nitrogen plasma at atmospheric pressure.
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where Pn is the monatomic nitrogen partial pressure (atm.) and the relationship for the 

standard free energy for the reaction shown in Equation (3.39) is listed in Table 2.2.

Figure 3.21 shows the computed equilibrium nitrogen concentration in pure iron as a 

function o f arc and sample temperatures for an Ar -1% Nz gas mixture. In this figure, the 

nitrogen dissociation reaction is expressed in terms o f the arc temperature, whereas the 

nitrogen absorption reaction is expressed in terms o f  the sample temperature. Even at 

this low level o f  nitrogen gas input, the monatomic nitrogen partial pressure is significant 

enough to cause nitrogen saturation in the sample at relatively low arc temperatures. For 

example, as shown in both Figures 3.21 and 3.22(a), the nitrogen solubility increases 

rapidly with increasing arc temperature until at an arc temperature o f 5000 K. liquid iron 

is saturated with nitrogen at all sample temperatures.

This level o f nitrogen saturation is controlled by the solubility of diatomic nitrogen in 

iron at one atmosphere pressure at the temperature on the weld pool surface.3 Nitrogen 

saturation in the weld metal can lead to the formation o f  gas bubbles and pin holes during 

the solidification o f  weld metals and arc melted iron, thus degrading the properties o f the 

weld.3 It can also be inferred that arc temperatures at levels approaching 100 to 200°C 

above the sample temperature provide sufficient monatomic nitrogen to the metal surface 

to significantly increase the nitrogen concentration, very similar to the assumptions made 

in previous models.

As predicted by equilibrium calculations, monatomic nitrogen species possess a 

higher solubility, and the nitrogen saturation limit is reached at fairly low arc tempera

tures. For example, at 1850 K an iron sample theoretically reaches the nitrogen satura

tion limit at an arc temperature approximately 1000 K lower than for a  sample at 2400 K, 

as shown in Figure 3.22(a). The sample temperature and nitrogen solubility are com

pared for various arc temperatures in Figure 3.22(b), in which the range of sample tem

peratures at which nitrogen saturation is reached rapidly increases as the arc temperature 

is increased. A t these temperatures, the diatomic nitrogen species is significantly dissoci

ated into the monatomic species and the partial pressure o f  monatomic nitrogen reaches 

exceptionally high levels, on the order o f approximately 0.001 atm for an Ar-1% N2 gas 

mixture.
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Figure 3.21. Nitrogen solubility in pure iron in contact with an Ar-1% N2 plasma deter
mined as a function o f  the arc temperature and the sample temperature, characteristic o f  
the weld pool surface.
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The effect o f  oxygen additions to nitrogen-containing shielding gases on the resulting 

nitrogen concentration in liquid iron has also been examined. Table 3.7 and Figure 3.23 

compare the calculated nitrogen concentrations in liquid iron for Ar - 8% N2 and Ar - 8% 

N2 - 2% O2 gas mixtures at several electron and sample temperatures. As shown in Fig

ures 3.18 and 3.19, the addition o f oxygen to the plasma phase significantly enhances the 

nitrogen concentration in liquid iron. The most prominent effect o f  the oxygen additions 

to the plasma phase on the calculated nitrogen concentrations occurs in the lower electron 

temperature ranges. For example, at an electron temperature o f  3000 K. the addition o f 

oxygen to the plasma causes a factor o f  4 or 5 increase in the nitrogen concentration in 

the liquid iron. At higher electron temperatures, the liquid iron reaches saturation with 

both gas mixtures. Once again, there is little to no difference in the effect o f argon or he

lium as the inert gas addition on the resulting behavior o f the nitrogen species.

3.4.5 Emission Spectroscopy O f Glow Discharges

The suitability o f glow discharges to model several important features of welding 

plasmas has been previously addressed,4*5 and an experimental setup used in these previ

ous studies and described in the literature4 has been utilized here to analyze glow dis

charges composed of nitrogen and oxygen mixtures. A schematic diagram o f this ex

perimental set-up is shown in Figure 3.24. This system can be divided into three main 

parts: the r f  generator, the reaction chamber, and the emission spectroscopy equipment. 

A Westinghouse Model 7.5K80 industrial radio frequency (rf) generator capable of gen

erating 10 kW continuous power output at a  frequency o f 450 kHz was utilized to create 

inductively coupled rf plasmas o f the feed gases. The rf energy was applied through a 

copper coil wound around the reaction chamber, composed o f  GE 214 quartz with an 

outer diameter o f 50 mm and an inner diameter o f 46 mm.

Gaseous atmospheres in the reaction chamber are created by introducing ultra high 

purity (99.99% pure) helium and nitrogen into the reaction chamber. Precise control o f 

the individual gases was achieved through the use of MKS Type 1259C flow controllers, 

and the conditions in the chamber are controlled by a MKS Multi-Gas Controller Model
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Table 3.7. Comparison between calculated nitrogen concentrations in iron with and without the addition 
of oxygen to an argon-nitrogen plasma.

T = 1873 K T = 1973 K T = 2073K T = 2173K

Electron
Temperature

m

|N | (ppm) 
(8% N2)

|N| (ppm) 
(8%Nj-
2%Oj)

|N| (ppm) 
(8% Nj)

INI (ppm) 
(8%Nr-
2%Oj)

|N| (ppm) 
(8% Ni)

INI (ppm) 
(8%Nj-
2%Oj)

|N| (ppm) 
(8% Nj)

|NJ (ppm) 
(8%Nj-
2%Oj)

2000 0.2 0,7 0,1 0.2 0,02 0,07 0.007 0.03
2500 53.8 212,7 16,8 66.2 5,8 23,0 2,2 8,8
3000 448.4 448,4 453,6 453.6 278.6 458.5 106.9 422.5
3500 448,4 448.4 453,6 453,6 458.5 458.5 462,9 462,9
4000 448,4 448.4 453.6 453.6 458.5 458,5 462.9 462,9
4500 448,4 448,4 453.6 453.6 458,5 458,5 462,9 462,9
5000 448,4 448,4 453.6 453.6 458.5 458,5 462.9 462.9
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Figure 3.23. Comparison between the calculated nitrogen concentrations in for argon ~ nitrogen plasma phases both 
with and without oxygen additions,
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Figure 3,24. Schematic diagram of the experimental setup used to produce the glow discharges used to analyze several gas mix
tures,
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147. Total pressures for the experiments are maintained by a Leroy Somer mechanical 

roughing pump controlled by a MKS electronic throttling valve with a  maximum pressure 

o f 10 Torr and a MKS Type 252 Exhaust valve controller. A summary o f the experi

mental conditions used here is given in Table 3.8.

Spectroscopic data are gathered from the glow discharge plasma generated in the ex

perimental chamber using an EG&G Princeton Applied Research Corporation (PARC) 

model 1235 Digital Triple Grating Spectrograph connected to a Model 1430-P Peltier 

cooled Charge Coupled Device (CCD) Detector. The detector is under the control o f an 

EG&G PARC Model 1430-1 Detector Controller, which is connected to an EG&G 

PARC Model 1461 Detector Interface. The detector is cooled by a NESLAB Instruments 

Coolflow CFT-25 Refrigerated Recirculator, using ethylene glycol as the cooling me

dium. This overall set-up is controlled by a Swan 386 personal computer using an optical 

multichannel analyzer applications software package (EG&G PARC OMA SPEC 2000). 

Throughout all o f  the spectroscopic analyses, a 1200 gratings/mm diffraction grating is 

used. Optical emissions from the plasmas are analyzed from the side of the setup using a 

fiber-optic cable connected to the CCD detector. The plasmas analyzed spectroscopically 

contains no sample. A summary o f the settings used in this equipment for the analysis of 

these glow discharges is shown in Table 3.9.

There are a variety o f methods for determining the electron temperature which are 

discussed in several sources.31'33 Of these methods, the most relevant method for ana

lyzing laboratory and welding plasmas is discussed below and can be determined from 

the spectral data of a plasma.32 This method relies on the assumptions o f  a Boltzmann 

population distribution and is derived as follows. First, the intensity of an atomic line, 

which represents the transition from an upper energy state to a lower energy state, is cal

culated.

~ 4k ^qpn aqhvqp (3-41)
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Table 3.8. Summary o f  experimental conditions used for the analysis of glow discharges 
containing argon-nitrogen-oxygen and helium-nitrogen-oxygen gas mixtures.

Low Temperature High Temperature

Ar-8% Nj — 2% O2 He — 8%Nj —2% Oj Ar-8% Nj — 2% Oj

RF Generator

Plate Current (A) 0.70 0.85 1.2
Grid Current (A) 0J45 0.195 0.045

-
Reaction Chamber

Total Pressure 
(Torr)

1.5 1.5 1.5

Gas Flow Rates 
(SCCM)

100 100 100

ArorHe 90 90 90
Nj 8 8 8
Oj 2 2 2
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Table 3.9. Summary of experimental parameters used by spectrometer in spectroscopic analysis of glow discharges.

High Tem peratures Low Tem peratures

Ar-8% N2 -  2% 0 2 He -  8%N2 -  2% 0 2 Ar-8% N2 -  2% O2 He -  8%N2 -  2% Oj

(gratings/mm) 1200 — 1200 1200

Exposure Time (sec) 0.07 ---- 1.0 2,0

Data Scans 10 — 10 10

06
1
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where Iqp is the absolute intensity, d is the plasma depth (cm), AqP is the transition prob

ability for the transition from the upper energy state, q, to the lower energy level (sec'1), 

VqP is the frequency (sec*1), and h is the Planck's constant (6.626176x10’”  J/sec). Local 

thermodynamic equilibrium (LTE) assumptions must be valid within the plasma domain 

in order to determine the electron temperature and density. When LTE conditions are 

valid, the density o f atoms at a given energy level can be defined by the following rela

tionship:

g Eq/
naq = na ^ - e  At (3.42)

where naq is the density of atoms at level q (cm*3), gq is the degeneracy o f the upper en

ergy level, q, Z is the internal partition function, Eq is the energy o f  level q (cm*1), and k 

is the Boltzmann constant (1.380662XI0"23 J/K).

By inserting the term for the density of atoms, the equation for the absolute intensity 

o f  the spectral line is thus defined as follows:

J lkT
r qp =  4^ A qph v qpn a ~± z  (3-43)

By taking the natural logarithm o f Equation (3.43) and including a number of terms in a 

generic constant term, C, the final version o f the equation for the Boltzmann's distribution 

o f  energy level populations is expressed in the following expression:

ln( ^ ) = l n C - [ ^ )  ( 3 4 4 )

where I is the integrated intensity, g is the degeneracy o f  the upper energy level q, A is 

the transition probability for the transition from state q to the lower-energy level, v is the
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frequency, Eq is the energy associated with the level q, k is the Boltzmann constant, T is 

the electron temperature, and C is a constant. A summary of the spectroscopically deter

mined constants for argon and helium are shown in Tables 3.10 and 3.11, respec
tively.34,35

There are basically two methods for determining the electron temperature o f  a plasma 

using the Boltzmann population method. The first method is the multi-line method in 

which a  number o f points computed from the same number o f atomic peaks, and the sec

ond method relies on the same mathematical derivation, but only uses two points to per

form the linear regression. The electron temperature is then obtained from a plot of the 

left hand side of Equation (3.44) versus Eq, in which the electron temperature is deter

mined from the slope of the linear regression o f  the points calculated, which is (-1 /kT).

An attempt has been made to analyze glow discharges with both high and low elec

tron temperature ranges in order to analyze the effect o f temperature on the presence o f  

NO species. Low electron temperatures are characterized by a diffuse plasma which fills 

the entire reaction chamber. On the other hand, high electron temperatures are charac

terized by a more concentrated glow discharge isolated in the center o f  the reaction 

chamber. Glow discharges composed o f argon-nitrogen-oxygen and helium-nitrogen- 

oxygen mixtures have been examined. Boltzmann plots for each glow discharge are 

shown in Figures 3.25 to 3.27. In the argon based glow discharges, electron temperatures 

o f 2968 K and 5885 K are measured. A helium-based glow discharge has also been ana

lyzed. Unlike the argon-based glow discharges, the helium glow discharges do not dis

play a significant difference in appearance with changes in the electron temperature. 

Without this difference, it is difficult to know if  a low or high electron temperature glow 

discharge is being observed. In any case, a single helium glow discharge, which displays 

a measured electron temperature o f approximately 5475 K, is presented here.

A systematic analysis o f glow discharge plasmas using emission spectroscopy tech

niques can validate the existence o f species present in the plasma phase. Plasmas with 

the same compositions as those used in previous calculations have been analyzed in order 

to determine the species present. Identification o f these various species is based on data 

present in several standard references.36*37 Plots of the emission spectra for each o f the
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Table 3.10. Summary o f argon peaks used in the determination o f electron temperature 
for argon-nitrogen-oxygen plasmas.34

Wavelength
(nm) v (sec*1) A„p (sec*1) gk Eq (cm*1)

394.90 25322.8 4.67x10" 3 118460

404.44 24725.5 3.46xl05 5 118469

415.86 24046.5 1.45x10® 5 117184

420.07 23805.5 1.03x10* 7 116943

425.94 23477.5 4.15x10* 1 118871

427.22 23407.1 8.40x105 3 117151

430.01 23255.3 3.13x10* 5 118407

433.36 23075.5 3.94x10* 5 116999

434.52 23013.9 6.00x10 s ■** 118469

667.73 14976.1 2.41x10* 1 108723

675.28 14808.7 2.01x10* 5 118907

687.13 145533 2.90x10* 3 118651

693.77 14414.0 331x10* 1 118512

696.54 14356.7 6.70x10® 3 107496

703.03 14224.1 2.78x10® 5 119683

706.72 14150.0 3.95x10* 5 107290

714.70 13991.9 6.50x10* 3 107132

727.29 13749.7 2.00x10* 3 107496

737.21 13564.7 2.00x10* 9 119024

738.40 13542.8 8.70x10® 5 107290

750.39 13326.4 4.72x10J 1 108723

751.46 13307.4 4 30x10 J 1 107054
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Table 3.11. Summary o f  helium peaks used in the determination o f electron temperature 
for argon-nitrogen-oxygen plasmas.33,34

W avelength (nm) v (sec*1) Aqp (sec'*) gk E„ (c m 1)

388.86 25715.9 9.48x10° 9 185565

402.62 24851.1 1.17xl07 15 193917

447.15 22363.9 2 .5 Ix l07 15 191445

492.19 20317.2 2.02xl07 5 191447

501.57 19937.5 I.34xl07 3 186210

587.57 170192 7.06x107 15 186102

667.82 14974.2 6.38xl07 5 186105

706.57 14153.9 1.54xI07 3 183237

728.13 13733.7 1.8-lxlO7 1 184865
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Figure 3.25. Boltzmann plot for an Ar — 8% N2 — 2% O2 glow discharge plasma at a total 
pressure of 1.5 Torr with a measured electron temperature o f 2968 K.
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Figure 3.26. Boltzmann plot for a He-8% Nr-2% O2 glow discharge plasma at a total 
pressure of 1.5 Torr with a measured electron temperature o f 5475 K.
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Figure 3.27. Boltzmann plot for an Ar — 8% N2 — 2% O2 glow discharge plasma at a total 
pressure o f 1.5 Torr with a measured electron temperature of 5885 K.
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glow discharges analyzed here are shown in Figures 3.28 to 3.30. In the low temperature 

argon-nitrogen-oxygen spectra shown in Figure 3.28(a), there is a significant molecular 

nitrogen component to the spectra analyzed. NO peaks are also present in the spectra, 

indicating a reaction between the nitrogen and oxygen in the plasma phase. These peaks 

are highlighted in  Figure 3.28(b).

When the electron temperature o f  the plasma is raised, the NO peaks begin to disap

pear. As shown in Figures 3.29(a&b), these NO peaks become less pronounced at an in

creased electron temperature for a helium-based glow discharge. Similar results are also 

observed in the case o f  argon glow discharges. As the temperature is further increased, 

the NO peaks disappear, and monatomic nitrogen and oxygen peaks become dominant. 

Figure 3.30(a) shows the spectra measured for an argon-based glow discharge at a  higher 

temperature. Peaks for the monatomic nitrogen species are highlighted in Figure 3.30(b). 

Thus, the use o f  emission spectroscopy provides definitive proof for the presence o f  NO 

at low electron temperatures and validates the conclusions from the comprehensive cal

culations performed here.

3.5 SUMMARY AND CONCLUSIONS

The nature and concentration of various nitrogen-bearing species in the welding arc 

during GTA welding operations have been determined based on detailed calculations o f 

the partition functions for each nitrogen-bearing species. Number density calculations 

show that neutral monatomic and diatomic species dominate near the surface o f  the weld 

pool in GTA welding arcs. On the other hand, ionic and atomic species dominate away 

from the weld pool surface.

The monatomic nitrogen partial pressures in the plasma formed at temperatures 

higher than those at the weld pool surface cause dramatic increases in the amount o f ni

trogen absorbed in the weld metal. At plasma temperatures higher than 5000 K, the iron 

weld pool surface reaches nitrogen saturation at all temperatures. Therefore, the temp-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

45000

40000

«  J0000

NO

20000

IM00

10000

MOO

270 290 ,110 MO 170

100000

20000

10000

770070570470270 370

Wavelength (nm) Wavelength (nm)

(a) (b)
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erature difference between the plasma and the weld metal surface plays a significant role 

in the enhanced nitrogen dissolution process.

Additions o f  oxygen into a nitrogen-containing plasma, like the addition o f  air into 

the welding arc, affect the species density distribution o f  nitrogen species in the welding 

arc. Calculations show a significant increase in the number density o f  monatomic nitro

gen gas when oxygen is added to the shielding gas in the welding arc. These calculations 

therefore provide a  conclusive scientific basis to explain the experimentally observed en

hancement in  nitrogen concentrations with the addition o f  oxygen to the arc.

There are significant differences in the electron density between an argon and a he

lium plasma for electron temperatures below approximately 15000 K. This difference in 

electron density decreases progressively as the electron temperature increases. Additions 

o f oxygen and nitrogen to pure argon have little effect on the electron density over the 

range o f temperatures. On the other hand, when oxygen and nitrogen are added to pure 

helium, significant increases in the electron density are observed at temperatures below 

approximately 15000 K.

Emission spectroscopic studies of glow discharge plasmas containing the same gas 

compositions as those in the above calculations have also been performed. These studies 

provide evidence for the existence o f NO species in the plasma phase at low temperatures 

and the important role o f dissociation of diatomic species as the temperature is increased. 

As a whole, these emission spectroscopic studies reinforce the trends in species densities 

calculated here.
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Chapter 4

NITROGEN DISSOLUTION DURING THE GTA WELDING
OF PURE IRON

4.1 BACKGROUND

The presence o f nitrogen concentrations in excess o f Sieverts’ Law calculations dur

ing the arc welding o f  iron and steel with nitrogen containing shielding gases is well es

tablished.1'7 In general, these studies have primarily compiled the nitrogen concentra

tions in the weld metal resulting from a  variety o f  welding conditions. As a result, a 

catalog of experimental results showing how changes in welding parameters and base 

metal composition affect the weld metal nitrogen concentration has been recorded. In all 

cases, the nitrogen concentration quickly rises at low nitrogen partial pressures in the gas 

phase and reaches a saturation value. Several models have been developed to explain 

these observations.1*7 These models are primarily based on a steady-state mechanism in

volving the absorption o f monatomic nitrogen in the portion o f  the weld pool under the 

arc column and desorption of nitrogen from the solidifying metal outside the arc.3’6,7* A 

comprehensive review o f this previous work is included in Chapter 2.

Any analysis o f the nitrogen dissolution reaction during welding is further compli

cated by differences between the various welding operations. For example, gas metal arc 

(GMA) and gas tungsten arc (GTA) welding operations display different mechanisms for 

the introduction o f  nitrogen and other diatomic gases into the weld pool. The primary 

difference between these two welding operations is the characteristics o f the electrode or 

heat source. A non-consumable tungsten electrode is used during GTA welding opera

tions. Therefore, only a single pathway for gaseous dissolution is created between the 

plasma phase and the weld pool surface. On the other hand, a consumable metal elec

trode is used in GMA welding. This type o f electrode introduces a  second pathway for 

nitrogen dissolution between the molten metal at the electrode tip and the plasma phase 

surrounding it. Multiple pathways for nitrogen dissolution introduce additional plasma-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



207

metal interactions and more complexity than desired into the study o f  the nitrogen disso

lution reaction. For the purposes o f  this study, a  single pathway for nitrogen dissolution 

is therefore desired.

In order to further understand the fundamental nature of the nitrogen dissolution re

action, a  series of controlled GTA welding experiments on pure iron samples has been 

performed. The goal o f  these experiments is to provide a basis for an increased under

standing o f the nitrogen dissolution reaction in iron during GTA welding. These experi

ments investigate the effects o f  changes in the nitrogen addition to the shielding gas and 

travel speed on the resulting nitrogen concentration in the weld pool. Nitrogen concen

trations have been measured at several locations along the weld line. The effects of ni

trogen in the weld metal on the weld pool characteristics, such as the formation o f  poros

ity in the weld metal and its resulting microstructure, have also been analyzed. Results 

will be used to develop and test a mathematical model to predict the nitrogen concentra

tion in the weld pool.

4.2 EXPERIMENTAL PROCEDURE

4.2.1 GTA Welding o f Pure Iron Samples

A series o f autogenous, bead-on plate GTA welds have been made on pure iron sam

ples in a controlled atmosphere chamber. The base plate used in these welding experi

ments, whose chemical composition is shown in Table 4.1, is part o f  a special heat pro

duced at the LTV Technology Center. The chemical analysis of the base metal has been 

provided by Spectrochemical Laboratories, Inc., o f Pittsburgh, PA. Individual coupons 

have been cut from this base plate with dimensions o f 58 mm in width. 124 mm in length, 

and 7.3 mm in depth. Three weld lines, each 101.6 mm in length, have been placed on 

each coupon. Each weld line has a sufficient separation from the others on the coupon to 

avoid undesired interactions, such as re-heating o f the weld lines and additional nitrogen 

dissolution from subsequent welding runs.

Nearly pure iron samples, with only trace levels of alloying elements, have been used 

in order to avoid the effects o f  additional alloying elements on the nitrogen solubility. On 

the other hand, even the presence o f  trace levels o f many of the alloying elements present

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



208

Table 4.1. Chemical composition and interaction parameters for the alloying elements in 
the base plate.8' 12

Allovin? Element

m

Comnosition

fwt.%1
e N

Fe 99.7358 —

Al 0.031 0.002

C 0.0022 0.25

Cr 0.002 -0.045

Mn 020 -0.02

Mo 0.003 -0.011

m 0.002 -----------

Ni 0.006 0.010

[O] 0.002 0.05

-0.14

P 0.006 0.051

s 0.001 0.013

Si 0.009 0.047
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in the base metal affects the nitrogen solubility. The effect o f the alloying elements pres

ent in the base plate on the resulting nitrogen solubility is based on the calculation o f  the

individual interaction coefficients, ejjp. These expressions are defined in terms o f  the 

activity coefficient o f nitrogen (fN) in the following relation:8*12

(j) . ..
N  5Xj

where] is the alloying element and Xj is the mole fraction o f the alloying element. Table

4.1 also contains the values o f the interaction coefficients for the alloying elements pres

ent in the base plate with nitrogen in iron.8' 12 This relationship and those that follow are 

based on a Henrian Law behavior for solutions, making the interaction parameters and 

activity coefficients valid only in relatively dilute solutions. Further, the interaction coef

ficients, once calculated, are used to determine the effect o f these alloy additions on the 

activity coefficient o f  nitrogen in solution.

ln fN (X N,X 2 ,X 3...) = X N ^ f - + X 2 ^ - + X 3 ^ L+ -  (4-2)

Combining the above two relations, the interaction coefficients can be calculated in the 

following relationships, based either on the mole fraction or weight fraction o f  alloying 

elements present in solution in iron.

InfN(X N,X2,X3...) = X Ne(J ) + X 2e g ) + X 3e g ),... (4.3)

In fN (%N,%2,%3...) = e £ °  (%N)+ e g } (%2)+ e{J} (%3),... (4.4)

The calculated activity coefficient, fist, for the base metal used in these welding ex

periments is not significantly different from that in pure iron. It is on the order o f 0.997
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for the base metal, as compared to a value o f unity for a pure material. This modified ac

tivity coefficient for nitrogen in solution is now used to determine the nitrogen solubility 

in the base metal. The calculation o f the nitrogen solubility in  the base plate is based on 

Sieverts’ Law, which is derived from the chemical reaction shown in Equation (4.5). The 

relations used here to calculate the equilibrium constant, K, and the nitrogen concentra

tion are also shown in Equations (4.6) and (4.7).

i N 2(g)->IS(wt.% ) (4.5)

K = ^ = i r F = e x p H ? 1 )  (4<5)

The nitrogen solubility in the base plate shows little to no difference with that calcu

lated for pure iron. For example, at 1873 K and pn 2 o f  1 atm., the nitrogen solubility in

pure iron is 448 ppm. The base metal nitrogen solubility is only slightly higher (449.7 

ppm).91012 Therefore, the small amounts o f  alloying elements present in the base metal 

have a negligible effect on the nitrogen solubility at this temperature and 1 atm. pressure

o fN 2.

The welding chamber used here is schematically shown in Figure 4.1. Within the 

chamber, the welding head and electrode are maintained stationary, and the sample is 

fastened to a computer-controlled stage which controls travel speed. The distance be

tween the electrode tip and the workpiece, defined as the arc length, is maintained con

stant throughout the welding runs, and the electrode is manipulated in the vertical axis 

using a track system constructed using components available from Bug-O Systems. ® A 

2% thoriated tungsten non-consumable electrode with a diameter o f 2.38 mm has been 

used. Power is supplied to the electrode using a  PowCon® 300 power supply. Two sets
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o f welding parameters have been studied here and are summarized in Table 4.2. In gen

eral, only the effect o f a change in the travel speed on the resulting nitrogen concentration 

is studied.

Since environmental purity is very important in this study, several precautions have 

been taken to avoid contamination o f  the shielding gas and weld pool with the surround

ing atmosphere. First, the chamber has been back-filled with argon to purge the system 

of unwanted environmental impurities. Throughout the duration o f each welding run, a 

total pressure o f  1 atm. has been maintained within the experimental chamber. Shielding 

o f the weld pool is provided by the introduction of-controlled argon-nitrogen gas mix

tures onto the weld pool surface through the welding torch head. The nitrogen addition to 

the argon shielding gas acts as the nitrogen source for the study of the nitrogen dissolu

tion reaction. Nitrogen additions ranging between 0 and 20% have been made to the ar

gon shielding gas. In all cases, ultra high purity (UHP) argon and nitrogen gases are 

used. These gases contain extremely low quantities of impurities, thus increasing the 

controls on the experiments and decreasing any factors, which may unduly affect the ni

trogen concentration results.

4.2.2 Measurement o f Nitrogen Concentration in Weld Metal

The nitrogen concentration in the weld metal has been measured at several locations 

along the weld line. Figure 4.2 schematically shows the location o f the samples removed 

from the weld line for analysis. All o f  these samples are 0.635 mm in thickness and lo

cated at 12.7,38.1,63.5, and 88.9 mm from the start point o f each weld line. The major

ity o f the remaining base metal is then removed along both the depth and width o f  each 

sample, as schematically shown in Figure 43 . Therefore, each sample has a uniform 

depth o f 3 mm and contains base metal surrounding the fusion zone. Nitrogen concen

trations have been measured using conventional thermal conductivity methods by USX 

Engineering Consultants in Monroeville, PA. The results o f this analysis are shown in 

Table 4.3.

The samples shown in Figure 4.3 contain base metal along with metal from the fusion 

zone. This extra material in each sample dilutes the resulting nitrogen concentration in
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Table 4.2. Experimental Welding Parameters Considered in this study.

Weldine Param eters Condition #1 Condition #2

Arc Current (A) 150 150

Arc Length (mm) 3.175 3.175

Total Flow Rate (cfh) 70 70

Total Pressure (atm.) 1.0 1.0

Travel Speed (mm/sec) 8.46 4.23

Electrode Diameter (mm) 2.38 2.38

Ar-Ni Shielding Gas 

Mixture (Vol.%)
0 -2 0 % 0 -2 0 %
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Weld End

A—+/A+/MW.MWA
12.7 mm 12.7 mm

0.635 mm
Figure 4.2. Schematic representation o f location o f samples along weld line removed for nitrogen concentration analysis,
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Table 4.3. Summary o f raw experimental residual nitrogen concentrations measured in each o f the samples.

NITROGEN CONCENTRATION (PPM1

Welding

Conditions

Sample 1 Sample 2 Samnle 3 Sample 4 Average

Condition # /

Pure Ar 20 20 20 18 20 ± 1

A r-5 % N 2 108 149 159 147 141 ± 1 9

Ar - 10% N2 145 138 155 130 142 ± 9

Ar -  15% N2 126 146 133 150 139 ± 10

Ar -  20% N2 171 175 162 152 165 ± 9

Condition #2

Pure Ar — — i
—

Ar -  5% N2 122 216 223 133 173.5 ± 4 6

Ar -  10% N2 224 245 248 236 238 ± 9

Ar -  15% N2 263 325 256 257 275 ± 2 9

Ar -  20% N2 209 199 196 194 199,5 ± 6
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the weld metal. In order to take into account the extra material included in the samples, 

the nitrogen concentrations are converted so that only the nitrogen present in the fusion 

zone is measured. The conversion is based on the following relationship:

C Tot (V Tot) =  C Fz(VF z )+ C BM (V BM ) (4.8)

where Cbm is the concentration in the base metal, which is 20 ppm according to the

chemical analysis o f  the base metal, Grot is the total concentration o f the samples ana

lyzed, Cpz is the fusion zone concentration, V r0t is the total volume o f  the material ana

lyzed, VBM is the volume of the base metal, and Vpz is the volume of the fusion metal. In 

this relationship, all concentrations are expressed in terms of weight percent.

Measurements for the width and depth o f the fusion zone and the columnar grains o f 

each sample are required to determine the volume o f the fusion zone (V fz)- Upon exami

nation, each weld pool cross section displays many of the same characteristics. A sche

matic diagram of the weld pool cross sections featuring these common regions and ex

planations o f the measurement locations is shown in Figure 4.4. The columnar grain re

gion shown in this figure can be equated to the heat-affected zone (HAZ) in a typical 

weldment. Since pure iron is being used in these experiments, only grain growth is ex

pected in the HAZ. The measurements are listed in Table 4.4, along with the aspect ratio, 

which is the ratio between the measured width and depth and provides a general measure 
o f the weld pool shape.

The concentration in the fusion zone, C f z ,  i s  defined by the following relationship:

Table 4.5 lists the converted nitrogen concentrations in the fusion zone for each 

welding condition, along with the range o f  concentrations and the average concentration 

for each weld line. There is a  significant difference between these converted nitrogen

(4.9)
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Table 4.4. Summary of measured weld pool dimensions.

WELD POOL WIDTH WELD POOL DEPTH ASPECT RATIO

(mm) (mm) (Width-to-Depth)

Weldine Conditions
Fusion Zone 

(W FZ)

Columnar

Grains

(W cc)

Fusion Zone 

(Dfz)

Columnar

Grains

(Dec.)

Fusion Zone

(W pz/Diz)

Columnar

Grains

(W cg^Dcg)

Condition HI

Pure Ar 4,5 8.0 1.0 2,0 4.5 4,0

Ar -  5% N2 5,1 7.0 1.0 2,0 5,1 3.5

A r-1 0 % N 2 6,5 8.5 0.75 2,0 8.7 4,2

Ar -  15% N2 5,5 7.5 0.75 2,0 7,3 3.8

Ar -  20% N2 6,0 8,0 0.75 2,25 8,0 3.6

Condition #2

Pure Ar 5,25 9,5 1.5 3.0 3.5 3,2

Ar -  5% N2 7,5 10.0 1 3.5 7.5 2.9

Ar -  10% N2 7.75 10.0 1.1 3.0 7,0 3,3

Ar -  15%N2 6,5 10.0 1.1 3,0 5.9 3,3

Ar -  20% N2 8,0 10.5 1,0 3,5 8,0 3,2
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Table 4.5, Summary of converted residual nitrogen concentrations,

NITROGEN CONCENTRATION (PPM)

Weldine

Conditions

Sample 1 Sample 2 Samnle 3 Sample 4 Averaee

0,847 cm/sec

Pure Ar 20 20 20 20 2 0 ± 0

A r-5 % N 2 284 407 437 401 382.25 ± 58

Ar -  10% N2 520 492 560 460 508 ± 37

Ar -  15% N2 444 524 472 540 495 ± 39

Ar -  20% N2 624 640 588 548 600 ±35

0.423 cm/sec

Pure Ar 20 20 20 20 20 ± 0

A r-5 % N 2 326 608 629 359 480,5 ±139

A r -  10% N2 576 634 642 609 615 ± 26

Ar -  15% N2 683 852 664 666 716 ± 79

A r -  20% N2 587 557 548 542 558.5 ± 17
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concentrations and the values listed in Table 4.3. The values shown in this table are used 

in the following discussion.

4.3 RESULTS AND DISCUSSION

4.3.1 Nitrogen Concentration in the Weld Metal

The nitrogen concentration measured in each sample has been examined for each 

welding condition. Figure 4.5 shows the concentrations measured at a  travel speed o f 

0.847 cm/sec as a function o f  the inlet nitrogen partial pressure. Under these conditions, 

the average nitrogen concentration increases linearly with increasing inlet nitrogen partial 

pressure. Nitrogen concentrations vary between approximately 400 and 600 ppm [N] and 

exhibit a scatter o f  90 to 150 ppm [N] for each inlet nitrogen partial pressure examined 

here. Figure 4.6 compares the nitrogen concentrations measured in each sample for each 

inlet nitrogen partial pressure. There is no discernible trend between the nitrogen con

centration in each of the samples and its location along the length of the weld line. It is 

therefore assumed that the nitrogen concentration does not vary with its location along 

the weld line. Any variation in the nitrogen concentration is assumed to be the result of 

experimental variance.

A change in the choice o f welding parameters creates a concomitant change in the 

nitrogen concentration in  the fusion zone and its behavior as a function of the inlet nitro

gen partial pressure. Figure 4.7 shows the nitrogen concentrations plotted as a function 

o f the inlet nitrogen partial pressure at a travel speed o f 0.423 cm/sec. The nitrogen con

centration increases rapidly at low nitrogen partial pressures and reaches higher levels 

than observed at a higher travel speed. As the nitrogen partial pressure increases further, 

the nitrogen concentration begins to decrease. At a nitrogen partial pressure of 0.20 atm., 

the nitrogen concentration is the same as that observed at the higher travel speed. Once 

again, no general trend in the nitrogen concentration as a function of location along the 

weld line is observed. The nitrogen concentrations measured under this set o f  welding 

parameters are plotted for each nitrogen addition to the shielding gas in Figure 4.8. In 

this figure, the nitrogen concentrations display a  much wider range of variation, from 45 

to 303 ppm, than that observed for the more rapid travel speed.
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Figure 4.5. Plot of the experimentally measured nitrogen concentration in the weldment 
as a function o f the inlet nitrogen partial pressure at a travel speed o f 0.847 cm/sec.
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Pure Ar 5% n 2 10% N2 15% N2 20% N2 

Nitrogen Addition

Figure 4.6. Plot o f the nitrogen concentrations (ppm) in each of the samples taken from the weld lines made for 
each o f the inlet nitrogen partial pressures at a travel speed o f 0.847 cm/sec.
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Figure 4.7. Plot of the experimentally measured nitrogen concentration in the weldment 
as a function o f the inlet nitrogen partial pressure at a travel speed o f 0.423 cm/sec.
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Figure 4.8. Plot o f the nitrogen concentrations (ppm) in each of the samples taken from the weld lines made for 
each of the inlet nitrogen partial pressures at a travel speed of 0,847 cm/sec.
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A comparison between the nitrogen concentrations observed for the two travel speeds 

is shown in Figure 4.9. At first glance, the decrease in travel speed seems to produce, on 

average, a higher nitrogen concentration, especially at low to intermediate nitrogen par

tial pressures. On the other hand, the range o f  nitrogen concentrations measured in both 

cases tends to overlap. It thus appears that the choice of welding parameters has little 

bearing on the resulting nitrogen concentration in the weld pool. Therefore, it would be 

more proper to view the nitrogen concentrations as falling in a range o f values around 

600 ppm [NT, regardless of the choice o f welding parameters.

Nothing new is learned about the nitrogen dissolution reaction by Ju s t simply exam

ining the nitrogen concentration measured in the sample after welding. On the other 

hand, the weld pool displays a number o f  characteristics related to the addition o f nitro

gen to the shielding gas, ranging from the general appearance o f the weld pool and the 

formation o f  porosity to microstructural characteristics o f the fusion zone. By examining 

these various weld pool characteristics, a  correlation between the observed nitrogen con

centration any one or more of the above weld pool characteristics can be determined.

4.3.2 Weld Pool Appearance

The effects o f changes in the welding parameters and the addition o f  nitrogen to the 

shielding gas on the resulting weld pool appearance and properties have been examined. 

Changes in the weld pool appearance can come in the form of variations in the shape and 

dimensions o f the weld pool cross section or in the formation o f pores and blowholes in 

the weld pool. Each of these characteristics has been examined here, and the results are 

summarized and discussed below.

Weld pool cross sections for each set o f welding parameters and nitrogen addition to 

the shielding gas have been taken from section (c) o f each weld line and are shown in 

Figures 4.10(a-e) and 4.ll(a-e). Each o f  these weld pool cross sections represents a  

snapshot o f  the weld line and may vary in appearance with other sections o f  the weld 

line. When the weld pool cross sections are compared, a common structure containing a  

prominent fusion zone, a region o f  columnar grain growth, and the base metal is ob- 

served.
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Figure 4.9. Comparison o f the nitrogen concentrations from each welding condition 
plotted as a  function o f inlet nitrogen partial pressure.
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(a) (b)

Figure 4.10fa-e). Comparison o f Cross Sections for a travel speed o f 0.847 cm/sec: (a) 
Pure Ar; (b) 5% N2; (c) 10%N2;(d) 15% N2; (e)20% N 2.
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Figure 4.1 l(a-e). Comparison o f Cross Sections for a travel speed o f 0.423 cm/sec: (a) 
Pure Ar; (b) 5% N2; (c) 10% N2; (d) 15% N2; (e) 20% N2.
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Several interesting features are apparent when comparing weld pool cross sections 

without nitrogen additions to the shielding gas. For example, the weld pool cross section 

at a travel speed o f 0.847 cm/sec shows a visible fusion zone adjacent to the columnar 

grain region. On the other hand, the weld pool cross section formed with a  pure Ar 

shielding gas at a travel speed o f 0.423 cm/sec only an area o f large grains with no dis

tinct orientation surrounded by the oriented columnar grains. This change in appearance 

can be attributed to a  change in the thermal cycles experienced by the weld pool as the 

travel speed is decreased. A less extreme thermal cycle is perhaps observed at the lower 

travel speed, which allows for grain growth to occur. .

The appearance o f the weld pool cross section is affected by the addition o f nitrogen 

to the shielding gas. For example, the top surface o f the weld pool profile, at a  travel 

speed o f0.847 cm/sec, changes from a flat surface with a  pure Ar shielding gas, as shown 

in Figures 4.10(a), to one with a wavy appearance, as shown in Figures 4.10(b-e). On the 

other hand, when the travel speed is reduced to 0.423 cm/sec, the weld pool cross section 

displays a wavy appearance along the surface and large internal pores, even at the lowest 

nitrogen additions to the shielding gas. At higher nitrogen additions, the profile along the 

weld pool surface becomes much more jagged, and it appears that there has been an ejec

tion o f metal from the weld pool. This effect may be caused by the spatter of metal satu

rated with nitrogen.13

Weld pool dimensions, which are listed in Table 4.4, are also dependent on the choice 

o f welding speed. For example, the fusion zone and columnar grain depths noticeably 

increase with a decrease in the travel speed with a pure Ar shielding gas. The change in 

the fusion zone width is not as significant as the depth increase, and there is little to no 

change in the width o f the columnar grains. When these measurements are considered 

together, the aspect ratio decreases, indicating a deeper weld pool. The addition o f nitro

gen to the shielding gas also affects the weld pool dimensions. In general, the addition o f 

nitrogen causes a decrease in the fusion zone depth, while simultaneously increasing the 

fusion zone width, resulting in a significant increase in the aspect ratio. An increased as

pect ratio relates to a slightly wider and shallower weld pool. Further increases in the
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nitrogen addition to the shielding gas, though, do not further affect the weld pool dimen

sions.

4.3.3 Porosity in W eld Pool

Porosity is a  common defect in the weld metal and has been studied in a number o f 

materials systems.14'20 It is generally recognized as the result o f excessive gas absorption 

in the molten weld metal in GTA welding. Once the weld metal begins to solidify, the 

resulting porosity can be caused by either gas rejection at the advancing solid/liquid inter

face and by the nucleation o f bubbles ahead o f the solid/liquid interface. These bubbles 

are subsequently trapped as the solid/liquid interface passes them by, leaving them frozen 

within the weld pool.15 Therefore, the formation o f  porosity is prevalent in materials 

systems in which there is a significant difference between the gas solubility in the liquid 

and solid regions, such as the iron-nitrogen system. Some o f the materials systems where 

porosity is observed include the iron-nitrogen system, the aluminum-hydrogen system, 

and the copper-nitrogen system.

There are several means for determining the presence o f porosity in the weld metal. 

In this case, a visual inspection o f the weld line, density measurements, and x-ray radiog

raphy have been performed. Figures 4.12(a-j) show the top surfaces o f the weld lines for 

each welding condition and nitrogen addition to the shielding gas. At a travel speed o f 

0.847 cm/sec, the addition o f nitrogen to the shielding gas does not produce any signifi

cant change in the weld line appearance, as shown in Figures 4.12(a-e). On the other 

hand, there is a  significant change in the appearance o f the weld line at a travel speed o f 

0.423 cm/sec with the addition o f nitrogen to the shielding gas, as shown in Figures 

4.12(f-j). Porosity and blowholes appear along the length o f the weld line, accompanied 

by a rippling effect on the top surface. Increasing amounts o f porosity are observed on 

the weld pool surface at this travel speed with increasing additions o f nitrogen to the 

shielding gas.
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Figure 4,12<a-i). Comparison o f appearance o f weld line for each welding condition, demonstrating the role o f changes in the 
travel speed on the appearance of the weld line, (a&f) Pure Ar; (b&g) 5% N2; (c&h) 10% ty; (d&i) 15% N2; (e&j) 20% N2. (a) 
to (e) are for a welding speed of 0,847 cm/sec and (0  to 0 ) are for at a welding speed o f 0,423 cm/sec,
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4.3.3.1 Radiography o f Weld Metal 

Radiographic inspection is a  common non-destructive evaluation (NDE) technique 

for observing both surface and internal defects in fusion welds. Previous investigations 

have used this technique to observe porosity and other defects in the weld m etal.13'21'24 

These defects can range from gas pores, which are characterized by spherical, elongated, 

or “worm hole” shapes, and can appear in random, clustered, or linear patterns. In  this 

case, radiographic techniques are used to examine the presence and location o f gas po

rosity in each o f the weld line samples.

Samples removed from the weld line at location (d), shown in Figure 4.2, have been 

analyzed using an x-ray radiography system at the Carderock Division o f the Naval Sur

face Warfare Center in West Bethesda, MD. Each o f the samples consists o f the entire 

base plate thickness and is approximately 15 mm in length, representing a rather small 

section o f the weld line. An analysis o f only a small portion o f  the weld line for the na

ture and amount o f porosity suffices since porosity is assumed to exist along the entire 

weld line. Table 4.6 lists the parameters used here. Porosity can thus be detected down 

to 2T indications, equating to 0.005 inch in diameter using AA film, and when M film is 

used, down to IT  indications, equating to 0.0025 inch in diameter.

Table 4.7 summarizes the results o f the radiographic analysis o f each sample, which 

are also shown in Figures 4.13(a-f) and 4.14(a-e). In general, the radiography analysis 

shows many o f the same results as the visual observation discussed previously. For ex

ample, Figure 4.13(a-f) shows that there is no porosity observed in either the base metal 

or in samples welded at a  travel speed o f 0.847 cm/sec. Even with a 20% Ni addition to 

the shielding gas, there is no porosity in the weld pool. On the other hand, a reduction in 

travel speed to 0.423 cm/sec, as shown in Figure 4.l4(a-e), produces porosity in each o f 

the weld samples. A slight amount o f  porosity is observed in the sample welded even 

with a pure Ar shielding gas and becomes more pronounced with the addition o f nitrogen 

to the shielding gas. It is again apparent that the choice o f welding parameters has an ef

fect on the formation o f  porosity in the weld metal.
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Table 4.6. Summary of the parameters used in the radiographic examination of the weld
metal samples.

X-Ray Source Voltage 
X-Ray Source Current 
Exposure Time 
Film Type 
Film Size 
Screen Type

160 KV 
9  mA 

6 m inutes 
Kodak AA./M 

7” x 17”
Pb
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Table 4.7. Summary of x-ray radiographic analysis of iron samples.

Experimental

Conditions
Classification Film Type

Base Metal None AA
0.847 cm/sec

Pure Ar None AA
Ar-5% N2 None AA
Ar-10% N2 None AA
Ar-15%N2 N one' AA
Ar-20% N2 None AA

0.423 cm/sec
Pure Ar Some Light Indications AA
Ar-5% N2 Gross Porosity M
Ar-10% N2 Some Light Indications AA
Ar-15% N2 Gross Porosity AA
Ar-20% N2 Gross Porosity AA
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(e) (f)

Figure 4.13fa-e). Radiographs o f (a) the base metal and weld line sections for a travel 
speed o f0.847 cm/sec with (b) pure Ar shielding gas, (c) 5% N2, (d) 10% N2, (e) 15% N2, 
and(f)20% N 2.
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NOT AVAILABLE

(e>

Figure 4.14(a-e). Radiographs o f section o f weld line for a travel speed o f 0.423 cm/sec 
with (a) pure Ar shielding gas, (b) 5% N2, (c) 10% N2, (d) 15% N2, and (e) 20% N2.
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4.33 .2  Density Measurements

Both visual inspection and radiographic analysis has been used to characterize poros

ity formation in the weld metal for each o f the welding conditions analyzed here. Calcu

lation of the weld m etal density can provide a general measure of the amounts o f porosity 

and nitrogen present in solution as a function o f the nitrogen addition to the shielding gas. 

Previous researchers15,16 have used density measurements to determine the amount o f  gas 

in solution in the weld pool and to relate the difference in density to the amounts o f  po

rosity and soluble gas in the sample. This technique is also used here.

Samples have been removed from location (b), as shown in Figure 4.2, on the weld 

line and prepared. This procedure leaves a majority o f the sample as weld metal, signifi

cantly increasing the accuracy o f the reported densities. The samples are then weighed in 

both air and water, and the results are shown in Table 4.8 for both welding conditions. In 

addition, the density o f each sample has been calculated and compared with the density 

o f the base metal and the fusion zone from the pure Ar weld as a ratio between the two 

values.

There is a difference between the measured densities in the samples with and without 

nitrogen additions for a single set o f welding parameters. Changes in the choice o f 

welding parameters also produce significant differences in the observed densities. For 

example, at a travel speed o f 0.847 cm/sec, there is little difference between the measured 

densities of the samples with or without the addition o f nitrogen to the shielding gas. 

When the travel speed is decreased to 0.423 cm/sec, nitrogen additions to the shielding 

gas cause significant density decreases. These lower densities in the weld pool samples 

point to the presence o f porosity within the weld m etal, which is visible on the top sur

face of the weld line.

Ratios between the weld metal samples and both the base metal and the weld metal 

sample welded w ith a  pure Ar shielding gas provide an easily understandable measure o f 

the amount o f  porosity in the weld metal. For example, ratios below 1.0 can translate 

into a certain amount o f porosity in the weld metal. There is an unexpected difference, 

though, between the density ratios computed using the base metal and those using weld 

metal samples with a  pure Ar shielding gas. The density o f each weld metal sample with
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Table 4.8. Summary o f  weights o f  samples and resulting porosity calculations,

Weldine

Conditions

Volume of 

Sample (cm1)

Sample 

Weipht (fm )

Sample Densitv 

(pm/cm3)

Densitv Ratio 

(Base Metal)

Densitv Ratio 

(Pure Ar Weld)

In Air

Base Metal 1,104 8.642 7,825 1.000

0,84? cm/sec

Pure Ar 0.280 2.052 7,325 0,936 1,000

A r-5 % N 2 0.328 2,360 7.185 0,918 0,981

A r-10% N 2 0,373 2,593 6.952 0,888 0.949

Ar -  15% N2 0,365 2,682 7,339 0,938 1.002

Ar -  20% N2 0,413 3,189 7.713 0,986 1.053

0,423 cm /sec

Pure Ar 0,441 3.257 7,392 0,945 1,000

Ar -  5% N2 0.362 2,508 6,926 0.885 0.937

Ar -  10% N2 0,448 ‘ 3,200 7,150 0,914 0.967

Ar -  15% N2 0,416 2,621 6.299 0,805 0,852

Ar -  20% N2 0,390 2.434 6,237 0.797 0.844
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a pure Ar shielding gas is similar but less than that o f the base metal. This smaller den

sity produces a density ratio on the order o f  0.94, for each welding condition. Since this 

value is less than unity, there is an indication o f the presence o f porosity in the weld 

metal not previously observed either visually o r radiographically. Even though the den

sity ratios display different values, each set o f ratios indicates a similar trend. Therefore, 

only those density ratios, which use the weld sample for a pure Ar shielding gas as a 

baseline, are considered.

Variations between the density ratios using the density o f the samples welded in pure 

Ar as a baseline are dependent on the choice o f  welding condition. A t a travel speed o f 

0.847 cm/sec, there is no change in the value o f the density ratio as more nitrogen is 

added to the shielding gas. In each case, the value o f the density ratio is near unity, indi

cating that there is little to no porosity in the weld pool. On the other hand, when the 

travel speed is decreased to a value o f 0.423 cm/sec, the density ratio decreases signifi

cantly with the addition of nitrogen to the shielding gas. The density ratios reach values 

o f 0.84 for a 20% N2 addition to the shielding gas. Both these conditions compare fa

vorably with the visual observations for porosity in each o f the weld lines.

4.3.4 Weld Metal Microstructure

In addition to the formation of porosity in the weld pool, changes in the predominant 

weld pool microstructures are observed with the addition of nitrogen to the shielding gas. 

An analysis o f the microstructure can shed light on the effect o f nitrogen on the weld pool 

properties and its distribution throughout the weidment. Gross microstructural changes in 

the weld metals are analyzed using optical microscopy techniques. Cross sections com

posed o f section (c), as defined in Figure 4.2, o f each weld line have been polished and 

etched with a 2% Nital solution. An Olympus® BXM60 light microscope with a Sony 3- 

chip CCD Camera and an attached video printing system has been used here to analyze 

these microstructures.

The base metal microstructure, shown in  Figure 4.15, is composed o f a  homogenous 

equiaxed structure. Since the base metal is pure iron, no secondary phases, such as FejC 

or pearlite, commonly found even in low C steels, are present. An analysis o f the fusion
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Figure 4.15. Typical base metal microstructure.
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zone for each welding condition does not produce any significant change in  the micro- 

structural appearance. These fusion zones, which are shown in Figures 4.16 and 4.17 for 

each set o f welding parameters, respectively, contain ferrite grains much larger than those 

in the base metal and contain no second phases.

Significant changes are observed, though, when nitrogen additions are made to the 

shielding gas. When nitrogen is present, the fusion zone microstructure no longer con

tains just large ferritic grains. Rather, the microstructure contains multiple phases and 

becomes non-homogenous across both the depth and width of the weld pool. Figure 

4.18(a) shows a  small area of the fusion zone microstructure for a 5% N2 addition to the 

shielding gas. A number o f different microstructures are present in this small region. For 

example, microstructural features, which resemble non-equilibrium structures common in 

steels, appear throughout the weld pool. A closer examination of some o f these structures 

adjacent to a ferritic region in the fusion zone is shown in Figure 4.18(b). In this region, 

there appear to be small second phase precipitates, which appear in the darker regions. 

The appearance o f these precipitates in well-defined lines indicates the product o f an 

eutectoid reaction is present. Just such a reaction appears on the Fe-N phase diagram 

between the y-Fe and the a  - Fe - Fe4N region, much like the pearlite reaction observed in 

Fe-C alloys.

As more nitrogen is added to the shielding gas, the fusion zone microstructure does 

not significantly change in appearance. The microstructures observed with a  5% N2 ad

dition to the shielding gas are also observed with a 10% N2 addition, examples o f which 

are shown in Figures 4.19(a&b). Typical fusion zone microstructures for even higher 

nitrogen additions to the shielding gas are shown in Figures 4.20(a&b) for a  15% N2 ad

dition and in Figures 4.21 (a&b) for a 20% N2 addition. In both cases, these microstruc- 

tures display no unique characteristics not previously observed with lower nitrogen addi

tions.

Fusion zone microstructures produced at a  decreased travel speed have also been ex

amined. Figure 4.22 shows a small portion o f the fusion zone microstructure at this de

creased travel speed with a  5% N2 addition to the shielding gas. In this figure, there is 

little discernible difference between this microstructure and that observed at the more
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Figure 4.16. Typical fusion zone microstructure for a travel speed o f0.847 cm/sec.
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Figure 4.17. Typical fusion zone microstructure for at a  travel speed o f0.423 cm/sec.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



245

(a)

(b)
Figure 4.1 a*frK> Examples o f typical fusion zone microstructures with a 5% N2 addi
tion to the shielding gas for a travel speed o f0.847 cm/sec.
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(b)
Figure 4.19. Examples o f typical fusion zone microstructures with a 10% N* addition to 
the shielding gas at a travel speed o f0.847 cm/sec.
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(a)

(*»).

Figure 4.20(a&b1. Examples o f typical fusion zone microstructures with a 15% N2 addi
tion to the shielding gas and a  travel speed o f0.847 cm/sec.
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(b)
Figure 4.2Ka&bV Examples o f  typical fusion zone microstructures with a 20% N2 addi
tion to the shielding gas and a travel speed o f0.847 cm/sec.
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Figure 4.22. Examples o f typical fusion zone microstructures with a 5% N2 addition to 
the shielding gas at a travel speed o f 0.423 cm/sec.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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rapid travel speed. On the other hand, a closer examination o f  the microstructures in Fig

ures 4.23(a&b) shows several significant differences. First, the various structures ob

served in the microstructures at a more rapid travel speed are not present and are replaced 

by needle like precipitates in the fusion zone. Unlike precipitates observed at a higher 

travel speed, these larger precipitates are not aligned and are surrounded by a more darkly 

etched region than the ferrite regions shown in Figure 4.22. These needle-like precipi

tates are assumed to be iron nitride phases. Such phases have been previously observed 

within the weld pool,25 and are believed to be Fe4N.

Higher nitrogen partial pressures in the shielding gas at this travel speed also produce 

these needle-like precipitates. Figures 4.24(a&b) show several prominent microstructural 

characteristics in the fusion zone with a 10% N i addition. These precipitates, especially 

in Figure 4.24(a), are present throughout but are dominant in the more darkly etched re

gions. On the other hand, the weld metal directly adjacent to the nitrides is much lighter 

in color, as though the surrounding material is stripped o f  nitrogen by the precipitate. 

The same conditions are also observed with even higher additions o f nitrogen to the 

shielding .gas in Figures 4.25(a&b) and 4.26(a&b) for 15% N i and 20% N2 additions, re

spectively. Each condition produces the same needle-like precipitates as those observed 

at lower nitrogen concentration, and no significant changes in the appearance o f the fu

sion zone are observed in either case.

Based on these results, it is apparent that the presence o f nitrogen in the shielding gas 

affects the weld metal microstructure. The prevalent microstructure in the fusion zone, 

though, is further dependent on the choice o f welding parameters, which, in turn, deter

mine the cooling rates for the solidifying weld metal. For example, at the more rapid 

travel speed, the fusion zone contains microstructures usually associated with rapid 

cooling rates. On the other hand, as the travel speed is decreased, these microstructures 

disappear from the fusion zone and are replaced by needle-like precipitates. Therefore, 

even though nearly equivalent nitrogen concentrations are measured for each welding 

speed, the nitrogen exists in the fusion zone in a number o f different forms.
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(a)

(b)
Figure 4.23fa&b). Examples of typical fusion zone microstructures with a  5%  N* addi
tion to the shielding gas at a travel speed o f 0.423 cm/sec.
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(b)
Figure 4.24fa&hY Examples of typical fusion zone microstructures with a 10% N2 addi
tion to the shielding gas at a  travel speed o f0.423 cm/sec.
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(b)
Figure 4.25fa&b). Examples o f typical fusion zone microstructures with a 15% N2 addi
tion to the shielding gas at a  travel speed o f0.423 cm/sec.
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(b)
Figure 4.26fa&b). Examples o f typical fusion zone microstructures with a 20% N2 addi
tion to the shielding gas and a travel speed o f0.423 cm/sec.
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4.3.5 Microhardness Distribution Across the Weld Pool

Changes in the weld metal microstructure observed at different locations in the weld 

metal may be an indication o f changes in the nitrogen concentration in the weld metal. It 

is difficult to measure nitrogen at individual locations in the weld metal, given the small 

size o f the weld pools studied here and the difficulty in detecting nitrogen at low levels 

using conventional techniques. A simple measure o f the distribution o f  nitrogen in the 

weld metal can be made by analyzing changes in the Vickers’ Hardness Number (VHN) 

across the weld pool width and depth. Even though the microhardness measurements 

may not give accurate values for the nitrogen concentration at a  specific location, changes 

in the microhardness value give an indication o f changes in the amount o f nitrogen pres

ent across the weld pool.

Microhardness measurements have been made at 0.25 mm intervals across the width 

and depth o f the weld pool, including the base metal, the columnar grain regions, which 

may be representative o f a heat-affected zone, and the fusion zone, using a load o f  200 

grams on the indenter. A  summary o f the average microhardness measurements for each 

welding condition is shown in Tables 4.9 and 4.10 across the width and depth o f the 

weldment, respectively. The effects o f changes in the welding parameters with only a 

pure Ar shielding gas on the resulting microhardness values across both the width and 

depth o f  the weldment are shown in Figures 4.27 and 4.28, respectively. Little to no 

variation in the microhardness values across either the depth or width o f the weldments is 

observed for each set o f welding parameters. A slight increase in  microhardness is ob

served in the columnar grains and fusion zone, but, on average, it is rather small. Even 

with a decrease in the travel speed, there is little difference in the behavior or magnitude 

o f the VHN values measured in any o f the weldment regions.

When nitrogen is added to the shielding gas, there is a significant increase in the 

VHN values in the fusion zone. The relationships between nitrogen additions to the 

shielding gas at a  travel speed o f0.847 cm/sec and the resulting microhardness measure

ments across the width and depth o f the fusion zone are shown in Figures 4.29(a&b) and 

4.30(a&b) for nitrogen additions o f 5 and 10%, respectively. In each case, there is a  sig

nificant increase in the VHN values across the columnar grain regions into the fusion
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Table 4.9. Summary of Vickers’ hardness measurements across the width o f the weldment for each welding condition. Load is 200 
gm. for all conditions.

Welding
Conditions

Nitrogen 
Concentration in 
Weld Pool (ppm)

Base Metal 
Hardness 

(VHN)

Columnar
Grains
(VHN)

Minimum 
Fusion Zone 

Hardness

Maximum 
Fusion Zone 

Hardness

Average 
Fusion Zone 

Hardness
(VHN) (YHNJ (VHN)

0.847 cm /sec

Pure Ar 20 111 98 105 141 123

Ar -  5% N2 382.25 99 108 107 279 213

Ar -  10% N2 508 102 118 137 275 197

A r-15% N 2 495 97 98 101 283 211

A r-20% N 2 600 91 95 119 235 206

0.423 cm /sec

PureAr 20 105 114 108 136 125

Ar -  5% N 2 480,5 86 87 115 183 155

Ar -  10% N2 615 85 88.44 99 179 155

Ar -  15% N2 716 87 89 128 189 151

A r-20%  N2 558,5 88 88 79.8 172 144
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Table 4.10. Summary of Vickers’ hardness measurements across the depth o f the weldment for each welding condition, Load is 
200 gm. for all conditions.

Welding
Conditions

Nitrogen 
Concentration 
in Weld Pool 

(ppm)

Base Metal 
Hardness 

(VHN)

Columnar
Grains
(VHN)

i f ; •

Fusion Zone 
Hardness 

(VHN)

Maximum 
Fusion Zone 

Hardness 
(VHN)

Average 
Fusion Zone 

Hardness 
(VHN)

0.847 cm /sec

Pure Ar 20 94 102 112 121 116

Ar -  5% N2 382.25 114 115 212 253 220

A r-10% N 2 508 n o 115 220 255 242

A r-15% N 2 495 108 114 218 265 247

Ar -  20% N2 600 96 90 153 220 202

0,423 cm /sec

Pure Ar 20 109 122 114 145 130

Ar -  5% N2 480.5 92 93 105 190 150

Ar -  10% N2 615 82 93 124 179 155

Ar -  15%N2 716 92. 101 143 178 166

Ar -  20% N2 558.5 86 90 102 161 139
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Figure 4.27fa&bV Microhardness measurements taken across both the (a) width and (b) depth o f  the
weldment for pure Ar shielding gas for a travel speed o f  0,847 cm/sec. 258
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zone. Across the width o f fusion zone, though, there are significant variations in the ob

served microhardness values. No such variations are observed along the depth o f  the fu

sion zone, where there is a general decrease in microhardness values as the depth is in

creased, pointing to a drop in the nitrogen content in the weld metal at greater depths. 

Although higher additions o f nitrogen are made to the shielding gas, there are no signifi

cant effects on the microhardness values measured in the fusion zone.

There is a significant change in the magnitude o f the microhardness values across the 

width and depth o f  the weld pool with a  decrease in the travel speed. Figures 4.3l(a&b) 

and 4.32(a&b) show the microhardness measurements across both the width and depth of 

the weld pool with nitrogen additions o f 5 and 10%, respectively, at a travel speed o f 

0.423 cm/sec. In particular, there is a decrease in the magnitudes of the measured micro

hardness values across the width and depth o f  the fusion zone, as compared to those 

measured at a  more rapid travel speed. On the other hand, the general trends, signified by 

an increase in the microhardness in the fusion zone, remain the same.

A comparison between the VHN values observed under different welding conditions 

with the addition o f  nitrogen to the shielding gas has been made. Figures 4.33 and 4.34 

show both the average and maximum microhardness values, respectively, for each weld

ing condition as a function of the nitrogen addition to the shielding gas. There is little to 

no difference between the average and maximum microhardness values across both the 

width and depth o f  the weld pool for each welding condition. The general trends do not 

significantly change with the location o f  the measurements. For example, there is no 

change whether they are taken across the width or depth o f the fusion zone. In all cases, 

the microhardness generally increases with the addition o f nitrogen to the shielding gas 

but remains generally constant with further nitrogen additions.

4.3.6 X-Rav Analysis of Weld Metal

There are rather significant changes in the fusion zone microstructure with the addi

tion o f nitrogen to the shielding gas and changes in the welding speed. The identification 

of these various species has been attempted using x-ray diffraction techniques. A two 

circle diffractometer and a Mo-Kq x-ray source have been used here. The potential ap
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Figure 4.33(a&b). Comparison between average microhardness measurements for each 
welding condition across the (a) width and (b) depth of the weldment.
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Figure 4.34fa&b). Comparison between maximum microhardness measurements for 
each welding condition across the (a) width and (b) depth o f  the weldment.
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plied to the x-ray tube was 50 KV, and a  current o f 10 mA was m aintained. Each sample 

has been analyzed along the top of section (d), as shown in Figure 4.2. The top surface is 

chosen to allow for only the weld metal, and not a  significant amount o f  base metal, to be 

analyzed. X-ray scans have been made at a scanning speed o f 1° per minute for 20 val

ues ranging from 15 to 56°.

Since x-ray analysis of each sample is made only along the top surface, the question 

of the location o f the phases identified within the sample becomes important. Most metal 

samples strongly absorb x-rays, thereby reducing the intensity o f  the incident beam to 

nearly zero in a very short distance below the metal surface. Therefore, the diffracted 

beams originate chiefly in a thin surface layer. The effective depth o f  x-ray penetration 

and thus the depth o f  the specimen in which the phases identified exist are not precisely 

known because the intensity of the incident beam decreases exponentially with distance 

below the surface.

The integrated intensity diffracted by an infinitesimally thin layer at a depth, x. below 

the surface is defined by the following relation:

where ID is the diffracted intensity, I0 is the incident intensity, a  and P are angles further 

defined, p is the , x is the depth below the surface of the sample, a is the is the volume 

fraction of the specimen containing particles having the correct orientation for reflection

the unit volume. Even though the above relationship applies to an infinitesimally thin 

layer at a given depth, the application o f  this same methodology to a sample o f  infinite 

thickness still only applies to a sample o f  a  few thousandths of an inch for most metals.26

There may be a number o f species present in the fusion zone. In particular, each 

sample has been analyzed for the presence o f  retained austenite, martensite, and various 

iron nitride phases in the weld pool. A summary o f the lattice parameters for these spe

cies27'31 is shown in Table 4.11. In addition to the nitrogen-based phases, lattice

(4.10)

of the incident beam, and b is the fraction of the incident energy which is diffracted by
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Table 4.11. Summary o f lattice parameters for prominent phases in the iron-nitrogen system.

Phase Structure a (A )  ...... _ U A ) C cA ) Reference

Fe - N-martensite 
(a ')

Tetragonal 2.865-0 .0019 Xn - - - - 2.868 +0,024 XN 30

a  - Fe B-Gubic 2.8664 — 31
N -austen ite  (y) Cubic 3.564 + 0.0077 XN 31
Fe -  C martensite 

(« ')
Tetragonal 2 .866-0 .0026 Xc 2,866 + 0.0246 Xc 30

F e-C austen ite  (y) Cubic 3.555 + 0.0092 Xc 30
Fe4N ( / ) Cubic 3.795 — 29
FegN or Fe^Nz

( a " )

Tetragonal 5.72 6.29 27
33

Fe2N (4) Orthorhombic 5.523 4.830 4.425 29
Fe3N (e) Hexagonal 2.701 4,370 28
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parameters for martensite and austenite phases in the Fe-C system are included in order to 

compare the characteristics with those same phases observed in the Fe-N system. When 

comparing the lattice parameters for these phases in each materials system, the lattice pa

rameters are nearly identical, and, therefore, the phases are very similar.

The corresponding 26 value for each reported d-spacing value has been calculated 

using Bragg’s Law for a Mo-Ka x-ray radiation source. Bragg’s Law is shown in the 

following relationship:26

n k = 2 d s in 0  (4.11.)

where n is an integer, which is assumed to be unity, h  is the wavelength o f the character

istic radiation in A, d  is the characteristic interplanar spacing in A, and 6 is the angle be

tween the radiation source and the diffracting atom locations. A summary o f the d spac

ing values and the 20 values for the phases o f interest is shown in Appendix C. These 

phases include ferrite (a-Fe) and austenite (y-Fe), along with several iron nitride phases 

(Fe4N, Fe3N, Fe2N, and FegN).

Each weld sample has been analyzed, and the observed peaks and their corresponding 

phase identifications are summarized in Appendix C. As expected, only ferrite (a-Fe) 

peaks are observed in the x-ray analysis o f  the base metal. On the other hand, when the 

base metal is welded in a pure Ar shielding gas, additional peaks are present in the spec

tra. One o f  the effects caused by the welding o f the base metal is the appearance o f  addi

tional peaks very close to the primary ferrite peaks. These additional peaks are attributed 

to the presence of martensite in the weld metal. The appearance o f  these additional peaks 

is more prevalent at the more rapid travel speed, at which the weld metal undergoes more 

significant thermal cycles. On the whole, though, these peaks are not dominant, and, 

given their rather low intensities, it can be concluded that there is actually very little 

martensite present in these weld pools.

O f primary interest here, though, is the effect o f  nitrogen additions to the shielding 

gas on the phases present in the weld metal. Unlike the spectra observed with a  pine Ar 

shielding gas, these spectra each contain a  rather large number of additional peaks, in-
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eluding Fe4N, Fe^N, FegN, and FejN. The appearance and intensity o f these peaks in the 

x-ray spectra depend on the amount o f  nitrogen added to the shielding gas. For example, 

at a 5% N2 addition, Fe4N, and Fe2N peaks are present in the spectra. As the nitrogen 

addition to the shielding gas is increased, a number o f additional nitride peaks appear. 

When the nitrogen addition to the shielding gas reaches 20%, a rather large number of 

these nitride peaks are present in the diffraction pattern.

In addition to the nitride phases, martensite and austenite phases are also identified. 

Martensite peaks are also present at the lower nitrogen additions to the shielding gas 

studied here, but these peaks tend to disappear as the nitrogen addition to the shielding 

gas is increased. These peaks seem to be replaced by those associated with FegN, which 

is recognized as an intermediate phase formed during the martensitic transformation. At 

the highest nitrogen additions studied here, an austenite (y-Fe) peak also appears. This 

final observation is consistent with previous observations30'32 in which the amount o f re

tained austenite present in a sample increases with an increasing amount o f nitrogen in 

solution.

Similar to the conditions observed at a  travel speed of 0.847 cm/sec, several iron ni

tride phases are present in the spectra for a welding speed o f 0.423 cm/sec. For example, 

FegN, FeaN, FejN, and Fe4N are present at nitrogen additions to the-shielding gas as low 

as 5%. O f these various nitrides, Fe2N and Fe4N dominate. As'the nitrogen addition to 

the shielding gas is increased, though, the number o f peaks and the peak intensity are 

both reduced. In general, though, nitride species are present in greater abundance at this 

welding speed as compared to the more rapid travel speed. There is also evidence for the 

presence o f martensite in the weld metal at this nitrogen addition. Martensite present at 

low nitrogen additions is also reduced, and it is replaced by the appearance of FegN. An 

austenite (y-Fe) peak is even observed with a 20% N2 addition to the shielding gas.

There are a  number of similarities between the characteristics o f the x-ray spectra 

shown for both welding speeds. As nitrogen is added to the shielding gas for both weld

ing conditions, the effect on the peak intensity, especially at large nitrogen additions, i.e. 

approaching 20% N2, is pronounced. Ail peaks observed across the spectra decrease in 

intensity and many disappear. This is also true for the ferrite peaks, even though the
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amount of ferrite present in the samples should not decrease by such a significant 

amount. In many cases, the same peaks are not present in the spectra for different nitro

gen additions at a  single travel speed.

In general, this x-ray analysis has aided in further understanding  the microstructures 

observed in the weld metal. In particular, the presence of nitride phases and several non

equilibrium phases, such as martensite and retained austenite, has been confirmed. The 

intensities of the nitride peaks are rather small in each case and can be attributed to the 

nature of the nitride phases in the weld pool. These nitrides are a dispersed phase, and, 

when compared with the bulk volume o f the sample being analyzed, actually do not take 

up much volume. In addition, the location o f the nitride phases is not entirely uniform, so 

the detection o f  these phases is also determined, in part, by the location on the weld pool 

exposed to the x-ray beam. On the other hand, little can be determined concerning the 

identity o f the individual precipitates and phases present in the weld metal. A more lo

calized analysis, such as that possible through a transmission electron microscopy study, 

is needed to attain this more specific knowledge.

4.3.7 Effect o f Microstructure on Nitrogen Solubility

Two distinct microstructures have been observed in each o f these welding conditions. 

At the more rapid travel speed, the microstructure is complex and contains a  number o f 

non-equilibrium structures. As the travel speed is reduced, rather large needle-like pre

cipitates appear in the fusion zone along with rather significant amounts o f  porosity. 

These changes in the fusion zone microstructure are expected to have an effect on the ni

trogen solubility in the weld metal, but there is little change in the magnitude o f  the ni

trogen concentration in each sample.

Typically, the nitrogen solubility in iron is determined by Sieverts’ Law calculations, 

which have been discussed in previous sections. Once nitrogen is absorbed in iron, 

though, it may exist in a variety of forms in equilibrium with the iron phase, as shown in 

the Fe-N equilibrium phase diagram in Figure 2.1. It is similar in many respects to the 

Fe-C system. For example, there are several stable iron-nitride phases present in the 

lower temperature range, and since a eutectoid reaction is present, the presence o f a pear-
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litic phase is expected. Non-equilibrium phases are also observed in the Fe-N system.33'  

37 Little work, though, has been performed on Fe-N martensite when compared with that 

done on the Fe-C martensitic phase. Martensite in the Fe-N system has been observed to 

exist between nitrogen concentration o f  0 to 2.7 wt.% [NJ.. Alloys containing up to 0.7 

wt.% [N] have been observed to be fully martensitic when quenched. As the nitrogen 

concentration is further increased, the alloys contain progressively more retained aus

tenite. At 2.34 wt.% N, the specimen becomes completely austenitic after being 

quenched to 293 K.

At a slower travel speed, needle-like precipitates are observed in the fusion zone. 

These precipitates are assumed to be FeoN, which is a  stable nitride species present in the 

iron-nitrogen phase diagram at approximately 5.77 wt.% [NJ. Previous researchers have 

also observed similar iron nitride phases, which they also identified as Fe4N, in iron weld 

metal exposed to a nitrogen-containing shielding gas.25 FexN phases have nitrogen con

centrations ranging from 5.77 to greater than 11.0 wt.% [N], as shown in Table 2.1 and 

the available thermodynamic data is included in Table 4.12. As shown in this table, no 

available thermodynamic data for the formation o f FejN could be located. This phase is 

typically observed on iron surfaces and is formed by the interaction between ammonia 

(NH3) gas and solid iron.39 These common iron nitrides, such as Fe4N and FegN, though, 

form only during cooling or exposure to nitrogen containing gases at temperatures in the 

vicinity o f 673 to 773 K. Neither iron nitride phase is stable at elevated temperatures or 

at lower nitrogen partial pressures. For example, Fe4N is not stable at elevated tempera

tures until PN2 reaches 100 to 10000 atm. and becomes stable at lower temperatures and 

nitrogen partial pressures between 10 to 100 atm.8*40"42

When these nitride phases are present in the weld pool, there is a  change in the nitro

gen solubility from that calculated using Sieverts’ Law. The temperature dependence for 

the solubility o f  nitrogen in a-Fe with the presence o f nitrides is defined by the following 

two relationships when considering the presence of Fe4N and FegN, respectively:27

ln[N(wt.%)]Fc4N = _ ! i ! !  + l .09 (4.12)
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Table 4.12. Summary o f values o f  free energies o f formation at 298 K for iron nitride
phases.

Nitride
Phase

A H f
(cal/mol)

A G f
(cal/mol)

S°
(cal/K-mol)

oc p
(cal/K-mol)

References

FezN -900 2600 24.2 16.8 38

FesN — — — — —

F&jN -2550 890 37.3 29.3 38

Fe8N -2700 2100 — — 27
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ln[N(wt«/.)]FegN = - l i p + 2. SI (4.13)

Figure 4.3 5 shows the nitrogen solubility in a-Fe with the presence o f these nitrides.27 

The nitrogen solubility with the presence of secondary nitride phases far exceeds 

Sieverts’ Law calculations. In fact, the presence of these nitrides allows nitrogen con

centrations well in excess o f 1000 ppm to exist in the iron sample. Therefore, much like 

the presence of martensite or retained austenite, the presence o f these nitride phases in the 

weld metal affects the nitrogen solubility in the solid phase. More nitrogen can reside in 

the solid than dictated by Sieverts’ Law calculations.

In addition to these various microstructural features in the fusion zone, the presence 

o f porosity is also an important consideration. Porosity formation in the weld metal is 

based on the nitrogen solubility in both liquid and solid iron. Nitrogen solubility is much 

greater in liquid iron than in solid iron. In the Fe-N system, the thermodynamic solubility 

limit is determined by the nitrogen solubility in liquid iron, which is approximately 450 

ppm at 1873 K and 1 atm. N2-5'7 I f  the concentration o f  nitrogen in solution in the weld 

metal exceeds this limit, nitrogen gas is desorbed from the liquid metal, either as diatomic 

or monatomic nitrogen and porosity is formed in the weld metal. This evolution of nitro

gen is supported by the formation o f blowholes and pores in the weld metal. The weld 

metal nitrogen concentration is thus primarily controlled by the evolution o f nitrogen 

during the cooling o f the weld metal.

There is a connection between the microstructure o f the weld metal, the presence of 

porosity, and the measured nitrogen concentration in the fusion zone. The microstruc

tures present in the weld metal and the absence or presence o f  porosity are measures o f 

the final measured nitrogen concentration. Thermodynamic limits for the maximum con

centration o f nitrogen in liquid iron are established by the formation o f nitride com

pounds or by the nucleation o f  gas bubbles. With the presence o f  second phases in the 

weld metal, the nitrogen solubility changes from that calculated using the Sieverts’ Law 

basis for nitrogen saturation.
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Figure 4.35. Change in the nitrogen solubility with the presence o f nitride phases in a
Fe.27
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4.4 OVERVIEW

Other GTA welding experiments similar to those discussed here have been reported 

by Kuwana and Kokawa,2 who also performed GTA welding experiments on pure iron 

with an Ar-Ni shielding gas. The base metal chemistry and a summary o f their experi

mental parameters are shown in Table 4.13. In their welding experiments, these authors 

used a higher power input and slower travel speed than any used here. Nevertheless, 

their results are very similar to those observed in these experiments. Figure 4.36 shows a  

summary o f the GTA welding experiments performed here along with results from Ku

wana and Kokawa.2 There is a generally small increase in the nitrogen concentrations 

observed in the weld metal with further nitrogen additions to the shielding gas. These 

nitrogen concentrations, though, are similar in magnitude, regardless o f the choice o f 

welding speed or input power.

Even though similar nitrogen concentrations are observed in each weld sample, the 

weld metal displays significantly different characteristics. These weld metal characteris

tics are dependent on the choice o f welding parameters. For example, changes in travel 

speed produce significantly different microstructures, ranging from those containing 

various non-equilibrium microstructures to others containing needle-like precipitates. 

Variations in these microstructural characteristics also alter the nitrogen solubility in the 

solid iron. The appearance of the weld metal microstructure is also not uniform, with dif

ferent locations in the weld pool displaying different microstructures. Since the forma

tion of iron nitrides and these other microstructural features are solid state processes, they 

do not influence the dissolution o f nitrogen into the iron weld metal and appears to be not 

particularly important to this study. On the other hand, the nitrogen concentration in the 

fusion zone is dependent on all these reactions.

In addition to the various weld metal microstructures, the appearance o f porosity in 

the weld line also occurs with changes in the welding parameters. Blowholes and poros

ity present in the weld metal are voids created by gas trapped in the weld metal and have 

been directly related to gas absorption in the weld metal. The presence or absence o f po

rosity in the weld metal also seems to be connected to the choice o f  welding parameters. 

As observed in  these experiments, significant porosity appears in the weld line at a
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Table 4.13. Experimental Welding Parameters in Kuwana and Kokawa study.2

W elding Parameters

Arc Current (A) 5 0 -300

Arc Voltage (V) 13 — 31

Travel Speed (mm/sec) 0 .83 -5 .0

Electrode Diameter (mm) 3.2 (W -2% Th)

Total Pressure 0 —1.0 atm.

Shielding Gas Compositions* N2 Gas System

N2 —Ar (Gas Mixture)

N2 -  He (Gas Mixture)

N2 - H 2 (Gas Mixture)

Base Metal Chemistry (wt.%) 99.8974 Fe 0.004 C

0.006 Mn 0.003 P

0.005 S 0.007 Si

0.003 A1 0.04 Cr

0.018 Ni 0.0026 [N]

0.0090 [O] 0.005 Mo

* Nitrogen partial pressure varies between 0 and 1 atm.
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slower travel speed and with higher nitrogen additions to the shielding gas. On the other 

hand, no porosity is present at a more rapid travel speed with these same nitrogen addi

tions to the shielding gas. In both casesr though, a  similar nitrogen concentration is ob

served in the weld metal.

Therefore, a  connection between the choice o f  welding parameters, the measured ni

trogen concentration in the weld metal, the resulting microstructure, and the formation o f  

porosity appears to exist. The nitrogen concentration in the weld pool is dependent on 

the absorption and desorption of nitrogen from the liquid and solid portions o f  the weld- 

ment and the solidification and solid state phase transformations occurring in the weld 

metal. Weld metal cooling rates are thus primary driving forces behind the final proper

ties o f the weldment. Since only the travel speed has been altered in these experiments, 

the weld metal cooling rates have been altered.

Nevertheless, the final nitrogen concentrations are all very similar in magnitude, thus 

leading to the conclusion that the nitrogen present in the weld metal is determined at the 

time o f solidification of the weld pool. Therefore, the nitrogen concentrations are de

pendent on the supply of monatomic nitrogen from the plasma phase above the weld 

pool, the absorption of this monatomic nitrogen on the weld pool surface, and the trans

port o f nitrogen throughout the weld pool interior. These factors are not easily deter

mined experimentally but are more effectively calculated using mathematical modeling 

techniques. A greater knowledge o f the heat transfer and fluid flow in the weld pool 

during welding operations is thus necessary in order to determine both the cooling cycles 

experienced by the weld metal and the fluid flow properties dictating nitrogen transport 

in the weld pool.
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Chapter 5

MATHEMATICAL MODELING OF NITROGEN DISSOLUTION
IN GTA WELDING

5.1 BACKGROUND

Heat transfer and fluid flow processes contribute significantly to the development o f  

weld metal properties.1-2 Mathematical modeling has been used to understand the mag

nitude and effects o f the fluid flow and heat transfer in the weld pool.3-4 Through these 

calculations, convection is considered the dominant driving force for liquid flow in the 

weld pool during arc welding and is driven in varying degrees by the surface tension gra

dient at the weld pool surface, otherwise known as the Marangoni force, the buoyancy 

force, and electromagnetic forces. Mathematical modeling has also been used to under

stand complex physical phenomena related to welding.5' 10 Several of these phenomena 

include the prediction o f  microstructures in C-Mn steels,5-6 the growth and dissolution o f 

oxide inclusions during the submerged metal arc (SMA) welding o f low alloy steels,7 the 

role of sulfur in affecting weld pool size and shape during the laser spot welding o f  tool 

steels,8-9 and the vaporization o f volatile alloying elements in stainless steels during laser 

welding.10

The dissolution o f  nitrogen from the plasma phase above the weld pool into the liquid 

metal at the weld pool surface is another of these complex physical processes. It is typi

cally characterized by a  competition between the absorption o f monatomic nitrogen at the 

weld pool surface and the desorption of diatomic nitrogen gas from the solidified weld 

metal outside the arc column.11' 14 The dominant role o f monatomic nitrogen in the nitro

gen absorption reaction has long been recognized,15' 18 and several models have been de

veloped.15-16 These models provide a qualitative basis for understanding the principal 

role o f the plasma phase in this reaction. Since fluid flow and heat transfer processes 

significantly impact on the properties of the weld metal surface and interior, there should 

be a similar effect on the nitrogen dissolution reaction.
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A mathematical model to calculate the nitrogen concentration, in the weld pool has 

been developed. This model is based on the absorption o f monatomic nitrogen from the 

plasma phase onto the weld pool surface and its subsequent transport into the weld pool 

interior. The amount o f monatomic nitrogen present in the plasma phase above the weld 

pool is calculated using the methodology described in Chapter 3. Once this monatomic 

nitrogen partial pressure is known, the amount o f nitrogen absorbed on the metal surface 

can be calculated using the surface temperatures determined by the heat transfer and fluid 

flow models. Nitrogen absorbed on the weld pool surface is then transported to the weld 

pool interior by the vigorous fluid flows present within the weld pool provide a signifi

cant convective component to the transport o f  nitrogen. The validity o f this model has 

also been tested by comparing the modeling results with previously discussed experi

mental results from a  series o f (GTA) welding experiments.

5.2 MATHEMATICAL FORMULATION

5.2.1 Governing Equations

The governing equations for spot welding conditions, or conditions defined by a sta

tionary heat source, have been defined elsewhere.19-21 During typical arc welding opera

tions, though, the heat source moves at a constant velocity. Therefore, modifications 

must be made to the governing equations to account for this movement o f  the heat source, 

primarily in the coordinate system used to solve these equations. Previous researchers 

have formulated these governing equations in a fixed coordinate system (x,y,z), such as 

in a Lagrangian solution scheme.22,22 However, the welding problem becomes unsteady, 

and the solution o f  the equations o f  conservation o f mass, momentum, and energy re

quires a large number of grids to accurately represent the moving heat source and the 

spatial variation of the heat flux. A small time step is also necessary to ensure accuracy 

and stability o f  the solution, making computation time very large and the solution proce

dure rather burdensome.

On the other hand, these problems can be avoided if  the coordinate system is attached 

to the heat source and moves with it, such as in an Eulerian solution scheme. In this sys

tem. which is schematically shown in Figure 5.1, the heat source and the molten metal
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under it are fixed in space, and the material enters and leaves the computational domain 

at the welding velocity.24,25 The governing equations for the conservation of mass, mo

mentum, energy, and the nitrogen concentration in the weld pool are formulated for a  co

ordinate system (£, y, z, t) attached to the moving heat source 26 Under these conditions, 

the problem becomes steady state in a short period of time after the start o f welding, thus 

making the solution much easier by decreasing computation time and the number o f  grids 

required significantly.

5.2.1.1 Momentum Equation in Moving Coordinate System (C. v. z)

Given the moving heat source and the coordinate system used here, there are several 

velocity components to be taken into account. Specifically, there is both a convective 

velocity and the velocity o f  the moving heat source. In order to treat the convective ve

locity as the primary unknown in  the governing equations, the net velocity (V ') is de

fined with respect to the frame attached to the heat source and is expressed in the fol

lowing relationship:

V '= V  + U (5.1)

where the V is the convective velocity term and U is the welding velocity. Using Equa

tion (5.1), the steady state versions o f  the modified governing equations can be derived 

with V as the primary unknown velocity. Based on this formulation, the final forms of 

the equations are shown below. The continuity equation is shown in Equation (5.2):

V •(pV> = 0 (5.2)

where p is the density.

The general momentum equation is shown in the following equation:

^ (p V )+ V « (p V V )= -V P  + pV .(V V )+S+Se-p  -V *(pU V ) (5.3)
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where t is the time, p. is the viscosity, P is the effective pressure, S is the source term, 

which takes into account both the buoyancy (Fb) and electromagnetic forces (Fe), Se-p is 

the source term which modifies the momentum equation in the mushy zone, and U, V, 

and V ' are velocity components described above..

Each component o f the source term present in Equation (5.3) is defined individually. 

First, the buoyancy force, Fb, is the natural convection effect and is defined in the fol

lowing equation:

where p is the density, g is the acceleration due to gravity, p is the thermal expansion co

efficient, and Tref is an arbitrarily defined temperature. The force due to Marangoni con

vection is introduced in the form o f boundary conditions for the u and v momentum 

equations and is discussed in a subsequent section.

Since an electric arc is used as the power source, electromagnetically driven flow is 

caused by the interaction between the divergent current path in the weld pool and the 

magnetic field. The interaction between the divergent current path in the weld pool and 

the magnetic field it creates gives rise to electromagnetically driven flow in the pool. 

The electromagnetic force, Fe, is given by the following relationship:

where J  is the current density vector and B is the magnetic flux vector. The electromag

netic field in the workpiece is defined by the steady-state version o f  Maxwell’s equations 

using the MHD approximation.2*26*27 The definitions for J  and B are defined below:

Fb =PgP(T -T ref) (5.4)

Fe = J x  B (5-5)

J  = <yeE (5.6)
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B =  M-mH (5-7)

where <rc is the electrical conductivity, E  is the electric field vector, H is the magnetic 

field vector, and fim is the magnetic permeability. Since the heat source is considered axi- 

symmetric, the electromagnetic force is incorporated as part o f the source term, S, de

fined in the governing equation for the conservation of momentum.

5.2.1.2 E n e r g y  Equation 

When solving for the conservation o f energy during the arc welding process, the total 

enthalpy is considered rather than the temperature in order to account for phase changes 

in the material. The total enthalpy o f the material, H, is shown in the following relation

ship:

Both the total and sensible enthalpy are assumed to vary linearly with the temperature. 

Figure 5.2 shows the calculated linear relationship between the temperature and the en

thalpy. In this figure, Ts is the solidus temperature and Ti is the liquidus temperature. 

The latent heat content, AH = F(T), is assumed to vary linearly with temperature.26’28

H = h + AH (5.8)

h = fCpdT (5.9)

where h is the sensible heat, Cp is the specific heat, and AH is the latent heat content.

F(T) = L T > T i (5.10)

(5.11)

F(T) = 0 T < T S (5.12)
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Figure 5.2. Summary o f enthalpy-temperature relationship used in the calculations for 
heat transfer and fluid flow.
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Based on this relationship for the total enthalpy, the conservation o f  energy equation 

is thus given by the following relationship:

where k is the thermal conductivity and S is the source term. The source term accounts 

for the latent heat o f melting and the convective transport of latent heat in the two-phase 

region or mushy zone and is further defined by the following relationship:

where the last term  in this equation, V  •  (pUVH), represents the latent heat exchange due 

to the phase change occurring at the pool boundaries due to the movement o f the heat 

source. Since pure iron is being considered here, there is no two-phase region or mushy 

zone present mushy. The fraction liquid to be considered is either zero or one. and the 

liquidus and solidus temperatures are the same.

5.2.1.3 Conservation of Nitrogen Equations 

Nitrogen is introduced into the weldment through the absorption of monatomic nitro

gen from the plasma phase present into the weld pool surface. It is then transported to the 

weld pool interior through both convective and diffusive processes and can potentially 

diffuse into the base metal. The conservation o f the nitrogen concentration in the weld 

metal is defined by the following relation:21

^ (p h )  +  V . (p Vh) = V « { ^ - V h ) -  V .  (pV AH)— V •  (pUAH)

- V . ( p U h ) - :|(p A H )+ S (5.13)

S = -[V •  (pVAH)+V. (pUAH)] (5-14)

^ (p C )+  V • (pVC) =  V« (pD V C )-  V .  (pUC) (5 .1 5 )
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where C is the nitrogen, concentration and D is the nitrogen diffusion coefficient in iron.

The diffusion coefficient for nitrogen diffusion in both the solid (a , y, and 5) and liq

uid iron phases is defined in the following relationship.

where D0 is the diffusivity of nitrogen (cm2/sec), Eo is the activation energy for diffusion 

(cal/mol), R is the ideal gas constant (1.987 cal/mol-K), and T is the temperature (K). 

The diffusion coefficient depends primarily on temperature, and the values for Dc and Eo, 

shown in Table 5.1 .vary for each iron phase.30-34

Several studies have been performed on the diffusion of iron in solid iron phases. 

From these studies, empirical relationships describing the diffusion behavior in the solid 

iron phase have been developed. For example, the following empirical relationship de

scribes the diffusion coefficient for nitrogen in  bcc iron:30

where D is the diffusion coefficient (cm2/sec) and T is the temperature (K).

Nitrogen diffusion occurs within the liquid weld pool, across the interface between 

the weld pool and the solid base metal, and throughout the solid base metal. There is a 

significant difference in the nitrogen diffusion behavior in liquid and solid iron phases. 

Diffusion coefficients for nitrogen in solid iron are many orders o f  magnitude less than 

that for nitrogen in liquid iron, which is typically assumed to be constant and not depend

ent on temperature.33'34 As the temperature is further decreased, the nitrogen diffusion 

coefficient in solid iron significantly decreases. In this model, nitrogen diffusion within 

the base metal over the time frame o f welding is assumed to be negligible, except be

tween the liquid iron and the base metal adjacent to the weld pool, which is primarily 

composed o f  5-Fe. Therefore, the nitrogen diffusion coefficient is not

(5.16)

(5.17)
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Table 5.1. Summary o f nitrogen diffusion constants in a , y, 5, and liquid iron phases.33-34

Iron Phase Tem perature 
Range (K) D (cm2/sec) D0 (cm2/sec) E

(kcal/mol) Reference

a 273 - 1184 — 7.80x1 O^ 18.9

y 1185- 1662 --- 0.91 40.26 33

5 1663-1810 --- 7.80x10'3 18.9 33

Liquid >1811 0.00011 --- — 33,34
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allowed to go any lower than a value o f 2.666x10‘5 cm2/sec. which is the equivalent o f 

the nitrogen diffusion coefficient in 8-Fe at the S - y transition.

5.2.1.4 Effects o f  Turbulence in the Weld Pool 

The equations described above are based on the assumption of laminar flow in the 

weld pool. On the other hand, presence o f  turbulence in the fluid flow within the weld 

pool can provide a significant enhancement to the mass transport properties. For exam

ple, the role o f turbulence in enhancing the heat transfer in the weld pool has been ex

amined by previous researchers.35 Elements o f the K-e model for the calculation o f tur

bulent fluid flow and heat transfer in the weld pool are also included in this model to cal

culate the turbulent fluid flow and heat transfer. The effects of turbulence on the fluid 

flow and heat transfer in the weld pool have been included in this model through the use 

of effective viscosity and thermal conductivity values. The effective viscosity and ther

mal conductivity are expressed in the following relations.

P e f F = P t + P (5-18)

k eff = k t + k (5.19)

where p*fr and k«ff are the effective viscosity and thermal conductivity, respectively, pt 

and kt are the turbulence values, and p and k are the molecular values.

CnpK2
P t =  — ------- (5.20)

where Cn is an empirical constant, K is the turbulent kinetic energy, and e is the dissipa

tion rate of turbulent kinetic energy. In this case, the value for turbulent viscosity is de

fined by the application o f  an enhancement factor to  the value for the molecular viscosity

(P)-
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The turbulent thermal conductivity is related to the turbulent viscosity by the turbu

lent Prandtl number, Prt.

Prt = ^ 1  = 0.9 (5.21)
K

To simulate turbulent conditions in the weld pool, the value o f the Prandtl number is 

set equal to 0.9. Based on this relationship, the value for the turbulent thermal conduc

tivity is determined. Table 5.2 includes these turbulent values along with the other ther- 

mophyscial properties used in these calculations.

Similarly, the effect o f turbulence in the weld pool on the transport o f  nitrogen in the 

weld pool is also considered. Turbulence in the weld pool is considered here to further 

enhance the mixing and transport o f nitrogen in the weld pool. Previous studies have 

shown that the enhancement caused by turbulence can be taken into account by applying 

an enhancement factor to the thermophysical properties. A similar concept has not been 

applied to mass transport in the weld pool. Therefore, an enhancement factor has been 

applied to the diffusion coefficient o f nitrogen in liquid iron.

5.2.2 Solution Procedure

A control-volume-based computational method developed elsewhere26 has been used 

here to solve the governing equations defined above. In the solution scheme, these gov

erning equations are represented in a finite difference form and solved iteratively on a 

line-by-line basis utilizing a Tri-Diagonal Matrix Algorithm (TDMA). The Semi- 

Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm has been employed 

for the discretization o f the equations. COMPACT-3D, available from Innovative Re

search, Inc., has been used to solve these governing equations. It Is a general-purpose 

program for the calculation o f fluid flow, heat and mass transfer, chemical reaction, tur

bulence, and related processes in three-dimensional situations. In order to solve for each 

o f these different flow conditions, the program utilizes the solution o f  a  general equation, 

which is shown below:36
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(5.22)

where p is the density, <j> is the dependent variable to be solved, F  is considered the diffu

sion coefficient, and S is the source term. The general equation contains basically four 

terms: the unsteady term, the convection term, the diffusion term, and the source term. 

The dependent variable can stand fo ra  variety of physical quantities, and the choice o f <f> 

gives appropriate meaning to both F  and S. In order to solve specific situations, such as 

heat transfer and fluid flow in the weld pool, a separate adaptation scheme has been de

veloped.

In the development o f  the governing equations tailored for this adaptation, the value 

o f r  can be defined for conservation o f momentum, energy, and nitrogen concentration, 

respectively, using the following equations:

where v is the viscosity o f the liquid metal. K is the thermal conductivity, Cp is the spe

cific heat, p is the density, and D is the dififusivity.

In the solution procedure, the solution o f the governing equations for momentum and 

energy are decoupled from the solution of the equation o f conservation of nitrogen con

centration. During arc welding, the weld pool geometry reaches steady-state conditions 

in a very short time after the start o f  welding. This condition allows the transient terms 

from the governing equations to be removed and the steady state versions of the govern

ing equations for conservation o f  mass, momentum, and energy to be solved. Without

T = v for transport o f momentum (5.23)

r  = —  for transport of heat
Lp

(5.24)

r  = pD for transport of nitrogen concentration (5.25)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



297

any time dependence for the solution o f the temperature and velocity in the weld pool, a 

great deal o f computational effort is saved. On the other hand, the nitrogen concentration 

calculations are time dependent. Therefore, the fully transient, three-dimensional form of 

the governing equation for the conservation o f  nitrogen concentration is solved separately 

from the steady state temperature and velocity fields. The residual nitrogen concentration 

in each weld line is determined by summing the mass o f nitrogen across the weld pool 

cross section at the point in time at which the weld line is solidified.

In order to solve for these specific conditions^ the thermophysical properties for pure 

iron are placed in the adaptation routine to be solved by COMPACT 3-D. Table 5.2 lists 

the thermophysical properties used in these calculations.34'37'39 The values shown in this 

table have been taken from a number o f standard references for pure liquid and solid iron 

phases and form the basis for the ensuing calculations.

5.2.3 Grid Generation

The grid system used in this model is based on the equations given below, which are 

described in one dimension but can be applied in all three dimensions. Figure 5.3 shows 

a schematic diagram of the components o f the grid system used here. Locations for the 

solution o f scalar quantities, defined by <(> in the Equation (5.18), and the velocity compo

nents are specifically defined in the figure. These velocity components are solved at the 

center o f each control volume, defined by the locations of the solution o f  the scalar quan

tities at each comer.

The equations below, in which XU(I) is the location o f the u-velocity component in 

the x direction, describe the grid system shown in Figure 5.3 in one dimension:36

ifn>0 (526)

(5.27)
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Table 5.2. Summary of the thennophysical properties used in the calculations described
here.3337'39

Material Property Value References
Density of Liquid Metal (gm/cm3) 7.20 33
Liquidus Temperature (K) 1811 33
Solidus Temperatue (K) 1811 33
Viscosity of Liquid (gm/cm-sec) 0.06 37
Thermal Conductivity o f  Solid Iron 

(cal/cm-sec-K) -0.05 37

Thermal Conductivity o f Liquid Iron 
(cal/cm-sec-K) 0.2 37

Specific Heat of Solid Iron 
(cal/gm-K) 0.168 33

Specific Heat o f Liquid Iron 
(cal/gm-K) 0.193 37

Enthalpy of Solid Iron at Melting 
Point (cal/gm) 250.76 38

Enthalpy of Liquid Iron at Melting 
Point (cal/gm) 314.76 38

Temperature Coefficient o f Surface 
Tension (dynes/cm-K) -0.43 39

Coefficient o f Thermal Expansion 
(1/K) 1 x 10'5 37
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C ontrol Volume Scalar Value, <j> 

Velocity Value

Control Volum e for 
v-velocity Control V olum e for 

u-velocity

Figure 5.3. Schematic diagram  of g rid  scheme used in these calculations.
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where XL is the domain length in the x direction, LI is the number o f  grid points. (Ll -2) 

is the number o f  control volumes, and n is an exponent.

A non-uniform grid has been used in this calculation scheme to account lor the large 

temperature gradients commonly present in welding operations. When the exponent, n. is 

positive, the grid is finer near the left boundary and progressively coarser toward the right 

boundary, where it is nearly uniform. For a negative exponent, n . the opposite is the 

case. The same methodology applies in both the y and z directions in the Cartesian coor

dinate system used here. This grid system has dimensions o f  96 grids in the x direction, 

25 grids in the y direction, and 26 grids in the z  direction. Using this grid system, the 

enthalpies, velocities, and the nitrogen concentration are solved- Since such a large num

ber of grids are used here and are of inconsistent uniformity, the grid system is divided 

into zones, 16 in the x direction along the direction of scanning, 6 in the y direction, and 

6 in the z  direction This grid system allows for finer grids to be used in the region under 

the heat source and to become coarser in other regions.

5.2.4 Boundary Conditions

Boundary conditions for the solution o f the equations o f  conservation o f  mass, mo

mentum, energy, and nitrogen concentration are defined primarily along the plane o f 

symmetry and the top surface. Since the steady state temperature and velocity fields in 

the weld pool are solved prior to the time dependent nitrogen concentrations, different 

sets of boundary conditions are thus required for each solution set. The boundary condi

tions for the solution o f  the equations for the conservation o f  mass, momentum, and en

ergy are shown in Figure 5.4. In this figure, the y = 0 plane represents a plane of sym

metry which runs longitudinally along the center o f the weld line. This choice o f geome

try allows these equations to be solved for only half the workpiece, thus saving signifi

cant computational time and effort.
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5.2.4.1 Momentum Equations 

The initial and boundary conditions for the entire geometry are shown in Figure 5.4. 

In the solid portion o f the weldment, all velocities, u, v, and w are set equal to zero, and 

the initial temperature is set at 298 K. In the liquid region o f the weldment, the boundary 

conditions are further refined, especially at the top surface and along the axis o f symme

try. The weld pool surface defined by this top surface is first considered to be flat, and 

the flow o f liquid out o f  the face is not permitted. Boundary conditions along the plane 

of symmetry are defined by a zero flux o f  the u  and w components o f velocity, shown in 

Equations (5.24) and (5.25), as well as a v component of velocity set equal to zero.

Fluid flow in the weld pool is primarily driven by the surface tension on the weld 

pool surface, which is characterized by large temperature gradients. A shear stress, also 

known as a Marangoni stress, is produced as a result of this temperature variation on the

where y is the surface tension, is the temperature coefficient o f  surface tension, and

VT is the temperature gradient.

Similar conditions are assumed at the top surface, (z = 0). Specifically, the flux of the 

u and v velocity components are defined in the following relationships:

3u—  = 0 
d y

(5-28)

(5.29)

weld pool surface,1*2 and is defined by an effective tangential stress, t, in the following 

relationship:

(5.30)
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du dy 
^  dz dx

(5.31)

dv dy 
^ d z  dy

(5-32)

where p is the viscosity and y is the surface tension o f the liquid iron. The z-component

of velocity, w, at this location is also defined to be zero.

5.2.4.2 Energy Equation 

In the gas tungsten arc (GTA) welding process, energy is supplied by the electrode 

and transferred to the weld metal over a rather short distance. Boundary conditions for 

the solution o f  the equation o f conservation of energy are shown along with those for the 

conservation of momentum in Figure 5.4. In this figure, heat transfer from the arc to the 

weld metal 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 following relationship:

where Q is the power input, which is the product of current and voltage, r| is the process 

efficiency or the percentage o f energy absorbed during GTA welding, rb is the arc radius, 

and C and y are the distances in the welding and the width direction, respectively, from 

the origin o f the arc in the coordinate system attached to the heat source.

Knowledge of the process efficiency is an important consideration in the calculation 

of heat transfer and fluid flow in the weld pool. During arc welding, there is an imperfect 

transfer o f  energy from the electrode to the weld pool surface. Previous studies have in

vestigated the efficiency o f various welding processes using calorimetry.40 In general,

(5-33)
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the maximum efficiency o f  the GTA welding process has been measured to be approxi

mately 80%. In this case, near optimal conditions are assumed, and the process effi

ciency is set at a value o f  75%.

As discussed in a previous section, the equation for the conservation o f  energy is 

solved in terms o f  enthalpy rather than temperature. When discussing the boundary con

ditions for the solution o f the energy equation, though, it is much easier to use tempera

ture rather than enthalpy. During the solution, these temperatures can be easily converted 

to enthalpies. 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. Heat transfer in the liq

uid metal portion o f the weldment on the top surface is defined by the following relation

ship:

+ J r  (5.34)
07.

where k is the thermal conductivity, Jc is the conductive heat loss, and Jr is the radiative 

heat loss. On the axis o f symmetry, the temperature gradient is set to zero, as shown in 

the following relationship.

f - 0  (5.35)
dy

S.2.4.3 Conservation o f Nitrogen Concentration 

Initial and boundary conditions used in the solution of the equation o f the conserva

tion of nitrogen concentration are summarized in Figure 5.5. An initial nitrogen concen

tration o f 20 ppm, which is the initial nitrogen concentration in the base metal used in the 

experiments, is assumed on each face and throughout the weldment. Nitrogen is intro

duced into the weldment only at the top surface and, specifically, in the liquid weld metal 

underneath the heat source. In this location, the resulting nitrogen concentration in the 

liquid metal is based on the absorption o f monatomic nitrogen at the calculated surface
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temperatures. The relationships shown below define both the prevalent reaction and the 

relation used to solve for the nitrogen concentration in the weld pool at this location.

N (g)->  (K](ppm) (5.36)

(5.37)

where [N] is the nitrogen concentration, Pn (atm.) is the monatomic nitrogen partial pres

sure, AGN(g) (cal/mol) is the free energy relationship for the reaction in Equation (5.36), 

T (K) is the temperature, and R is the ideal gas constant (1.987 cal/mol-K).41'45 Table 5.3 

lists the free energy relationships for the nitrogen absorption reactions. The monatomic 

nitrogen partial pressure used here is defined by the electron temperature distribution 

above the weld pool and calculated using the methodology presented in Chapter 3.

In the region outside the arc column, diatomic nitrogen species are the dominant 

players in the nitrogen absorption reaction and the nitrogen dissociation reaction is mini

mal. Therefore, the following relations define both the reaction for the absorption of 

diatomic nitrogen on the solid iron surface and the relation used to calculate the nitrogen 

concentration here:

where PN2 is the diatomic nitrogen partial pressure (atm), AGN2(g) (cal/mol) is the free

energy relationship for the reaction in (5.38), which is shown in Table 5.3. In this region, 

the diatomic nitrogen partial pressure outside the arc column is determined using the re-

o

2 n 2 (g) —* Q^Xppm ) (5.38)

(5.39)
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Table 5.3. Summary of free energies used in nitrogen absorption reactions. 17.4 1-43.45

Reaction Phase Free Enerev 
fcal/moll

T em perature 
Ranee (K) Reference

4  N 2 (g) N(g) Gas 86596.0 -15 .659 T 273-1811 42

N (g)—>N (wt.%) Liquid -85736.0+21.405T >1811 41.42,45
N (g)—>N (wt.%) Solid-5 -83476.4+17.689T 1663-1810 42,43
N (g)->N (wt.%) Solid - y -84536.0+24.599T 1185-1662 42,45
N (g)—>N (wt.%) Solid - a -83476.4+17.689T 273- 1184 42,43

2 N2(g) -+H(wt.%) Liquid 860.0+5.71T >1811 42,45

l N 2(g) -> H(wt.%) Solid-8 3119.6+2.03T 1663 - 1810 42,43

2 N2(g) -+H(wt.%) Solid - y -2060+8.94T 1185 - 1662 17,42
i N 2(g) ->£(w t.% ) Solid - a 3119.6+2.03T 273- 1184 42,43
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lation for the thermal dissociation o f  the diatomic nitrogen. Both the dissociation reac

tion and the relation used to solve for the diatomic nitrogen partial pressure are defined
below:

2*N2(g) -*■ N(g) (5.40)

Pn ,  = - / N , v l (5.41)

where AG is the fiee energy for the nitrogen dissociation reaction shown in Equation 

(5.35) and is further defined in Table 5.3.

Nitrogen concentrations calculated on the weld pool surface are not allowed to exceed 

a given saturation level.t6*18 This value is defined by Sieverts’ Law for the surface tem

perature and a  nitrogen partial pressure o f 1 atm. For example, the saturation level o f ni

trogen in liquid iron at a temperature o f 1600°C and a total pressure o f  1 atm is approxi

mately 450 ppm. The absorbed nitrogen is then transported to the weld pool interior by 

convective and diffusive processes. Along the plane o f symmetry, the nitrogen concen

tration gradient (dc/dy) is zero. Nitrogen concentrations at locations away from the 

sample surface and the weld pool are prescribed to be equal to the initial nitrogen con

centration o f the base metal ([N] = 20 ppm).

5.3 RESULTS OF MODELING CALCULATIONS

5.3.1 Temperature and Velocity Calculations

The GTA welding o f pure iron samples has been studied for the welding parameters 

summarized in Table 5.4. In this study, the effect o f  a change in the travel speed has 

been primarily studied. Table 5.4 also summarizes the key output data for each welding 

condition, ranging from the calculated weld pool dimensions to the peak temperature and 

the maximum fluid flow velocities. These values are based on the calculation o f the 

steady-state temperature and velocity fields in the weld pool, and they display several key
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Table 5.4. Summary o f  welding parameters and output data from these calculations.

Condition # t Condition #2

Arc Current (A) 150 150

Arc Voltage (V) 25 25

Travel Speed (cm/sec) 0.846 0.423

Process Efficiency (rj) 80 80

Heat Input Rate 
(cal/sec)

285.5 285.5

Heat Output Rate 
(cal/sec)

-281.1 -285.5

Ratio
(Heat In/Heat Out)

-0.9845 -0.9998

Peak Temperature (K) 2377 2551

Maximum Velocities 
(cm/sec)

Umax 6.38 10.59

VMAX 8.25 12.26

WMAX 1.05 1.66

Weld Pool Depth (cm) 0.07742 0.1212

Weld Pool Width (cm) 0.7345 1.0223

Number of Grids 62400 62400
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differences with changes in the welding parameters. For example, a  decrease in the travel 

speed produces a weld pool both deeper and wider and containing higher temperatures 

and velocity fields than those observed at the more rapid travel speed.

Many of these values, though, cannot be verified by the accompanying experiments. 

On the other hand, the experimental weld pool width and depth can be easily compared 

with calculated results, as shown in Table 5.5. An aspect ratio, defined as the width to 

depth ratio, is computed for each condition and provides a measure o f the general weld 

pool shape in each condition. In each case, the calculated weld pool dimensions gener

ally correspond with those measured in the experimental pools. A comparison o f  the cal

culated and experimental aspect ratios show the weld pools to be similarly shaped, even 

though the calculated weld pools tend to be wider. An examination o f the calculated 

weld pool cross sections provides an explanation.

Results of the steady state calculations for heat transfer and fluid flow in the weld 

pool are shown in three dimensions in Figures 5.6 and 5.7. Only half the weld pool, cut 

along the axis o f symmetry, is shown in each figure. It is much easier to understand how 

the temperature and velocity fields determine the shape and size o f the weld pool by 

analyzing these figures. Weld pool cross sections, showing both the calculated tempera

ture and velocity fields for each set of welding parameters, are compared with the ex

perimental cross sections in Figures 5.8(a&b) for each welding condition. In each case, 

the calculated temperature and velocity fields display similar characteristics, even though 

the values vary in magnitude, and are comparable with the respective experimental cross 

section. These temperature and velocity fields form the basis for calculating the resulting 

nitrogen concentrations in the weld pool and will be applied to the following calculations.

5.3.2 Electron Temperature and Monatomic Nitrogen Partial Pressure Calculations

As explained in previous chapters, nitrogen absorption during arc welding is charac

terized by a series o f complex interactions between the plasma phase and the weld metal. 

For example, the nitrogen concentration on the weld pool surface is based, in part, pn the 

amount o f  monatomic nitrogen present above the weld pool. Monatomic nitrogen is the
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Table 5.5. Comparison between modeled and experimental weld pool dimensions,

Width (cm) Depth (cm) — —
Depth

Experimental Calculated Experimental Calculated Experimental Calculated

Condition #1 0,55 0.65 0,09 0,08 6.11 8,12

Condition #2 0,7 1.02 0.13 0.12 5.38 8,5
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Figure 5.6, Three-dimensional diagram showing modeling results for both temperature and fluid flow fields in the weld 
pool for a travel speed of 0,847 cm/sec,

Z 
(cm

)



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

0.2 N

X (cm)

Temperature (K)

5 cm/sec
1811 1900 2000 2100 2200 2300 2400 2500 2550 2575

Figure 5.7. Three-dimensional diagram showing modeling results for both temperature and fluid flow fields in the weld
pool for a travel speed o f 0.423 cm/sec.
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Figure 5.8(a&b). Comparison of calculated temperature and velocity fields along the cross section o f the weld line with the corre
sponding experimental weld pool cross sections for a travel speed of (a) 0,847 cm/sec and (b) 0,423 cm/sec.
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dominant species in the nitrogen dissolution reaction during arc welding11'1416*18 and 

originates from the plasma phase in the arc column above the weld pool surface. The 

partial pressure o f monatomic nitrogen above the weld pool is determined by the electron 

temperature distribution in this region. Therefore, the relationship between the electron 

temperature, the monatomic nitrogen partial pressure, and the nitrogen concentration on 

the sample surface is investigated here.

Previous researchers have both measured and calculated the electron temperatures 

present in the plasma phase at various locations in the arc column.46*52 Temperatures in  

the plasma phase tend to range from approximately 3000 to 20000 K  across the arc col

umn, w ith higher temperatures near the electrode and lower temperatures near the weld 

pool surface. As the weld pool surface is approached, though, the characteristics o f the 

plasma phase in the arc column significantly change, and a dark: space, as shown in Fig

ure 5.9(a), is observed directly adjacent to the weld pool surface. Whereas the plasma 

phase present in  the arc column is assumed to be in local thermodynamic equilibrium  

(L TE ), there are substantial deviations from LTE and significant temperature gradients 

across this dark space. Given these conditions and that the actual size o f this boundary 

layer is unknown, straightforward approximations for this region are difficult.

Since the electrode acts as the cathode and the weld pool as the anode in the GTA 

welding arc, the dark space can be equated to an anode boundary region. This region has 

been previously modeled5"* and divided into different regions, as shown in Figure 5.9(b). 

The size o f this entire layer, L , is assumed to be slightly larger than both the electron 

mean free path, X& and the Debye length, Xp, which is a measure o f the sheath distance 

caused by the charge cloud surrounding the anode. In most cases, these distances equate 

to lengths on the order o f tens to hundreds o f microns. Such a small distance makes it is 

very difficult to measure or accurately calculate the electron temperature or the ensuing 

monatomic nitrogen partial pressure directly above the weld pool surface.

Temperatures within this boundary layer are expected to be significantly less than 

those found in the arc column and approach those on the weld pool surface. Monatomic 

nitrogen partial pressures have been calculated in a temperature range typical o f that as

sumed to exist in this region and are shown in Figure 5.10 for several A r-N * gas mixtures.
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Figure 5.9(a&b). Schematic diagram showing the structure o f the dark region between the equilibrium plasma phase in 
the arc column and the weld pool surface.53
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Figure 5.10. Graph showing dramatic changes in monatomic nitrogen partial pressures 
with rather small changes in the electron temperature. The electron temperature range 
shown in this figure matches those temperatures similar to those found in the anode 
boundary layer.
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Even though only a narrow temperature range is shown here, monatomic nitrogen partial 

pressures vary by up to five orders o f magnitude. Therefore, even a small variation in  the 

temperature directly above the weld pool can significantly affect the amount o f mona

tomic nitrogen available to take part in the nitrogen dissolution reaction. This significant 

variation in the monatomic nitrogen partial pressure makes the calculation o f the nitrogen 

concentration on the weld pool surface even more difficult.

A  steep monatomic nitrogen partial pressure dependence and a lack o f knowledge o f 

the electron temperature adjacent to the weld pool surface further complicate the under

standing o f the nitrogen dissolution reaction. Since the location o f the plasma phase and 

the electron temperatures adjacent to the weld pool surface play important roles, the 

plasma phase is assumed to cover the entire weld pool surface and changes with the size 

of the weld pool. The electron temperatures vary across the weld pool surface with a 

maximum electron temperature directly under the heat source and a minimum value at 

the solid-liquid interface. Outside the arc column and the liquid metal region, the elec

tron temperature above the base metal is equal to the surface temperature.

Since the difference between the maximum and minimum electron temperatures 

across the weld pool surface are not known, variations of250°C  and 500°C are assumed 

to exist. Several sets o f minimum and maximum electron temperatures, ranging from  

4000 to 2500 K, are shown in Table 5.6 with their accompanying monatomic nitrogen 

partial pressures. The electron temperature is assumed to vary linearly as a function o f 

the weld pool surface temperature between the maximum electron temperature at the 

weld pool center and the minimum electron temperature at the liquid-solid interface. The 

resulting electron temperature distributions for each set o f welding parameters are shown 

in Figure 5.1 l(a -d ) and 5.12(a-d), respectively, for several electron temperature distribu

tions.

These electron temperature distributions are thus used as the basis for calculating the 

monatomic nitrogen partial pressures above the weld pool surface. Monatomic nitrogen 

partial pressures distributions are similar to those for the electron temperatures over the 

weld pool. For example, a maximum monatomic nitrogen partial pressure is assumed to 

exist directly under the heat source, and a minimum value exists at the solid-liquid inter-
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Table 5.6. Summary o f electron temperature and monatomic nitrogen partial pressure (Pn) distributions.

Electron Temperatures

Maximum Minimum
5% N2 10% N 2 15% N2 20% Nj

Pn Max 
(atm.)

PN Min 
(atm.)

Pn Max 
(atm.)

PN Min 
(atm.)

Pn Max 
(atm.)

pNMin
(atm.)

Pn Max 
(atm.)

Pn Min 
(atm.)

250 K. Difference
3500 K 3250 K 1,209x10'5 3,364x10° 2,417x10° 6.728x10° 3,626x10° 1,009x10° 4,834x10° 1.346x10°
3250 K 3000 K 3.364x10'** 7,576x10'* 6,728x10° 1,516x10° 1.009x10° 2,274x10’6 1,346x10° 3,032x10°
3000 K 2750 K 7.576x10’7 l,305xl0'7 1.516x10° 2.61 lxlO’7 2.274x10° 3.916xl0'7 3,032x10° 5.222x10°
2750 K 2500 K 1,305x10*' 1.586x10'* 2.61 lxlO'7 3.172x10° 3.9l6xl0*7 4,757x10° 5.222x107 6,343x10*

500 K Difference
4000 K 3500 K 9.692x10° 1,209x10-i 1.938x1 O'* 2,417x10'5 2,907x10° 3,626x10° 3.877x10° 4.834x10°
3500 K 3000 K 1,209x10° 7.576x10'7 2.417x10° 1,516x10° 3,626x10° 2.274x10° 4.834x10° 3,032x10°
3250 K 2750 K 3,364x1 O'6 1.305x10'7 6,728x10° 2,61 lxlO'7 1.009x10° 3,916xl0'7 1.346x10° 5,222x10'7
3000 K 2500 K 7,576x10'7 1.586x1 O’8 1,516x10° 3.172x10° 2.274x10° 4,757x10° 3.032x10° 6.343x10°
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Figure 5.11 (a-d). Electron temperature distributions for differences 
source and the edge of the weld pool for maximum electron tempen 
a travel speed of 0.847 cm/sec, All temperatures are in degrees Kelvin. 320
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Figure 5.12(a-dV Electron temperature distributions for differences in electron temperature o f 250 K between the center of the heat 
source and the edge of the weld pool for maximum electron temperatures o f (a)3500 K, (b) 3250 K, (c) 3000 K, and (d) 2750 K for 
a travel speed of 0.423 cm/sec, All temperatures are in degrees Kelvin. u>
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face. In general, the monatomic nitrogen partial pressures, shown in Table 5.6, vary by a 

factor o f between 5 and 10. Outside the arc column, the monatomic nitrogen partial pres

sure is determined by the nitrogen dissociation reaction in Equation (5.40) and the free 

energy data shown in Table 5.3 at the sample temperature.

Between its maximum value at the weld pool center and its minimum value at the liq

uid-solid interface, the monatomic nitrogen partial pressure varies linearly as a function 

o f the electron temperature. Examples o f these monatomic nitrogen partial pressure dis

tributions across the weld pool surface are plotted in Figures 5.13(a-d) to 5.16(a-d) for 

each set o f welding parameters, respectively. Figures 5.13(a-d) and Figures 5.14(a-d) 

show monatomic nitrogen partial pressure distributions for several electron temperature 

distributions at each travel speed. As the electron temperatures above the weld pool are 

increased, the monatomic nitrogen partial pressures increase. In each case, there is little 

to no difference between these partial pressure distributions and those observed at the 

more rapid travel speed.

The effect o f changes in the amount o f nitrogen added to the shielding gas on the 

monatomic nitrogen partial pressure distribution is shown in Figures 5.15(a-d) and 

5.16(a-d) for each set o f welding parameters. As more nitrogen is added to the shielding 

gas, the monatomic nitrogen partial pressures above the weld pool surface increase. With 

small nitrogen additions to the shielding gas, the monatomic nitrogen partial pressure 

displays a rather steep variation across the weld pool surface. A t higher nitrogen addi

tions, though, the monatomic nitrogen partial pressure distribution becomes less steep, 

and the monatomic nitrogen partial pressures are greater in magnitude.

At these electron temperatures, the monatomic nitrogen partial pressures across the 

liquid metal surface are several orders o f magnitude larger than the monatomic nitrogen 

partial pressure at atmospheric pressure and a temperature o f 1873 K . Previous research

ers have also noted the enhanced levels o f monatomic nitrogen above the weld pool and 

the role they play in enhancing the nitrogen concentration in the weld pool. In  this case, 

these monatomic nitrogen partial pressures form the basis for the calculation o f the nitro

gen concentration on both the weld pool surface and throughout its interior.
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Figure 5.13(a-d). Monatomic nitrogen partial pressure (atm.) distribution calculations based on the electron temperature distribu- 
tions used above with a difference o f 250°C between the center o f the heat source and the edge of the weld pool for maximum 
electron temperatures of (a) 3500 K, (b) 3250 K, (c) 3000 K, and (d) 2750 K for a travel speed of 0.847 cm/sec with a 10% N2 ad
dition to the shielding gas,
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Figure 5.14(a-d). Monatomic nitrogen partial pressure (atm,) distribution calculations based on the electron temperature distribu
tions used above with a difference of 250°C between the center o f the heat source and the edge o f the weld pool for maximum 
electron temperatures o f (a) 3500 K, (b) 3250 K, (c) 3000 K, and (d) 2750 K for a travel speed o f 0.423 cm/sec with a 10% N2 ad
dition to the shielding gas.
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Figure 5.15(a-d). Monatomic nitrogen partial pressure (atm,) distribution calculations for an electron temperature distribution be
tween 3250 and 3000 K for nitrogen additions to the shielding gas o f (a) 5%, (b) 10%, (c) 15%, and (d) 20% for a travel speed of 
0,847 cm/sec.
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5.3.3 Nitrogen Surface Concentrations 

Nitrogen concentrations on the weld pool surface are calculated by combining the 

monatomic nitrogen partial pressures with the temperature distribution on the weld pool 

surface. The temperature distributions on the weld pool surface for the welding parame

ters examined here have been calculated in a previous section and as shown in Figures 

5.17(a&b). Peak temperatures vary between 2377 K  at a travel speed o f 0.847 cm/sec 

and 2551 K at a travel speed o f 0.423 cm/sec. Even though the magnitudes o f the tem

peratures across the weld pool surface and the weld pool dimensions are different there 

is little difference in the general shape o f the temperature distribution.

The thermal histories experienced by the weld pool can then be calculated. Figures 

5.18(a&b) show the computed thermal profiles along the weld centerline for each weld

ing condition. A  summary o f important variables, such as the cooling rate and the time 

the weld pool remains liquid, is included in Table 5.7. According to these calculations, 

the weld pool remains molten one second at the more rapid travel speed and for nearly 

three seconds at the less rapid travel speed.

Nitrogen concentrations on the weld pool surface have thus been calculated based on 

both the monatomic nitrogen partial pressure and the calculated surface temperatures for 

each travel speed. Figures 5.19(a-d) and 5.20(a-d) show the calculated nitrogen concen

tration distributions on the weld pool surface for several electron temperature gradients at 

each travel speed. The calculated nitrogen concentrations on the weld pool surface have 

similar appearances, even with changes in the electron temperature distribution, at a con

stant travel speed. For example, an electron temperature distribution between 3250 and 

3000 K. at a travel speed o f 0.847 cm/sec, as shown in Figure 5.19(b), produces nitrogen 

concentrations, which are a minimum at the weld pool center and increase to the nitrogen 

saturation levels at the weld pool periphery. As the electron temperature is increased, a 

greater area o f the weld pool surface reaches the nitrogen saturation levels. When the 

travel speed is decreased, as shown in Figures 5.20(a-d), a similar behavior is observed in 

the nitrogen concentration distribution. On the other hand, a smaller proportion o f the 

weld pool surface reaches nitrogen saturation for the electron temperature distributions 

analyzed.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



328

0.4
0.3
0.2

28000.1 700
0

4.754.5 5.255 5.755.5
X (cm)

Ca)

0.5

B  0 ,4
^  0.3

>* 0.2

0.1

4.754.5 5.25 5.5 5.75
X (cm)
(b)

Figure 5.17fa&bi. Temperature profiles on the weld pool surface for a travel speed o f (a) 
0.847 cm/sec and (b) 0.423 cm/sec. A ll temperatures are in degrees Kelvin.
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Figure 5.18(a&b). Calculated thermal cycle on the weld pool surface at the weld center- 
line for a travel speed o f (a) 0.847 cm/sec and (b) 0.423 cm/sec.
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Table 5.7. Summary o f calculated cooling rates based on the thermal cycles from each 
set o f welding parameters.

Condition#! Condition #2
Maximum Temperature 
in Weld Pool (K ) 2377 2551

Time Weld M etal is 
Liquid (sec) L I2 2.99

Cooling Rate in Liquid 
Metal Region (K/sec) 725.60 352.40

Time for Thennal Cycle 
to pass between 1073 to 
773 K  (sec)

0.65 1.40

Cooling Rate in 1073 to 
773 K Region (K/sec) 416.70 200.00
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Figure 5.19(a-d). Nitrogen concentration (ppm) distributions calculated based on the monatomic nitrogen partial pressure and 
electron temperature distributions across the weld pool surface with a difference o f 250°C between the center o f  the heat source and 
the edge o f the weld pool for maximum electron temperatures o f (a)3500 K, (b) 3250 K, (c) 3000 K, and (d) 2750 K for a travel 
speed of 0.847 cm/sec with a 10% N2 addition to the shielding gas.
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Figure 5.20(a-d). Nitrogen concentration (ppm) distributions calculated based on the monatomic nitrogen partial pressure and 
electron temperature distributions across the weld pool surface with a difference of 250°C between the center o f the heat source and 
the edge o f the weld pool for maximum electron temperatures o f (a)3500 K, (b) 3250 K, (c) 3000 K, and (d) 2750 K for a travel 
speed o f 0.423 cm/sec with a 10% N2 addition to the shielding gas,
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Nitrogen concentration distributions on the weld pool surface change at lower elec

tron temperatures. Figure 5.21(a-d) and 5.22(a-d) show the nitrogen surface concentra

tion distributions for each welding condition, respectively, for several nitrogen additions 

to the shielding gas with electron temperatures between 2500 and 2750 K . A t no nitrogen 

addition do the nitrogen concentrations on the weld pool surface reach the nitrogen satu

ration levels, but the nitrogen concentrations increase as more nitrogen is added to the 

shielding gas. At these electron temperatures, the monatomic nitrogen partial pressures 

are much lower, resulting in lower nitrogen concentrations on the weld pool surface. 

Once nitrogen additions to the shielding gas reach 20%, monatomic nitrogen partial pres

sures become significant enough to produce nitrogen concentrations on the weld pool sur

face which approach the nitrogen saturation values.

In each case, the nitrogen concentrations tend to follow the monatomic nitrogen solu

bility behavior described in previous sections. This solubility behavior is primarily de

fined by a significant decrease in the nitrogen solubility with an increase in temperature. 

For example, the weld pool center, with the highest surface temperatures, displays the 

lowest nitrogen concentrations, and the weld pool periphery, which has the lowest surface 

temperatures, displays the highest nitrogen concentrations. These nitrogen concentra

tions have little  dependence on the monatomic nitrogen partial pressures considered here, 

since the lowest nitrogen concentrations are observed in regions with the highest mona

tomic nitrogen partial pressures.

5.3.4 Nitrogen Transport Mechanism

These nitrogen concentration distributions on the weld pool surface act as a source o f 

nitrogen to the interior o f the fusion zone and play a preeminent role in determining the 

resulting nitrogen concentration. Nitrogen absorbed at the weld pool surface is trans

ported to the weld pool interior by either diffusion or convection driven processes. The 

dominant transport process can be determined in qualitative terms using a dimensionless 

number. The Peclet number for mass transfer1,2 has been previously used to determine 

this dominant transport process and gives meaning to the role o f convection as compared
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Figure 5.21(a-d). Nitrogen concentration (ppm) distributions calculated based on an electron temperature distribution between 
2750 and 2500 K above the weld pool surface s 
shielding gas at a travel speed of 0,847 cm/sec.
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to diffusion, in transporting nitrogen throughout the weld pool. It is defined in the fol

lowing relationship.

Pem = '% i: (5.42)

where Vmax is the maximum fluid flow velocity in the weld pool (cm), L is the depth o f 

the weld pool (cm), and D is the diffusivity o f nitrogen in the liquid iron (0.00011 

cm2/sec) in  the weld pool.3334 I f  the calculated Peclet number is significantly less than 

one, diffusion is the dominant transport mechanism: At values much greater than one, 

convection becomes the dominant transport mechanism. A  summary o f the Peclet num

ber calculations for each welding condition is shown in Table 5.8. For both welding con

ditions, the Peclet number is very large (» 1 ), indicating that the Peclet number calcula

tions. the dominant transport mechanism in the weld pool is considered to be convection.

5.3.5 Nitrogen Concentration Distribution in the Weld Pool Interior 

5.3.5.1 Role o f Electron Temperature Distribution

These calculated nitrogen concentrations on the weld pool surface are now combined 

with the calculated temperature and fluid flow  fields to calculate the nitrogen concentra

tion distribution in the weld pool. Knowledge o f the fluid flow is important, since prior 

to weld metal solidification, nitrogen is transported through the weld pool interior by liq

uid flow, which, in turn, determines the final nitrogen concentration distribution. The 

calculation o f the nitrogen concentrations in the weld pool is performed in a transient, 

three-dimensional manner. Examples o f the results o f these calculations are shown in 

Figures 5.23 and 5.24, respectively, for each travel speed. In each figure, the transient 

nitrogen concentrations are superimposed on the steady state weld pool shape. An indi

cation o f how the nitrogen concentration varies in the weld pool, up to solidification, is 

thus given. These calculations, therefore, provide the basis for the following discussion.

The time dependent nature o f the nitrogen concentration distribution in the weld pool 

has been further examined by determining the effects o f changes in the electron tempera-
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Table 5.8. Summary o f Peclet number calculations for each welding set o f welding pa
rameters.

C ondition#! Condition #2
Maximum Velocity 

(cm/sec)
Umax 638 10.59
Vmax 8.25 12.26
wmax 1.05 - 1.66

Depth o f Weld Pool (cm) 0.08 0.12
W idth o f Weld Pool (cm) 0.73 1 02
Diffusivity (cm2/sec) 0.00011 0.00011
Peclet Number 5806 13508
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tures above the weld pool and the nitrogen additions to the shielding gas. Figures 5.25(a- 

d) to 5.28(a-d) show the evolution o f the nitrogen concentration distribution in the weld 

pool at several points in time leading up to weld pool solidification. Nitrogen pick-up in 

the weld pool is rapid, and the evolution o f the nitrogen concentration distribution is af

fected by the fluid flow  patterns in the weld pool up to the time o f weld pool solidifica

tion. A  change in the electron temperatures above the weld pool significantly affects the 

nitrogen concentration distribution in the weld pool. At electron temperatures between 

3250 and 3000 K , nitrogen concentrations in  the weld pool interior vary spatially across 

the weld pool width and depth at the time o f solidification. On the other hand, electron 

temperatures between 2750 and 2500 K  produce rather homogeneous nitrogen concen

trations, due to the low monatomic nitrogen partial pressures present above the weld 

pool.

in general, the nitrogen concentration distributions closely follow the calculated fluid 

flow fields in the weld pool. Areas o f highest nitrogen concentration correspond to re

gions where the liquid metal has been transported from the weld pool surface. On the 

other hand, areas with lower nitrogen concentrations correspond to those where the con

tinuous supply o f material to the weld pool surface is low, such as in the lower comers o f 

the weld pool away from the centerline. As time increases, the nitrogen concentrations 

further increase both in the center o f the weld pool and at the outer edges. Upon solidifi

cation, the nitrogen is trapped in place, given the rapid thermal cycles experienced by the 

solidified weld metal and the rather slow diffusion speed o f nitrogen in solid iron. By the 

time the weld pool solidifies, the nitrogen concentrations are highest in the weld pool 

center and decrease as the liquid-metal interface is approached.

The effects o f several electron temperature distributions on the nitrogen concentration 

distributions at the time o f solidification are shown in Figures 5.29(a-d) and 5.30(a-d), 

respectively, for each travel speed with a constant nitrogen addition to the shielding gas. 

In each case, the nitrogen concentrations vary spatially across both the width and depth of 

the weld pool, but decrease in magnitude with decreasing electron temperatures. A t the 

lowest electron temperatures, between 2750 and 2500 K , the nitrogen concentrations in 

the weld pool are nearly homogenous.
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Figures 5.31(a-d) and 5.32(a-d) show the effects o f changes in the nitrogen addition 

to the shielding gas at electron temperatures between 2750 and 2500 K at each travel 

speed. With increasing nitrogen additions to the shielding gas, both the monatomic ni

trogen partial pressure above the weld pool and the nitrogen concentrations in the weld 

pool increase. These increased nitrogen concentrations correspond to increases in the 

nitrogen concentrations on the weld pool surface. Therefore, a  relationship between the 

monatomic nitrogen partial pressure above the weld pool, the nitrogen concentration on 

the weld pool surface, and the nitrogen concentration in the weld pool interior can be as

sumed.

The overall nitrogen concentration in the weld pool is calculated by the integration o f  

the nitrogen concentration across the weld pool cross section at a point in time after 

which the liquid metal in the weld pool has solidified. Table 5.9 and Figures 5.33 and 

5.34 compare the experimental and calculated nitrogen concentrations in the fusion zone 

for each travel speed with several electron temperature distributions and nitrogen addi

tions to the shielding gas. In general, these calculated nitrogen concentrations are far in 

excess o f Sieverts’ Law calculations and increase with both increasing electron tempera' 

tures and nitrogen additions to the shielding gas. At higher electron temperatures, 

though, the calculated nitrogen concentrations do not increase with increasing nitrogen 

additions to the shielding gas, as shown in each figure for electron temperatures between 

3250 and 3000 K.

These differences in the calculated nitrogen concentrations depend on the nitrogen 

surface concentrations. At high electron temperatures, the nitrogen surface concentra

tions reach saturation. Low electron temperatures, on the other hand, produce nitrogen 

concentrations on the weld pool surface far below nitrogen saturation levels. The weld 

pool can therefore accept more nitrogen, which in this case is supplied by increases in the 

nitrogen addition to the shielding gas. At both travel speeds, though, the calculated ni

trogen concentrations in the weld pool consistently fall below the experimental results.

This disparity between the experimental and modeled results can be explained, in 

part, by the assumptions in the model concerning the nitrogen desorption reaction. In 

these calculations, the nitrogen desorption reaction is assumed to occur at the nitrogen
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Table 5.9, Comparison between experimental and computed nitrogen concentrations in the fusion zone. Calculations are per
formed with several electron temperature distributions above the weld pool and an enhancement factor o f 20,

Calculated Nitrogen Concentration (p pm)
Nitrogen Addition 

to the Shielding
Gas

Experimental
Nitrogen

Concentrations
3500-3250  K 3250 -  3000 K 3000 -  2750 K 2 7 5 0-2500  K

Condition #1

5% N2 382.5 368.6 339.6 214,0 87,1

10% n 2 508 372.1 360.5 289.4 122,1

15% N2 495 372.8 368,1 319.8 154,1

20% N2 600 373,4 371.4 337.3 185,5

Condition #2

5% N2 480.5 386.5 341.8 207.3 93,8

10% n 2 615 399.5 371.6 288,5 132,3

15% N2 716 324.1 385.4 404,1 165.2

20% N2 558.5 346.2 393.0 40^.3 196.6
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Figure 5.33. Comparison between experimental and modeled nitrogen concentrations in 
the weld pool for both high and low assumed electron temperatures above the weld pool 
for a travel speed o f 0.847 cm/sec.
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concentration on the weld pool surface equivalent to the values calculated by Sieverts' 

Law at the surface temperature and a nitrogen partial pressure o f I atm. On the other 

hand, the nitrogen desorption reaction requires a degree o f nitrogen supersaturation in the 

liquid metal in order to occur. The effect o f several levels o f nitrogen supersaturation in 

the weld metal on the resulting nitrogen concentration in the weld metal is examined.

5.3.S.2 Level o f  Nitrogen Sunersaturation in the Wield Pool

The reaction mechanism for the removal o f carbon in solution in the liquid iron is 

shown in Equation (5.43).

[c ]+ [b ]-*C O (g) (5.43)

It has been noted54 that during the decarburization o f iron melts, carbon concentrations 

can be up to 15 times higher than those predicted by equilibrium calculations. The re

moval o f carbon from the melt through the evolution o f CO(g) from liquid iron has been 

found to be dependent upon the availability o f  nucleation sites for bubble formation 

within the melt. As the number of heterogeneous nucleation sites increases, the level o f 

carbon supersaturation in the melt decreases.

When this example is applied to the question o f  the amount o f nitrogen present in the 

weld pool, it  is found that the desorption of the dissolved nitrogen plays an important role 

in determining the nitrogen concentrations in the weld pool. Desorption o f nitrogen can 

also be assumed to occur via bubble formation in the weld pool and is governed by the 

following chemical reaction:

2 (N ]-* N 2(g) (5.44)

In order for these nitrogen bubbles to nucleate, the liquid iron must be supersaturated 

with nitrogen. This level o f supersaturation is not well defined. It depends in part on the 

number of heterogeneous nucleation sites for nitrogen bubbles to form. Given the char
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acteristics o f  the weld pool, there is no shortage o f  such sites. For example, bubbles can 

nucleate on the weld pool surface or at locations along the liquid-solid interface.

The presence o f  nitrogen supersaturation has been considered in the existing model 

for an electron temperature distribution between 3250 and 3000 K. Figures 5.35(a-d) and 

5.36(a-d) show the calculated nitrogen concentrations on the weld pool surface for sev

eral nitrogen supersaturation levels and each set o f welding parameters. As the nitrogen 

supersaturation level is increased, the nitrogen concentrations on the weld pool surface, in 

turn, increase. No change in the nitrogen concentration distribution on the weld pool sur

face is observed with increases in the nitrogen addition to the shielding gas.

The resulting nitrogen concentration distributions across the weld pool cross sections 

have also been calculated. Figures 5.37(a-d) and 5.38(a-d) show these calculated nitro

gen concentration distributions for a nitrogen addition to the shielding gas o f  10% and an 

electron temperature distribution between 3250 and 3000 K and each set o f welding pa

rameters. There is little difference between the general shape of the nitrogen concentra

tion distribution for each welding condition as the level o f  nitrogen supersaturation in the 

melt is increased. On the other hand, the nitrogen concentration levels observed in the 

weld pool interior significantly increase with an increase in the level of nitrogen super- 

saturation.

The nitrogen concentration in the weld pool is determined from these calculated ni

trogen concentration distributions. Table 5.10 lists the calculated nitrogen concentrations 

and the nitrogen concentrations calculated at a nitrogen partial pressure o f 1 atm. and a 

temperature o f 1873 K. for the levels of nitrogen supersaturation discussed in the previous 

two figures. For each nitrogen addition to the shielding gas, the nitrogen concentration in 

the weld pool increases with an increasing level o f nitrogen supersaturation. No change 

in the nitrogen concentration, though, is observed with an increase in the nitrogen addi

tion to the shielding gas.

These calculated values compare favorably with the experimental results, as shown in 

Figures 5.39 and 5.40. In these figures, the experimental results are compared with the 

calculated nitrogen concentrations for several levels o f  nitrogen supersaturation in the 

weld metal for each set of welding parameters, respectively. Unlike previous compari-
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Figure 5.35(a-d). Calculated nitrogen concentrations on the weld pool surface (expressed in ppm) at a travel speed o f 0.847 cm/sec 
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Fieure 5.38(a-d). Calculated nitrogen concentration distributions in the weld pool interior (expressed in ppm) at a travel speed of 
0,423 cm/sec and a 10% N2 addition to the shielding gas for enhancements in the level of nitrogen supersaturation of (a) 1.25, (b)
1,50, (c) 1,75, and (d) 2,00,
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Table 5.10. Summary of calculated nitrogen concentrations for several levels of nitrogen supersaturation with an electron tem
perature distribution between 3250 and 3000 K,

Nitrogen Addition

Enhancement Factor
(N) (ppm) 

(T=1873 K) 5%  Nz 10% Nz 15% Nz 20%  Nz

Welding Condition til
1,00 448 339.6 360,5 368,1 371.4.8
1,25 560 410,2 442,1 454.3 459.9
1.50 672 475.7 520.5 538.3 547.0
1.75 784 536.2 595,6 620,5 632,2
2.00 896 593,1 669,0 700,2 716,1

Welding Condition ti2
1.00 448 341.8 371.6 385.4 393.0
1.25 560 409.5 451.2 471,3 482.2
1.50 672 471,2 527,4 553.8 569.4
1.75 784 528.1 600,8 634.1 654,0
2.00 896 582,5 671,0 711.7 736.1

359



360

s
O h
o -

E xperim en tal R esu lts
2 0 0  r

5 10 15 - 20
Nitrogen Addition (%)

Figure 5.39. Comparison between experimental and calculated nitrogen concentrations 
over a range of nitrogen additions to the shielding gas for several levels o f nitrogen su
persaturation for a travel speed o f  0.847 cm/sec and an electron temperature range be
tween 2750 and 3000 K.
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Figure 5.40. Comparison between experimental and calculated nitrogen concentrations 
over a range o f nitrogen additions to the shielding gas for several levels o f nitrogen su
persaturation for a travel speed o f  0.847 cm/sec and an electron temperature range be
tween 3000 and 3250 K.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



362

sons without a level o f nitrogen supersaturation applied to the calculated results, these 

modeled results fall in the same range o f values as those observed experimentally. In 

most cases, enhancements between 50 and 75% produce nitrogen concentrations on the 

same level as those observed experimentally, regardless o f  the welding parameters. Ad

ditionally, the nitrogen concentration increases with higher additions o f nitrogen to the 

shielding gas for both travel speeds analyzed here, thus following the same general trends 

as the experimental results.

S.3.5.3 Effect O f Changes In The Level o f Turbulence in the Weld Pool 

In the calculations discussed in the previous sections, the presence o f  turbulence in 

the weld pool has been assumed. Little is known, though, about the quantitative role of 

turbulence in the weld pool on the resulting nitrogen concentration distribution. One way 

to take into account this agitated or turbulent fluid flow is to enhance the diffusion coeffi

cient. This concept is based on previous work which took into account the role o f con

vection in the weld pool and its effect on heat transfer by enhancing the thermal conduc

tivity value.35 Changes in the diffusion coefficient may shed further light on the level o f 

turbulence in the weld pool and its effect on the resulting nitrogen concentration.

Calculations have been made with several mass transport enhancement factors for 

each travel speed, nitrogen supersaturation levels between 50 and 75%, and electron tem

peratures between 3250 and 3000 K. Figures 5.41(a-d) and 5.42(a-d) show the final cal

culated nitrogen concentration distributions in the weld pool at each travel speed for sev

eral mass transport enhancement factors with electron temperatures between 3250 and 

3000 K and a nitrogen supersaturation o f 50%. With increases in the enhancement factor, 

nitrogen concentrations increase throughout the weld pool, and especially along the weld 

centerline. Changes in the welding parameters and the nitrogen supersaturation levels do 

not produce any significant changes in the general nitrogen concentration distribution in 

the weld pool under these conditions.

The calculated residual nitrogen concentrations for several diffusion coefficients with 

electron temperatures between 3250 and 3000 K are listed in Tables 5.11 and 5.12 for 

each travel speed and nitrogen supersaturations of 50 and 75%. Figures 5.43 and 5.44
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Figure 5.42(a-d). Summary o f final nitrogen concentration distributions for several mass transport enhancement factors for a travel 
speed o f 0.423 cm/sec and a 10% N2 addition to the shielding gas for electron temperatures ranging from 3250 to 3000 K, (a) I, (b) 
10, (c) 30, and (d) 50. A nitrogen supersaturation level o f 50% is assumed.
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Table 5.11. Summary of mass transport enhancement factors used in the calculation of the nitrogen concentration distribution in 
the weld metal for an electron temperature distribution ranging from 3250 to 3000 K. and a nitrogen supersaturation o f 50%,

Final Nitrogen Concentration (ppm)
Enhancement

Factor
Dis (cmVsec) 5% N2 10% n 2 15% Mi 20% Ni

Condition # J
1 1.100x10° 174.2 204.4 220.9 231.4
5 5,500x1 O'4 342.6 387.2 407.3 418,2
10 1.100x103 414,5 461,6 481,7 492.1
20 2,200x10° 475,7 520,5 538,3 547,0
30 3.300x10° 504.2 545.1 560.3 567,4
40 4.400x10° 520.5 555,8 571.1 577,1
50 5,500x10° 530.9 565.8 577.3 582,4

Condition #2
1 1,10x10° 216,0 264.5 294.0 313,9
5 5,50x10° 371.3 435,1 469,4 490,6
10 1.10x10° 424.7 487,3 518,9 538,0
20 2.20x10° 471,2 527.4 553.8 569,4
30 3,30x10° 497.9 548.2 570,4 583,2
40 4,40x10° 517.1 562,1 581.0 591,5
50 5,50x10° 531,5 572.2 588.3 597,0
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Table 5.12. Summary of mass transport enhancement factors used in the calculation o f the nitrogen concentration distribution in 
the weld metal for an electron temperature distribution ranging from 3250 to 3000 K and a nitrogen supersaturation of 75%.

Final Nitrogen Concentration (ppm)
Enhancement

Factor
Dn (cm2/sec) 5% N2 10% N2 15% N2 20% Nj

Condition HI
1 1.100x10'* 191.0 227,6 248,4 261,1
5 5.500x1 O'4 381.7 438.8 465.9 480.0
10 l.lOOxlO'3 464.4 525.6 553,3 566,9
20 2,200x10’3 536,2 595,6 620.5 632,2
30 3.300x10'3 570.4 625.6 647.3 657,1
40 4.400x10 3 590.4 641.8 660.9 669,1
50 5.500x10’3 603,4 651,6 668,7 675.8

Condition #2
I 1.10x10** 234.5 292.3 326.6 350,9
5 5,50x1 O'4 410,0 489.8 531,1 558,1
10 UOxlO '3 472.3 551,8 590.6 615.0
20 2,20x10'3 528,1 600,8 634.1 654,0
30 3,30xl0'3 561,0 626.9 655.6 671.9
40 4.40x10 3 584,8 644,8 669,5 683,1
50 5,50x1 O'3 602.9 657.8 679.3 690,7
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Figure 5.43. Summary of calculated nitrogen concentrations for a number o f  
enhancement factors fo ra  travel speed of 0.847 cm/sec and 5% and 20% N2 additions to 
the shielding gas and an electron temperature distribution above the weld pool ranging 
from 3250 to 3000 K and a 50% nitrogen supersaturation level.
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Figure 5.44. Summary o f  calculated nitrogen concentrations for a  number o f 
enhancement factors for a travel speed o f 0.423 cm/sec and 5% and 20% Ng additions to 
the shielding gas and an electron temperature distribution above the weld pool ranging 
from 3250 to 3000 K and a 50% nitrogen supersaturation level.
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summarize the calculated nitrogen concentrations in the weld pool as a function o f  the 

enhancement factor for 5% and 20%Ni additions to the shielding gas for each travel 

speed and a  nitrogen supersaturation o f 50%. At each travel speed and level o f  nitrogen 

supersaturation, the effect o f increasing the nitrogen diffusion coefficient on the residual 

nitrogen concentration is the same. The addition o f  more nitrogen to the shielding gas 

has little effect on the calculated nitrogen concentrations over the range o f diffusion coef

ficients. On the other hand, the calculated nitrogen concentrations significantly change 

with higher diffusion coefficients and a constant nitrogen addition to the shielding gas.

A comparison between the calculated and experimental nitrogen concentrations has 

also been made at each travel speed and nitrogen supersaturation level in Figures 

5.45(a&b) and 5.46(a&b). In each case, changes in the nitrogen diffusion coefficient af

fect the resulting residual nitrogen concentration. For example, the nitrogen concentra

tions with no enhancement in the nitrogen diffusion coefficient are significantly lower 

than the experimental results. When the nitrogen diffusion coefficient is enhanced, the 

calculated residual nitrogen concentrations fall in the range o f the experimental results. 

At enhancements o f 10 and above, though, the nitrogen concentrations do not vary as 

significantly and there is little difference in the resulting nitrogen concentrations. Taken 

as a whole, turbulence is an important component in the calculation o f the nitrogen con

centration, but the choice o f  the level o f enhancement in the diffusion coefficient appears 

insignificant, as long as the value is 10 or above.

5.4 OVERVIEW

Nitrogen concentrations in iron and steel weldments exposed to nitrogen-containing 

shielding gases during GTA welding are far in excess of Sieverts’ Law calculations. Any 

significant understanding o f nitrogen dissolution is hindered by the interaction o f a nitro

gen-containing plasma phase with a vigorously circulating weld pool. A model to calcu

late the nitrogen concentration in the weld metal during the GTA welding o f  iron has 

been developed here. This model is based, in part, on the calculation o f the turbulent, 

steady-state velocity and temperature fields in the weld pool, which are determined by the 

solution o f the equations o f  conservation o f  mass, momentum, and energy in three-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



370

700 Experimental 
Results v600

-v  500 £
e- 400

300

200
100

0 155 10 20 25

£
c -
D-

Results

(b)

Figure 5.45(a&b). Comparison between experimental nitrogen concentrations and mod
eled results for several mass transport enhancement factors at electron temperatures be
tween 3250 and 3000 K  for a travel speed o f 0.847 cm/sec and nitrogen supersaturation 
levels o f (a) 50% and (b) 75% greater than the nitrogen equilibrium concentration.
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Figure 5.46('a&b’). Comparison between experimental nitrogen concentrations and mod
eled results for several mass transport enhancement factors at electron temperatures be
tween 3250 and 3000 K for a  travel speed o f 0.423 cm/sec and nitrogen supersaturation 
levels o f  (a) 50% and (b) 75% greater than the nitrogen equilibrium concentration.
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dimensions. Based on these results, nitrogen concentrations in the weld pool can then be 

calculated in a transient manner. The evolution o f nitrogen concentration in the weld 

pool as a function o f time can be then determined, and the residual nitrogen concentration 

in the weld pool is based on the nitrogen concentration distribution in the weld metal at 

the time of solidification.

The calculation o f the nitrogen concentrations in the weld pool are based on the com

bination of calculations involving the plasma phase above the weld pool, the interface 

between the weld pool surface and the plasma phase, and the weldment interior. Mona- 

tomic nitrogen partial pressures are calculated as a function o f the electron temperatures 

in the plasma phase using the calculation methodology discussed in Chapter 3. Charac

teristics o f the plasma phase, such as the electron temperature distribution, control the 

monatomic nitrogen partial pressure above the weld pool. The temperature distribution 

in the plasma phase directly adjacent to the weld pool surface, though, is not well under

stood. Independent experiments have established the existence o f electron temperatures 

between 2500 and 4000 K  above the weld pool surface. These electron temperatures 

dictate the supply o f monatomic nitrogen to the weld pool surface, and, in turn, control, 

along with the weld pool surface temperatures, the nitrogen concentrations on the weld 

pool surface.

Nitrogen concentrations on the weld pool surface are calculated as a function o f both 

the monatomic nitrogen partial pressure and the weld pool surface temperatures. Once 

absorbed at the weld pool surface, nitrogen is then transported to the weldment interior 

predominantly by convection processes. The presence o f turbulence, which is taken into 

account by increasing the nitrogen diffusion coefficient, further enhances the transport o f 

nitrogen. Nitrogen desorption, which occurs via bubble formation at the liquid metal sur

face, is characterized by a supersaturation o f nitrogen in the weld metal and is also con

sidered in this model.

To test the validity o f this model, the modeling results have been compared with the 

results o f several autogeneous GTA welding experiments performed in pure iron. The 

general shape and size o f the experimental and modeled weld pools are similar. Both the 

modeling and experimental results produce nitrogen concentrations between 2.7 and 4.7
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times higher than Sieverts’ Law calculations for a temperature o f 2000 K and nitrogen 

partial pressures between 0.0S and 0.20 atm. When the modeling and experimental re

sults are compared, both results are equivalent in magnitude for a given set o f welding 

parameters and follow  similar trends with changes in the nitrogen addition to the shield

ing gas and the travel speed.

The modeling calculations also display several features, which contribute to these re

sults. Electron temperatures in the plasma phase adjacent to the weld pool in a range 

around 3000 K are found to produce levels o f monatomic nitrogen sufficient to produce 

nitrogen concentrations in the weld pool equivalent to the experimental results. Levels o f 

nitrogen supersaturation, which are between 50 and 75% higher than the equilibrium ni

trogen concentration, are required to produce the nitrogen concentrations equivalent to 

the experimental results. In each o f these calculations, the incorporation o f turbulence in 

the calculations is important to the final results, but changes in the level o f turbulence 

have little effect.
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Chapter 6 

SUMMARY AND CONCLUSIONS

6.1 CURRENT STATE OF THE ART

Weld metal nitrogen concentrations above those predicted by Sieverts' Law are com

monly observed during the arc welding o f iron and steel. A  comprehensive review o f the 

previous work in this area has been compiled here and includes a number o f explanations 

for this behavior. Among these, the absorption o f monatomic nitrogen from the plasma 

phase, which resides above the liquid metal surface, is recognized as the predominant 

mechanism for the introduction o f nitrogen into the liquid metal. Monatomic nitrogen 

species are produced in the plasma phase in greater numbers than those observed in the 

absence o f a plasma phase. The final nitrogen concentration is then determined by the 

simultaneous absorption o f monatomic nitrogen on the weld pool surface and the desorp

tion o f nitrogen from the weldment. Desorption can occur both when the weld metal has 

solidified and at the liquid metal surface.

Overall, the previous work has been rather qualitative in nature and has concentrated 

solely on the interaction between the nitrogen-containing plasma phase and the liquid 

iron. No existing model predicts the nitrogen concentration from only knowledge o f the 

welding parameters, such as the arc current, arc voltage, and nitrogen partial pressure in 

the shielding gas. For example, the two temperature model does not provide an a  p r io r i 

means for predicting the nitrogen concentration in the weld pool and is dependent on the 

choice o f the dissociation temperature. In addition, these models do not account for the 

complexity o f the welding process, including the interaction between the plasma phase 

and the molten metal, the transport of nitrogen in the weld metal considering the vigorous 

fluid flow within the weld pool.

Even though the nitrogen dissolution reaction is very complex, it is affected by events 

taking place in three regions: the plasma phase, the plasma-metal interface, and the liquid 

weld pool. This study has coupled existing knowledge o f each o f these regions in  the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



380

form o f transport phenomena, plasma physics, and thermodynamic calculations into a 

model, which produces realistic nitrogen concentrations in the weld metal. The compila

tion o f this work represents the first comprehensive effort to calculate the nitrogen con

centration in iron during GTA welding as a function o f only the known welding vari

ables. The following sections present the primary aspects o f the model and summarize 

the conclusions o f this study.

6.1.1 Nitrogen in the Plasma Phase

The nature and concentration o f various nitrogen-bearing species in the welding arc 

during GTA welding operations have been determined here. These values are based on 

detailed calculations o f the partition functions for each nitrogen-bearing species. It is 

necessary to calculate these values from fundamentals since the plasma phase tempera

tures are significantly higher than those in metals processing operations, for which the 

current thermodynamic database is catered. Number density calculations show that neu

tral monatomic and diatomic species dominate near the surface o f the weld pool in GTA 

welding arcs. On the other hand, ionic and atomic species dominate away from the weld 

pool surface.

The monatomic nitrogen partial pressures in the plasma are formed at temperatures 

higher than weld pool surface temperatures. These higher electron temperatures produce 

monatomic nitrogen partial pressures high enough to cause dramatic increases in the 

amount o f nitrogen absorbed in the weld metal. For example, at plasma temperatures 

higher than 5000 K , the iron weld pool surface reaches nitrogen saturation at all tem

peratures. This level o f nitrogen saturation is defined as the nitrogen concentration 

Therefore, the temperature difference between the plasma and the weld metal surface 

plays a significant role in the enhanced nitrogen dissolution process.

Along with the calculation o f the various nitrogen species densities in the plasma 

phase, the electron density in the plasma phase is calculated. Knowledge o f the electron 

density is necessary for the determination o f transport properties in the plasma phase. 

The calculations performed here show significant differences in the electron density be

tween an argon and a helium plasma for electron temperatures below approximately
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15000 K . This difference in electron density decreases progressively as the electron tem

perature increases. Additions o f oxygen and nitrogen to pure argon have little  effect on 

the electron density over the range o f temperatures. On the other hand, when oxygen and 

nitrogen are added to pure helium, significant increases in the electron density are ob

served at temperatures below approximately 15000 K.

Additions o f oxygen into a nitrogen-containing plasma, like the addition o f air into 

the welding arc, affect the species density distribution o f nitrogen species in the welding 

arc. W ith the addition of oxygen, the production o f intermediate nitrogen-oxygen spe

cies, such as NO , has been assumed here. Calculations show a significant increase in the 

monatomic nitrogen number density w ith the addition o f oxygen to the shielding gas than 

without this oxygen addition. These calculations therefore provide a conclusive scientific 

basis to explain the experimentally observed enhancement in nitrogen concentrations 

with the addition o f oxygen to the arc.

Emission spectroscopic studies o f glow discharge plasmas containing the same gas 

compositions as those in the above calculations have also been performed. These studies 

provide evidence for the existence o f N O  species in the plasma phase at low temperatures 

and the important role o f dissociation o f diatomic species as the temperature is increased. 

As a whole, these emission spectroscopic studies reinforce the trends in species densities 

calculated here.

6.1.2 Nitrogen in the Weld Metal

A model to calculate the nitrogen concentration in the weld metal during the GTA 

welding o f iron has been developed here. This model is based, in part, on the calculation 

o f the turbulent, steady-state velocity and temperature fields in the weld pool, which are 

determined by the solution o f the equations o f conservation o f mass, momentum, and en

ergy in three-dimensions. Based on these results, nitrogen concentrations in the weld 

pool can then be calculated in a transient manner. The evolution o f nitrogen concentra

tion in the weld pool as a function o f tim e can be then determined, and the residual nitro

gen concentration in the weld pool is based on the nitrogen concentration distribution in 

the weld metal at the time o f solidification.
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The calculation o f the nitrogen concentrations in the weld pool are based on the com

bination o f calculations involving the plasma phase above the weld pool, the interface 

between the weld pool surface and the plasma phase, and the weldment interior. Mona

tomic nitrogen partial pressures are calculated as a function o f the electron temperatures 

in the plasma phase using the calculation methodology discussed in Chapter 3. Nitrogen 

concentrations on the weld pool surface are calculated as a function o f both the mona

tomic nitrogen partial pressure and the weld pool surface temperatures. Once absorbed at 

the weld pool surface, nitrogen is then transported to the weldment interior predomi

nantly by convection processes. The presence o f turbulence, which is taken into account 

by increasing the nitrogen diffusion coefficient, further enhances the transport o f nitro

gen. Nitrogen desorption, which occurs via bubble formation at the liquid metal surface, 

is characterized by a supersaturation o f nitrogen in the weld metal and is also considered 

in this model.

To test the validity o f this model, several autogeneous G TA welding experiments in 

pure iron have been performed at two travel speeds with a number o f nitrogen additions 

to the argon shielding gas. Nitrogen concentrations have also been measured at several 

locations along each weld line and compared with the modeling results. The general 

shape and size of the experimental and modeled weld pools are similar. Both the model

ing and experimental results produce nitrogen concentrations between 2.7 and 4.7 times 

higher than Sieverts’ Law calculations for a temperature o f 2000 K and nitrogen partial 

pressures between 0.05 and 0.20 atm. When the modeling and experimental results are 

compared, both results are equivalent in magnitude for a given set o f welding parameters 

and follow similar trends with changes in the nitrogen addition to the shielding gas and 

the travel speed.

The modeling calculations also display several features, which contribute to these re

sults. Electron temperatures in the plasma phase adjacent to the weld pool in a range 

around 3000 K are found to produce levels o f monatomic nitrogen sufficient to produce 

nitrogen concentrations in the weld pool equivalent to the experimental results. Levels o f 

nitrogen supersaturation, which are between 50 and 75% higher than the equilibrium ni

trogen concentration, are required to produce the nitrogen concentrations equivalent to
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the experimental results. In  each o f these calculations, the incorporation o f turbulence in 

the calculations is important to the final results, but changes in the level o f turbulence 

have little  effect.

6.2 FUTURE WORK

The work performed here represents a significant advancement in the understanding 

o f nitrogen dissolution during the arc welding o f iron and steels. It provides a capability 

not previously available and sheds light on the complex reactions occurring in the weld 

pool during nitrogen dissolution. This work, though, focuses on a rather narrow topic in 

the realm o f arc welding processes and on only a single materials system. On the other 

hand, it provides a firm basis for examining a number o f related reactions occurring dur

ing GTA and other welding processes for a range of materials systems. Several specific 

areas for further research are discussed below.

Number density calculations performed here shed a great deal o f light on the amount 

o f each species present to take part in the nitrogen dissolution reaction. However, the 

calculations are based on a number o f assumptions concerning the electron temperatures 

in the plasma phase. The effect o f changes in the welding parameters on the electron 

temperature distribution in the arc column, especially in the region adjacent to the weld 

pool surface, needs to be better understood. A  better understanding o f the electron tem

perature distribution, using either modeling or experimental techniques, would provide a 

more accurate knowledge o f the monatomic nitrogen partial pressure available to partici

pate in the nitrogen absorption reaction.

A connection between the nitrogen concentration, the microstructure, and the forma

tion o f porosity has been suggested here. Both the microstructural evolution and the for

mation o f porosity are o f significant interest in welding research, yet are not well under

stood in the iron-nitrogen system. Much o f the knowledge gained through this study can 

be applied to develop new models specifically addressing either o f these topics. The de

velopment o f such models would represent significant advancements in the understanding 

o f welding processes.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In this work, the GTA welding process has been chosen because o f its relative sim

plicity in the realm o f gas dissolution reactions. For example, only a single pathway for 

gas dissolution is present during the G TA process. GMA welding is a much more com

plex process with multiple pathways for gas dissolution, ranging from the plasma-weld 

pool interface to the molten electrode in contact with the plasma phase to the drop as it is 

transferred to the liquid metal. Previous studies have shown that the nitrogen concentra

tions are significantly higher during G M A welding than during G TA welding. The ef

fects o f these additional pathways on the amount o f nitrogen present in the weld metal are 

not well understood and must be known in order to-develop a more general quantitative 

understanding o f nitrogen dissolution in these arc welding processes.
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Appendix A 
CALCULATION OF PARTITION FUNCTIONS

A .l PARTI O N FUNCTIONS OF ATO M IC SPECIES

When calculating the species densities in a plasma phase, the values o f the partition 

functions for the individual species must first be determined.1,2 The partition function of 

a given species is the sum of the partition functions associated with each independent en

ergy mode. In  the case o f a monatomic gas, the partition function for each monatomic 

species can be defined as follows:

Z i= Ig e ~ Ei/kT (A .1)

where k is the Boltzmann constant, T  is the absolute temperature, and g is the degree of 

degeneration or statistical weight o f the energy level, Et.

The degree o f degeneration o f an atom, is defined as the number o f different solutions 

for independent wave functions which correspond to a given energy level. The degree of 

degeneration in  an atom is expressed in quantum mechanical terms as the value 21+1, 

where 1 is the quantum number representing the angular momentum component o f that 

energy le v e l/ Values for the various constants unique to the atomic species to be ana

lyzed are available in standard reference sources.4 Table A1 shows the values and units 

required for each o f these constants in the solution o f this relation and other important 

relations to follow . In  addition, Tables A 2 through A6 show the constants for the atomic 

energy levels used in the calculation o f the partition functions for the respective atomic 

and ionic species for nitrogen and oxygen.

A.2 PARTION FUNCTIONS OF M OLECULAR SPECIES

The calculation o f the partition function for a molecule is much more complicated 

than that for an atom because o f its more complicated structure with a greater number of 

energy levels. These various energy levels interact in ways not seen for the case o f an
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Table A.I. Summary o f important constants.

Constant Definition Value
me Rest mass o f an electron 9.11 x 10'Jl kg

k Boltzmann’s Constant 1.38 x I0 'u  J/K 8.62 x  10‘5 eV/K

0.695 cm'1

h Planck’s Constant 6.63 x 10 34 J-sec 4.14 x 10*u eV-sec

c Speed o f Light 3.0 x I0 llj cm/sec
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Table A.2. Summary o f Electronic energy levels4 for nitrogen atoms (N)-

Energy Level 
Designation

J Energy
(cm*)

Degeneracy
(g)

2pJ*S° i A 0 4

2p3 ZD° 2 /2 19224.464 6

1 Y i 19233.177 4

2p3 V 28838.92 2

28839306 4
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Table A.3. Summary o f Electronic energy levels4 for singly charged monatomiic nitro
gen ions (NT).

Energy Level 
Designation

J Energy 
(cm*)

Degeneracy
(g)

2p* JP 0 0 I

1 48.7 3

2 130.8 5

2P2 lD 2 15316.2 5

2p21S 0 32688.8 1

2p3 5S° 2 46784.6 5
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Table A.4. Summary o f Electronic energy levels4 for oxygen atoms (O).

Energy Level 
Designation

J Energy
(cm*1)

Degeneracy
(g)

2p4jP 2 0 5
1 158.265 3

0 226.977 1
2p4 lD 2 15867.862 5
2p4 'S 0 33792.583 1
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Table A.5. Summary o f Electronic energy levels4 for singly charged monatomic oxygen
ions (0 +).

Energy Level 
Designation

J Energy
(cm ')

Degeneracy
(g)

2pJ *S° I/2 0 4

2pi2D° 2 /2 26808 6

1/2 26830.5 4

2p  ̂2P° 1/2 40466.9 4

40468.4 2
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Table A.6. Summary o f  Electronic energy levels4 for doubly charged monatomic oxygen
ions (O**).

Energy Level 
Designation

J Energy 
(cm*)

Degeneracy
(g)

2p" JP 0 0 I
1 113.4 J

2 306.8 5

2pz ‘D 2 20271 5

2pi l S 0 43183.5 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



392

atom. In  general, the internal modes o f energy storage in a molecule are electronic, vi

brational, and rotational. The degree o f degeneration for a given energy level in a mole

cule is also affected by this large number o f energy levels and the interaction between 

them. Therefore, the degree o f degeneration for a molecule is defined in terms o f specific 

energy levels. Molecular states designated n S have degeneracy, gc =  n and a ll other

molecular states ( n 7t,nA,n <J>, etc.) have degeneracy, ge =  2n.1'2

The internal partition function for molecular species is the product o f the partition 

functions relating to the different energy modes characteristic o f the molecule and is de

fined by the following relationship.

where Zci is the electronic partition function, Zv is the vibrational partition function, 

which refers to a harmonic oscillation o f the molecule with a frequency corresponding to 

the distance <oe — 2Xg(oe between the two lowest vibrational levels, Zr is the rotational 

partition function, which refers to a rigid rotator with a moment o f inertia corresponding 

to that o f the zero-point vibration, and Zc is a correction factor taking into account an- 

harmonicity, centrifugal forces, and interaction between vibration and rotation. The 

spectroscopically determined constants for each molecular species are available in stan

dard reference books on molecular spectra. These constants are presented57 in Tables A7 

through A10 for nitrogen and oxygen species.

The electronic partition function for the molecular species, Zej , is defined in the fol

lowing relationship:

where g is the degeneracy, Ao is the energy level in cm h is Planck’s constant, c is the 

speed o f light, and T  is the electron temperature.

(A .2)

Z ei =gexp(—A 0 — ) (A .3)
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Table A.7. Summary o f spectroscopically determined values5 used in calculation o f  par
tition functions for nitrogen molecule, Ni-

x ( * s j a (3x ; ) e (3n j 4 'n J

Ao, (cm '1) 0 49774 59328 68957

(De, (cm"1) 2359.61 1460.4 1732.84 1692.3

Xe coc, (cm"1) 14.445 13.93 14.44 1332

Be, (cm"1) 2.007 1.440 1.643 1.642

a , (cm"1) 0.018 0.013 0.018 0.021

D , (cm"1) 5.77x10"*
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Table A.8. Summary o f spectroscopically determined values5 used in calculation o f par
tition functions for nitrogen molecular ion, N $ ■

x(2z l A (2n,„- b (2 i ; 4 * ^ D(2 n Bi)
Ao, (cm'1) 0 9166.9 25461.4 25467 52318.2

©e, (cm 1) 2207 1903.7 2419.84 2398 907.7

Xc cdc, (cm'1) 16.10 15.02 23.18 14 11.91

Be, (cm*1) 1.93176 1.7444 2.04756 2.071 1.113

a , (cm '1) 0.01881 0.0188 0.024 0.014 0.02

D, (cm '1) 6.10x1 O'* 5.6x10-° 6.17x10^ 5x1 O’1*
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Table A.9. Summary o f spectroscopically determined values5 used in calculation o f par
tition functions for oxygen molecule, Ch-

x (3£ i ) a(lA g) c(* ) A ’(3Au )

Ao, (cm'1) 0 7918.1 13195.1 33057.3 34690

©e, (cm*‘) 1580-19 1483.5 1432.77 794.29 850

Xc © e, (cm*1) 11.38 12.9 14.0 12.736 20

Bc, (cm*1) 1.44563 1.4264 1.40037 0.915 0.96

a , (cm*1) 0.0159 0.0171 0.0182 0.0139 0.026

D, (cm*1) 4.84x10* 4.86x10** 5.35x10* 7.40x10*° 5.55x10*
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Table A. 10. Summary o f spectroscopically determined values5 used in calculation o f
partition functions for oxygen molecular ion, O t  -

X V n g a(4 n o i) A p n J »(4 s ; )

Ao, (cm4) 0 32964 40669.3 49552

©e, (cm4) 1904.77 1035.69 898.25 1196.7

X e © e, ( C m“ ) 16.25 10.39 13.57 17.09

Be, (cm*1) 1.6913 1.1046 1.0617 1.28729

a , (cm*1) 0.01976 0.01575 0.01936 0.02206

D, (cm*1) 5.32x10*° 4.88x10** 5.94x10*° 5.81x10**
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The vibrational partition function for the molecular species. Z v. is defined by the re

lationship in Equation (A4).

Z v = ( l - e _u)"1 (A .4)

where the variable u is defined in the following relationship:

u = hc(o>e - 2 x e» e)
kT

The rotational partition function, Z r , is defined below:

ln Z r = —ln 2 a + y  (A .6)

where the variable <r is defined in the following relationship:

Hc(b c -  f )

kT
(A . 7)

where Be is a constant which accounts for the interaction between vibration and rotation. 

The final correctional partition function, Zc, accounts for the interaction between various 

components o f the molecular energy levels and is defined in the following relationship.

In Z c = ^ -(2 7  +  6yI/2x l/2 + 2 x )+ (3 y -3 Y I/2 x l/2 - 2 x  

+ ^ ( - 3 y + 3 y1/2x i /2 + 5 x j-- ŝ x + y ^ j ( Y - Y l/2x , /2 )+ x  (A .8)

where y  and x are defined in Equations (A .9) and (A . 10).
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BeY = —— ' co,.

x-to,e^ e

(A-9)

(A .10)

The calculation o f internal partition functions, Z„ for both atomic and molecular spe

cies is necessary for the solution o f the Saha-Eggert relation for the ionization reactions 

and for the solution o f the equilibrium constants for the dissociation reactions o f nitrogen 

and oxygen. Figures A1 through A3 display the calculated partition functions for inert 

gases and diatomic and monatomic nitrogen and oxygen species as a function o f tem

perature.
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Figure A. I . Plot o f computed partition functions as a function o f temperature for argon 
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Appendix B

THERMODYNAMIC BASIS FOR DISSOCIATION REACTION
CALCULATIONS

The degree o f dissociation o f a  diatomic gas can be computed with knowledge o f the 

free energy o f both the molecular and atomic species. These values are calculated from 

available spectroscopically determined data, which appear in the form o f  the partition 

functions. The Helmholtz free energy o f  one mole o f an ideal gas is shown in the 

following relationship.1

absolute zero, e is the base o f the natural logarithms (2.71828), v is the volume 

containing the gas, m is the mass o f a  single molecule, and Z, is the internal partition 

function o f the species being analyzed.

The molar free enthalpy, g — uQ, can thus be rewritten in the following forms:1

where R=kNA is the gas constant, M is the molecular weight, and p is the pressure. Using 

the relation in  Equation (B.3), the molar free enthalpy for each species, i.e. the atomic

f —uQ = -kT In - ^ T (27tmkT)3 /2 Z i
N Ah3A

(B.1)

where f  is the Helmholtz free energy o f one mole o f an ideal gas, Uo is the free energy at

g u0 = f - u 0 +pv  = f —u Q + RT (B.2)

^ £- = 4R InT  + | R l n M - R l n p  +

R + RlnZ (B.3)
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and m olecular nitrogen and oxygen, can be calculated and substituted in the following 

equations to determine the equilibrium constant.

Since the dissociation reaction defines the conversion o f one mole o f ideal gaseous Nz 

at a pressure o f  1 atm. to two moles o f  ideal gaseous N at the same pressure, the Gibbs 

free energy can be defined as follows:1

AG° = 2 g ° (N )-g ° (N 2 ) (BA)

where g° represents the molar free energies o f the ideal gases at the standard pressure. 

By substituting the relationships for the Gibbs free energy shown above into the 

definition o f  the reaction constant and taking into account the statistical mechanical 

definitions for the dissociation reaction, the following general relation can be defined.1

logK  = s '( * ;K ( N ,) - 2  s'(N)-,>) (B.5 )

where AU0 is the dissociation energy at absolute zero deduced from  spectroscopic data. 

Values for each free energy term in Equation (B.5), g°( i ) -Uo(i) .  are determined in

Equation (B.3), while the dissociation energy, a u * ,  for nitrogen, oxygen, and other 

diatomic molecules, is an available constant. For example, nitrogen has a dissociation 

energy o f 9.764 eV, and Table B.I summarizes both the ionization and dissociation 

energies for both nitrogen and oxygen and other species o f interest. Figure B.I also 

shows the calculated equilibrium constants for the dissociation o f N2, O2 , and NO as a 

function o f temperature. Once the equilibrium constant is determined, it can be 

substituted into Equation (3.6) for nitrogen and Equation (3.12) for oxygen, and relations 

for the dissociation reactions thus developed.
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Table B .I. Summary o f ionization and dissociation energies for several species of 
interest.

Species in Arc Dissociation Energy (eV) Ionization E nergy (eV)

Ar(g) ------ 15.755

He (g) ------ 24.580

N2 (g) 9.759 15.581

N ------ 14.54

Oz(g) 5.115 12.071

O ------ 13.614

o + ------ 35.146

NO(g) 6.496 9.264
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Figure B.I . Comparison o f the computed equilibrium constants for the dissociation o f 
N2, O2 , and NO expressed by reactions (3.5), (3.12), and (3.28) plotted as a function o f 
temperature.
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Table C .l. Summary of d-spacing and 20 values for ferrite(a-Fe) in the iron system.1

dhkl (A) hkl
2Mo IC , 

a. = 0.7093 A

2.027 110 20.16

1.433 200 28.66

1.170 211 35.29

1.013 220 40.97

0.906 310 46.07

0.826 222 50.76
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Table C.2. Summary o f d-spacing and 20 values for nitrogen austenite (y-Fe) in the iron- 
nitrogen system.2

dhld (A) hid
2 Mo It*. 

X = 0.7093 A

2.058 111 19.85

1.782 200 22.96

1.260 220 32.70

1.075 311 38.54

1.029 222 40.33

0.891 400 46.91

0.818 331 51.41

0.797 420 52.85

0.727 422 58.36

0.686 333 62.27
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Table C .3. Summary o f d-spacing and 20 values for nitrogen martensite (a'-Fe) in the 
iron-nitrogen system.2

dhki (A) hkl
2 Mo 1C,,

X = 0.7093 A
2.026 110 20.17

1.433 200 28.67

1.170 112 35.28

1.013 220 40.97

0.766 321 55.18

0.611 332 70.98

0.478 442 95.92

0.390 552 130.90
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Table C.4. Summary of d-spacing and 20 values for nitrogen Fe4N.3

<hu (A) hkl
2 Mo I t ,, 

k = 0.7093 A
3.790 100 10.74

2.684 110 15.19

2.191 111 18.63

1.897 200 21.55

1.697 210 24.13

1.549 211 26.47

1.342 220 30.65

1.265 300 32.56

1.200 310 34.38

I.I44 311 36.12

1.095 222 37.80

1.053 320 39.37

1.014 321 40.95

0.949 400 43.89
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Table C.5. Sum m ary of d-spacing and 20 values for nitrogen FegN.4

dhki (A) hkl
2 Mo K al 

a . = 0.7093 A

4.232 101 9.62

4.045 110 10.06

3.145 002 12.95

2.860 200 1425

2.483 112 16.43

2.116 202 19.30

2.022 220 2020

1.538 321 26.66

1.239 332 33.26

0.963 442 4324

0.783 552 53.84

0.659 662 65.11
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Table C.6. Summary of d-spacing and 20 values for nitrogen F^N .3

dhiti (A) hid 2 Mo K ctl 
X = 0.7093 A

3.45 101 11.80
2.804 111 14.53
2.404 210 16.97
22.07 002 18.50
2.11 211 1935
1.97 121 20.74

1.697 301 24.13
1.626 212 25.20
1.60 311 25.61
1.457 131 2 8 1 8
1.422 103 28.89
1.385 400 29.68
1.365 113 30.12
1.255 213 32.83
1.206 040 34.21
1.197 420 34.47
1.166 041 35.42
1-104 004 37.48
1.065 332 38.90
1.055 422 3929
1.003 214 41.42

0.9299 423 44.84
0.9103 530 45.86
0.9074 46.02
0.9026 46.28
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Table C.7. Summary of d-spacing and 20 values for nitrogen Fe3N.2

dhu (A) hkl 2 M o K a l 
*. =  0.7093 A

2.38 100 17.14

2.19 002 18.64

2.09 101 19.54

1.61 102 25.45

137 30.01

124 103 3324

1.16 200 35.61

1.14 112 36.25

1.10 004 37.62

1.04 202 39.88

0.92 45.35

0.88 210 47.54

0.86 211 48.71

0.82 212 51.26

0.76 213 55.64
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Table C.8. Summary of peaks observed in the base metal.

26
(degrees)

Intensity
(A.U.)

Phase
I.D.

20.16 100 a-Fe

28.66 76 a-Fe

35.29 100 a-Fe

40.97 33 a-Fe

46.07 37 a-Fe

50.76 5 a-Fe
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Table C.9. Summary o f peaks observed with, pure Ar additions to the shielding gas for all
welding conditions.

W elding Speed = 0.847 cm/sec W elding Sneed = 0.423 cm /sec

29

(degrees)

Intensity

(A.U.)

Phase

ID .

20

(degrees)

Intensity

(A.U.)

Phase

I.P .

20.16 100 a -F e 20.16 100 a-F e

2S.66 43 a-Fe 28.66 26 a-Fe

35.28 59 a'-Fe 28.67 29 a '-F e

35.29 80 a-Fe 3529 86 a-Fe

40.97 30 a-Fe 40.97 20 a-Fe

46.07 31 a-Fe 46.07 21 a-Fe

50.76 4 a-Fe 50.76 6 a-F e

55.18 33 a'-Fe 55.18 29 a '-F e
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Table C. 10. Summary o f peaks observed for several N2 additions to the shielding gas for
a welding speed o f0.847 cm/sec and a 5% N2 addition to the shielding gas.

20

(degrees)

Intensity

(A.U.)

Phase

LD.

18.63 7 Fe*N

19.35 30 FeaN

20.16 100 a  - Fe

28.66 29 a  - Fe

28.67 19 a ' - Fe

28.89 18 Fe2N

35.28 67 a ' - Fe

35.29 70 a - F e

35.42 39 Fe2N

40.97 11 a  - Fe

46.07 17 a - F e

50.76 6 a - F e

55.18 17 a ' - Fe
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Table C. 11. Summary of peaks observed for several N2 additions to the shielding gas for
a welding speed o f0.847 cm/sec and a 10% N? addition to the shielding gas.

26

(degrees)

Intensity

(A.U.)

Phase

LD.

19.35 11 FejN

20.10 81 a'-Fe

20.16 81 a -Fe

20.17 81 a'-Fe

20.20 65 FegN

28.89 20 Fe2N

35.28 49 a'-Fe

35.29 52 a  -Fe

35.61 20 FejN

40.95 21 Fe4N

40.97 18 a-Fe

40.97 19 a '-F e

46.02 23 Fe2N

46.07 25 a  -Fe

46.28 13 Fe2N

50.76 5 a-Fe

55.18 20 a ' - Fe

55.64 6 Fe3N
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Table C.12. Summary of peaks observed for several N2  additions to the shielding gas for
a welding speed o f0.847 cm/sec and a 15% N2 addition to the shielding gas.

26

(degrees)

Intensity

(A.U.)

Phase

I.D.

19.35 25 Fe2N

19.85 58 y-Fe

20.16 80 a-F e

20.20 51 Fe8N

21.55 6 Fe«N

28.66 21 a-F e

30.65 6 Fe4N

35.29 48 a-Fe

35.42 27 Fe2N

35.61 24 FejN

37.80 5 Fe4N

40.97 17 a  - Fe

46.07 17 a  - Fe -

46.28 9 Fe2N

55.18 20 a '-F e

55.64 11 Fe3N
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Table C.13. Summary of peaks observed for several N* additions to the shielding gas for
a welding speed o f0.847 cm/sec and a 20% N2  addition to the shielding gas.

26

(degrees)

Intensity

(A.U.)

Phase

LD.

18.64 6 Fe3N

19.35 31 FeiN

19.54 31 FejN

20.16 27 a-Fe

22.96 7 y-Fe

28.66 10 a-Fe

30.65 6 Fe»N

35.29 21 a-Fe

35.61 10 Fe3N

37.80 8 Fe4N

40.95 8 Fe4N

46.07 11 a Fe

55.18 11 a'-Fe

55.64 6 Fe3N
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Table C.14. Summary of peaks observed for several N2  additions to the shielding gas for
a welding speed o f0.423 cm/sec and a 5% N2 addition to the shielding gas.

26

(degrees)

Intensity

(A.U.)

Phase

I.D.

16.43 13 FegN

20.16 100 a-F e

25.45 4 FejN

28.66 19 a - F e

28.67 19 a '-F e

28.89 11 Fe2N

33.26 3 FegN

35.29 59 a-Fe

35.42 33 Fe2N

40.95 19 Fe4N

40.97 11 a-F e

46.07 28 a-Fe

46.28 14 Fe2N

50.76 4 a-F e

55.18 22 a '-F e

55.64 10 Fe3N
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Table C.15. Sum m ary o f peaks observed for several N2  additions to the shielding gas for
a welding speed o f0.423 cm/sec and a 10% N2 addition to the shielding gas.

26

(degrees)

Intensity

(A.U.)

Phase

I.D.

16.43 12 FegN

18.50 16 FezN

19.54 17 FejN

20.16 100 a-Fe

21.55 6 Fe4N

25.45 4 Fe3N

28.66 28 a-Fe

35.29 77 a-F e

35.42 39 FezN

37.62 6 Fe3N

40.97 13 a-Fe

46.02 25 Fe2N

50.76 6 a-F e

55.64 11 FesN
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Table C.16. Summary o f peaks observed for several N2 additions to the shielding gas for
a welding speed o f0.423 cm/sec and a 15% N2 addition to the shielding gas.

26

(degrees)

Intensity

(A.U.)

Phase

LD.

16.43 6 FegN

20.16 56 a-Fe

28.66 10 a-F e

35.29 35 a-F e

40.95 9 Fe4N

46.07 14 a-F e

46.28 8 Fe2N

50.76 3 a-F e

55.18 11 a '-F e

55.64 6 Fe3N
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Table C.I7. Summary of peaks observed for several N2  additions to the shielding gas for
a welding speed o f0 .4 2 3  cm/sec and a 20%  N 2 addition to the shielding gas.

26

(degrees)

Intensity

(A.U.)

Phase

I.D.

16.43 12 FegN

19.85 26 y-Fe

20.16 29 a-Fe

20.20 14 FegN

20.74 11 Fe2N

35.29 22 a-Fe

35.61 8 FejN

40.95 7 FC4N

46.07 16 a-Fe

46.28 8 Fe2N

55.18 13 a'-Fe

55.64 5 Fe3N
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