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ABSTRACT

The observation of nitrogen concentrations, well above those predicted by Sieverts'
Law, during the arc welding of iron and steel is well established. Several models, based
on the role of monatomic nitrogen and a competition between nitrogen absorption and
desorption, are currently available. This work represents the first comprehensive effort to
combine knowledge of the plasma phase, the plasma-metal interaction, and the transport
of nitrogen in the weldment in a single model to determine the nitrogen concentration in
iron during gas tungsten arc (GTA) welding.

The development of this model is based, in part. on a comprehensive analysis of 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 of various species
as a function of electron temperature for both pure gases and a number of 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 compiex 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 of 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 of the region adjacent to the weld pool surface, the resulting nitrogen con-
centration on the weld pool surface is calculated with knowledge of the weld pool surface
temperatures, determined from the heat transfer and fluid flow characteristics of the weld
pool. Once absorbed, nitrogen is then transported to the weld pool interior by convection
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v
and diffusion. A quasi-steady-state three-dimensional mathematical model is developed
to numerically solve the equations of conservation of energy, nitrogen concentration, and
momentum during the GTA welding of pure iron and determine the resulting nitrogen
concentration in the weld pool. )

With the presence of 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 supersamrated weld pool plays an
important role in determining the resuiting nitrogen. concentration. When nitrogen super-
saturation levels in the liquid metal are in the range of 50 to 75% greater than the equilib-
rium nitrogen solubility at one atmosphere of diatomic nitrogen at the weld pool surface,
the calculated nitrogen concentrations are equivalent to the experimental observations. |

In addition to the development of 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 of fusion welding processes is utilized in an equally wide range of
manufacturing processes. These welding processes vary primarily in the choice of 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 proéesses. 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 of a flux, an external gas supply, a combination of
the two, or from the evacuation of the atmosphere. The means of shielding the weld pool
depends on the welding process to be used.

During GTA welding processes, which are of 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
of nitrogen gas from the surrounding atmosphere or its purposeful addition into an inert
shielding gas produces enhanced levels of nitrogen in iron and steel. At the high tem-
peratures characteristic of welding, the rapid absorption of 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.! These con-
centration levels are far greater than those present in the base metal and indicate the im-
portance of the dissolution of these species into the metal from the gas phase. In this

case, the dissolution of 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 (1.1) for the iron-nitrogen system. The equilibrium ni-
trogen concentration in iron at a constant temperature is proportional to the square root of
the partial pressure of diatomic nitrogen” and is shown in Equation (1.2):

1N, (g) > N(wt.%) (1.1)
AG[
N(wt.%) = Ke(h/PNz = PNZ, e RT (1.2)

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¢q is -
the equilibrium constant for this reaction, Py, is the partial pressure of Na. and T is the

temperature of iron. The computed equilibrium concentration of nitrogen in liquid iron is
shown in Figures 1.1(a-c)’ and is based on the following free energy relationship* for

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

AG| =860.0+5.71T (cal/mol) (1.3)

In these figures, the relationship between the nitrogen concentration in liquid iron, the
temperature, and the partial pressure of diatomic nitrogen are highlighted. For example,
at a given temperature, the equilibrium nitrogen concentration increases linearly with an
increase in the nitrogen partial pressure. Ata 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 1.1(a-c). Computed equilibrium solubility of nitrogen in iron exposed to diatomic
nitrogen (a) as a function of temperature and partial pressure of diatomic nitrogen, (b) as
a function of partial pressure of diatomic nitrogen at three temperatures, and (c) as a
function of temperature at three partial pressures of diatomic nitrogen.>
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ing 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.*'!
Typically, nitrogen concentrations are observed to be far in excess of the equilibrium val-
ues calculated using Sieverts’ Law. Figure 1.2 compares a series of experimental nitro-
gen concentration in small arc melted iron samples with Sieverts’ Law calculations for a
range of nitrogen partial pressures.® Nitrogen concentrations in these samples are consid-
erably larger than those based on equilibriuin 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 of Sieverts’ Law calculations are also typically
observed during arc welding operations with nitrogen present in the shielding gas.’z'[s
One study of this phenomenon by Kuwana and Kokawa'’ involves the GTA welding of
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-

17" The nitrogen concentrations in the weld

tions for three temperatures in liquid iron.
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.% [N], at a nitrogen partial pressure of 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 of the enhanced nitrogen dissolution and the reasons
and conditions for the observed nitrogen solubility are of interest.

Even though weld metal nitrogen concentrations far in excess of 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 of 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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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 of this welding process allows for only the plasma-metal reactions occurring at the
weld pool surface to be considered. Characteristics of this plasma phase and the current

understanding of 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 of an

interaction between the shielding gas and electromagnetic radiation. This plasma phase
consists of electrons, ions, excited atoms, and molecules, and can collectively be both
electrically conducting and neutral.” When a diatomic gas is transformed to a plasma
phase, it may dissociate, ionize, or become electrically or vibrationally excited. The
transformation of diatomic molecules to excited neutral atoms and ions in the gas phase
involves inelastic collisions between these diatomic molecules and electrons.’® 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 of spe-
cial interest in welding. These features include: the extent of dissociation of a diatomic
gas in the welding environment; the effect of temperature on the species concentration in
the weld metal for different gases; and the concentration of dissolved species in the weld
pool retained by the weld metal after coolihg.

Plasma-metal interactions have been studied in the arc melting of 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 of diatomic gas present in the metal.
In the first model, Lakomskii and Torkhov® have postulated that the reaction between ex-

cited nitrogen molecules, N‘z, which possess a higher energy of internal degrees of free-
dom, and the liquid metal is responsible for the enhanced concentrations of nitrogen in

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



8

iron. The retention of a sufficient amount of vibrational energy in excited nitrogen mole-
cules enhances the breaking of 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 of the nitrogen molecules on the iron surface, thus increasing the
equilibrium constant of the absorption of nitrogen, K, and the equilibrium concentration
of nitrogen in solution.

A second reaction has been suggested to be responsible for the enhanced levels of ni-
trogen in the iron weld metal.’ Among the number of activated states present in the arc
column, monatomic nitrogen, N(g), is primarily absorbed at the surface of 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)
AGg
N(wt%) =Pye RT (1.3)

where Py 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, K¢q is the equilibrium constant for this reac-
tion, and T is the temperature of liquid iron. The standard free energy for the reaction
shown in Equation (1.4) is defined by the following relation:**

AG4 =-85736+21.405T (cal/mol) (1.6)

The computed equilibrium solubility of monatomic nitrogen gas in liquid iron is
shown in Figures 1.4(a-c).v3 As a result, the iron-monatomic nitrogen equilibrium system
displays much different behavior than the iron-diatomic nitrogen system. The equilib-

rium solubility of nitrogen in iron exposed to monatomic nitrogen increases in a linear
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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 of 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 of pressure in determining the extent of nitrogen solubility in iron

exposed to monatomic nitrogen gas.

1.2.2 Existing Models

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

62124 Nitrogen is first absorbed

metal is the balance of two independent processes.
through the interface between the arc and the liquid metal. Once a saturation level is
reached at the metal surface, nitrogen is then expelied from the surface of 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 of the plasma phase in producing
these enhanced nitrogen concentrations. Gedeon and Eagar™ 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 DebRoy” 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 of dissociation of diatomic nitrogen depends on fac-
tors such as the nature of the power source, the energy dissipated, the overall system ge-
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ometry, and the nature of the diatomic gas. The thermal dissociation of diatomic nitrogen
is defined in Equation (1.7), and its standard free energy value is defined in Equation
(1.8).

1N, (g) » N(g) (1.7)

AG® =86596—15.659T (cal/mol) (1.8)

Figure 1.5 defines the relationship between the percentage dissociation of diatomic nitro-
gen species into monatomic species, based on the experimental work of Bandopadhyay ez
al.,® showing that the dissociation of diatomic nitrogen increases with increasing tem-
perature. A hypothetical temperature, Ty, is defined. This temperature is equal to the
temperature at which the equilibrium thermal dissociation of diatomic nitrogen produces
the partial pressure of monatomic nitrogen in the plasma.

Since the dissociation occurs at T4 and nitrogen absorption occurs at T, the equilib-

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

AGy  AG: ] -

N(wt%) = \[;‘“_ ‘_{

(1.9)

where PTi‘?z is the inlet nitrogen pressure (atm), AG; is the standard free energy for the

nitrogen dissociation reaction, and AG: is the standard free energy for the absorption of
monatomic nitrogen in liquid iron. The hypothetical dissociation temperature, Ty, is
higher than the temperature of the sample, T, and is a measure of the partial pressure of
the atomic nitrogen in the plasma. These hypothetical dissociation temperatures fall in a
range of 100 to 300°C above the sample témperature for all of the systems analyzed.
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Each of these methodologies provides a semi-quantitative explanation of the nitrogen
dissolution reaction in plasma-metal systems. The two-temperature model provides an
order of 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 of 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 of
predicting the nitrogen concentration in the weld metal with only knowledge of 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 of 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,”as 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. 252

Temperatures in the arc column can vary many thousands of degrees between the
electrode and the work piece.zg'“ The highest temperatures are observed in the vicinity

of 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 of the concentration of various
species within the plasma phase is the key to a quantitative understanding of the en-
hanced dissolution of nitrogen in the weld metal. Theoretical studies of the number den-
sities of various species in inert gaseous, pure nitrogen and oxygen plasmas at atmos-
pheric pressures have been pe:rforu:led.:‘s'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 of
temperatures.

The calculation of species densities in the plasma phase has not been extended to
temperatures approaching those on the weld pool surface. In addition. the calculation of
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 of various gaseous spe-
cies calculated can then be integrated into the calculation of 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
of 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 of a small amount of oxygen to the shielding gas increases the nitro-

gen concentration in the weld metal.'"'">**#! This increase in nitrogen concentration in
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the presence of oxygen has been explained by the formation of FeO on the surface of the
solidifying metal and by the presence of 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 of 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.*** Calculations of 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 of different welding proc-
esses.** 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 of 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 of 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 of weld metal microstructures for various C-Mn steels
during GMA and SMA welding*®*’ and the calculation of the growth and dissolution of
oxide inclusions during the arc welding of low alloy steels #54°

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 of monatomic nitrogen at the weld pool surface and
the desorption of diatomic nitrogen gas from the solidified weld metal outside the arc
column.?®# Existing models provide a qualitative basis for understanding the nitrogen
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absorption reaction and the principal role of 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
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 of nitrogen from an inert shielding gas during the GTA
welding of iron can also be better understood through the calculation of 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 of this model has also been
tested by comparing the modeling results with previously discussed experimental results
from a series of (GTA) welding experiments.

1.5 OBJECTIVE AND MOTIVATION FOR RESEARCH

Previous models of 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 of 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 of nitrogen in the weldment.

The welding process is complex, with a large number of 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 of these areas, which
interact with each of the other processes, and thus affect the nature of the welding proc-
ess. For example, reactibns 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 of 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 of 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 of iron and steels is lacking. In order to determine the
nitrogen concentration in the weldment, knowledge of the plasma phase above the weld
pool, the absorption of nitrogen on the weld pool surface, and the transport of nitrogen
throughout the weldment is integrated. Detailed calculations of 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 of 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 objectives of 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 of 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 of oxygen.
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(c) To integrate heat transfer and fluid flow calculations with the plasma phase
calculations to determine the distribution of 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 of porosity and the microstructure of 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 of dissolved gas in a liquid metal is very important

in determining its final product quality. During processing, diatomic species, such as N,
O3, and H,, and more complex species, such as CO,, CO, H;0, and SO,, 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.'* 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.' 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 of the steel.’ ’

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 of 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 i1s made difficult by the inability of 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 Al or Ti, in

either the liquid or solid iron to form secondary particles.
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2.1.2 Iron-Nitrogen System
The iron-nitrogen system® shown in Figure 2.1 is of greatest interest here. In many

ways, the iron-nitrogen system is similar to iron-carbon. Aside from the same general
shape of 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 +Fe3C) 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 of the concentration range for the FesN (y") nitride phase.‘s'8 Several
phases and their respective equilibrium concentration ranges are listed in Table 2.1. “The
formation of 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 of the metal,
and are formed only as the result of a solid phase reaction.

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

%1 The iron-nitrogen

iron powder or thin iron wire in ammonia-hydrogen gas mixtures.
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.’

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 Nitrogenﬁncentration, Reference
FeN (7)) ~ BCC 5.77 —5.88 9
FesN (') Tetragonal 5.77—5.88 9
FeisNa (a”™) Tetragonal 5.77-5.88 ~7
FeoN (&) Orthorhombic I1.1-113 6
FesN (g) 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 of nitrogen and with altered physical properties.'®*

2.1.3 Nitrogen Absorption Reaction
Absorption of nitrogen in liquid iron is an important consideration in the processing

of 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 of work
has been devoted to understand the thermodynamics and kinetics of the absorption of ni-
trogen in liquid iron.'*'> Pehlke and Elliott,'* for example, have examined this phe-

nomenon and developed a mathematical formulation describing its thermodynamic be-
havior. The equilibrium nitrogen concentration in iron (—;— N> (g) = E(wt.%)) at a con-

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

partial pressure of diatomic nitrogen:"

AG®
Nwt.%) =K¢ [Py, =,[Pn,e KT @2.1)

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, Kgq is
the equilibrium constant for nitrogen absorption reaction, Py, is the partial pressure of
N>, 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).!* The free
energy relationships used to calculate these nitrogen concentrations are shown in Table

2.2.
The solubility of 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,

i el Il
iN,(g) - N(g) 86,596.0 - 15.659 T 273 - 1811 13
N, (g) » N(wt.%)
Liquid Fe 860.0+5.71 T >1811 13,15
5- 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) —» N(wt.%)
Liquid Fe -85,736 +21.405 T >1811 13-15
8- Fe -79396 + 20.28 T 1663 - 1810 13,16
yFe 34536 24,599 T 1185 - 1662 307
a- Fe -79396 + 2028 T 273 - 1184 13,16
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phases.”>'” Figure 2.2(b)"* shows the calculated nitrogen solubility across this tempera-
ture range at a nitrogen partial pressure of 1 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 of dilute solute elements in iron cause a number of interactions between
each solute and the nitrogen present in solution.'*?’ Thus, these interactions affect the
nitrogen solubility in ternary and multi-component iron alloys. The effect of the individ-
ual alloying elements on the resulting nitrogen solubility can be determined based on the

calculation of their interaction coefficients, sg) , which are defined in terms of the activ-

ity coefficient of nitrogen (fy):

Eg) _ (aln fn (2.2)

axj )%xi—)o

where X is the mole fraction of the alloying element, j. Table 2.3 lists the values for the
interaction coefficients of 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 of In fy which is

given by the following relationship:
In g (%N,%2.%3,..) =) @N} €@ @) ) (e3)+.. 23

Figure 2.3 shows the effect of several dilute alloy element additions on the nitrogen
solubility in liquid iron.”* Some of these alloying elements, for example, Cr, V, and Nb,
significantly increase the nitrogen solubility with rather small additions to the melt. On
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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.

Alloying Ele- | Interaction Parameter Interaction Parameter

ment (Heating of Melt Helerenees (Are Melting) References
Al 0.0025 to 0.0060 15,27,62

C 0.1250 to0 0,2500 15,25-27,62

Cr -0.040 t0 -0,057 15,27.62 -0.028 10 -0.044 64,65
Mn -0.0200 15,27,62

Mo -0.0040 to -0,025 15,25-27,62 00051 64
Ni 0.007 t0 0.011 15,25-27,62 0.003 65
0 0.05 or-0,014 14,63 ‘

S 0.0130 25,26,62

Si 0.047 15

Ti -0.6300 27,62

Y -0.10 2762 0,062 64

113
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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 of Enhanced Nitrogen Concentrations During Arc Melting

Sieverts” Law based calculations of 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 of 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.?*** 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.*®

Several researchers®®>° have thus investigated the role which the presence of a plasma
phase above the liquid metal plays on the absorption of 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 Torkhov?® 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.% the nitrogen

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

gas pressures. At higher nitrogen partial pressures (PN2 ), the nitrogen concentration in
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0.207

Figure 2 4. Nitrogen concentrations observed in iron samples during arc melting in sev-
eral nitrogen containing atmospheres.®
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the metal remains constant, which corresponds to the saturation of nitrogen in the iron.
Above this level, nitrogen begins to bubble from the metal.

Unlike previous researchers,”*** who analyzed nitrogen absorption into large molten
iron baths, Ouden and Griebling®® 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 of the square root of nitrogen partial pressure in the shielding
gas. The linear behavior previously noted®® at low nitrogen partial pressures is not ob-
served here. However, the nitrogen concentration plateaus at higher nitrogen partial pres-
sures. The level of this nitrogen concentration plateau is equivalent to the nitrogen solu-
bility in pure iron at 1 atm using Sievérts" Law calculations.

One difference between most high temperature materials processing operations and
those described in this section is the presence of 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 of iron and steel. As a result, Sieverts’ Law calculations
cannot be used to determine the nitrogen concentration during the arc melting of 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.’™*°

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.
Ouden* 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, N;. 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.

Fast*' has investigated the dissociation of diatomic nitrogen gas in the plasma phase
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 of the role of temperature in
the plasma phase on the nitrogen dissociation reaction is expressed by the degree of dis-
sociation, agy. It is defined as the fraction of molecules which is dissociated into atoms,

and is shown in the following two relations:*'

- p
bl Kp +4p (2.4)
(Pn )3 4n zai 40.‘2!
K.= = =P 2.5
PPy, - Cnlcag) el 2.5)

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

(N, (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 O,, H,. and COa, is
shown as a function of temperature in Figure 2.5.%

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 of dissociation.**' Near complete dissociation of 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, CO,, H>, and O; com-
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Figure 2.5. Degree of dissociation (ceg) of several gases as a function of temperature.*’
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pletely dissociate at much lower temperatures than N>. Therefore, only the dissociated
forms of 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 of the various ionized species and the electron density in the plasma
phase can be calculated using the Saha-Eggert relationship.****

nine _ 2(2zm kT)/? Q; o~Ei—ei /KT 2.6)
n;_g h3 Qi1 -

where ny, n., and ny. are the number densities (m™) of the ions. electrons, and ground
state atoms or molecules, respectively, m. is the mass of an electron, h is Planck’s con-
stant, k is Boltzmann constant, T is the temperature, Q; and Q;_; are the partition functions
for the ions and atoms or molecules, respectively, and €; and ¢;.; are the ground state en-
ergies of the ions and their respective ground state atoms or molecules.

The degree of ionization of either a molecular or atomic species can be determined in
much the same way as the degree of dissociation of a diatomic molecule. It is defined

below using a modified version of the Saha Equation:*°

a? —7( 752 E; .
£ -30x10 (—-—p——-)exp[—ﬁ:l @.7)

where p is the gas pressure (atm.), T is the temperature (K), a; is the degree of ionization,
E; 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 of ionization.
Several other investigators*'** have combined these calculations and attempted to
compute the number densities of various species in a plasma phase over a range of tem-
peratures. Dunn and Eagar,*? for example, investigated inert gaseous plasmas, and Drel-
lishak er al.,*'* examined both inert gaseous and pure nitrogen and oxygen plasmas at
atmospheric pressures. They assumed that a number of 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 of various
atomic, ionic, and excited neutral species in the plasma phase. These studies provide a
database for the distribution of species over a range of 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 Mechanisms Responsible for Enhanced
Nitrogen Concentration

The presence of 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. Researchers®' have attributed these results to one of two species present in
the plasma phase above the weld pool. Lakomskii and Torkhov? first postulated that the

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

gen concentrations observed in the liquid metal. A N; species has a higher energy of
internal degrees of 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; is represented by the following set of

reactions:

N3 + Site — N, (ads) (2.8)
N(ads) + Site = 2N(ads) (2.9)
2N(ads) - 2N(wt.%) + 2Sites (2.10)
N2(g) = 2N(Wt.%) (2.11)

Lakomskii and Torkhov? based their hypothesis on the observation of 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
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in the nitrogen dissolution process. In this model, the retention of additional energy in
the nitrogen molecules enhances nitrogen dissociation at the moment when the nitrogen is
adsorbed on the surface of the liquid iron.”’ The equilibrium constant for the absorption
of nitrogen, K, is thus increased, along with the equilibrium concentration of nitrogen in
solution.

Katz and King®' have presented a second mechanism, which is responsible for the
enhanced absorption of nitrogen in the metal. They refute the arguments of Lakomskii
and Torkhov? 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) = N(wt.%) + Site (2.13)
N(g) = N(wt.%) 2.14)

The formation of monatomic nitrogen in the plasma phase has been previously stud-

ied and proposed to involve inelastic collisions of the diatomic molecules with elec-

trons.***® The first step in the dissociation process involves the formation of N; as a

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

trons, ef , with diatomic nitrogen molecules. The N:'—,: species can also be formed by a
Penning ionization mechanism in which metastable He atoms, He ", collide with N> mole-

cules as shown below.

N, +ef =N3 +2e” (2.15)

N, +He  =N3} +He+e™ (2.16)
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The collisions of N3 with electrons can lead to excited nitrogen atoms of D and *P
states by the following relationships:

N3} +ef = NCD)+ N(°D) @2.17)

N3 +ef = NCD)+ N(°P) (2.18)

The presence of monatomic nitrogen in the plasma phase begs the question of its ef-
fect on the nitrogen concentration in the liquid metal. Table 2.2 lists the free energy rela-
tionships for the dissociation of diatomic nitrogen and the absorption of the resulting
monatomic nitrogen species in liquid iron. Based on these relationships, the equilibrium
solubility of monatomic nitrogen gas in liquid iron is shown in Figures 1.4(a-c).*’ 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 of this system is the rather potent
nature of a small amount of monatomic nitrogen. In order to attain a specific nitrogen
concentration, the necessary equilibrium partial pressure of monatomic nitrogen is about
a million times lower than that of 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~
atm. of 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 of 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 of 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 of 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.***° 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 of 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 of 1300°C for a period of time sufficient to ensure ni-
trogen saturation of the sample.’’ Unlike the arc melting experiments discussed above,
the iron samplés 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 of the metal in contact with the plasma, the interaction of 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 of several important features of plasmas formed during common

welding processes.

Laser/ Glow
ric Arc | i
Feature Electric Arc | Electron Beam Discharge
Plasma
Electrons, Ions Electrons, Ions Electrons, Ions
(N3,N"), Excited | (N3,N"),Excited | (N3, N"), Excited
Species in the Gas Neutral Atoms and | Neutral Atoms and | Neutral Atoms and
Phoce  Molecules (N*, | Molecules (N*, | Molecules (N*,
' N3), and Mona- N3), and Mona- N>), and Mona-
tomic and Diatomic | tomic and Diatomic | tomic and Diatomic
Species (N, N2) Species (N, Na) Species (N, N3)
Typical  Electron 6000 - 16000 3400 - 17000 4000 — 13500
Energy (K) (Ref. 55) (Refs. 52 and 58) (Ref. 51 and 54)
Typical _ Electron 10" - 10> 107 -10% 107 - 10°
Density (m™) (Ref. 53 ) (Refs. 56 and 57) (Ref. 51 and 53)
Temperature Gradi-
ent on Metal Sur- Present, Strong Present, Strong Absent
face
Energy Density . .
During Welding Medium High Low
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Figure 2.6. Experimental nitrogen solubility plotted as a function of the nitrogen partial
pressure for iron samples at a temperature of 1300 C exposed to glow discharges com-
posed of various He-N, gas mixtures at a total pressure of 1.316 x 107 atm.*® The range
of observed nitrogen concentrations is shown.
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2.2.1.4 Effect of 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 researchers’>>’ have investigated the effect of such changes on the enhanced
nitrogen concentration in liquid iron and steel samples. Ouden and Griebling,*° for ex-
ample, arc melted a number of iron samples at various arc currents and nitrogen partial
pressures. Their results’® 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 of 60 A, the nitrogen saturation value rises with increasing arc current above 60
A. Based on these results, they’® observed that the amount of 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 of dissocia-
tion of diatomic nitrogen in the arc column, and an increase in the arc volume. Kuwana
and Kokawa*? observed an increase in the temperature of 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 1 atm., except for a nitrogen addition of 4%, at which point
the nitrogen concentration in the liquid metal reaches the saturation level >® They inves-
tigated only two levels of nitrogen additions, 10% and 100% and observed nitrogen con-
centrations in both cases near the level of nitrogen solubility at 1 atm. The absence of
any significant change in the nitrogen concentration may be due to the amount of nitro-

gen added to the melting environment. Since the levels of 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 of the arc current for various nitrogen gas additions to the atmosphere *°
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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,”® for example, analyzed the effect of increasing the arc length, the
distance between the tungsten electrode and the metal surface, on the resulting nitrogen
concentration. Figure 2.8 shows the effect’® of increasing the arc length on the nitrogen
saturation value in the metal sample for a melting environment containing 0.1% N,. 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 of the arc column in contact with a liquid metal can also be affected by
changes in the arc polarity.’® 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 al.>’ 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 of 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)®® show the influence of 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 of the arc polarity affects the nitrogen pick-up by creating a stirring effect. In
their explanation, the impact of the arc agitates the melt, thereby enhancing the mass
transport in the melt, and raising the rate of 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 2.8. Relationship between the nitrogen concentration in the sample and changes
in the arc length (1).°
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Figure 2.9(a&b). Schematic diagrams of (a) the influence of torch polarity on the be-
havior of nitrogen ions at the melt surface and (b) the effect of arc polarity on arc jet
momentum at the surface of the steel melt.%
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In addition to the effect on the agitation in the melt, the authors®® also describe a
pumping effect, in which the plasma arc enhances the transfer of nitrogen from the gas
phase to the melt. For example, when the torch acts as the anode, N” ions contribute to
the nitrogen pick-up and increase the steady-state nitrogen concentration. When the arc
acts as the cathode, the effect of N 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.%

2.2.2 Role of 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 Al to
iron increase the nitrogen solubility, while the addition of Ni, Co. Si, and C decrease the
nitrogen solubility.'"®?’ Several researchers have studied the effect of these additions on
the nitrogen concentration during arc-melting.>*"*° Kuwana et al.,*' as shown in Fig-
ures 2.10(a&b), have investigated the effect of 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 of Cr and a de-
crease with the addition of Ni. As shown in Table 2.3, the apparent interaction parame-
ters of Cr and Ni on the nitrogen absorption reaction during the arc melting of 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 Wada® have also investigated the effect of alloying element additions on the
nitrogen concentration during the arc melting of iron. Figures 2.1 1(a-c)* display the be-
havior of the nitrogen concentration as a function of the amount of 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'e?ressure for an arc current of 150 A in a Ar-
N> atmosphere at a total pressure of 1.0 atm.

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



‘uoissiwiad 1noyum pauqiyosd uononpoidal Jayund “laumo JybuAdoo ayy jo uoissiwiad ypm paonpoisday

0.4 T T T . T T
- 4 0.08 v T ; J v 012 ' l [ ' l ‘ .
- o7l
0.12 i 7
| 4 0.10 ’i/
0.07 /{/
0.10 4 i 5 i [ )
- 1 : S 0.08 / —
,—/' l
0.08 H/ 0,081 Pr,=0.03 aim, - /k el -
! {
i‘ i V/Wn, =0.05 atm, 1 | i 7 § 0,08} {/
g g —
0.003—? = 0.08 ¥ -
i i s i 0.04 l
0.04 - - Pn, =0.0014 atm, &
[ Y AT 0.00g=g g Ny e ] [ rg 4
0,02 \L§~-t—4/ ,. 002 I\ P, =0.0014 atm——
! n, = 0.0014 aim, 1 ’ .
" l l T h 0.03 Il 1 —l i A i 7
0 1 1 1 L 0 2 4 8 8 10 0 1 1 s ! 1
0 2 4 6 8 10 12 %Mo 0 : 4 ] 8 10
%Cr %V
(a) (b) (©

Figure 2.11(a-c). The measured nitrogen concentration in arc-melted (a) Fe-Cr alloys, (b) Fe-Mo alloys, and (c) Fe-V alloys in N,
atmospheres at a pressure of 1.0 atm.’

ve



55

and 2.11(c) affect the nitrogen concentration in a similar fashion. On the other hand, the
addition of 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 of these alloying additions are related to the high
affinity these alloying elements may have for nitrogen.

Only Kuwana et al.®' have studied the effect of changes in the melting parameters on
the nitrogen concentration in iron alloys. Their results are shown in Figure 2.12(a&b)®'
for a number of 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 8wt.% 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 of changes in the liquid metal prop-
erties rather than those of 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. i

Changes in the nitrogen concentration during the arc melting of Fe-Ta, Fe-Ni, Fe-Co,
and Fe-Si alloys have been studied by Uda and Ohno.®* Figure 2.13 shows the nitrogen
concentrations in these alloys, which have been arc melted in an Ar-3% N, environment.
In all cases, the effect of these alloying element additions on the nitrogen concentration
differs from that observed under non-arc melting conditions. Uda and Ohno®® 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 of the alloying elements.
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Figure 2.13. The effect of alloying element additions, including Ni, Co, Ta, and Si, to
pure iron on the nitrogen content in Ar-3% N gas mixtures at atmospheric pressure.5
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2.2.3 Role of 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 of the presence of these elements in solution in liquid iron on
the resulting nitrogen concentration has been investigated under non-arc melting condi-
tions.%% 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 of 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 Ohno®%" have investigated the effects of sulfur, oxygen, and selenium
on the nitrogen concentration in iron during arc melting in N>-Ar gas mixtures. The ef-
fect of these oxygen additions on the nitrogen solubility(” 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,®® 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 of these alloying element additions on the properties of the melt surface
has also been examined. Belton’ ' has described the extent of surface coverage of the

liquid metal with the addition of surface active elements using the following relationship.
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Figure 2.14. Nitrogen concentranon in various iron-oxygen alloys arc melted at various
nitrogen partial pressures.®’
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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.*’
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o _
e Kaag (2.19)

where as is the activity of the solute, expressed in wt.%, K, is the adsorption coefficient
(wt.%™"), and 6 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 concentration™ for Se, S, and O. It becomes clear that even
a small addition of any of these solutes causes an appreciable coverage of the liquid metal
surface. For example, only 100 ppm O present in the liquid metal can cause coverage
over 50% of the surface.”” Nearly complete coverage of the liquid metal surface is ob-
served with the addition of 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 of surface active elements play on the
absorption and desorption of nitrogen in the liquid melt. This relationship will be ad-
dressed in a later section.

Up to this point, discussions of the effect of surface active element additions on the
nitrogen dissolution reaction has been limited to that in pure iron. Several researchers®*%¢
have investigated the effect of substitutional alloying elements on the behavior of surface
active element additions. For example, Sinha and Gupta® have investigated the effect of
oxygen and sulfur additions on the nitrogen concentration during the arc melting of Fe-
Cr-Ni alloys in atmospheric nitrogen environments. Their results are significantly differ-
ent from previous results dealing with pure iron.° Instead of increasing with the addi-
tion of surface active elements, the nitrogen saturation values decrease with the addition
of 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 Gupta® attributed these nitrogen concentra-
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Figure 2.16. Surface coverage isotherms on high-purity liquid iron.”
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tions in the alloys and the change in the behavior of the nitrogen concentrations with S
and O additions to differences in the experimental conditions.

Uda and Ohno® have investigated the effect of the interaction between surface active
element additions and a number of other substitutional alloying element additions on the
resulting nitrogen concentration. They® have attributed these dissolved nitrogen con-
centrations to the physical properties of the surface of the molten metal alloy. With the
addition of surface active elements, the amount of dissolved nitrogen in the liquid metal
during arc melting is, thus, the result of the mutual reaction between the deoxidizing
power of the alloying element and the nitrogen affinity of this same alloying eleme