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ABSTRACT

A knowledge of the interfacial phenomena in welding is crucial to an
understanding of the associated process and weld metal properties. The
interfacial tension is the dominant force for fluid flow in welding. The variation of
interfacial tension as a function of temperature and composition of the melt is
not well understood. Further compounding this effect is the role of plasma
during welding. Important questions such as hovy plasma affects the nature of
the interface and thus the interfacial tension tension forces and vaporization
losses of alloying elements remain unanswered. Thus, a rational strategy for
the investigation of the welding process and weld metal properties must include
an understanding of the interfacial phenomena relevant to welding metallurgy.

Both theoretical and experimental studies were conducted to obtain a
fundamental understanding of the nature of the interfacial tension and a
physical concept of the weld metal interface in an environment which contains
excited and charged species. A combination of Gibbs and Langmuir's
adsorption isotherms was used to develop an expression of interfacial tension
as a function of both temperature and composition of binary metal-surface
active systems. Theoretical predictions of surface tension as a function of
temperature and composition were compared with existing data and fair
agreement was observed. The variation of the temperature coefficient of
surface tension and its effect on fluid flow was examined from a theoretical and
experimental standpoint. Using a radio frequency power generator, an
inductively coupled plasma was generated and interfacial tension was
measured both in the presence and absence of the plasma. The variables

studied were temperature, plasma composition and plasma intensity of
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emission. A hypothesis was proposed to explain the observed reduction in
surface tension in the presence of an argon plasma on the basis of plasma-
induced enhanced surface segregation of surface active species. Interfacial
tension of pure liquid copper in a hydrogen plasma was not different than that
observed in inert gas systems. To further corroborate this effect and to study the
nature of the interface, vaporization rate experiments were carried out, in

conjunction with emission spectroscopy, to develop a physical concept of the

interface in close proximity of the liquid metal.
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Chapter 1
INTRODUCTION
1.1 General introduction

The important physical processes occurring during welding are
schematically illustrated in figure 1.1. The energy from a source such as a laser
beam penetrates into a layer about 10-Scm thick by thermal conduction. When
the surface of the material reaches the melting temperature, a liquid interface
propagates and with continued irradiation, the surface begins to vaporize and a
molten pool begins to form. If the laser light is intense enough, absorption in the
vaporized material leads to the formation of a high temperature opaque plasma.
The plasma can grow back along the beam toward the laser as a "laser
supported absorption” (LSA) wave. The plasma absorbs the incident light and
shields the surface. At relatively low power densities? of about 105 watts/cm?2
of a carbon dioxide laser, melting is the dominant effect, while at somewhat
higher power densities (106 to 2.5 x 107 watts/cm2), vaporization becomes the
most important effect. At still higher values of power densities, LSA waves are
rekindled and dominate the physical process, whereas vaporization is
diminished. Finally, when the power density becomes very high, additional
absorption mechanisms may become operative. This includes absorption of the
laser light in the laser produced plasma through inverse Bremsstrahlung or
through collective plasma effects. The plasma is known to affect weld

characteristics. 2-5 The temperature at the center of the poo! is the highest and
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Weld pool
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Figure 1.1  Schematic of the important physical processes
occurring during welding.
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is approximately equal to the boiling point of the material. The temperature
decreases from the center to the periphery of the weld pool where the
temperature is at about the melting point of the material. This temperature
gradient creates a suriace tension difference across the pool. Recent studies
have demonstrated that, in many cases, the fluid flow, heat transfer, and the
resulting weld shape, size and properties are significantly influenced, and in
many cases, controlled, by the spatial variation of interfacial tension between
the weld pool and the surroundings that contain plasma.6.7

In the current body of literature there are several deficiencies that
hinder a complete understanding of the interfacial phenomena under conditions
relevant to welding metallurgy. For instance, interfacial tension of liquid metals
and alloys at temperatures well in excess of the melting point are not available.
Secondly, the interfacial tension of liquid metals in the presence of a plasma is

not known. It is thought that this information is crucial for understanding of the

welding process.

1.2 Importance of interfacial tension during welding

The driving forces for fluid flow in weld pools include the buoyancy
force, the electromagnetic force, the surface tension gradient at the weld pool
surface and the impinging force of the arc plasma.8 Woods and Milner®
studied convection in weld pools by examining the mixing of dissimilar metal
droplets in the pools. It was observed that weld pool convection due to
buoyancy force is negligible compared to that due to the electromagnetic force.

Recently, Heiple et al.6.7,10-13 conducted a series of experimental studies on
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weld pool convection and weld bead geometry in GTA welding of stainless
steels. It was concluded that the surface tension gradient at the weld pool
surface is the dominant force driving fluid flow in the weld pool. Brimacombe
and Weinberg14 demonstrated an increase in surface fluid flow velocity by a
factor of between 16 and 30 in a pool of liquid tin by imposing a surface tension
gradient on the surface of the liquid, when compared to the same set up without
an imposed surface tension gradient.

Most commercial 'alloys contain impurities such as sulfur or oxygen
that are surface active in nature. The presence of surface active elements
significantly alters the surface tension of the solvent. Furthermore, these
elements often change the temperature dependence of surface tension (dy/dT)
from a negative value for pure solvents to a positive value for binary systems.
This change in the sign of dy/dT has a significant implication in several practical
systems. Of particular practical significance is the reversal in the direction of
circulation in the weld pool which occurs in steels in the presence of small
amounts of surface active impurities. The flow reversal results in deeper weld
penetration at particular welding speeds and power levels during welding!®
and it is believed that steels containing small amounts of surface active
elements may be more easily fabricated than clean steels which contain very
low levels of impurities.

While this effect has been identified, the details of the interactions
between temperature, impurity levels, and surface tension are not well
understood and optimum impurity levels for different welding processes cannot |
be specified. Most of the impurity elements which affect surface tension driven

fluid flow have deleterious effects on the mechanical properties of steel. |f such
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elements were to be present in steels for improved weldability, it would be
important for the steel to contain the lowest level of surface active element
necessary to produce improved weld penetration. Thus, a rational strategy for
understanding the the welding process and weld metal properties must include

an understanding of the interfacial phenomena relevant to welding metallurgy.

1.3 Role of plasma during welding

Under most welding conditions the interface is formed not between
the I'iquid metal and an inert gaseous atmosphere, but between the liquid pool
and the surroundings that contain the plasma. The importance of the role of
plasma in welding processes was recognized in the previous works. However,
most of the available literature in this field addressed the effect of plasma on
weld properties.2:3:4  Although weld penetration is known to be related to
plasma intensity3-5,16 and the penetration is strongly influenced by the nature
and intensity'of interfacial tension driven flow,6.7,10 the effect of plasma on the
interfacial tension of liquids was ignored in the previous work. Because of the
lack of appropriate interfacial tension data between the plasma and the weld
pool, all the previous efforts in the analysis of fluid flow in the weld pool were
based, in a rather simplistic way, on the surface tension of gas/metal systems
and not on the appropriate interfacial tension between the plasma and the weld
pool. In view of the crucial importance of interfacial tension driven flow in the
heat transfer, cooling rate and the resulting structure and properties of the weld

metal, a rational strategy for the understanding of the welding processes and
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weld metal properties must include an understanding of the effect of plasma on
the interfacial tension of liquid metals.

Another important effect of the plasma during welding is its effect on
the vaporization loss of volatile alloying elements. In fact, one of the major
problems in the use of a high power density laser beam for the welding of many
important engineering alloys is the loss of volatile alloying elements. The
inadequate control of weld composition and properties are familiar difficulties in
the welding of several aluminum alloys and high manganese stainless
steels.17-19  The vaporization of alloying elements from the weld pool is
influenced by several factors such as the temperature and concentration
distributions at the weld pool surface, the extent of surface coverage by the
surface active elements, interfacial turbulence and the modification of the nature
of the interface due to the presence of plasma20 in close proximity of the
vaporizing interface.

Surface active elements such as oxygen and sulfur are known to
influence the weld pool fluid motion and aspect ratio which, in turn, affect
vaporization rate.6,10 Heat-to-heat variations in the concentrations of oxygen
and sulfur in several commercial alloys are thought to be responsible for the
lack of reproducibility of weld geometry and properties.

The preceding considerations make it imperative that a coherent
understanding of the vaporization process must include an understanding of the
physical processes at the liquid metal surface in the presence of a plasma. This
must take into account the character of the plasma generated in the process
and its interactions with a molten pool of metal in an ambient composed of

excited and ionized species.
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In view of the limitations encountered in the current body of literature
pertaining to interfacial phenomena under welding conditions, the present study
was initiated to study some of these shortcomings. Both theoretical and
experimental studies were conducted to obtain a better understanding of the
nature of interfacial tension and a physical concept of the interface within an

ambient which contains excited and charged species.
1.4 Statement of objectives

The overall objectives of this research are to understand the
interfacial phenomena in welding. Mcre specifically, the objectives of the

present study are:

1. To establish a relationship among surface tension, temperature and
composition of the binary metal-surface active solute system. This
formalism would then be used to see how fluid flow may be affected
by a combination of temperature and composition of the melt. To
make use of the formalism to predict surface tension for systems in
which data are scarce, as a test of the efficacy of the formalism on the
basis of the limited amount of published data.

2. Conduct experiments to measure the interfacial tension of liquid
metals in the presence of a plasma.

3. Experimental and theoretical considerations to understand the depth

of penetration in weld pools in the presence of surface active solutes.
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4. Conduct isothermal experiments to investigate the effects of (a)
plasma and (b) surface active elements on the vaporization rate of the

solvent.

It is hoped that such a study will help in a more complete

understanding of the interfacial phenomena that occur during welding.
1.5 Layout of the thesis

The thesis is divided into six chapters.
This chapter introduces, in a concise manner, the importance of
interfacial tension in liquid metals and its relevance to some of the important

physical processes that occur during welding. The objectives of the

-investigation are defined and the thesis layout is presented.

Chapter 2 is a comprehensive survey of past work on interfacial
tension, plasma effects on liquid metal surface and vaporization kinetics of the
alloying elements:

In Chapter 3 the various experimental procedures employed in the
course of this investigation are described.

Chapter 4 delves into the mathematical derivation of the
thermodynamic model. It alsc describes some of the basics in low pressure
plasma generation and characterization relevant to the present study.

The theoretical and experimental results are presented and

discussed in Chapter 5.
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Finally, the conclusions of this investigation are presented in Chapter

6. Furthermore, suggestions for future work are documented in this chapter.

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



10

Chapter 2
CRITICAL REVIEW OF PREVIOUS WORK

2.1 Measurement of surface tension

The surface tension of liquid metals and alloys can be measured by a
variety of techniques. The Young and Laplace equation relating the pressure

difference, AP, across an interface having principal radii of curvature, Ry and R2

which are large compared to atomic dimensions is:
1,1
AP = Y F!1 R2 - (2.1)

Their derivation of the pressure in terms of the liquid surface tension
forms the basis of all liquid surface tension and interfacial tension
measuréments. For the current study, the sessile drop technique was deemed
the most appropriate. This was based on the reasons that the measurements
had to be carried out at high temperatures and, secondly, for the plasma related
study it was the only viable technique. A schematic representation of this is
shown in figure 2.1. The equilibrium at some point, H, below the summit is

expressed generally by:

I '
Ap = 'YLV[ R1 + sz = gpLZ+p° (22)
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where pg is the pressure at the apex of the meniscus, where Ry = Ra. Bashforth
and Adams21 considered the radii of curvature at points Q and Q' to be R in the
plane of the figure 2.1a, and x/sin¢ is a plane perpendicular to the plane of the

figure (rotating about the vertical axis). At the apex of the meniscus [figure 2.1a],
R1=Ro=b,Z=0, and pg = ryLy/b in equation 2.2. Thus,

'YLv(%"'Ei_)?_} = QPLZ+‘2%M (2.3)

Equation 2.3 can be rewritten as:
2+B(%)= (';HE"'S‘%J (2.4)
where B = AX | (25)

These quantities are included in the general equation describing the surface of
the sessile drop:

N |w

2 - 2 2
d d d d
s [l - ol gl e

which has no analytical solution. For this reason, two main procedures are
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currently employed: o

(1) utilizing the tables prepared by Bashforth and Adams21a century ago
by the method of quadratures;

(2) utilizing computerized non-linear fitting methods, which fit the
measured drop profile to a theoretical one by optimizing yand B.
Bashforth and Adams21 prepared tables ot b and x/Z for ¢ = 909, and

x/b for values of b and ¢. For the special case of ¢ = 909, the coordinates to be

measured are Z and x as shown in figure 2.2. From the tables, 8 and b are

determined and the surface tension is calculated from equation 2.5.

Procedure (2), one of the most recent methods, was developed by
Rotenberg et al.22 In this method values of coordinate points of the discretized
droplet interface (obtained from an enlarged photograph), the value of the
density difference acrbss the interface, and the value of the local acceleration

due to gravity are required for the calculations.

2.2 Errors in determining y

Although, in principle, experimental determination of surface tension
appears simple, in practice it is tedious and sometimes difficult to measure
accurately because of many sources of error inherent in such measurements.
An extensive error analysis has been done by R. Sangiorgi et al,,23 White24

and Gallois and Lupis.25 A summary of their findings is presented below.
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Errors in reading drop coordinates

The value of y is always affected by a large error (2-5 % when B > 2) if
we can read coordinates with an accuracy of , at least, 0.1 %. If in reading
coordinates a precision higher than 0.1 % cannot be obtained, it would be
useless to work with drops with B values less than 2, since it would result in
errors of 10-50 %. It was also seen that the effect of drop size on the accuracy
of surface tension measurements depends on the B factor. For drops of the

same material at the same temperature, this effect turns out to be governed by

the drop size.
Errors due to magnification factor

The knowledge of the magnification factor, that is, the ratio between
the true and measured dimensions of the drop is a necessary condition in
computing surface tension from experimental observations. The relative
uncertainty in vy is twice as great as the relative uncertainty in the magnification

factor.
Geometrical anisotropies

Inaccurate values can arise due to the presence of the following:
anisotropy in the optical path; anisotropy in the measuring instrument and

anisotropy in the development of the film.
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The x and z coordinates have to be measured with an accuracy
higher than 0.2 % of each other, in order to let the relative uncertainty in y be
under 1 %.

Recording of the droplet profile requires a parallel beam of light to
avoid light beams reflected by the liquid surface which alter the recorded drop
profile. This condition is sufficiently fulfilled if a tube of high length to diameter
ratio is employed. An error oft 5 um in the positioning of the drop apex, which
might be due to spurious reflections, could result in an uncertainty of about + 1
%.

It is also advisable to use a monochromatic filter to avoid diffraction
effects and to exploit the photographic film in its maximum sensitivity range.

Drops must be perfectly levelled and have perfect cylindrical
symmetry.

Errors in density

In normal practice, good density values are taken from the literature

and used to evaluate y. However, the temperature of the drop should be known
exactly. It is seen that any error in determining the true temperature of the
sample is, in part, self-compensated by the effect of the negative temperature

coefficient of the sample density.
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Physico-chemical effects

The strong influence of adsorption of foreign elements on surface
tension values is very well known. The ability to depress surface tension is
strictly connected with the difference between the surface tension of the two
pure components. Small amounts of surface active elements, like oxygen or
sulfur, dramatically depress the surface tension of a pure metal. For example,

0.1 % S lowers the y of Fe by 30 %. The four principal sources of contamination

are:

1) impurities in the metal itself,

2) reaction with those parts of the apparatus with which the liquid metal
comes into contact,

3) contamination by impurities contained in gases, and

4) contamination by desorbing gases from the internal parts of the

apparatus in general and from porous materials in particular.

Errors due to heat induced refraction

In the gas phase, if the radial temperature gradients are not uniform
along the furnace tube, a bending of the light rays will result. This could lead to

slight deviation in vy from the actual values.25
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2.3 Levitation drop method of determining vy

Another method of determining vy of liquid metals at high temperature
that has received much attention in recent years26-30 is the levitating drop
method. The fundamental equation for the levitating drop method was originally
developed by Lord Raleigh.31 In essence, Lord Raleigh derived the relation
between surface tension (y) and the natural frequency of vibration (®) of an
oscillating drop, by considering the potential energy due to capillarity and
relating this to the kinetic energy of motion, which results from a small
displacement of the drop surface. From this analysis n different differential

equations of motion were obtained, which had the form:

2
da
L+ n(n-nXn+2)2-a =0 (2.4)
dt pa
where, ap = deviation from the equilibrium radius
a = radius of the equilibrium sphere
t = time

p = density of drop

n = mode of vibration.

Since ap o cos (pt + €) (where p = 2nw), it can be seen that the

general solution to this series of equations becomes:

p2=n(n-1)(n-2);‘§5 (2.5)
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It can be seen from equation 2.5, that the principal mode of
deformation occurs when n = 2 ( in practice, higher modes of deformation do not

appear to be stimulated). Whence, equation 2.5 becomes:

P = d4n?e? = L 2.6)

pa

Since the mass of the drop (m) = p %n a® |, equation 2.6 can be

rewritten as:

o|w

Y = Snmo? 2.7)

Equation 2.7 is the basic equation used to calculate surface tension using the
levitating drop technique.

The two important advantages claimed for this technique are: (1) a
knowledge of the density of the melt is not required and (2) there is no physical
contact between the melt and any container/support material and hence
minimal contamination.

Fraser et al.26 studied the effects of various parameters such as drop
size, drop viscosity and vibration amplitude on the values of y obtained by the
levitation drop method. No obvious effects were observed for drop sizes up to
19 in mass, even though gravitational forces caused drops of this magnitude to
show significant departures from a spherical drop. If viscosity effects were
significant the oscillations would be aperiodic. For any given viscosity, there is
a critical drop size, above which, the vibrations will be periodic. Calculations26

revealed that for pure liquid iron, the critical drop radius was about 10-8 cm,
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which is well below the drop radii normally encountered. There exist some
differences with regard to the effects of vibration amplitude. Lord Raleigh's
equation was derived on the basis of small displacements from the equilibrium
sphere. Fraser et al.26 observed, that although the amplitude of vibration
altered with drop size, the values of y derived were not affected. However, the
study by Soda et al.28 to measure the Yy of pure copper revealed that a

correction factor was necessary to account for the magnitude of large

oscillations.
2.4 Effect of minor elements

The surface tension of pure metals and their alloys can be estimated
from a knowledge of factors such as melting point, molar volume, atomic
number and heat of vaporization. However, this approach cannot be easily
extended to systems with a surface active component because of the radical
changes in the nature of the surface layer when these surface active elements
are present.

The variation in interfacial tension of binary systems involving a
surface active component with temperature has been the subject of various
investigators in the past.23,25,30,32-36 These have been mostly experimental
works aimed at determining the interfacial tension as a function of temperature
and composition One of the first major publications dealing with the effect of

surface active agents on the surface tension of solutions was given by
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Szyszkowski 37 in 1908. He derived the following empirical relation:

Y%Z-Y- = bln[-%g+ 1] (2.8)

where 70 is the surface tension of the pure solvent, y is the surface tension of the
solution, C2 is the molality of the solution and b and ¢ are constants. However,
it has been shown experimentally that such a relationship is valid for weakly
surface active solutes and will not represent true behavior for strongly surface
active agents.38

Bernard and Lupis39 developed a monolayer model on the basis of
formation of a compound Ap.1B, where B is the solute element. They

introduced two dimensionless quantities, p and v, defined as:

JB

p= aB(RTI‘A] (29)
ol

v = i, (2.10)

where, ag is the activity of species B in solution, T is the number of atoms per

unit area of the pure solvent and Jg is the surface activity of the solute

component. They formulated expressions for the two quantities at both high

and low concentrations. At high concentrations, the model yields
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e _9_]

Inp_ln1_ne +2n9(k-r (2.11)
110 (1-18) +no?| =

P = -'rT In{1-n6 +NnO kT (21 2)

where 0 is the fraction of B atoms in the monolayer and g measures the net

interatomic forces between the adsorbed solute atoms. At low concentrations,

the expression at n = 2 is given by:

|np=|ne+3|n(1-e)-4|n(1-2e)+2e(€1—.) (2.13)
<p=3|n(1-e)-2|n(1-2e)+92[§f] (2.14)

Application of their formalism to the Fe-O and Ag-O systems produced a semi-
empirical correlation between surface activity and surface tension. Although the
correlation is useful for predicting the depression of surface tension with
concentration, prediction of temperature coefficient of interfacial tension using
the current form of the correlation is not straightforward.

In the model developed by Fowler and Guggenheim,40 the derivation

of the model yields the following equation:

Ka, = 1—‘?5—exp[-2 (%)e] (2.15)

where Z is the number of nearest neighbors within the surface layer, o is equal

to the regular solution parameter Uag - 1/2( Uaa + UgB ), where Ujj is the
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bonding energy between two surface atoms i and j. The term K is a constant
with respect to composition, but is temperature dependent. Lupis41 pointed out
that this model predicts surface saturation only at 8 = 1. However, surface
saturation is known to occur at lower vaiues of 8 corresponding to surface
stoichiometries such as AgB, AoB and AB.41

Belton32 has used a combination of Gibbs and Langmuir adsorption
isotherms to develop a formalism which describes the interfacial tension of

liquid metal in the presence of a surface active element. The relationship is

given by:
P-v= RTl‘sln[”Ka'J (2.16)

where, I'g is the surface excess at saturation, K is the adsorption coefficient and

aj is the activity of the species in solution.
Although equation 2.16 is derived to express interfacial tension as a
function of both temperature and composition from first principles, the variation

of the adsorption coefficient K with respect to temperature is not explicitly
defined.

2.5 Surface tension and fluid flow
Late in the nineteenth century, Marangoni42 demonstrated that if a

surface tension gradient existed on the surface of a liquid, fluid will be drawn

along the surface from the region of lower surface tension to those of higher
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surface tension. This phenomenon is generally referred to as Marangoni
convection.

According to the theory proposed by Friedman43 an increase in
penetration of the weldment is a result of the reduction in surface tension
brought about by the addition of surface active elements. According to his finite
element heat transfer model for GTA welding process, the distortion of molten
metal under the action of arc pressure and gravitational forces is inhibited by
the surface tension existing at the interface between puddie and atmosphere.

In the model put forward by Heiple and RoperB, the increase in
penetration in the presence of surface active impurities is due to positive dy/dT
existing at the surface of the pool. As shown in figure 2.3, a pure element A has
a negative dy/dT, whereas a binary solution B can, under certain conditions,
have a positive dy/dT. The indicated surface flow patterns for the two systems,
A and B, are shown in the lower part of the figure. For the pure metal, the metal
flows radially outward from the center of the pool, descends, and returns
beneath the surface to the center of the weld. This motion transfers heat to the
toe (edge) of the weld and produces wide, shallow welds. When a surface
active element is added, the fluid direction is reversed, with the metal flowing
inward to the center and then down. This flow pattern efficiently transfers heat
to the weld root and produces deep, narrow welds. In spite of the steep
temperature gradients created during welding, the buoyancy force is negligible
in comparison to the surface tension force. This has been shown
mathematically in the appendix where the dimensionless Bond number has

been calculated under typical welding conditions.
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2.6 Interaction between surface tension behavior and weld shape

The surface tension driven fluid flow model which has been used to
explain the effects of surface active residual elements on weld shape can also
be used to understand the effect of changing welding parameters on weld
shape.44 The effect of a change in welding parameters which increases the
temperature gradient (and thus the surface tension gradient) from center to
edge of weld pool is to drive the existing fluid flow patterns more strongly.
Heiple et al.8,10.11 have demonstrated that addition of surface active elements
such as O, S, Se and Te to stainless steel in small concentrations (less than
150 ppm) substantially increases the weld depth to width ratio (d/w), as
predicted by their model. Ail these elements, known to be highly surface active
in iron, are either known (O, 8S) or expected (Se, Te) to produce positive
temperature coefficients of surface tension in iron. Recent measurements of the
temperature dependence of the surface tension for steels with different weld
penetrations have produced an impressive correlation between a positive
temperature coefficient and a high d/w ratio in welds.45 In addition, it has also
been shown that!0 when oxygen is removed from solution in the steel (by
aluminum additions) or oxygen and sulfur are removed from solution (by cerium
additions), the weld d/w ratio is decreased, as expected.

However, in the investigation carried out by Sundeli et al.,46 it was
reported that although oxygen increases both the width and the depth of the
pool, it does not affect the d/w ratio. Sulfur, in contrast, decreases width and
increases depth, greatly increasing d/w. Nitrogen was found to have an effect

similar to, but more subdued than that of oxygen. Cerium forms stable oxides
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and sulfides (Ce0, CeS, Ce202S) with melting points in excess of the base

material. These compounds would effectively remove surface active materials
from the weld pool and reduce the surface tension driven flow fostered by these
elements.

Experiments carried out by Pollard47 indicated that other factors
besides the temperature coefficient of surface tension must be taken into
account to explain penetration behavior. In his experiments in which silicon
was added to Type 304 stainless steel, an increase in penetration was noticed
up to a maximum value beyond which further additions of Si caused a reduction
in penetration. It was proposed that the beneficial effect of the initial silicon
addition was most likely due to silicon reducing the viscosity of the molten
steel.48 If a downward pattern already existed because of the 0.014 % sulfur
content, then a reduction in the viscosity of the molten steel would increase the
flow velocity and hence increase penetration. However, with increasing silicon
additions a point was eventually reached where the soluble oxygen content
became the dominant factor, the temperature coefficient of surface tension was
reduced sufficiently to more than offset any further decrease in viscosity by

silicon, and penetration subsequently decreased.

2.7 Effect of plasma on interfacial tension

Although the importance of the role of plasma in the welding
processes was recognized in the previous works, most of the available literature
was addressed to the effect of plasma on weld properties.2:3,4 Although the

weld penetration is known to be related to the plasma intensity3:4:5,16 and the
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penetration is strongly influenced by the nature and intensity of interfacial
tension driven flow6.7,10, the effect of plasma on the interfacial tension of
liquids was ignored in the previous wdrks. Because of the lack of appropriate
interfacial tension data between the plasma and the weld pool, all the previous
efforts in the analysis of fluid flow in the weld pool were based, in a rather
simplistic way, on the surface tension of gas/metal systems and not on the

appropriate interfacial tension between the plasma and the weld pool.
2.8 Vaporization of alloying elements

The presence of surface active elements such as sulfur or oxygen in
the base metal affects the surface area and temperature distribution in the weld
pool - factors that strongly influence vaporization rate. In a recent paper49 it
has been demonstrated that the rate of alloying element vaporization during
conduction mode laser welding of stainless steels is controlled by plasma
induced intrinsic vaporization at the weld pool surface.

Previous emission spectroscopic investigations by Savitskii and
LeskovS0 indicated that during GTA welding of stainless steels, the rates of
vaporization of iron and' manganese increased with the increase in the sulfur
and oxygen concentrations in steel. Similar effects were observed by Dunn et
al.51 who found that the presence of sulfur in the base plate enhanced the
intensity of emission of Fe, Cr and Mn peaks. Although alloying element
vaporization is regarded as an important problem during laser processing and
the presence of surface active elements are known to affect the vaporization, no

systematic investigation of the role of oxygen and sulfur on alloying element
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vaporization rates have been undertaken so far. Although there have been
studies to examine vaporization effects during welding, it is difficult to determine
from the welding data if the changes in the vaporization rate due to the
presence of surface active elements in the base metal are attributable
exclusively to changes in the weld pool surface area and temperature
distribution or are contributed by additional interfacial effects due to the
presence of these elements. In either case, the primary interfacial effect of
sulfur cannot be easily separated from the secondary effects of sulfur
manifested in changes in surface area and temperature distribution. To
determine the true interfacial effect of sulfur on the metal vaporization rate, a
series of experiments was designed where iron and copper drops doped with
oxygen or sulfur were allowed to vaporize isothermally both in the presence
and absence of a low pressure argon plasma. The rates were compared with

the rate of vaporization of ultrapure metal drops under appropriate conditions.

2.9 Summary

During welding, the fluid flow, heat transfer, and the resulting weld
shape, size and properties are significantly influenced by surface tension driven
flow. The presence of surface active elements often changes the temperature
dependence of surface tension which resulté in flow reversal and,
consequently, deeper weld penetrations. While this effect has been identified,
the details of the interactions between temperature, impurity levels and surface

tension are not well understood. Further compounding this effect is the fact that
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the interfacial tension is established between the liquid metal and the
surrounding environment that contains the plasma.

Another major problem that has not received much attention is the
loss of volatile alloying elements during the use of a high power density laser
beam for welding. Recently, it has been demonstrated that the rate of alloying
element vaporization during conduction mode laser welding of stainless steels
is controlled by plasma induced intrinsic vaporization at the weld pool surface.
However, no systematic investigation of the role of oxygen and sulfur on the
alloying element vaporization rates has been undertaken so far.

The work reported in this thesis is aimed at partially alleviating this
lack of understanding on interfacial phenomena during welding. Although the
scope of the present study is not to provide answers that are all encompassing,
it is an attempt to better quantify some of the effects that occur at the interface of
liquid metals. It is hoped that such a study will enhance, to some degree, our

current knowledge of interfacial effects and their significance in welding.
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Chapter 3
EXPERIMENTAL PROCEDURES

3.1 Surface tension measurements

The materials used for the initial measurements were puratronic
grade tin and copper supplied by Johnson Matthey Chemical Company..

For the initial experiments a Fisher Model 472 High Temperature
furnace with molybdenum disilicide (MoSio) heating elements was utilized. The

furnace temperature was controlled to £100C using solid state circuitry. A
schematic diagram of the experimental set up employed for the measurement of
surface tension is shown in figure 3.1. Argon was used in most of the
experiments. It was purified by passing it through various columns to be
cleansed of its various impurities. The types of impurities that were removed by
the various columns indicated in table 3.1. The gas flow rate was measured by
a rotameter prior to its entry in the furnace.

The photography unit consisted of a Minolta X-370 camera, a Starblitz
2X teleconverter, a Minolta bellows and a Soligor 85-210 mm zoom lens. This
unit was mounted on a camera tripod and levelled horizontally with a spirit-
level. The cross-hairs of the lens was used to check the sample position for
horizontal placement.

For a typical run a sample weighing approximately 0.5 g would be
cleaned in dilute HCI, degreased in acetone and placed on a horizontal

substrate inside the furnace tube. Sufficient time was allowed for the drop to
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Table 3.1 Various columns and their utility in cleaning gas.

Column Use
Drierite remove HaO
Ascarite remove COop
Copper heating trap remove Op

Activated charcoal

Activated alumina

remove CpHp

remove CO

33
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equilibriate at a predetermined temperature prior to photography. The drop
profile was then analyzed from the photograph to calculate the surface tension.
The variables studied were temperature and the vertical and horizontal
coordinates of the drop profile along the meridional section. In the
determination of surface tension values several preliminary runs were
conducted on samples with accurately known g values to establish a reliable
procedure of measurements. Since these experiments are extremely tedious it
was not easy to repeat experiments under the same conditions. However, the
following error analysis indicates the precision of such measurements. From
equation 2.6, the surface tension is given by:

2
b p g
Ww="p (3.1)

Differentiating the logarithm of equation 3.1, and rewriting in finite difference

notation one obtains:

Ay _ 2Ab+ApL+_éE (3.2)
T b P B '

where Ayp vy, Ab, App and AR are the errors in measurement of v, v, b, pL_ and B,

respectively. It has been estimated that Ab/b, ApL/pL, and AB/B are

approximately +0.1%, +0.6% and +5%, respectively. Substituting these values
in equation 2.7, Ay_y/yLv is calculated to be approximately £6%. Further

details are given in chapter 2.
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3.2 Plasma related experiments

For the plasma related experiments a different furnace was used. A
schematic diagram of the set up is shown in figure 3.2. The ultra high purity
argon used for the experiments had a maximum impurity content of 10 ppm with
no more than 2 ppm of oxygen and and 3 ppm of water vapor. High purity
copper and iron (maximum 10 ppm impurities) supplied by Aesar were used in
the experiments. The samples weighing about 0.5 g were cleaned, degreased
in acetone, placed on a polished alumina substrate. The substrate was placed
horizontally in a graphite susceptor tube as shown in figure 3.2. The RF power
was supplied through a 3.4 cm internal diameter coil made up of 0.32 cm
diameter copper tube. The coil had seven turns with 0.15 cm spacing between
the adjacent turns. Because of the high frequency used for heating, the skin
depth of the induced current was very small and the graphite susceptor ensured
that the shape of the metal drop was not disturbed by the induced currents. The

metal drops were photographed through an optical window fitted at one end of -
the vycor tube.

3.3 Spectroscopic plasma diagnostics

Figure 3.3 is a schematic diagram of the experimental set up used for
this study. As can be seen from the figure, the radiation emitted from the plasma
is focussed on the slit of a monochromator through a convex lens. A
kinematically mounted diffraction grating is used to obtain a high resolution

spectrum. An intensified silicon intensified target (ISIT) detector was used to
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detect the emission from the plasma through a monochromator. The detector in
turn was connected through a controller to the optical multi-channel analyzer
(OMA-3). A 2.5 mm high band at the center of the 12.5 mm x 12.5 mm square
ISIT target was monitored in order to avoid peripheral effects due to aberrations
to prevent increased linewidth and thus reduced resolution.91 However, the full
width of the ISIT target was monitored allowing about 300 to 600 angstroms
wavelength range of the spectrum to be recorded at one time. Information from
the detector was transferred to the OMA as plots of intensity' versus
wavelengths. Since the plasma was fairly stable and intense, the emission
spectroscopy data were collected in the single track single scan mode. .

The monochromator was first calibrated using an argon lamp (ORIEL
Model 6030) and atomic absorption hollow cathode tubes as calibration
standards such that each channel of the OMA corresponded to a particular
wavelength. Intensities of the peaks were calculated by subtrabting the
background noise from the observed intensities automatically.

Surface tension and vaporization rate measurements were carried
out both in the presence and absence of plasma. The surface tension
measurement procedure was explained previously in the first section of this
chapter. |

For the vaporization rate experiments, the samples weighing between
0.5 g to 1.0 g were cleaned, degreased in acetone and placed on an alumina
substrate inside a vycor reaction tube. Some of the samples were doped with a
small quantities of oxygen or sulfur. The rate of vaporization was determined

from the weight change of the sample and exposure time.
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3.4 Weld aspect ratio experiments.

For the determination of weld morphology a carbon dioxide laser,
Coherent Model Everlase 525-1, was used in the continuous mode. All welding
was carried out inside a Plexiglas box using a 2.54 cm diameter and 12.7 cm
focal length Zn-Se lens with an antireflection coating. Samples of dimensions 3
cm length, 1.5 cm width and 0.8 cm thickness were used for the experiments.
Helium was used as the shielding gas. The weld pool width and depth were

determined by optical microscopy. Samples were doped with sulfur by using
appropriate HoS/Ho ratios calculated on the basis of data of Turkdogan®2 and

Rosenqvist.53 Oxygen doping was done by using appropriate CO/CO»
mixtures based on the oxygen content achieved at equilibriation.54 Tellurium
and tin doping was done by covering the surface of the flat plate iron sample
with a slurry composed of the powder in acetone and heating the sample to just
above the melting point of the dopant under a stagnant hydrogen atmosphere.

A summary of the experimental parameters employed in the doping processes
is outlined in table 3.2.
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Table 3.2  Summary of experimental conditions utilized in doping pure iron
with various solutes.
System Temperature  Experimental Solute
Fe-i K procedures concentration
Fe-O 1473 Oxygen doping using CO5/CO 0.0186 wt%
~ flow rate ratio = 0.277
Fe-S 1473 Sulfur doping using HoS/Hao 0.02 wt%
flow rate ratio = 5.02x10-3
Fe-Te 728 Tellurium slurry on sample plate 0.01 wt%
Fe-Sn 513 Tin slurry on sample plate 0.3 Wt%
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Chapter 4
THEORETICAL BACKGROUND

4.1 Thermodynamics of interfaces

An interface is a boundary or region of discontinuity between bulk
phases or orientations. A surface is an interface between a condensed phase
and a vapor phase. Because atomic coordination at a surface is incomplete (8
degrees of freedom: 6 vibrational and 2 translational), there is a surface tension
force perpendicular to the boundary tending to minimize its area. This means
that atomic bonds must be broken in bringing an atom from the interior of the
condensed phase (9 degrees of freedom: 6 vibrational and 3 translational) to
the surface and that energy is required to create additional surface. The
potential energy of a molecule would be lowered if it moved from the surface to
the bulk, and so the molecules are under the influence of a force which tends to
draw them into the bulk. - This force is attractive, and is termed a tension, the
surface tension.
| Consider a liquid in equilibrium with its vapor. The two bulk phases «
and B do not change sharply from one to the other at the interface, but rather, as
shown in figure 4.1, there is a region over which the density and local pressure
vary.55 Because the actual interfacial region has no sharply defined
boundaries it is convenient to invent a mathematical dividing surface.56 One °
then handles the extensive properties (G, E, S, n, etc.) by assigning to the bulk

phases the values of these properties that would pertain if the bulk phases

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



42

| |
1 1
| arbitrary :
: dividing surface :
E ] I
o) I
B . i
) | |
5 phase « ! !
> 1 I
g | !
Q. H }
e ! i
o : :
: | phase B
} .
I 1
| |
| 1
X (distance normal to surface)
Figure 4.1 Variation of a property of a system in going from

phase a to phase 8.

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



43

continued uniformly up to the dividing surface. The actual values for the system
as a whole will then differ from the sum of the values for the two bulk phases by
an excess or deficiency assigned to the surface region. The following relations
will then hold:

Volume: V= Vo 4+ VB (4.1)
Internal energy: E= E®+EB+EY (4.2)
Entropy: S = S® + SB + SY (4.3)

Moles: nj= nmi +niP + niY 4.4

The superscript v is used to denote surface quantities calculated on
the above assumptions that the bulk phases continue urnichanged to an

assumed mathematical dividing surface. For an arbitrary set of variations from

equilibrium,

dE=TdS + 3 u.dn-P"dv® ~P"dv’ + 10A + C.dc, +Cdc,  (45)
i

where ¢4 and co2 denote the two curvatures (reciprocals of the radii of
curvature) and Cq and Co are constants. The last two terms may be written as
1/2(Cq + C2) d(cq +c2) + 1/2(Cq - C2) d(ct - c2), and these plus the term ydA
give the effect of variation in area and curvature. Because the actual effect
might be independent of the location chosen for the dividing surface, a
condition may be put on C4 and Co, and this may be taken to be that C1 + C2 =
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0. This particular condition gives a particular location of the dividing surface

such that it is now called the surface of tension.

For the case where the curvature is small compared to the thickness
of the surface region, d( ¢ - ¢2 ) =0 (this will be exactly true for a plane or for a

spherical surface), and equation 4.5 reduces to:

dE =TdS + 3 g dn.- P*av® - PV + 40A (4.6)
i

Because
G=E- TS+ Povo 4 PBVB (4.7)

where G is the Gibbs free energy, it follows that:

dG =-SdT + Y pdn + V*dP* + V'aP" 4 ydA (4.8)

I
Equation 4.8 is obtained by differentiating equation 4.7 and comparing with

equation 4.6. At constant temperature and pressure:

dG = ) pdn, +1dA (4.9)
i
Therefore,
G= ) pn +7A (4.10)
i .

Differentiating equation 4.10:

dG =Y pdn+ D ndp + 10A + Ady 4.11)
i i
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Comparing equation 4.11 with equation 4.9, it follows that :

Ady+ Y ndy, = 0 (4.12)
(4.13)

n,
Since Y — is the surface excess I, equation (4.13) can be written as
A ! :

dy=- ) Idp (4.14)

Equation 4.14 is known as the Gibbs adsorption isotherm.

For a two component system, the portion of the dividing surface is so
located such that the surface excess of the solvent is equal to zero. Thus, fora
solute species i in a binary system, equation 4.14 can be written as:

dy=-TjRTdn g (4.15)
where aj is the activity of the species i in the solution. Equation 4.15 can be

written as:

I

l‘i_ RTdInai (4.16)
R St
= “Erda (4.17)

Langmuir's isotherm model is based on the assumptions that the

surface has a number of well-defined sites which may be occupied by only one
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atom (or molecule) of the surface active species. The adsorbed atoms have no
mutual interactions. Formally, it can be represented thus:

i +VS = is (4.18)
for which the dissolved solute component i segregates to surface site VS in
order to form an occupied sites iS- The standard free energy change of the
above reaction can be written as:

AGO = -RTInK (4.19)

where K is the equilibrium constant for reaction 4.18. Thus:

- AG® 9
K = exp( J = (4.20)
RT 1-9,
NEED
where 6; = Ij/I's = fraction surface coverage of i and I'g is the surface

coverage at saturation. The Langmuir isotherm permits calculation of T as a

function of a;j as:

K aj - K 0j aj = 6j (4.21)
or,
Ka
6 = To% ai (4.22)
or,
Ka
[=LiiRa (4.23)

Combining equation 4.17 and 4.22, which is essentially a combination of Gibbs
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and Langmuir's isotherms, we obtain:

G ooy L K 4.04

HTdai" *1+Ka (4.24)
or,

dy =-T, 1RT}fa da (4.25)

Integrating equation 4.25 from y =0 in the pure metal to y = yin impure metal:

Y
. RTK

de- JFS1+Kada (4.26)
;YO

or,

Y-y = -RTT,In(1+Ka) (4.27)
or,

y = y°-RTI‘sIn(1+Ka|] (4.28)

The form of the above equation was found empirically by Szyszkowski37 in

1908 and bears his name. Equation 4.20 can also be written as:

(o] (o] (o]
K= exp{'é.? ] = exp (AS Jexp [—'-STH-) (4.29)

If we assume, as a first approximation, that both the entropy and enthalpy

values are constants independent of temperature, then'equation 4.29 can be

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



48

modified as :

K =k exp( ér'r"J (4.30)

where k1 is a constant. For a pure metal, the temperature dependence of
surface tension is given by:

P = ¥m- AT -Tpm) (4.31)
where 7y is the surface tension of pure metal at the melting point, A is the
negative of dy/dT for pure metal and Ty, is the melting point of the material.

Combining equations 4.28 and 4.31, we have:
Y- AT-T,)-RTT,In| 1+k aexp( AH) (4.32)
Y= RT .

which gives the surface tension of metal-solute (i) alloys as a function of both
temperature, T, and activity, a;.

4.1.1 Temperature coefficient of surface tension

The temperature coefficient of surface tension, dy/dT, for an alloy

containing a surface active element can be obtained by differentiating equation
4.32 with respect to T and remembering that K = k1 exp{ -AHO/RT).
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Differentiating y with respectto T,

& RTT SAH
-AH s d
d |+ T AT
ar = A RF'”{“"@«.GHT } 2 dT(k@'e ) (4.33)
1+k1aeHT
Now,
d1 K AT AH~ AHo o
4 (1+Ka)< T4 5° _-.ke':‘r(:l—a+ka,«am(A:;{l ’1—)
dT dT 1 dT T (4.34)
Therefore,

da H®
dy RTT,
— . K— Ka
g = A {R T, |n{1 + Ka,} * TR ( oty mzﬂ
i (4.35)

To take into account the variation of the activity with respect to temperature, it

will be necessary to carry out the following operations. For any real solution,

the partial molar free energy of mixing,Aﬁim , is given by

—m
AG:i =RTIha

then,

a = exp AGi
RT
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Differentiating with respect to temperature we obtain:

Substituting these in equation 4.35, we have:

o]
dy 1+Ka) BTT, | galna o, AH | (4 .35)
dT_-A-RI‘sIn( ')'1+Kai T 'RT?

-
RT
= -A-Rr,in(1+Ka) _TTs qy [ an® G (4.37)
1+Ka | "I\'RT "RT

Replacing AGim by Aﬁim (= RT Iny), we have :

Ka rs[AH° AR

dy i ] (4.38)
1+ Kai T

T " -A-Rl‘sln(1 + Ka;)-
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The derivative consists of 3 terms:

Term 1. This is equivalent to dy/dT for pure metals and is negative since A
is positive.
Term 2. This term is related to the entropy of segregation. It must be

negative because the entropy change for segregation must be
negative.

Term 3. This term is related to the enthalpy change of segregation. This
term is negative if AHO is positive (i.e. endothermic process) and is
positive if AHO is negative (i.e. exothermic process).

Thus, dy/dT can only be positive if AHO is highly negative i.e.

surface segregation is an exothermic re'action.' It should be noted that terms (2)

and (3) also depend on T and ga;.

Consider the variation of y with aj. Figure 4.2 shows the variation

of surface tension with additions of a surface active species. Consider two

extreme cases.

Region I: In this case, 6/(1-0) = 0 i.e., a very clean surface is prevalent. In

this case Kaj << 1 and equation 4.35 reduces to

r = H
— = -A- Ka, S !
T i T

(4.39)
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Figure 4.2 Variation of interfacial tension as a
function of the activity of the solute.
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Region Il:  Here 6/(1-0) = 1, i.e. a saturated surface is prevalent.

In this case Kaj >> 1, and equation 4.35 reduces to:

[T
I AH,

T (4.40)
From equations 4.39 and 4.40 it is seen respectively that in case |, dy/dT

& _ A- RT, ln(k1 a')+

dT

depends on aj, while in case |l, it depends on In(a;). In case |, dy/dT can be
positive if AHO has a sufficiently high negative value. In case ll, the dy/dT value
is usually negative. Under low surface coverage conditions the Langmuir
isotherm represents the effect of adsorbed atoms on the surface tension very
well so that interactions between adsorbed atoms need not be considered.41

On continued addition of the surface active element a saturation stage is

reached. This is manifested by a practically constant value of I's or, by a
constant slope of yvs. In a;. Generally, the saturation stage corresponds to the
formation of a two-dimensional compound. The nature and structure of such
compounds have been investigated extensively in the case of solid surfaces by
techniques such as "low energy electron diffraction” (LEED), field ion
microscopy and Auger spectroscopy.57

Studies by Germer et al.58 and Mac Rae59 on oxygen adsorption on
nickel yields results which are fairly typical of many other systems. Their studies
indicated that depending on the plane of nickel on which oxygen is being
adsorbed a two-dimensional compound with a superlattice structure is formed.
For example, on the (100) plane of nickel, the superlattice has the stoichiometry
NiO. After the formation of this two-dimensional compound, no further

adsorption of oxygen is observed.
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In the case of liquid metals, there is experimental evidence that a
short range is retained.41 Similar adsorption phenomena with formation of
superlattices of stoichiometry Ap.1B may therefore be assumed. Clearly,
however, such structures would not cover the entire surface as a coherent
compound. Direct experimental observation of the surface structure and
chemistry is, however, more difficult than in the case of solid surfaces.
Increasing the temperature has the effect of causing adsorbed atoms to desorb
from the surface resulting in an increase in the surface tension.

Therefore AHO, the heat of adsorption of the surface active species at low
surface coverages, is the most important parameter for determining the
conditions under which the temperature coefficient of the surface tension can be
positive. _

" The minimum activity of solute required to obtain a positive value of dydT

at various temperatures can be calculated by equating dy/dT to zero in equation

. 4.35.

4.2 Plasma physics relevant to present study

The word "plasma" was coined in 1928 by Irving Langmuir of the
General Electric Laboratory who was working with low pressure electric
discharges which have since become familiar in fluorescent tubes and neon
signs. Plasma has been recognized as a fourth state of matter, apart from solid,
liquid and gas. Just as the solid is characterized by .a rigid, dense lattice
structure, a liquid by a non-rigid fluid and a gas by a low density randomized

collection of atoms or molecules; so a plasma is characterized by a collection of
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charged particles (ions and electrons) of low density.60 The plasma is a
collection of particles which can range from a few percent to complete
ionization. Today, the word plasma covers a wide variety of conditions in
electrically conducting gases. They range from the low-pressure discharges to
fully ionized extremely high temperature thermonuclear plasmas.81 The
plasma, as a whole, is electrically neutral since there are substantially equal
number of electrons and gas ions present. The mechanism of formation of a
low-pressure plasma is schematically illustrated in figure 4.3. The positively
charged ions and the negatively charged electrons are accelerated in opposite
directions by the applied electric field, E. In low-pressure plasmas (10-3 atm or
less), collisions are relatively rare, and an electron travels a considerable
distance between collisions. When it finally collides with an atom, it has gained
enough energy from the electric field to produce an ion by knocking off an
electron or at least to excite the atom and cause it subsequenﬂy to emit light.
The nature of the plasma produced depends on the gas used, the pressure and
the energy supplied to it. In plasmas normally used in the electronic
technology, the electron concentration varies from 1012 to1014 cm-3.62 The
primary difference between the plasmas produced during welding and an RF
inductively coupled plasma is the absence of local thermal equilibrium in the RF
produced plasma. However, under welding conditions, the plasma produced is
essentially in local thermal equilibrium in which case the electron, ion and gas
temperatures are equivalent to each other. Another ditference is the existence

of an electric field in the inductively coupled plasma.
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4.2.1 Emission spectroscopy

When an atom is placed in a sufficiently strong electric field or is hit by
a sufficiently swift electron (as in a discharge tube), or collides violently with
another atom (as at high temperatures), it may have an electron displaced from
the normal orbit (energy level) to an outer one. As the disturbed (unstable)
electron falls to a lower energy level orbit, it will radiate this acquired energy as
a monochromatic light63 consisting of photons.

The actual change in energy (AE) between the two energy levels in an
atom is related to the frequency and wavelength of the radiation absorbed or
emitted by the following equation:

E'-E" =AE =hv = hc/A (4.41)
where h is Planck's constant (cm-1s), n is the frequency in hertz (s-1), E' is the
energy (cm-1) of the lower level of the electron, ¢ is the velocity of light or
electromagnetic radiation (cm s-1) and A is the wavelength of emission (cm).
This transition from an upper energy level is known as bound-bound transition,
wherein the electron makes a transition from one bound state to another of
lower energy. This can be understood from figure 4.4 which shows the
emission and absorption spectrum lines, wherein each of the transitions
corresponds to a particular wavelength.

The study of plasmas using emission spectroscopy enables us to
obtain -a large amount of information about the plasma of various species in

terms of their number density and temperatures without disturbing or perturbing

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



6 A
4
hv4s
)
2
5 ° L) 5
g )
w g
«5}
L
2 'y S
<
hv13
hvi2
1 v
Figure 4.4 Schematic absorption and emission spectrum line series

and related atomic energy levels (from reference60.)

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



59

it. This non-invasive technique was utilized in the present study to characterize
the plasma.

Glow discharge plasma can be generated in a tubular type reactor
with external ring electrodes or a coil energized with a 50 Hz to 13 MHz
excitation. Regardless of the power supply and electrode configuration, the
important parameters that characterize plasma include the nature of the various
species, the energy of the electrons (electron temperature), the energy of
molecular vibration and rotation and the gas temperature.64 In the low
temperature glow discharge plasma, the electron temperature is much higher
that the temperatures of the ions and atoms and the plasma is generally highly
ionized.

Recent work has shown that the electron temperature is an important
parameter in various plasma processing operations. For example, the electron
temperature is known to affect the oxidation rate in an oxygen plasma and solid
surface interactions.65 The electron temperature also has a strong influence on

the anodization rate in glow discharge anodization of silicon.65
422 Electron temperature estimation

The method for measuring the electron temperature is based on the
assumption that the population of atoms, ions, or molecules of the thermometric
species at the different energy levels follow a Boltzmann distribution. The
equation for the absolute intensity of a spectral line involved in the transition

from an upper energy level q to a lower energy level p is given by:66
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=)
g &Xp| =
I =9 A hy ne \KT

® =g WM = — (4.42)

where lqp is the intensity at a particular frequency, Aqp is the average transition
probability, h is Planck's constant, vgp is the frequency of emission from upper
energy level to lower level, 9q is the degeneracy of upper level, k is
Boltzmann's constant, gqp IS the integrated intensity, n is the number density, T
is the absolute temperature and Z is the partition function. Taking logarithms

and rearranging we have:

| 3
—® g n_9
In 9e P Ve = In ym h+ Irl 7 ' (4.43

Inserting relative intensity qu' and relative transition probability qu' we write:

I | £
—_—P .9
In 0 A Ve In 7 KT (4.44)

Applying equation 4.44 to a group of spectral lines emitted by atoms, ions or
molecules of one and the same kind, we see that In 9qPepVep is a linear
function of eq because n and Z are now constants, that is, n and Z have the ..
same values for all the lines involved. Consequently, if for a series of spectral

. qp .
lines of a particular type of atom, ion or molecule, In PRI or equivalently
94 qpVap

LA
In[ng ) is plotted against the corresponding excitation energy €qs @ straight
q"'qp .
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line with slope proportional to 1/T will result, provided self-absorption is

negligible.
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Chapter 5
RESULTS AND DISCUSSION

5.1 Thermodynamic modeling

It was explained in the previous chapter that the interfacial tension of
binary metal-surface active solute systems can be thermodynamically

represented by equation 4.32 which is repeated here as:

0
y = ,Ym_A(T-Tm)-RTFSIn[ 1 +k1 a, exp[' AH ﬂ (5.1)

This formalism gives a quantitative relationship between surface tension to the
temperature and composition of the melt. This makes it much more amenable
to use in various mathematical modeling studies of fluid flow in weld pools

which, hitherto, relied on approximate values of y.

Examination of equation 5.1 reveals that four factors (A, I's, ki and
AHO) must be known before the surface tension of the binary solution can be
calculated. The term A, which is the negative of the temperature coefficient of
surface tension of a pure metal can be determined from the surface tension
values at two or more temperatures. This constant can also be estimated by
means of expressions based on Eotvos' Law and procedures are discussed by

Allen.92 The surface excess of the solute species at saturation, T's, can be

determined by applying Gibbs isotherm to a surface tension versus activity plot.
In the absence of experimental data, I's may be estimated from a knowledge of
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the surface structure. Table 5.1 shows that such an estimation indeed yields
fairly satisfactory values41, especially when one considers the uncertainty in
the experimental data. In fact, both A and I'g have been extensively studied for
most systems and are either readily available or can be calculated
easily.35,41,67-69 The means of estimating the two other factors, AHO and k1

are now discussed.

5.1.1 Estimation of enthalpy (AHO) and entrdpy factor (k1)

At a given temperature the equilibrium constant for the adsorption
reaction (reaction 4.18) otherwise referred to as the adsorption coefficient, K, is
determined by fitting experimental surface tension data versus composition data
to equation 4.28 in which all the parametérs except K are known. If the natural

logarithm of the equilibrium constant K is plotted as a function of 1/T, the values

of AHO and k1 can be determined from the slope and the intercept of the straight
line respectively.

Since the evaluation of K requires a series of surface tension
measurements on high purity liquid metals at various concentrations of surface

active impurities at two, or preferably more temperatures, such data are

available for very few systems.

5.1.1.1 Fe-S system

The Fe-S system has been one of the most thoroughly studied and

the surface tension data for this system is used to calculate K as a function of
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Table 5.1: Area requirements at saturation (from reference 41).
[ A2/atom, 1A =10-10m) lonic radius(A) lonic charge

System T.K Experimental Calculated@  Calculatedd r r+ z Z+
Fe-O 1823 10.3 _ 6.0 8 (111) 1.33 0.83 2 2
Fe-S 1823 15.1 ' 10.5 12 (010) 1.74 0.83 2 2
Fe-Se 1823 14.7 13 13 (010) 1.91 0.83 2 2
Fe-Te 1823 15.0 14.6 18 (100) 2.11 0.83 2 2
Cu-O 1273 29 6.0 30 (111) 1.32 0.96 2 1
Cu-S 1393 14.5 10.5 14.5 (100) 1.74 0.96 2 1
Cu-Se 1423 11.9 13 16.8 (111) 1.91 0.96 2 1
Cu-Te 1423 13.8 146 23 (100) 2.11 0.96 2 1
Ag-O 1253 34 6.0 : 38 (111) 1.32 1.13 2 1

@ On the basis of monolayer of close-packed solute anions®
b On the basis of the solid compound-

9
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temperature. Sources for raw data were extracted from references 70-72. The
calculated values of K at various temperatures are given in table 5.2 and are
plotted as a function of 1/T in figure 5.1. From this plot the values of the heat of
adsorption, AHO and the entropy factor, k1, are determined to be -1.66 x 109
KJ/kg mole and 3.18 x 10-3 respectively by regression analysis.

The utility of the previous calculations lies in the fact that the enthalpy
and entropy factors, along with the temperature coefficient of surface tension
and the surface excess at saturation can give a relationship for the surface
tension of a binary solution as a function of temperature and composition. As
an example, the expression for the interfacial tension of Fe-S alloys as a

function of both temperature and composition is given by:

6
vy = 1.943 - 4.3x10* (T - 1809) - RTx1.3x10° In{1 +.0032 a, e(l%T"—m—J} N/m (5.2)

In order to demonstrate the validity of the above equation, the
predictions from equation 5.2 are compared with the experimental values
reported by Keene et al.30 for the pseudo-binary Fe-S system in figure 5.2. It
may be observed that a fairly good agreement is achieved between the
experimental data and the computed values. Table 5.3 summarizes the results
of similar calculations for various other systems studied and the data sources.
In figures 5.3 to 5.8 the predicted interfacial tension values are presented as a
function of solute concentration for the Fe-O, Fe-Se, Cu-O, Cu-S, Cu-Se and

Cu-Te systems respectively. The predicted curves are calculated on the basis
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Table 5.2: Summary of the calculated absorption coefficient in the Fe-S

system at various temperatures.

Temperature, K K 1/T x 104 In K
(K1)

1843 166 5.43 5.11

1823 185 5.49 5.22

1723 325 5.80 5.78

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



In K

FeS ‘ .
5.91 ]
55 ]
A

] Data from i
5.1 o) O Reference 70
O Reference 71

4.7r O Reference 72 i

5.4 5.5 5.6 57 5.8

1/T x 10% (1/K)
Figure 5.1 Variation of equilibrium constant with temperature for

the Fe-S system.

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

67



Fe-S, 1923 K-
2 O [} ) 1 T T
) O Data from
Reference 30
1.8 -
E
zZ
[ -
o -
3 1.6 o
> O O
QD
&
€ 14¢F .
=
(7))

—
N
T

]

bon

1 i 1 |

0 2 4 6 8 10
Sulfur Activity x 102

Figure 5.2 Depression of the surface tension of iron by sulfur
and comparison with ideal isotherm (5.1) at 1923 K;
surface tension data taken from reference 30.
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Table 5.3: Summary of calculated entropy and enthalpy factors.
System k4 - AHO Activity References
KJ/Kg mole  Calculations
Fe-O  1.38x10-2  1.46x105 ag=wt%Q 27,30,33,
70,73,74

Fe-S  3.18x10-3  1.66x10° ag=wt% S 70-72

Fe-Se 8.57x10-1  1.09x103 age =Wt% Se 34,72

Cu-O  3.29x10-1 1.73x105 ap = Xpxactivity  25,36,75
coefficient

Cu-S  7.94x10°5  1.67x105 ag=Atom%S 75,76

Cu-Se 1.45x10-3  1.25x105 age=Wi%Se 77

Cu-Te 1.02x10-3  1.29x10% aTe = Wi% Te 77

Ag-O 1.42x109 ap = XQ x activity 67
coefficient

Sn-Te 1.68x10-2  3.78x104 aTe =Wt% Te 71
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Figure 5.3 Depression of the surface tension of iron by oxygen
and comparison with ideal isotherm (5.1) at 1823 K;
surface tension data taken from reference 70.
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Figure 5.4  Depression of the surface tension of iron by selenium
and comparison with ideal isotherm (5.1) at 1873 K;
surface tension data taken from reference 34.
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Fugure 5.6 Depression of the surface tension of copper by sulfur
and comparison with ideal isotherm (5.1) at 1473 K;
surface tension data taken from reference 78.
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of equation 5.1 and the values used for the various systems are summarized in
table 5.4. It can be observed from figures 5.3 to 5.8 that in all cases good
correlations are obtained between the predicted and the experimental surface
tension values. The good agreements are testimonies of the usefulness of
equation 5.1 in predicting the variation of surface tension as a function of

composition and temperature.
5.1.2 Estimation of the heat of adsorption

Unlike the heat of solution data for various systems, the heat of
adsorption data is not generally available in the literature. From the previous
work, it is known that the heat of adsorption depends on diverse factors such as
the difference in electronegativity of the ions, the size difference, type of
bonding and the degree of attraction between the ions, the structure of the
surface layer and other parameters of interaction between the solute and the
solvent. Since the temperature dependence of interfacial tension is significantly
influenced by AHO, we have tried to relate the values of AHO presented in table
5.3 with various properties of the system. It is difficult to draw truly general
conclusions from this information, since all of the data available apply to
transition metals and group VIB surface active solutes. However, these are the
systems for which surface tension driven flow phenomena in welding would be
of the greatest practical importance. In particular, we have attempted to seek
correlations between the value of AHO and factors such as size difference, ion-
ion attraction and difference in electronegativity between the cation and the

anion. In plotting AHO as a function of the ionic size difference or as a function
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Table 5.4: Summary of values used in calculating surface tension of
various systems.

System Ym A x104 I x 108
N/m N/m K Kg mole/m2
Fe-O 1.943 4.3 2.03
Fe-S 1.943 4.3 1.30
Fe-Se 1.843 4.3 1.28
Cu-O 1.382 2.7 0.53
Cu-S 1.382 2.7 114
Cu-Se 1.382 2.7 1.40
Cu-Te 1.282 2.7 1.10
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of the ion-ion attraction no coherent trends could be observed. This could
possibly be due to the fact that such correlations do not take into account more
complex interactions between the ions or the electronic distribution within the
ion. However, by plotting -AHO as a function of the difference in
electronegativity of the cation and the anion?9, as shown in figure 5.9, the
results seem to indicate a small measure of correlation with significant scatter in
the data.

It has been shown previously for silicate melts80 that the heat of
formation increases with the difference in electronegativity. From the works of
Otsuka and Kozuka81 it is observed that the heat of solution increases with the
heat of formation. Since the heat of adsorption is the sum of the heat of solution
and the heats of segregation, it is expected that the heat of adsorption should
increase as the difference in electronegativity increases, as observed in figure
5.9. The scatter in the plot indicates the complexity of the systems and
emphasizes the fact that factors other than electronegativity are important in
determining the heat of adsorption. However, when the difference in
electronegativity is greater than about 0.5, the heat of adsorption lies between
-1.21x105 and -1.72x105KJ/kg mole. These values are consistent with the
heats of adsorption derived by Belton for the Fe-S, Cu-S and Ag-O systems
which are -1.47x105, -1.67x105 and -2.0x105 KJ/kg mole, respectively.32 This
information is of particular interest for welding systems since the temperature
coefficient of surface tension is significantly influenced by the heat of
adsorption, and in most systems the difference in electronegativities is greater

than 0.5 in Pauling's scale.
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5.1.3 Application to other systems

Surface tension was predicted for several systems in which very
limited experimental work has been done. In all the examples presented the
values of kq and AHO are not readily available. Because of this, the two
parameters are estimated for each system based on certain simplifying
assumptions and these are mentioned separately for each case.

Cr-O

Nogi et al.82 determined the surface tension of pure Cr as y= 2.032 -
5.4x10-4 (T-2133) N/m and the surface excess at saturation, T's, to be 5.1x10"9
kg mole/m2. The heat of adsorption is taken equal to -1.67x105 KJ/kg mole
from the plot of figure 5.9 with the difference in electronegativity taken as 1.78 in
Pauling's scale. The value of k{ for the Cr-O system is taken to be the same as
that for the Fe-O system since Fe and Cr are both transition elements. Based on
these data, the interfacial tension of Cr-O system can be expressed as a

function of temperature and composition as:

8
1.67x10
y-—.2.032-5.4x10'4(T-2133)-RTx5.1x10'9 |n1+.0138a0e( AT ) N/m  (5.3)

Predictions of interfacial tension from the above equation were
checked against the available experimental data82 of interfacial tension vs.

oxygen concentrations at 1973 K. It is observed from figure 5.10 that good
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Figure 5.10 Calculated surface tension as a function of oxygen
concentration for Cr-O alloys at 1973K and
comparison with experimental data of Nogi et al.82
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agreement is achieved between the experimental data and the predicted

results.
Co-S

Monma and Suto83 have calculated T's to be 1.6x10-8 kg mole/m?2
and Nogi et al.82 determined surface tension of pure cobalt as y = 1.993 -
5.7x10-4 (T-1768) N/m. In the Co-S system the difference in electronegativity is
equal to 0.62 and using this value, the heat of adsorption is interpolated from
figure 5.9 to be -1.55x109 KJ/kg mole. The entropy factor k1 is assumed to be
the same as for the Fe-S system since both Co and Fe belong to the same
group in the periodic table. Based on these simplifying factors, the surface

tension relationship for the Co-S system was calculated as:
6
-4 -
v=1.993-5.7x10" (T - 1768) - RTx1.6x10"° 1{1 +.00318 a e (%‘JJ N/mi (5:4)

In figure 5.11 the calculated values of surface tension at 1573 K are
compared with the experimental data of Monma and Suto83 as a function of
sulfur concentration. It is observed that there is fair agreement between the

predicted and experimental values.
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Ni-S

Surface tension of pure nickel has been calculated by Nogi et al.82
as y = 1.845 - 4.3x10"4 (T - 1726) N/m and I's has been calculated by Monma
and Sutol16] to be 1.6x10-8 kg mole/m2. From the difference in
electronegativity values in this system (0.59) the heat of adsorption was
interpolated from figure 5.9 to be -1.47x105 KJ/kg mole. The entropy factor was
assumed same as for the Fe-S system, since both nickel and iron belong to the
same group in the periodic table. Based on these approximations, the surface
tension of Ni-S system as a function of temperature and composition is given
by:

1.47x1 08

y=1.845 - 4.3x10™ (T - 1726) - RTx1.5x10” | 1+.00318 a e( AT J N/m

(5.5)
Figure 5.12 shows a plot of surface tension as a function of weight percent
sulfur at 1573 K. Comparison of the predicted curve with the experimental
values of Monma and Suto83 show fair agreement.
The study of the three systems mentioned above shows that in the
absence of extensive experimental data in these systems it is possible to use
equation 5.1 in combination with certain simplifying assumptions to predict the ‘

surface tension of these metal-solute systems.
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5.1.4 Temperature coefficient of surface tension

The values of dy/dT can be obtained by differentiating equation 5.1

with respect to T as:

3—1 - -A-RT,In[1+Kaj.

Kai T, [AHO - Aﬁ:n]
1+ Kai T

(5.6)

where AH{M is the partial molar enthalpy of mixing of species i in the solution.
From equation 5.6 it is seen that dy/dT is a function of both temperature and

composition and is negative for pure metals. In alloys containing surface active
solutes dy/dT depends on temperature, T, the equilibrium constant for
segregation, K and the activity of the surface active species aj. For metals with
a high surface coverage of the adsorbed species (Ka; >> 1), equation 5.6 will

reduce to:

-d—Y' = -A-Rl‘sln(k1 ai] +

—M
T, AH,
ar = T

. (5.7)

and this value is usually negative. However, for metals with a low surface
coverage of the surface active species (Ka;j << 1), equation 5.6 will simplify to:

dy AR - AF
ar = A- Kai I‘s——.l.——-— (5.8)
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and can be positive for a sufficiently large negative value of AHO. Under these
conditions the Langmuir isotherm represents the effect of adsorbed atoms on
the surface tension very well so that interactions between adsorbed atoms need
not be considered. Increasing the temperature has the effect of causing
adsorbed atoms to desorb from the surface resulting in an increase in the
surface tension. Therefore, AHO, the heat of adsorption of the surface active
species at low surface coverages, is the most important parameter for
determining the conditions under which the temperature coefficient of surface
tension can be positive.

The minimum activity of solute (O. or S) required to obtain a positive
value of dy/dT at various temperatures can be calculated by equating dy/dT to
zero in equation 5.6. For these calculations AH;™ was taken as zero since the
activity coefficients were taken to be unity. The calculated critical concentration
values corresponding to these activities are presented in figure 5.13 for Fe-O
and Fe-S systems. It is observed that as the temperature increases,
progressively larger amounts of the solute are required to produce a positive
dy/dT. !n welding processes where the peak temperature is high, relatively high
amounts of these surface active solutes will be required to ensure deep
penetration of the weld. |

Since a steep temperature gradient exists at the surface of a weld
pool, calculations were carried out to examine how dydT changes with
temperature, given a particular amount of solute. Figure 5.14 shows how dy/dT
varies with temperature at a given solute content for the Fe-O and Fe-S
systems, respectively. In this figure the curves corresponding to higher

concentrations of solute may intersect, i.e., a solution containing lower amounts
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of solute can have a higher dydT than that for a solution having a higher
concentration of the solute. Since the values of dy/dT are contributed by the
three terms in equation 5.6, the sign and magnitude of dy/dT depends on
relative values of these three terms. As the amount of solute in solution
increases, the surface tension is lowered because more of the solute
segregates to the surface. This means that the second term becomes larger in
magnitude with increasing solute content. Also, this term is more important at
lower temperatures, since at high temperatures the solute atoms tend to desorb.
Thus, at relative low temperatures, if the solute content is high, the large
negative value of the second term dominates and dy/dT can be lower for a
solution with high solute content as compared to one with a low solute content.
However, with increase in temperature, the positive enthalpy term dominates
and dy/dT will Be higher for a solution with a higher solute content than for one
with a lower solute content.

It is interesting to note that at very low oxygen contents (<0.002 wt%),
dydT will practically always be negative across the weld pool, whereas, at
higher oxygen contents, dy/dT can change from a positive value at relatively low
temperatures to a negative value at higher temperatures. A similar trend is also
observed for the Fe-S system. This implies that in a weld pool containing fairly
high oxygen or sulfur contents, dydT may go through an inflection point
somewhere on the surface of the pool. Under these conditions the fluid flow in

weld pools is likely to be much more complicated than a simple recirculation.30
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5.2 Weld aspect ratio

Pure iron and iron doped with various surface active elements were
irradiated with a CO2 laser beam operating in the CW mode at 475 W total
power. The scanning speed was 5 mm/s and the argon shielding gas flow rate
was 6 I/min. The samples were subsequently analyzed using optical
microscopy for profile characterization. Figure 5.15 shows the fusion zone
geometry for various samples studied and table 5.5 summarizes the
composition, depth, width and depth/width values. From figure 5.15 it is
observed that the pure iron sample had the least depth and width values
whereas those of the others showed substantial increases in both width and
depth values. Oxygen, sulfur and tellurium belong to the Group VIB in the
periodic table and are known to be surface active. A comparison among the
samples doped with these elements show a progressive increase in the aspect
ratio (D/W) in the following order: O --- S --- Te. Lupis4! has related the
adsorption coefficient to surface activity and from values compiled by him,
surface activity increases as we consider elements in higher period in the
Group VIB elements. Also, these elements create a positive temperature
coefficient of surface tension when added to iron. Table 5.6 lists all the
available values for surface tension (y), temperature coefficient of surface
tension (dy/dT) and absorptivity (p) values for various pure elements and binary
systems. It can be seen that the addition of any of these elements drastically
reduces the surface tension of pure iron. According to Friedman's model 43
these values indicate that the depth of penetration shouldoincrease on addition

of these elements. These results also substantiate the model proposed by
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Figure 5.15 Weld profile of various samples. Scanning speed: 5
mm/s, Ar gas flow rate: 6 /min.
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Table 55 Summary of the composition,depth(D), width(W) and depth/width
(D/W) ratio for various samples. Scanning speed: 5 mm/s, gas
flow rate: 6 I/min. Initial sample surface polished to 400 grit.

System Wt % solute D, cm W,cm D/W (D/W)average
Fe 0.0169 0.0598 0.283

Fe 0.0188 0.0603 0.312 0.298
Fe-O .02 : 0.0217 0.0648 0.335

Fe-O .02 0.0198 0.0619 0.320 0.328
Fe-S .02 0.0323 0.0582 0.555

Fe-S .02 0.0286 0.0603 0.474

Fe-S .02 0.0257 0.0587 0.438 0.515
Fe-Te .01 0.0368 0.0601 0.613

Fe-Te .01 0.0381 0.0603 0.632

Fe-Te .01 0.0333 0.0587 0.567 0.604
Fe-Sn 3 0.0262 0.0500 0.524

Fe-Sn 3 0.0269 0.0635 0.424 0.474
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Table 5.6  Summary of the surface tension, temperature coefficient of surface
tension and absorptivity values for various samples.

System Temperature Y dy/dT Absorptivity
K N/m mN/m K

Fe 1823 1.94 -0.43 13

Fe-Sn 1823 1.5 -4 ~.13

Fe-S 1823 1.62 +.25 ~.17

Fe-O 1823 1.5 +.48 ~.2

Fe-Te 1873 1.12 +(7) ~.2
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Heiple and Roper,”:10 since a positive dy/dT is created on addition of any of
these Group VIB elements. Two other factors that normally are not frequently
taken into account when discussing penetration behavior are the viscosity and
absorptivity effects. Experiments of Pollard47 showed that addition of silicon to
type 304 stainless steel increased penetration which was attributed to the
reduction in viscosity of the molten steel. The reduction in viscosity leads to
higher flow velocities and hence bigger pools. The other factor, namely
absorptivity, which can influence the depth of penetration is dependent on
various factors such as temperature, surface condition, presence of plasma and
its composition and the type of the shielding gas.!7 The absorptivity of a
substance can be related to its resistivity and the wavelength of the irradiating
source, and is related by Bramson's equation.84 From table 5.6 we note that
the absorptivity of the pure metal is the least and increases when alloyed.
Because of the minute quantities of dopant additions to pure iron it would be
safe to assume that viscosity and absorptivity effects will be much less important
compared to surface tension effects.

It is interesting to note that for the sample doped with tin, there is a
substantial increase in the D/W ratio. Interfacial tension studies on Fe-Sn alloys
by Dyson85 indicated that tin is slightly surface active in iron. The drastic
reduction in the surface tension of iron in the presence of tin is attributed to the
very low surface tension of pure tin (370 mN/m at 1823 K).86

Based on these observations it is safe to say that both the lowering of
surface tension and the positive temperature coefficient of surface tension can
contribute to increased depth of penetration during welding. The importance of

the absolute value of interfacial tension stems from the fact that the depression
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of the liquid pool surface due to the arc pressure is resisted by the force due to
interfacial tension. It is thought that the lowering of interfacial tension of iron
due to the presence of argon plasma during arc welding would be useful in

explaining the depression of the weld pool surface and the resulting weld

penetration.
5.3 Low pressure plasma-liquid metal interaction
5.3.1 Plasma characterization

Figure 5.16 shows a typical plot of intensity in arbitrary units as a
function of wavelength for the argon plasma utilized in this work. It is observed
from the wavelengths that both ionized and excited neutral argon atoms are
present in the plasma. The plasma produced during the arc and laser welding
processes is known to contain both ionized and excited neutral atoms of the
inert shielding gas.

The intensity of the various peaks in the plasma could be controlled
by varying the input power (plate current) and the chamber pressure. The
increase in the intensity of the three major argon peaks with the increase in the
power (plate current) is shown in figure 5.17. In figure 5.18 the influence of the
chamber pressure on the intensity is observed in the pressure range 0.20 to
0.45 torr. The intensity of emission is a function of both the kinetic energy of the
colliding molecules and the total number of collisions. In this pressure range,
the population density is fairly high and the kinetic energy of the molecules

increases as the pressure is reduced. At pressures lower than a critical value
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(about 0.2 torr) the reduction in the population density was found to lower the

intensity of plasma emission.
5.3.2 Electron temperature estimation

The electron temperature of the plasma, Tg, was measured by using
r
equation (4.40) in which In ———?3—— is plotted as a function of E4. This is
: | 9q Age Vap

shown in figure 5.19 for the Fe-O(low) system in which the electron temperature
was determined from the slope of the line. Similar calculations were ca‘rried out
for the other systemé and figure 5.20 schematically illustrates the determined
values. The electron temperature of about 104 K is of the same order of
magnitude as found in laser induced plasmas. |

Because of the uncertainties inherent in the various parameters used
for electron temperature estimation, a statistical analysis was carried out to
estimate the accuracy of the' data. The 80% confide_nce interval for the
temperature corresponds to a temperature of 9600 jgjggK . The errors in
electron temperature reported were calculated from the uncertainties in the
slopes of the plots used to determine temperature values such as the one
presented in figure 5.19. It is to be noted that the slope of the plot in figure 5.19
is a nonlinear function of electron temperature. Although statistically the slope
has equal uncertainties in both upper and lower limits, this does not translate
into equal errors in the upper and lower limits of temperature values because of

the hyperbolic relation between the slope of the line and the temperature.
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5.4 Interfacial tension measurements

Interfacial tension of pure copper and iron in argon were measured in
the presence and absence of plasma. The chamber pressure selected for the
experiments was such that a fairly intense plasma could be obtained. The
intensity of the plasma as a function of chamber pressure was determined prior
to conducting the experiments. In the absence of plasma the measured values

of interfacial tension, v, between liquid copper and argon are represented by

Y= 139-39x104(T-1356) N/m (5.9)
in the temperature range 1300 to 1573 K. The data are presented in figure
5.21. The values compare reasonably well with the recent measurements of
Kasama et al.87 and the agreement indicates the appropriateness of the
procedures used for the determinations. When argon plasma was present, the
interfacial tension in the copper system was significantly lower than that in the
absence of plasma as can be observed from the data in figure 5.21. A similar
effect was also observed when éxperiments were conducted with pure iron
droplets. The interfacial tension data with and without the presence of the
argon plasma are presented in figure 5.22. Comparison of the measured
values of the interfacial tension of iron in the absence of plasma with the
corresponding results of Kasama et al.33 show a small discrepancy between
the two sets of values. Kasama et al.33 measured the interfacial tension of pure
iron by the levitation technique. They indicated that since the problem of
container contamination is eliminated in the levitation technique, the interfacial

tension values determined by this technique represent values for extraordinarily
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clean metal surfaces and the values are normally higher than the values
determined by other techniques. The lowering of interfacial tension of both iron
and copper systems is consistent with a plasma induced surface segregation of
surface active elements as will be explained in the subsequent discussions.

In the absence of plasma environment the interfacial tension, v, in Fe-O

system can be expressed by the following equation (from equation 4.32):
(o]
Yy = 1.943-4.3x107(T-1809)- RT T, ln{1 +k, a, oK ”)} N/m (5.10)

where Ig is the surface excess at saturation which has a value of 2.03 x 10-8 kg

mole/m2. The symbols k1 and AHO represent entropy and enthalpy factors in

the oxygen adsorption reaction and their values are 0.0138 and -1.463 x 105
KJ/kg mole, respectively. The gas constant, R, has a value of 8.314 x 103 J/K kg
mole. The interfacial tension of iron in argon plasma was found to be 1.745 N/m
at 1825 K and 1.7 N/m at 1905 K. On the basis of equation 5.10 it can be shown
that the reduction in the interfacial tension of iron due to plasma is equivalent to
the depression in the interfacial tension caused by bulk oxygen concentrations
of 13 and 23 ppm of oxygen dissolved in iron at 1825 K and 1905 K,
respectively, in the absence of plasma. Similarly, for the copper system, the
depression in surface tension caused by the argon plasma is similar in effect to
that produced by 41 ppm oxygen at 1473 K and 94 ppm oxygen at 1673 K.
Thus, in both copper and iron systems, the depression in surface tension due to
plasma is equivalent to that caused by the surface segregation of oxygen that
results from low concentrations of oxygen in metal in the absence of plasma. It

will be argued in the following paragraphs that the presence of low pressure
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argon plasma is conducive to enhanced surface segregation of oxygen; i.e.,
when plasma is present, a given depression in interfacial tension can be
attained at a much lower oxygen concentration than normally required in the
absence of plasma.

Since the ionization potentials of both copper and iron are almost half
that of argon,”9 ionized metal vapors are present in close proximity of the metal
droplets. The concentrations of cations in the plasma near the interface is high
because of the high concentration of the metal vapor. The cations in turn
facilitate the adsorption of anions on the surface of the liquid metal drop.
Because of this effect, the amount of bulk oxygen concentration necessary to
lower the interfacial tension of metals in argon plasma would be much lower
than the bulk oxygen concentration necessary in the absence of plasma
environment.

It is observed from figure 5.21 and 5.22 that the reduction in interfacial
tension due to the presence of the argon plasma was more pronounced in the
copper system than in the iron system. In view of the limited amount of oxygen
available (O2 < 2 ppm, H20 < 3 ppm) in the ultra high purity argon and from the
solid surface present in the experimental system, the lowering of interfacial
tension is related to the surface excess of oxygen at a given oxygen
concentration. Lupis41 related the tendency of surface segregation to an
adsorption coefficient at infinite dilution of the surface active species. His data
for the adsorption coefficient at infinite dilution for oxygen are 2500 for Fe-O
system and 10,000 for the Cu-O system. Thus, qualitatively, the larger decrease

in the interfacial tension of the Cu-O system than the Fe-O system is consistent
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with the greater propensity of oxygen to segregate at the surface of the Cu-O
system.

To investigate further the effect that oxygen present in-the gas is
responsible for the lowering of surface tension, experiments were conducted to
measure the interfacial tension of liquid copper in the presence of a hydrogen
plasma. The chamber pressure was maintained between 200 to 250 pHg.
Figure 5.23 shows the surface tension of liquid copper measured as a function
of temperature. For the purpose of comparison the data of Keene94 and
Kasama et al.87 are also plotted. It is observed that unlike the argon plasma,
the hydrogen plasma has little or no effect in suppressing the surface tension.
This is to be expected since hydrogen will act as a scavenger for any oxygen
that could contaminate the chamber.

Figure 5.24 shows the resulté of similar experiments using an Ar-7%
Ho plasma and measuring the interfacial tension over an extended temperature

regime. The reason for conducting experiments with Ar-7% Hp was two-fold.

Firstly, diluted hydrogen will not have the cooling effect of pure hydrogen on the
plasma which might affect the plasma formation. Secondly, the recombination
effect of the metallic species in argon might be vastly different from the
recombination effect in pure hydrogen which could disturb the segregation
process of the surface active species. As shown in figure 5.24, the presence or
absence of the plasma has little or no effect on the surface tension of pure
copper. |

This leads us to the question of what would occur if a Cu-O alloy were
subjected to the plasma. In the absence of a plasma, the oxygen present in the

alloy would exert its surface activity and reduce the surface tension.
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Experiments were conducted using pure copper doped with 0.05 wi% oxygen to

measure the interfacial tension in the presence and absence of an argon

. plasma at 1473 K. The results are presented in figure 5.25 with error bars

corresponding to one standard deviation about the mean value. Before a
thorough discussion of these results, let us conjecture as to what would occur in
the v values of such an alloy when subjected to argon plasma. In section 5.4 it
was proposed that a plasma induced enhanced surface segregation of oxygen
would lead to a reduction in the surface tension of pure copper. Thus, when a
sample doped with oxygen is subjected to a plasma environment, the surface
tension should be reduced above and beyond that would normally be
accomplished by the oxygen segregating to the surface. Now, for a given
amount of reduction in v, the amount of oxygen that would be required would
depend on the initial composition of the alloy. Referring to figure 5.5, it is
obvious that for an initially "pure” copper sample, very slight amounts of oxygen
(of the order of 101 to 102 ppm) are required to cause a significant reduction in
v. However, as the oxygen content of the initial alloy is increased, the surface
tends to get saturated with oxygen, and much larger (of the order of 103 ppm)
amounts of oxygen would be required to cause the same net reduction. In the
alloy used in the present study, the oxygen content was about 0.05 wt% which
corresponds to an oxygen activity of 4 x 10-4 in the alloy at 1473 K. At this
composition, the surface tension with respect to pure copper has been reduced
by about 26% and so any slight decrease in y due to increase in surface
segregation induced by the plasma would not be very noticeable. From the
results plotted in figure 5.25, the mean of the y values under the two conditions

are different, with the mean value of y in the absence of plasma being slightly
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Figure 5.25 Interfacial tension between Cu-0.04 wt% O alloy and
argon with and without the presence of plasma at 1473
K. Plate current and chamber pressure were in the

range of 1.2 amps and 240 to 1200 um Hg, respectively.

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



113

higher. However, from the observed data it is difficult to truly draw a statistical
difference between the two sets of values.
To understand the role of plasma intensity on the surface tension of
pure copper, experiments were conducted at a constant pressure level at 1473
K. The plasma intensity was adjusted by changing the input power (plate
current). The interfacial tension values are presented as a function of plasma
intensity in figure 5.26. A statistical analysis of the data gave a mean value of
1170 mN/m with a standard deviation of 46 mN/m. The two dotted lines on this
figure indicate the precision of these determinations ( = 50 mN/m) and cover
most of the measured values. It appears that the interfacial tension is not
significantly influenced by the intensity of the plasma.
| The interfacial tensions of liron and copper in the presence of argon
plasma were lower than the corresponding values in the absence of plasma.
However, the temperature coefficient of surface tension did not change
significantly when the plasma was present. In the welding literature the
importance of both the absolute value of interfacial tension,43 v, and the
temperature coefficient,6,10 dy/dT, in influencing the weld penetration is well
documented.45.88 The value of dy/dT is related to the intensity and direction of
the recirculating flow of molten metal in the weld pool and affects weld
penetration through the heat transfer process. The importance of the absolute
value of interfacial tension stems from the fact that the depression of the liquid
pool surface due to the arc pressure is resisted by the force due to interfacial
tension. It is thought that the lowering of interfacial tension of iron due to the
presence of argon plasma during arc welding would be useful in explaining the

depression of the weld pool surface and the resulting weld penetration. To
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further examine how the nature of the interface is modified in the presence of
plasma, certain critical experiments were designed and conducted. These are

discussed in the following pages.
5.5 Role of plasma on metal vaporization rates

The vaporization rate measurements of isothermal droplets were
carried out in the set up described earlier in section 3.2. The temperature of the
droplet was controlled by adjusting the position of the droplet with respect to the
induction coil. A two color pyrometer was used for the temperature
measurement. The chamber pressure was maintained at 80 N/m2 or lower.
The chamber pressures were selected to ensure a stable and intense plasma.
The ultra high purity argon used for the experiments had a maximum impurity
content of 10 ppm with no more than 2 ppm oxygen and 3 ppm water vapor.
The gas was cleaned to remove oxygen by passing it through a bed of titanium
chips at 1073 K. High purity iron and copper (maximum 10 ppm impurities)
supplied by Aesar were used in the experiments. The samples weighing
between 0.5 to 1.0 g were cleaned, degreased in acetone and were placed on
an alumina substrate inside a vycor reaction tube. The rate of vaporization was
determined from the weight change of the sample and the exposure time. In
samples containing sulfur, approximately half of the initial sulfur content was
lost during the experiments. However, the error ih the determination of the
vaporization rate due to the loss of sulfur was insignificant since the amount of
sulfur in the sample was small. In some runs, a graphite susceptor was used to

shield the sample fron the eddy currents induced by the RF field. This ensured
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that the sample surface was not disturbed, unlike the experiments where a

susceptor was not used.
Sessile drop experiments

Figure 5.27 depicts the results of isothermal vaporization
experiments. In this figure, the vaporization rate of copper is plotted for Cu, Cu-
O and Cu-S systems, both in the presence and absence of a graphite
susceptor. It is observed that for each of the three copper systems, the
vaporization rate of copper is enhanced by the presence of a surface active
element such as oxygen or sulfur, both in the presence and the absence of a
graphite susceptor. Furthermore, the presence of a susceptor leads to a
lowering of vaporization rates in all cases. Several interesting questions arise
from the perusal of the data: how close are the experimental vaporization fluxes
to the theoretical promise of the kinetic theory of gases (Langmuir equation)?
what role, if any, does the susceptor play, especially in the vaporization of ultra
high purity copper? and most important and puzzling, why do the rates increase

when sulfur or oxygen is present, even at a low concentration?

5.5.1 Experimental and theoretical fluxes

The intrinsic vaporization flux from the surface of pure metal drops
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Figure 5.27 Vaporization flux at 1873 K both in the presence and
absence of a graphite susceptor for copper-solute
systems. The solute concentration was 0.1 wt% and

the chamber pressure was maintained at 80 N/m2,
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under vacuum is represented by the Langmuir equation:
J=4.37x103 p yMT (5.11)

where J is the vaporization flux in kg/m2s, p is the pressure in N/m2, M is the
molecular weight and T is the absolute temperature. The vaporization flux,
calculated from equation 5.11 is compared with the experimentally determined
flux values both in the presence and the absence of a susceptor in table 5.7.
The calculated and the experimental values all lie within a factor of ten.
However, the theoretical value is higher than the corresponding experimentally
determined values. Possible reasons for this include the following: (i) lack of
rapid transport in the boundary layer, (ii) surface coverage by impurities that are
inevitably present at very low concentrations, even under carefully controlled
experimental conditions, (iii) vacuum level in experiments insufficient for
application of equation 5.11, and (iv) other factors such as experimental errors
in the measurements of surface area and temperature of the drops, énd
insufficient accuracy in the available value of vapor pressure for use in equation
5.11. These factors are discussed in the following section.

(i) Role of gas phase mass transfer: The flux for the transport of
copper vapor from the surface of the drop to the bulk gas phase through the

mass-transfer boundary layer surrounding the drop, Jn, is given by:

Jm = (p-pb) kg/RT (5.12)
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Temperature

Equilibrium vapor pressure of Cu

Vaporization flux according to
Langmuir equation

Experimentally determined flux
when susceptor was used

Experimentally determined flux
when susceptor was not used

1873 K
84.2 N/m2

6.8 x 102kg/m2s

0.76 x 102 kg/m2 s

1.09 x 102 kg/m2 s
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where p and pP are the vapor pressures of copper at the interface and in the
bulk gas phase, respectively at a temperature T, R is the gas constant and kg is
the mass transfer coefficient. Calculation of pb from the experimental data of
vaporization rate and the flow rate of argon indicated that pb was negligible
compared to p. The calculated value of Jy and the data used for the
calculations are presented in table 5.8. It is to be noted that the value of flux
computed from mass transport considerations is higher than that predicted by
the Langmuir equation (see table 5.7). Thus, if copper vapor is generated in
close proximity of the droplet surface at a rate given by the Langmuir equation,
the vapor can be readily transported across the boundary layer at the rate at
which it is generated without any accumulation of the vapor at close proximity of
the vaporizing interface. Thus, the fact that experimental values of the
vaporization flux is lower than the theoretical Langmuir rate cannot be attributed
to sluggish transport of the vapor through the gas boundary layer.

(ii) Surface coverage effects: If certain surface sites are occupied by -
surface active elements, the experimental vaporization rate can be lower than
the theoretical rate. Small amounts of surface active elements such as oxygen
are inevitably present even in high purity copper. Furthermore, minor amounts
of impurities can be introduced in the sample from the solid ceramic substrate
on which the drop rests during experiments. Calculation of surface coverage on
the basis of adsorption considerations indicates that 10 ppm of oxygen in the
copper drop can occupy about 50% of the surface sites at 1875 K. When the
oxygen content is 0.1 wt%, more than 95% of the surface sites can be covered
by oxygen. Thus, it appears that the low experimental flux can be conveniently

attributed to the presence of small amounts of surface active impurities - at least
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Table 5.8. Estimation of vaporization flux under gas phase mass transfer

control

Temperature, T
Tube diameter

Argon flow rate at room temperature
and pressure

Chamber pressure

Vapor pressure of copper at the surface, p
Diffusivity of copper vapor in argon, D
Sherwood number,* Sh

Diameter of the copper drop, dp

Mass transfer coefficient,** Kg

Vaporization flux under gas phase
mass transport control

1873 K
2.54x102m

0.83 x 106 m3/s
80 N/m2

84.2 N/m2

0.52 m2s

2.37
2.66x10°m
2.32x102 m/s
8.0 x 102 kg/m2 s

. Sh =2 + 0.6 Re'/2 5¢1/3
" Kg = D Sh/dp
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in principle. However, when the rates of vaporization of copper from samples
that were doped with oxygen or sulfur were measured, the rates were found to
be higher than those observed from pure copper drops! Thus, low values of
vaporization flux cannot be attributed to only the surface coverage effects.
When surface active elements are present in copper, the effect of surface
coverage is outweighed by other effects that increase the vaporization rate. A
more complete discussion of the role of oxygen and sulfur is deferred to a
subsequent section. |

(iii) Insufficient vacuum: Equation 5.11 is applicable only under
perfect vacuum conditions, and it does not take into account recondensation of
vapors at inadequate vacuum levels. Therefore, it is possible that the difference
between the experimentally observed rate and the calculated rate results, at
least in part, are due to this effect.

(iv) Other factors: The discrepancy between the experimentally
determined flux and the theoretical rate computed from equation 5.11 can be
contributed by errors in the estimation of surface area, measurement and
control of temperature, and inaccuracies in the available vapor pressure data.
The surface area of the droplet was determined from photographic
measurements and appropriate relations of solid geometry and it is unlikely that
the error in the estimation of surface area was significant. Small fluctuations of
temperature about a mean value might have resulted in a somewhat higher
experimental rate than the true rate corresponding to a constant temperature.
This is because the vapor pressure is a strong function of temperature and
consequently, a slight increase in temperature results in a larger increase in

rate than the lowering of the rate resulting from an equivalent decrease in
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temperature. Thus, the temperature fluctuation would result in the
enhancement of rate and the low value of experimental rate cannot be
attributed to errors in temperature control. In the calculation of theoretical
vaporization flux we used the most recent vapor pressure data that was
available. Indeed, some of the other commonly referred sources of vapor
pressure compilations report values as high as 20% higher than the values
used in the present study. Thus, the differences between the theoretically
calculated and the experimental values of flux cannot be attributed to the error
in the vapor pressure data.

It is to be noted that the experimental vaporization flux was lower than
the vaporization flux calculated on the basis of kinetic theory of gases under
perfect vacuum. However, the difference can neither be attributed to sluggish
mass transport in the boundary layer hor can it be explained as a direct
consequence of the presence of surface active impurities. At the pressure level
maintained in the reaction chamber, 40 to 80 N/m2, necessary to sustain a
stable plasma, the theoretical promise of equation 5.5 cannot be met in practice,

apparently due to recondensation of metal vapors.

5.6.2 Interfacial turbulence - effects of SUsceptor

and surface active elements

Since a high frequency power source was used for the experiments,
the skin depth of the induced current was very small. Thus, the presence of a
graphite susceptor ensured that there was no significant electromagnetically

driven flow in the droplet. The data in figure 5.27 indicate that the presence of a
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susceptor decreased the vaporization rate in all the systems studied, namely
Cu, Cu-O and Cu-S systems. This effect can be explained by considering the
fact that even high purity copper contains very small (<10 ppm) amounts of
surface active impurity and that there is a significant difference in the intensity of
electromagnetically driven fluid motion in the presence and the absence of a
graphite susceptor. This effect is consistent with interfacial turbulence
phenomena which occurs when a surface active element is present.89
Experiments performed by Langmuir on the evaporation of ether from
water illustrate this phenomenon.89 When talc was scattered on the surface of
water, the particles exhibited abrupt local movements. This is because the
eddies in the water facilitate segregation of ether to the surface where it gives
rise to a local surface tension decrease. At the same time, the eddies from the
ambient atmosphere remove the ether, thereby raising the surface tension as
shown in figﬁre 5.28. At any given instant the interface consists of areas of
relatively low and relatively high surface tensions. The spatial variation of
interfacial tension causes local flow and surface fluctuations exhibited by the
motion of the talc particles. These local movements of the interface increase
surface area and the rate of vaporization. The oxygen and sulfur present in the

copper samples result in interfacial turbulences and lead to enhanced

vaporization rates of copper.
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Figure 5.28 A schematic representation of interfacial turbulence phenomenon.
An eddy, A, brings a small volume of solution of a surface active
agent to the surface, while an eddy, B in the gas depletes the
surface active solute. The surface at A' spreads towards B' and
carries some underlying liquid with it (after reference 13).
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Figure 5.29 shows the results of isothermal vaporization rate of iron
and copper systems both in the presence and absence of a plasma. It is
observed from the data that the presence of plasma lowers the vaporization |
rate. The reduction in the vaporization rate due to the presence of plasma is
compatible with the enhanced condensation of iron vapors due to a space
charge effect shown schematically in figure 5.30. The ionized and excited iron
and argon atoms shown in this figure were detected in the plasma by emission
spectroscopy, as shown in figure 5.31. In view of the high mobility of the
electrons émong the various charged species in the system, the region in close
proximity of the iron surface is densely populated with positively charged iron
and argon ions. Furthermore, the surface of the metal drop becomes negatively

charged since the electrons strike the metal surface at a higher flux compared to

‘that of ions.90 The attraction between the positively charged ions and the

negatively charged droplets leads to higher condensation rates. The
comparatively high condensation rate, in turn, results in the reduction of the
vaporization rate when plasma is present. This phenomenon is important in
understanding the fundamentals of weld pool composition control, since during
welding, metals vaporize from the weld pool surface which is surrounded by a

plasma plume.49

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



127 .

10 Fe-i, 1873 K
€ 1@ Plasma present
@87 Plasma absent
m -
2
<=6
.
x 41
5
i 21
] M 7R 7R 7R
Fe  Fe-O(low) Fe-O(high) Fe-S(low) Fe-S(high)
a System(Fe-i)
30 Cu-i, 1873 K
€ Plasma present
o Plasma absent
S 5q -
v 20
o
=
X 10
=
L.
o- 7R 7 /// . %
b Cu Cu-O(low) Cu-O(high) Cu-S(low)

System(Cu-i)

Figure 5.29 Vaporization flux at 1873 K both in the presence and the
‘absence of plasma for (a) iron-solute systems where (low)
and (high) denote solute concentrations of 0.03 and 0.25
wt%, respectively, and (b) copper-solute systems where
(low) and (high) denote solute concentrations of 0.1 and
0.5 wi%, respectively. Chamber pressures were 40 N/m?2

and 80 N/m2 for iron and copper systems, respectively.
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Alumina

Figure 5.30 A schematic representation of the space charge effect.
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Intensity vs wavelength at a chamber pressure of 300 pm Hg and

plate current at 1.6 amps.

Figure 5.31
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Previous investigations by Dunn, Allemand and Eagar51 and by Savitskii
and Leskov90 have also shown that during welding the presence of surface
active elements such as sulfur enhances the rates of vaporization of alloying
elements. They proposed that the enhancement in the vaporization rate of iron
in the presence of sulfur is due to the formation of sulfides which have low
thermal reaction and sublimation heat effects. However, with the low
concentration of sulfur present in the samples used in the present study sulfide

formation is not expected to play a significant role in the vaporization kinetics.
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Chapter 6
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

6.1 Conclusions

During the course of this investigation some of the important aspects
of interfacial phenomena that occur during welding were examined from
theoretical and experimental standpoints. Specifically, the behavior of surface
tension with respect to the temperature and composition in binary systems was
established. Fluid flow behavior at the surface of a weld pool was discussed in
view of this. A low-pressure low-temperature plasma was generated for the
purpose of controlled experimentation and characterized by emission
spectroscopy. Several interesting observations were made and the main
conclusions of this study are given below.

From the analysis of the available interfacial tension data in Fe-O, Fe-
S, Fe-Se, Cu-0, Cu-S, Cu-Se, Cu-Te, Ag-O and Sn-Te systems, it is
demonstrated that the interfacial tension in these systems could be satisfactorily
described by a formalism based on the combination of Gibbs and Langmuir
adsorption isotherms. Furthermore, interfacial tensions in Cr-O, Co-S and Ni-S
systems, predicted with some simplifying assumptions, agree fairly well with the
limited amount of data reported in the literature. Calculations of temperaturé
coefficients of interfacial tensions in Fe-O and Fe-S systems indicate that for
these alloys, dy/dT can change from a positive value at relatively 'low'

temperature to a negative value at 'high' temperatures when oxygen or sulfur is
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present at fairly high concentrations. Under these conditions the fluid flow in
weld pools is likely to be more complicated than a simple recirculation which
has been traditionally assumed.

Since under actual welding conditions the interfacial tension is
established between the liquid and the surrounding plasma, the interfacial
tension of pure copper and iron were measured both in the presence and
absence of low pressure argon plasma generated by the application of radio
frequency induction current. The emission spectroscopic studies indicated the
presence of ionized and excited neutral argon atoms.

The presence of argon plasma lowered the interfacial tension of both
iron and copper systems. The reduction was more pronounced in the copper
system than the iron system and is consistent with the plasma induced surface
segregation of oxygen. The enhanced surface segregation mechanism is also
consistent with the reduction of the vaporization rate of copper droplets in the
presence of low pressure argon plasma observed in our laboratory. !n the
range of plasma intensity studied, the interfacial tension did not change
appreciably with the plasma intensity.

Experiments conducted in a low pressure hydrogen plasma indicated
that the plasma does not affect the interfacial tension of pure copper because of
the scavenging action of hydrogen on oxygen. Furthermore, experiments
conducted over an extended temperature range indicated that the temperature
coefficient of surface tension remains fairly constant with temperature.
Experiments to seek the efiect of plasma on the interfacial tension of Cu-O

samples were conducted. It was observed that although the mean y value in the
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presence of plasma was lower compared to when the plasma was absent, a
true statistical difference cannot be drawn.

These results indicate several implications to practical situations. The
formalism that has been developed for the surface tension behavior of binary
systems can be utilized for more accurate modeling of fluid flow under surface
tension driven flow conditions. Also, the variation of the temperature coefficient
of surface tension of binary systems was zhown to be a function of temperature
and composition of the alloy. This implies that in a weld pool containing fairly
high oxygen or sulfur contents, dy/dT may go through an inflection point
somewhere on the surface of the pool. However, dy/dT for pure copper was
found to be independent of temperature over an extended temperature range.

Based on both theoretical and experimental considerations it was
observed that both the lowering of surface tension and the positive temperature
coefficient of surface tension can contribute to increased depth of penetration
during welding. The importance of the absolute value of interfacial tension
stems from the fact that the depression of the liquid pool surface due to the arc
pressure is resisted by the force due to interfacial tension. It is thought that the
lowering of interfacial tension of iron due to the presence of argon plasma

during arc welding would be useful in explaining the depression of the weld

. pool surface and the resulting weld penetration. However, for the case of laser

welding the absolute magnitude of surface tension would not play a major role.
Another major problem in high power density welding, namely the

loss of volatile alloying elements, was examined by conducting controlled

isothermal vaporization rate experiments. Rates of isothermal vaporization of

metal drops were enhanced when oxygen or sulfur were present in iron and
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copper drops. The increase in the rate is consistent with the interfacial
turbulence caused by the surface active elements. The vaporization rates were
diminished when a graphite susceptor was used to prevent electromagnetically
driven flow on the droplet surface. The presence of low pressure argon plasma

led to reduction of metal vaporization rates from the drops due to a space

charge effect.
6.2 Suggestion for future work

Phenomena that occur at an interface are extremely complex and
their effects are multifarious. The complexity is further compounded by the
presence of charged species that are present near the interface. Based on the
present investigation, several suggestions are proposed for future study.

1. The formalism to quantify vy, as a function of temperature and
composition, that has been developed as a result of theoretical
considerations need to be buttressed by extensive experimental
studies to examine its efficacy. The available experimental data
have indicated the viability of the formalism but further work needs to
be carried out in other systems.

2. The present investigation has also developed a relationship between
the temperature coefficient of surface tension and the temperature

~and composition of the solution. Independent experimental studies
need be performed over a wide range of temperature and
composition of alloying element to examine agreement between the

theoretical values and the experimental data.
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The present work has primarily focussed on binary systems.
However, in actual welding situations the materials consists of several
ingredients. Future work should focus on deriving the interfacial
tension of actual alloys used and the temperature coefficient of
surface tension of these alloys.

Laboratory tests have indicated that the presence of argon plasma
depresses the vaporization rate of metals. It would be important to
test this finding by performing actual welding tests. One way of
conducting this is to use different shielding gas mixtures with different
ionization potentials. For example, Ar has a much lower ionization
potential compared td He and could be used when the presence of

plasma was required as opposed to using He when a plasma was not

required.
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Appendix
CALCULATION OF BOND NUMBER
The buoyancy force, Fp, is expressed as:

Fb = -pBg (T - To) (A.1)

and the surface tension force, Fy, is expressed as

. _%%} (A2)
where
p = density of liquid metal
B = thermal expansion coefficient of liquid metal
g = acceleration due to gravity
T = Temperature

To = reference temperature
v = surface tension of liquid metal
For the case of laser welding thin iron plates with a 0.5 KW CO2

laser, some typical values of the various parameters are listed in table A.1. The

Bond number, By, is given as the ratio of the buoyancy force to the surface

tension force.
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Table A.1  Typical values of various parameters for laser welding of thin iron
plates using a 0.5 KW CO» laser.

Parameter Value

p 6.8 x 103 kg/m3

p 3.6 x 10-6 m/mK
g 9.8 m/s2

T 3000 K

To 2000 K

dy/dT -4.3x 104 N/mK
| 10-3m
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Noting that Fp is a volumetric force and FY is a force per unit area, we have

F 'PBQ(T'TO)V

=—£=
° Fy - ordT

9T dx A

'PBQ(T'TO)I
dY dT
T ox

where | is a characteristic length.
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(A3)

(A.4)

Substituting values from table A.1 into equation A.4 gives Bg

approximately equal to 0.006. This means that the buoyancy force is less than

1% of the surface tension force.
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