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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

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



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.

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



Finally, the conclusions of this investigation are presented in Chapter

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

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



13

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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