CHAPTER 1
INTRODUCTION

1.1 Summary

The objective of this research is to study the thermal balance in the electrode
during different metal transfer modes in Gas Metal Arc (GMA) welding. On a
scientific and engineering level, metal transfer contains many fundamental
mechanisms that are not completely understood. The approach is both analytical and
experimental. One of the aspects of this project is to develop a theoretical model that
characterizes these mechanisms. The distinctive characteristic of the modeling is the
incorporation of heat lost by evaporation from the electrode tip and investigating the
influence of fluid flow within the droplet. A second aspect is to design and perform
experiments so as to assess the predictive capabilities of the model. By combining
both of these approaches, the overall goal of the project is to have a comprehensive
heat-transfer model for the region between the contact tip and the plasma that is
supported through experimental validation.

1.2 Background and Justification for Conducting the Research

GMA welding is the most widely used welding process in industry today
because of its high productivity, ease of automation, and high weld quality. Its
flexibility allows it to be used in a variety of applications from sheet welding to plate
welding as well as hard-facing. Depending on the application, the process can be
operated in a variety of regimes. During welding, these different regimes are evident
to an experienced operator and can be controlled through welding parameters. Fluid
dynamics, heat transfer and physics work together to determine the characteristics of
the system. In particular, the heat transfer that occurs in the electrode influences
electrode extension (EE), fume formation rate (FFR), and alloy losses through
evaporation and heat input of the weld.



Many of the GMA welding models in the past have largely simplified
assumptions due to the complex nature of the system. As a result, the mechanisms
that are acting in the electrode region are not well understood. Recent developments
(1-3) in modeling have been largely Finite Element Modeling (FEM) or Volume Of
Fluid (VOF), which are able to smulate metal transfer reasonably well. The most
recent modeling efforts do account for evaporation from the droplet, as well as
temperature dependent variables such as specific heat and surface tension. Even with
these developments, predictions of fume formation rates sometimes deviate by orders
of magnitude and computation times may be long.

One of the innovative aspects of this research is the focus on the effect of fluid
flow in the transport of heat through the molten droplet. The fluid flow changes
significantly with metal transfer mode. In particular, conduction and convection can
act as dominant mechanisms in the molten droplet during globular transfer, with
different implications for overall droplet temperature. Many researchers agree that
droplet temperature is a controlling variable in FFR (4-7).

A second aspect of the study involves the interaction between the arc and
electrode. Different geometries may lead to different heat distributions on the
consumable electrode. The model proposed depends on the different melting
configurations that can exist at the tip of the electrode, each corresponding to a
particular transfer mode. This geometry is controlled by several factors, including
surface tension, gravity, and electromagnetic forces, which in turn are controlled by
current, voltage, consumable material, shielding gas, and welding position. The heat
and fluid flow that arise during these reactions is coupled to the geometry.

A third innovative aspect is to study the role that vaporization has on the heat
balance in the electrode. Faster heat transfer in the droplet suggests lower droplet
temperatures and lower FFR. A main goal of this research is to test this theory
through modeling and experimentation. The benefits will include a better

understanding of fume formation, alloy recovery and heat input.

1.3 Methodology
This project incorporates the development of both physical experiments and
analytical modeling. The methodology is based on a phenomenological approach that
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will analyze results from various experiments and analyze them on a theoretical basis.
It is anticipated that some variables of the model can not be tested. In these cases,
either data from other researchers or calculated results will be used. The following
two sections describe both the physical and experimental investigations that are
planned.

1.3.1 Experimental Investigation

The laboratory experiments that are performed help to verify the inputs and
outputs of the model. These experiments include droplet temperature measurements
and arc power measurements. Both values are believed to correlate to the metal
transfer mode. High-speed video and current/voltage analysis are used to verify
metal transfer modes. Previous studies on fume generation, which may be heavily
dependent on droplet temperature, have not shown consistent results. Some fume
formation rates have varied an order of magnitude between experiments and models
(8,9), making this a much debated topic in the field of welding. In the past, droplet
temperature measurements have been made using different methods, including
thermocouples, optical pyrometry, and calorimetry (10). Previous researchers have
reported droplet temperatures ranging from the boiling point of the metal in question
to several hundred degrees above the melting temperature (11-16). The experimental
portion of this research will determine the heat content of the detached droplets. One
of the most useful aspects of the experimental setup is the ability to separate the
energy flow into its respective parts. Because the electrical power, arc power and
droplet power are all measured independently, it is easy to see how each one
contributes to the overall arc efficiency. Research and development of the
experimental setup is one step towards measuring droplet heat contents. On the onset
of this research, the platform did not exist. A few of the components were in place
from the previous investigation on metal transfer modes with thin electrodes and
varying compositions of shielding gasses (17). However, that system was upgraded
and extensively modified for the current research. Three different electrode materials
are tested for the heat content of their droplets. ER4043 aluminum electrode, ER70S-
6 steel electrode, and ER316L stainless steel electrode. In addition to heat content



measurements, the as-received electrode material and the as-welded material have
their chemical compositions measured to aid the modeling effort.

1.3.2 Modeling

The modeling experiments presented in the study are primarily developed
from previous research done by Mendez, Jenkins and Eagar (4,5,18). Other
researchers taking a similar approach include Nemchinsky (19), Erohin and Rykalin
(20), and Waszink and Van Den Huevel (6). The current model attempts to describe
dominant heat transfer mechanisms in the electrode during three metal transfer
regimes. These regimes involve direct electron condensation on the solid electrode
(spray transfer), conduction dominated heat transfer through the droplet (globular
transfer or projected spray transfer) and convection dominated heat transfer through
the droplet (globular transfer).

The heat transfer differs in each regime and may have varied effects on the
temperature distribution in the droplet. Fume generation, spatter, recovery, and
process stability are heavily dependent on which regime is operating.

The equations presented are consistent with the approaches used by previous
researchers in their attempts to model the fundamental heat transfer mechanisms that
occur in a welding arc. In the current project, however, the focus is the electrode
region in GMA welding. The model will attempt to address the different modes of
heat transfer that may be occurring within the droplet and electrode.

The outputs of the theoretical model are directly compared to empirical data
acquired during the physical experiments. Any discrepancies that arise will need to
be investigated to determine where the differences exist. Trends and values obtained
in the physical experiments will lend valuable insight for determining the
predominant factors that influence the heat transfer in the electrode during GMA
welding.

1.4 Limitationsin Scope
This research is particular in scope, examining the heat transfer in the
electrode region of GMA welding. The power supply used for all testing is operated

in direct current, electrode positive (DCEP); no pulsing or programmable waveforms



are used in any of the testing. Commercially pure argon is used as the shielding gas,
and the welding process is operated in various forms of free-flight transfer. Welding
fume is collected in the experiments, but only to help with calculations of
vaporization rates. This investigation focuses on different operating characteristics of
the welding process; subsequent weld metal mechanical properties and microstructure
are not examined. The modeling portion of the research focuses on the heat transfer
in the GMA welding electrode. The region of interest is located between the contact
tip and the welding plasma. This includes the solid portion of the electrode
commonly known as the stick-out as well as the liquid droplet. The weld pool and
arc are not included in the modeling analysis.

1.5 Organization of Thess

Chapter 1 is the introduction. It contains a summary of the work that is
performed in this research, along with the purpose and motivation for the work. The
chapter also describes the methods used in the investigation as well as the limitations
in scope. The final part of Chapter 1 is this section, which describes the organization
of the thesis.

Chapter 2 gives a description of GMA welding, including a brief history of the
process, a description of the unique characteristics and the parameters that are used
during operation. The current research uses a modified version of GMA welding, so
this chapter is included as a reference for background and basic characteristics of the
process.

Chapter 3 is the review of GMA welding thermodynamics that have been
done by other researchers. It consists of several sections that describe definitive
references to the present endeavor. The work that is reviewed in this chapter is used
for comparison and discussion for the current findings. Previous results on the
efficiency of the process, droplet heat content, fume generation, as well as heat
transfer modeling are the main topics that are presented in this chapter.

Chapter 4 describes the experimental investigation that is made. The first part
of this chapter describes all of the piecesthat constitute the entire testing setup. Much
of the equipment is fabricated or modified to meet design and operating requirements
needed to collect data. Explanations of these custom parts are included. The
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procedure followed for testing is outlined. The calculations used for analysis are
presented and the results are shown and discussed.

Chapter 5 explains the modeling approach taken in this investigation that
supported and characterized the physical experiments described in the previous
chapter. Heat transfer mechanisms are explained. The heat balance equation and its
terms are presented along with their results. The chapter ends with the output of the
model and a discussion of how it matches the experimental results. The heat transfer
and energy balance between theoretical and empirical analyses are discussed
Limitations and shortcomings are of the model are also discussed.

Chapter 6 is the conclusions and recommendations section. The biggest
developments that are made in the research are presented. The testing platform that is
assembled over the course of the investigation can be used to study many other types
of relationships in the field of welding. Recommendations on further improvements
to the system and suggestions of future work are included.

Several appendices are included at the end of the formal report. Much of the
information presented in the appendices is not of primary importance to the
investigation, but still deemed necessary to include for supporting purposes. They are
described in more detail below:

Appendix A includes a detailed description of the calibration procedures used
for the calorimeter and the uncertainty analysis for the measuring tools used during
testing.

Appendix B is the detailed analysis of the fume and chemical experiments.
These tests are used to estimate the amount of power used in fume generation.

Appendix C isthe details of the model presented in Chapter 5. The equations
and numerical results are given. Langmuir s evapor ation equation is also included.

Appendix D contains a table of the thermophysical constants used throughout
the experimental and modeling analysis.

Appendix E is a printed version of the software programs used for data
analysis.

Appendix F is a DVD containing supporting data files used throughout the
research. It has over an hour of videos that show the different metal transfer events



synchronized with the corresponding voltage signal. All the worksheets that are used
for experimental analysis are included. Operator s manuals, Excel spreadsheets for
modeling and digital copies of the MATLAB programs are also on the disc.






CHAPTER 2
GASMETAL ARC WELDING OVERVIEW

Welding is the most common method used for joining materials. When
compared to other joining processes, such as riveting or bolting, welded structures
tend to be stronger, lighter-weight and cheaper to produce. There are over 80
different welding processes that can be employed, but GMA welding is the most
commonly used process today. The initial development of GMA welding during the
late 1940s focused on joining reactive metals such as aluminum and magnesium (21).
These metals were difficult to join with the standard Shielded Metal Arc (SMA)
welding process of the time because they oxidized readily with the decomposition
products of the flux that coated the finite-length metal electrodes. The GMA welding
process differed significantly with its use of continuously fed spools of electrode wire
and argon gas as shielding to protect the molten metal from chemical reactions. High
production rates, ease of use, and good weld quality became apparent quickly, and
soon it was being used for the joining of mild steel. As the popularity of the process
grew, so did finding ways to improve it. One of the first critical steps involved
refining the electrical power supply characteristics for self-regulating arc
characteristics unique to this process (22). Many references that give general
overviews of the process are available (21,23-27). The research associated with the
GMA welding process is extensive; too numerous to list here due to the breadth of
topics that have been explored. The current study focuses on a relatively narrow
aspect of the process. The objective of this chapter isto give an overview of the key
concepts that are needed to understand the work that is being done. The subject
matter includes a brief description of the process, metal transfer phenomena, and

parameters that are used in the process.



2.1 ProcessReview

A schematic diagram of a standard GMA welding setup is shown in Figure
2.1. The key pieces of equipment are the power source, the wire feeding mechanism,
the welding torch, and the workpiece. The process uses a continuous metal wire
electrode coiled on a spool that is fed through the wire feeder to the welding torch.
At this point, the electrical current from the power source is transferred to the
electrode through the contact tip. The wire then encounters the electric arc. The arc
is maintained between the electrode and the workpiece and is controlled by the
welding power source. The heat produced from the arc melts both the workpiece and
the electrode, creating a molten weld pool. Because the process is travelling along
the workpiece, the weld pool solidifies once it is out of the heating influence of the
arc. This describes a bead-on-plate weld, used extensively in research to analyze
certain aspects of the process and resulting microstructure. In real applications,
however, welding is overwhelming used to join two or more separate pieces of metal

to form one continuous structure.
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Figure 2.1 Basic components of a standard GMA welding system.
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Looking closer at the arc region, molten drops produced a the end of the
electrode are transferred across the arc into the weld pool. The droplets can be
transferred in a variety of ways and this detail of GMA welding is of primary
importance in the current study. The next section describes the phenomenon known

as metal transfer.

2.2 Metal Transfer Modes

The molten droplets of electrode metal can be transferred to the workpiece in
avariety of ways that depend on factors including, but not limited to, current, voltage,
shielding gas composition, electrode diameter, and electrode material. The metal
transfer modes occurring during GMA welding can be divided into two main groups,
short-circuiting and free-flight. Each of these groups can then be divided into smaller

subgroups.

2.2.1 Transfer Mode Classification

Lancaster (28) wrote one of the most comprehensive reviews on the transfer
of metal during arc welding. The International Institute of Welding (IIW) has
classified this metal transfer into different categories. They are shown schematically
in Figure 2.2. Slag-protected transfer occurs in welding process that involves large
guantities of fluxes, such as submerged arc welding, and is not applicable to this
study. During short-circuiting transfer, the electrode periodically contacts the weld
pool. The electrode never contacts the weld pool during free flight transfer; molten
droplets detach from the electrode, travel through the arc, and are deposited in the
weld pool. The six other drawings represent different droplet morphologies that are
seen during free-flight transfer. Further classification isgivenin Table 2.1.

The free flight metal transfer mode that operates depends on several variables.
For a given wire diameter and shielding gas, the voltage and wire feed speed are the
main variables that control metal transfer mode. Current and wire feed speed are
directly proportional to each other, as described in Section 2.3. At low currentsin an
argon-rich atmosphere, the system operates in drop transfer, also known as globular
transfer. As current increases, the metal transfer mode shifts from drop to projected
spray. Thistransition is unigque to the consumable electrode processes. It was first
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Figure 2.2 Metal transfer modes in arc welding according to 11W
classifications (28).

Table 2.1 International Institute of Welding Classifications of Metal Transfer (31).

designation of welding processes

transfer type (examples)

1. Free flight transfer

L.4; Globular transfer

. 1.1.1  Drop transfer MIG welding

1.1.2 Repelied transfer MAG welding with CO,

1.2. Spray transfer MIG welding, MAG welding
with gas mixtures

1.2.1 Projected transfer MIG welding of Al-alloys,
pulsed-arc welding

1.2.2  Streaming transfer MAG welding with gas mixtures

1.2.3 Rotating transfer Plasma-MI1G welding, MIG and
MAG welding with high current
density

1.3. Explosive transfer Metal arc welding

2 Bridging transfer

2.1. Short-circuiting transfer MAG welding with short arc
process

2.2 Bridging transfer Welding with cold or hot wire

without interruption additions

3 Slag-protected transfer

3.1. Flux-wall guided transfer Submerged arc welding

3.2. Other modes Metal arc, electro slag, cored
wire
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reported by Lesnewich (29,30) and has seen extensive characterization since then.
Figure 2.3 shows the characteristic changes that occurring during the transition. The
transition is marked by a variety of changes in the system, including arise in droplet
detachment frequency and a correlating decrease in droplet volume. A second
characteristic change that occurs in the transition region is the shift in arc attachment
point. Many researchers (32-36) have concluded that the arc is supported beneath the
droplet during globular metal transfer and completely envelopes the droplet in spray
mode. This is related to the area of the anode spot. A constant current density is
assumed in this research; so as the current increases, the area of the anode spot
becomes larger. Once the area of the anode spot exceeds the area of the exposed
droplet, the transition from globular to spray mode occurs.
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Figure 2.3 Effect of current on droplet detachment frequency and
droplet volume in an argon-rich atmosphere (30).

With argon-based shielding gas and DCEP polarity, all materials exhibit some
type of transition following this basic form. The curve may shift currents, have a
larger transition range and exhibit different values for droplet diameters, but the
overall trends remain the same.
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2.2.2 Transfer Mode Physics

The physics involved in metal transfer are complex. Several dominating
forces act on the liquid droplet as either attaching or detaching in nature. Researchers
(33,36-41) have shown four main forces on the droplet during GMA welding in argon
atmospheres:. gravity, shielding gas drag, surface tension and electromagnetic
(Lorentz) force. The Lorentz pinch force acts radially inward and down (32) in argon
atmospheres. The resulting force balance depends on the geometry of the detachment
region; but the geometry is also controlled by these forces. Because most everything
is coupled in the system, many of these circular relationships make analysis
somewhat tedious.

At the transition, a change in the force balance attributes to the change in
droplet size and geometry. Gravity and surface tension are the balancing forces for
low-current globular transfer. When current is increased, the anode spot covers the
droplet, and current flow geometry actsto constricts the size of the droplet and propel
it away from the electrode. At very high currents, a liquid jet of metal may form
because Lorentz forces become dominant. Significant changes occur to the geometry
of the liquid droplet and the anode spot changes as the metal transfer mode transitions
from globular to spray. These changes also control heat transfer in the region, as will
be shown later in the paper.

2.3 Parameters

The GMA welding process is able to produce high quality welds for a variety
of different applications. This is due to the flexibility of welding parameters.
Figure 2.4 shows the basic parameters and terminology for a standard GMA welding
setup. Two primary adjustments are made on a standard GMA welding setup: Wire
feed speed (WFS) and welding voltage. By adjusting these two parameters, the
welding current and arc length can be controlled. From Figure 2.4, electrode
extension or stick-out is the length of electrode measured from the distal end of the
contact tip to the arc. The summation of arc length and electrode extension gives the
contact tip to work distance (CTWD). Shielding gas composition and CTWD can be
directly controlled with a gas mixer and adjustable fixture, respectively. This section
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covers the variables associated with GMA welding and how they influence metal
transfer.

Travel Direction

Electrode Diameter and

Composition

Welding Power
Electrode Extension \ +

Wire Feed Speed/Current

Arc Length - '
™~ shielding Gas
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Figure 2.4 Common terminology and basic parameters that can be
adjusted during GMA welding.

2.3.1 Voltage

On a standard GMA welding machine, voltage and arc length are often used
interchangeably, but they are different. For a given welding setup, voltage and arc
length vary in similar ways. However, for a given voltage, the arc length will change
with shielding gas, current, and electrode extension. If all other variables remain
constant, an increase the voltage setting will increase arc length. Voltage is a key
element during process monitoring. Voltage does not play a significant role in the
forces acting on droplets.

2.3.2 Current

During GMA welding, current is roughly proportional to the wire feed speed
(WFS). It is one of the main inputs for current density and has a large influence on
the magnitude of Lorentz forces. Current also contributes significantly to the

resistive heating of the electrode extension.
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2.3.3 Weding Power

During constant voltage (CV) operation, the output of the machine creates a
self regulating arc that is necessary for stable operation when used in conjunction
with a constant-speed wire feeder, asisthe case. The characteristics of this output are
shown in Figure 2.5. A dlight change in arc voltage (arc length) gives rise to
substantial changes in current. This response can compensate for variations in the
contact tip to workpiece distance, which may occur during normal manual welding
operations. The initial arc length is set by the operator by adjusting the voltage at the
power source. If the arc length decreases (voltage decreases) during operation,
perhaps the operator was to shift or the workpiece moves, the machine will increase
current (electrode burnoff) to increase arc length to the original set value. If arc
length (arc voltage) was to increase from the set value, the machine would respond by
decreasing current (electrode burnoff) to return to the set voltage value. This self-
regulating feature of GMA welding makes the process very stable and the resulting
welds are of high quality.

Figure 2.5 Constant Voltage (CV) output of the Miller PipePro 450
RFC power supply (42).
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2.3.4 Electrode Extension

Electrode extension, commonly called stick-out, has a significant influence on
the metal transfer modes due to the resistive heating in this region. Figure 2.4
illustrates that, for a given current, an increase in extension results in greater resistive
heating prior to encountering the arc. This contributes to greater electrode melting
rates.

2.3.5 Shidlding Gas

The shielding gas used in welding has a significant influence on metal
transfer. A variety of gases are available for use in the GMA welding process.
Depending on the gas, it is classified as inert or active. Argon and Helium do not
react with the liquid metal, they are inert. Carbon dioxide, Oxygen, Hydrogen, and
Nitrogen are multi-atomic molecules that dissociate when exposed to temperatures in
the arc and are able to react with the metal. Many times, a mixture of gases is used
that is suited for the particular application. The gas affects the plasma properties and
the flow of current as it travels through the electrode and plasma. Gas composition
also affects the surface tension of the metal. This leads to changes in the Lorentz
pinch force in both the plasma and the electrode. Argon is the only gas used in the
current study.

2.3.6  Chemical Composition

The alloying elements that are present in the electrode have a two-fold effect
on the forces acting on the droplet. First, different compositions of metal have
different resistivities, which effects the amount of resistive heating that occurs in the
stick-out. Second, chemicals such as sulfur and oxygen are surface active elements,
which change the surface tension of the droplet and lead to changes in the surface

tension force.

2.3.7 Electrode Diameter

The electrode diameter is an important parameter in GMA welding because it
has a large influence on the deposition rate, the welding current and the subsequent
heat input to the workpiece. Usually, the size of the electrode is matched to the
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thickness of the workpiece (27). Larger electrodes require more current for melting
and are utilized on thicker sections. A situation known as burn-through or blow-
through occurs when too much current is passed thr ough the electrode and causes
gross melting of the workpiece. The solution to this problem is reducing the welding
current and one method is to use a smaller diameter electrode. Because electrode
diameter and welding current are intrinsically related, the metal transfer mode is
dependent on the electrode diameter. Larger diameter electrodes require higher
amounts of current to transition from the globular to the spray region. Many
combinations of electrode diameter, welding current resulting metal transfer mode
can be utilized in different applications.

2.3.8 Travel Speed

In a standard GMA welding setup, the welding torch advances in relation to
the seam being welded. This can happen either by moving the welding torch against
a stationary workpiece or moving the workpiece against a gationary torch. The travel
speed controls the amount of material and heat that is deposited on the workpiece and
the cooling rate. The experimental setup used for testing uses a stationary torch and
no workpiece, so travel speed isnot an issue.

24 Summary

During the GMA welding process, a consumable electrode is fed into a high
temperature electric arc.  The molten droplets that subsequently evolve may have
several morphologies, known as metal transfer modes. The modes are dependent on
the forces acting on the droplets. By controlling welding parameters, these forces can
be manipulated and the desired metal transfer mode can be achieved.
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CHAPTER 3
LITERATURE REVIEW OF GASMETAL ARC WELDING
THERMODYNAMICS

In the pursuit to develop better welding methods, a better understanding of the
fundamental relationships of arc processes is required in the form of generally
applicable equations. Because GMA welding is a complex multivariate, coupled
system, many researchers have separated and isolated the different components so
they can be studied individually. One drawback is, once separated, the individual
component may behave differently on its own than when it is part of the system. In
the case of GMA welding, researchers have separated the consumable electrode from
the workpiece to gain a greater understanding of the physics and thermodynamics
occurring solely at the anode (electrode). In and of itself, this part of the system is
extremely complex. Within a distance measured by millimeters, all three states of
matter exist, temperature profiles range from ambient to 20,000 C, and a myriad of
forces are acting in all directions. Designing an experiment that has the ability to
Separate variables is a difficult task. Studying previous research in this area sheds
valuable light on the types of methods that have been used, and gives insight on their
advantages and disadvantages.

The following sections will present research that has been done in the area of
heat, mass, and energy transfer during GMA welding, particularly related to the
consumable electrode, rather than the workpiece or arc plasma. The work is divided
into physical and theoretical experiments. The need for modeling in this system is
essential.  Currently, complete empirical characterization of GMA welding is not
possible because today s technology is not advanced enough to make all the
necessary measurements. For example, current density at the anode spot is
impossible to measure directly; simple models are used to estimate the size of the
anode spot and current can be measured directly. These two values give an estimate
of the current density, but the value has a large uncertainty associated with it. It is
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useful to know both measured and modeled values obtained in previous inquiries; no
need to reinvent the wheel. Some of this research goes back decades, and all of it was
made on different equipment all around the world. The following works cover topics
that serve as useful background to the experiments and analysis performed later in
this study. The subject matter includes: GMA welding efficiencies, droplet heat
content measurements, vaporization and fume studies, and heat transfer modeling in
GMA welding.

3.1 Efficiency

Efficiency in all arc welding processes has been studied since their respective
inceptions, starting at the turn of the 20™ century, in an attempt to understand the heat
transfer and improve the process. A literature search for arc welding and
efficiency reveals thousands of publications. GM A welding, developed in the
1950s, has had many researchers characterize how the incoming electrical energy is
distributed to the various parts of the system. The current pursuit picks up where
others have finished with the latest laboratory technology in an attempt to further the
understanding of this complex system.

Efficiency of a welding process often refers to the ability to transfer the
electrical energy to the workpiece. DuPont and Marder (43) compared different arc
welding process efficiencies of both consumable and non-consumable processes to
find GMA welding with arc efficiencies of 0.84—-0.04. The heat delivered to the
workpiece relies on several different welding parameters, including electrode
extension, travel speed, wire diameter, shielding gas, material, current and voltage.

Essers and Walter (44) have done interesting work regarding efficiencies
during the development of plasmaGMA welding and reported 0.71 —0.03 while
operating in only GMA welding mode. They also reported (45) that the droplets
transfer between 0.25 and 0.35 of the heat to the workpiece. Other researchers who
have separated the droplet and arc energies have reported slightly smaller values. Lu
and Kou (46) used a 1.1 mm (0.045 in.) ER4043 aluminum electrode in argon and
reported total efficiencies of the heat source about 0.80 with the droplets supplying
about 0.23 of the energy to the cathode. Watkins, et al. (47) adso separated the
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droplets from the cathode, and the individual contributions are shown in Figure 3.1.
Using a 0.89mm (0.035in.) diameter steel electrode in an argon-2% oxygen
atmosphere, the nominal overall efficiency of the process is 0.85, with the droplet
heat transfer efficiency of 0.40.
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Figure 3.1  Efficiencies in GMA welding. The different
components, arc and droplet, make up the total heat transfer
efficiency of the process (47).

3.2 Droplet Heat Content and Temperature M easurements

Characterizing the heat content and temperature of the detached droplets is
useful for examining the heat transfer mechanisms that occur between the molten
droplets, the solid consumable electrode, the plasma, the shielding gas, and the
workpiece. The difficulty in this endeavor comes when trying to capture the droplets
after they detach but before they are deposited in the weld pool. Several different
methods have been used to measure the heat content and temperature of the detached
droplets. Knowing the mass of the droplets and the thermophysical properties of the
metal, estimates of the heat content and temperature can be calculate. The three most

popular methods for measuring these values are calorimetric, thermoelectric, and
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pyrometric. Each has been used uniquely in varieties of systems which are presented
below. A summary of droplet heat contents experiments is given in Table 3.2.

3.2.1 Calorimetry

Calorimetry is generically defined as the measurement of heat. In the
following applications, the heat content of the droplets is absorbed into a known
medium, such as water, and the temperature difference isrecorded. By performing an
energy balance, the heat content of the droplets can be calculated. Overall, this
method is straight forward and requires basic laboratory equipment.

Lu and Kou (48) measured droplet temperatures of a 1.6 mm (0.062 in.)
ER4043 aluminum electrode with three difference setups. two different torch
configurations of calorimeters and a configuration of droplet-catching thermocouples.
Figure 3.2 is taken from their paper and shows the two different types of setups used
for calorimetric measurements. Setup 1 on the left was used for globular transfer, but
was found unsatisfactory with spray transfer. Due to their small size and high
velocity, the droplets tend to spatter and thus become difficult to collect in the copper
basin of the calorimeter. They found that the temperature and heat content of the
droplets increase with increasing welding current. The rate of this temperature
increase diminishes at higher currents, where the droplet temperatures approach
boiling for pure aluminum.

Ozawa et al. (49) used a calorimeter setup similar to Lus for droplet heat
content measurements. The arc was transferred between a consumable anode and a
non-consumable cathode. A variety of different diameter aluminum, copper and iron
electrodes were used in the investigation. Different polarities and surface conditions
were also tested, which had little change on the droplet heat contents.

Fu, Ushio and Matsuda (50) tested heat contents of steel and aluminum alloys
and analyzed the contributions of ohmic heating and heat input from the arc. For the
steel wires, which have a higher resistivity, it is estimated that ohmic heating provides
approximately half of the heat for melting. The aluminum wires, however, are mainly
melted from arc heat input. Shielding gases and arc length showed little effect on

melting rates. The magnesium containing aluminum alloys have consistently lower
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heat contents when compared to the pure aluminum and silicon aluminum alloys.
The researchers contributed this result to the evaporative cooling of magnesium. The
calorimeter setup was similar to Figure 3.2b, but used a carbon cathode instead of a
water-cooled copper cathode.
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Calorimeter Calorimater

Figure 3.2 a) Calorimeter setup used for globular transfer mode
analysis. b) The second setup used to analyze spray transfer (48).

Kiyohara, Yamamoto and Harada (51) studied the melting characteristics of
aluminum wires during GMA welding. An experimental configuration similar to that
of Figure 3.2a was used for measuring droplet heat contents, with the arc being
supported between the consumable aluminum electrode and a non-consumable
tungsten electrode. This setup has many variables that can be adjusted, including the
arc length. Measurements showed that the voltage does not have much effect on the
heat content of the droplets, but the melting rate does. Operating at constant current,
lower melting rates produced droplets with higher heat contents. Asthe melting rates
increased, the heat contents decreased. Droplets that spent more time in the arc are
hotter.
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Ando and Nishiguchi (52) measured droplet heat contents with a dual torch
setup similar to that shown in Figure 3.2a. Steel, stainless steel, aluminum and
copper wires were studied with a variety of different currents and voltages. During
the analysis, they concluded that the droplet temperature is highly influenced by the
amount of Joule heating in the wire. As electrode extension was varied from 550 mm
(~2in.) to 15mm (0.51in.), the heat content of the droplet decreased considerably.
The researchers also noted that droplet heat content changes remarkably with the
transition from globular to spray mode.
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Figure 3.3 Typical g-1 curves for a)@duminum and b)steel wires
(52).

Acinger, Sipek and Smars (11) analyzed droplet heat contents using an
interesting experimental setup, shown in Figure 3.4. The apparatus allowed for four
different measurements of changes associated with radiative heat, shielding gas heat,
cathode heat, and droplet heat contents. Table 3.1 is taken from their paper and
shows the welding parameters used and the heat distribution they measured. In this
case, the efficiency of the process can be estimated to be the energy of the cathode
and droplets. Experiment A and B have efficiencies of 0.84 and 0.885, respectively.
Other experiments averaged efficiencies ranging from 0.71 to 0.83. Arc lengths
reported in the research are substantially less than normal arc lengths. It isinteresting
to note that the energy lost to radiation is less than the energy lost to the shielding gas.
This is the only experiment that has the capability to distinguish these two values.
The researchers reported the calculated temperatures of the droplets must be at the
boiling point of iron.
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Figure 3.4 The experimental apparatus used by Acinger, Sipek and
Smars to investigate heat transfer in GMA welding. Five separate
energy changes can be calculated: radiation, shielding gas, cathode,

droplets and vaporization (11).

Table 3.1 Welding

arameters and calorimetry values for two experiments (11).

Heat Distribution

E . Voltage | Current Welding | - Arc . Shielding
xperiment V) (A) P&\(/v)er L(t::r?qt)h Rac(i(:/z;\;mn Gas Ca(t;oc;de Dr?(;l)ets
(%)
335 300 | 10050 6 6.5 8.5 57.0 27.0
B 31 280 8680 3 4.0 9.0 54.5 34.0

Erohin and Rykalin (20) used calorimetry to analyze the heat content of
droplets. Using electrodes with diameters of 3, 4, and 5 mm (0.11, 0.16, and 0.20 in.)

the droplets were created between a consumable electrode and a rapidly rotating steel

tube. Corrections were made for the cooling of droplets during their flight from the

arc to the calorimeter and chemical reactions occurring on the droplet. Details of the

experiment are vague, but the accompanying analysis is quite thorough and leads to
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good results. A summary of this analysis is presented in the modeling section of
GMA welding later in this chapter.

Watkins (47) used liquid nitrogen calorimetry to study the heat content of
droplet and the efficiency of GMA welding. Quickly after welding, the sample was
plunged into a Dewar of liquid nitrogen where the evaporated mass was used to
calculate the heat within the sample. Figure 3.5 shows a schematic of the setup that
was used to determine the heat content of the droplets.
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Figure 3.5 The schematic for measuring droplet heat contents using
liquid nitrogen calorimetry. The removable catch basin is placed
into a known mass of liquid nitrogen and the mass change is
recorded (47).

Pokhodnya and Suptel (13,53) conducted two separate studies that measured
the droplet heat content in a variety of shielding gas atmospheres including argon,
helium, nitrogen and CO,. Mild steel and stainless steel was used for the electrode
material. The apparatusthat they used is shown in Figure 3.6.
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Figure 3.6 Diagram of the apparatus used by Foknodnya 1o
determine the heat contents of droplets (13).

Instead of water, the researchers used massive copper blocks to absorb the
energy of the droplets. An extensive amount of work was made on this setup that
investigated the effects of current, electrode polarity, chemical composition and
shielding atmospheres. Regardless of polarity and shielding gas composition,
increase in the current causes the droplet temperature to rise. Figure 3.7 shows the
temperature and heat content graphs of the research. Droplets were consistently
hotter during electrode positive than electrode negative. A critical current is reached
where the droplet temperature reaches boiling point and remained constant at higher

currents while more electrode metal evaporated. Metal transfer modes are not

reported.
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Figure 3.7 Relationship of the heat contents and temperatures of
the droplets to the welding current and electrode polarity in an
argon atmosphere. @) Mild steel; b) Stainless steel; 1) electrode
positive; 2) electrode negative (13).
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Heiro and North (54) studied the effects of pulsing on droplet temperature
using a copper calorimeter very similar to Pokhodnya, shown in Figure 3.6. This
study focused on pulse parameters, which have a large impact on the calculated
temperature of the droplets. Higher pulse energy values produced droplets with
higher temperatures. However, the correct pulse waveform needed to be used to get
one droplet to detach with each pulse.

Ueguri et al. (55) also studied the effects of pulsing on droplet heat content
and found very similar results, though the calorimeter system was water-based instead
of using copper.

Tong et al. (56) sudied fume generation during AC and DC pulsed GMA
welding of Al-Mg alloys. One part of the study involved catching droplets in a
calorimeter system identical to Figure 3.2 to characterize the heat content of the
droplets. AC-pulsed welding produced droplets of less energy than the DC welding

droplet counterparts.

3.2.2 Thermocouple measurements

Lu and Kou (48) used thermocouples to measure droplet temperatures in
addition to calorimetry. Both torch setups as shown in Figure 3.2 were used with W-
Re thermocouples in place of the calorimeter for direct measurements of droplet
temperatures. The thermocouples were placed 76 mm (3 in.) below the electrode tip
aswell as 150 mm (6 in.) below, and no significant temperature drop was noted.

Jelmorini, Tichelaar and Van Den Huevel (14) measured droplet temperatures
during GMA and Plasma-GMA welding with W-Re thermocouples. Both aluminum
and steel electrode material was used in the study. Figure 3.8 shows the experimental
setup that was used during the investigation. The processis a hybrid between Plasma
Arc Welding (PAW) and GMA welding. Work was also done to characterize how
temperature changes while the droplets fall. 1t was shown that the temperature rise of
the droplets as they fall through the arc is relatively small, on the order of 20 C.
Ambient temperature readings dropped to below 50 C approximately 150 mm (6 in.)
below the cathode ring. Significant differences were seen between the two welding
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processes; the droplets formed during PlasmaGMA welding were a a lower

temperature than those produced in GMA welding.
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Figure 3.8 The experimental setup used by Jelmorini to measure
droplet temperatures with thermocouples. The process is Plasma-
GMA welding and can supply additional heating with the tungsten
electrode (14).

3.2.3 Optical Pyrometry

Villeminot (57) used optical pyrometric methods to determine the temperature
of the droplet. A monochromatic filter is used to make comparisons between the
sample and a known standard, removing the influence of color. The process of
monochromatic optical pyrometry is described (58) as he assesses the performance of
different types of filters measuring the temperature of atungsten filament. Villeminot

measured surface temperatures of droplets in an argon atmosphere between 1800 C
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and 2900 C. The temperature and current relationship is given in Figure 3.9, taken
from Villeminot. No report of different transfer modes were given in the literature.
Relatively short arc lengths of 8 mm (0.31in) were used, but no indication of the
voltages are mentioned. These temperatures do not represent the average droplet
temperature; the method of measurement reveals only the surface temperature.
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Figure 3.9 Temperature of mild steel droplets as a function of
current in argon shielding, electrode positive, and 1.2 mm diameter
electrode (57).

Pintard (12) used a micropyrometer to measure the temperature of dropletsin
both positive and negative polarities. Solidification microstructures of the electrode
tip were studied as well as different metal transfer modes. Relationships relating the
energy of the droplets were derived but seemed to correlate poorly with experimental
values. Because it uses pyrometry, these values represent the surface temperature of
the detached droplets.

3.2.4 Chemical Reactions

Pollard and Milner (59) conducted a series of experiments that investigated
the chemical reactions occurring in CO, arc welding and were able to predict
temperatures based on carbon equilibrium reactions. Describing their technique, it is
generally valid for temperature range of 1500 to 1750 C. The temperatures that are
estimated for the droplets are extrapolated from these values, usually used in
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steelmaking. Even with these assumptions, the temperature range is not too different
from other values published using completely different techniques.

Woods (60) examined a variety of aluminum alloys with high speed video
using 44,000 frames per second. Thermochemical calculations were made to analyze
the temperature a which boiling could nucleate and cause explosions while the
droplets were travelling across the arc.
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Figure 3.10 Droplet temperatures as a function of current for
1.2 mm mild steel wire in argon. The solid line with crosses is
electrode positive and the dashed line with circles is electrode
negative (12).
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Table 3.2 Summary of the droplet temperatures measured by previous researchers.

Welding Parameters

Heat
Material ;:;’;Friggt(tg C?Jr}tge)m Di?n:nrﬁger Current (4 |Voliage ) Shgg;d;ng Method| Reference
Mild Steel| 1800-2900 N/A 1.2 50 - 200 N/A Argon 1 Villeminot(57)
Mild Steel| 2020 - 2443 N/A 1.2 300 - 360 peakl Pulsed Argon 2 Heiro(54)
Mild Steel| 1480 - 3000 N/A 1.2 4 - 460 N/A Argon 1 Pintard (12)
Mild Steel| 2400 - 2500 N/A 1.2 200 N/A CO2 3 Pollard (59)
Mild Steel 2400 N/A 1.2 100 - 200 N/A 75Ar-25C0O2 4 Jelmorini (14)
ER70S-3 | 2175 - 2425 N/A 0.9 N/A 32 98Ar-202 5 Watkins(47)
Iron 1800 - 2300 N/A 3.0 110 - 300 15-28 Air 6 Erohin(20)
Iron Boiling 2500 - 2900 1.2 280 - 300 31-335 Argon 6 Acinger(11)
Mild Steel| 2650 - 3220 |2092 - 2500 2.0 100 - 400 24 - 35 Argon 2 Pokhodnya(13)
Mild Steel | 1880 - 2150 |1715 - 1900 1.6 50 - 400 20 Argon 6 Ando (52)
Iron N/A 1600 - 1720 1.6 25-120 N/A Argon 6 Ozawa(49)
Mild Steel N/A 1675 - 1880 1.2 |[375- 500 peak 27 80Ar - 20C0O2 6 Ueguri (55)
Mild Steel N/A 1585 1.2 200 - 250 N/A Argon 6 Fu (50)
Aluminum N/A 1800 - 1970 1.6 30-75 N/A Argon 6 Ozawa(49)
Aluminum | 1800 - 2260 2343 - 2845 1.6 50 - 200 17 - 20 Argon 6 Ando (52)
Aluminum 1700 N/A 1.2 260 N/A 75He - 25Ar 3 Woods(60)
ER5356 1630 1880 1.2 100 21V DC-P Argon 6 Tong(56)
ER5356 1490 1700 1.2 100 21V AC-P Argon 6 Tong(56)
ER5183 800 - 2100 |1250 - 2550 1.6 250 N/A Argon 6 Kiyohara (51)
ER5183 | 1200 - 1500 1652 - 1970 1.6 200 - 350 N/A Argon 6 Fu(50)
ER4043 | 1191 - 2401 1692 - 3116 1.6 74 - 244 19 - 28 Argon 6 Lu(48)
ER4043 | 1700 - 2100 2180 - 2600 1.6 200 - 350 N/A Argon Fu (50)
ER4043 | 1202 - 2000 1705 - 2644 1.6 74 -174 19 - 28 Argon 4 Lu(48)
Stainless N/A 1340 - 1675 24 100 - 400 20 Argon 6 Ando (52)
ER304 2400 - 2935 |1925 - 2300 2.0 100 - 400 24 - 35 Argon 2 Pokhodnya(13)
ER309 N/A 1780 1.2 200 - 250 N/A Argon 6 Fu(50)

1 - Optical Pyrometry

2 - Copper Calorimetry

3 - Chemical Calculations
4 - Thermocouples

5 - Liquid Nitrogen Calorimetry
6 - Water Calorimetry
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3.3 Weding Fume Research

Vaporization from both weld metal droplets and weld pools has been
addressed by researchers to help understand fume formation, alloy recovery, and heat
transfer in GMA welding. These investigations have been both experimental and
theoretical in nature, with varying results. The following sections will present
information pertaining to vaporization and fume formation as it occurs in arc welding.
They include fundamental mechanisms of vaporization and fume formation as well as
theoretical and experimental results pertaining to alloy loss, fume generation and
evaporative heat loss.

3.3.1 Mechanisms of vaporization and fume formation

Vaporization has been studied in GTA welding to a greater degree than GMA
welding due to a relatively simpler system. However, the fundamental mechanisms
of vaporization will remain the same, whether it occurs from the liquid weld pool or
the liquid consumable droplets. Choo and Szekely (8) presented a mechanism for
vaporization kinetics in the weld pool during GTA welding. This mechanism
involves four distinct stages, as shown in Figure 3.11:

The liquid phase metal species M(l) is transported to the free surface of the

liquid weld pool.

The liquid phase metal species M(l) vaporizes into the anode concentration

boundary layer to become gas phase metal species M(g).

The vapor species M(g) must diffuse across the anode concentration boundary

layer.

The vapor species M(Qg) is then transported away by the carrier gas or plasma

The second stage is commonly referred to as Langmuir vaporization if the
gaseous species M(g) escapes into a vacuum, where the partial pressure of the species
is zero. Langmuir (61) pioneered work in vacuum atmospheres to improve the
operating life of incandescent light bulbs at the turn of the 20th century. Hiswork is
still used today to predict evaporation rates of metals in vacuum atmospheres. A
summary of other researchers that experimentally measured metallic evaporation
rates can be found in Kubaschewski s book Metallurgical Thermochemistry (62).
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Figure 3.11 Vaporization stages for volatile species from the weld
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occur for the species to escape the weld pool while the diagram on
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The concentration profile of the vapor species directly above the weld pool is
also given in Figure 3.11. It is apparent that this gradient gives rise to a mass flux
component. The authors subsequent analysis incorporated all four stages to calculate
the vaporization rate. They found that a pure Langmuir vaporization mechanism
would significantly over-predict the vaporization rate when applied to arc welding
systems. When the stage 3 diffusion step involving the solute concentration boundary
layer was considered the rate-limiting factor, vaporization rates dropped to about 1/16
that of Langmuir vaporization and much closer to those seen in experiments.

Vaporization from the consumable electrode in GMA welding follows the
same basic mechanisms presented above, but becomes more complex due to the fact
that the droplets form, detach, fall through the arc column, and finally impinge on the
surface of the weld pool. Perrott (63) has shown that vaporization from the droplets
has a major effect on the droplet detachment force and the overall metal transfer
mechanism.

Fume generation during GMA welding is much higher when compared to
GTA welding, o it is thought that the base metal contributes less than ten percent to
the total fume generated (64). The fumes that arise from GMA welding are formed
by two different mechanisms, proposed by several researchers (65-68).

The first mechanism of fume generation involves small portions of the molten
electrode being gjected from the surface by means of boiling, explosions, and other
disturbances near the liquid. This mechanism produces fume that has the same
chemical composition as the consumable wire and is known as microspatter or the
unfractionated portion of the fume. The unfractionated fume particles may undergo
further chemical changes as they travel through the shielding atmosphere and are
eventually exposed to ambient air conditions.

The second mechanism of fume generation, proposed by Heile and Hill (69),
was based on elemental vaporization, condensation, and oxidation enhanced
vaporization. Through analysis of experiments on ferrous-based welding fume
generation, they concluded that manganese fume components come strictly from
elemental vaporization, silicon components from SiO formation and iron components
from a combination of elemental plus FeO vaporization. These sub-micron particles
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link together and form conglomerates that visually resemble hair and woven mats.
These fumes have chemical compositions very different from that of the consumable
electrode.

The mechanisms involved in fume formation have been outlined. Most of the
ideas come from theories developed from GTA welding, but these can be transferred
directly to the liquid droplet. Fume formation may occur through a variety of
vaporization methods or disturbances in or near the liquid. By understanding the

different ways fume is generated, attempts can be made to minimize its occurrence.

3.3.2 FumeFormation Studies

The vaporization of elements and subsequent fumes that are formed during
GMA welding are extremely complex, physically and chemically. They consist of
oxides and metallic elements that range in size from sub-micron to hundreds of
microns. An extensive amount of research (7,56,66-68,70-79) has been done to
characterize the different aspects associated with fume formation during GMA
welding. The following section describes the basic platform of much of this research,
the limitations of the research as well as the trends and results that are applicable to
the current study.

The industry standard for performing fume analysis uses the test chamber
shown in Figure 3.12. This setup is outlined in ANSI/AWS F1.2, Laboratory Method
for Measuring Fume Generation Rates and Total Fume Emissions of Welding and
Allied Processes. While the welding process operates on the rotating testplate on the
bottom of the chamber, the blower assembly draws air upwards through the filter and
support screen, where the fume is deposited. Analysis usually includes electron
microscopy and chemical analysis of the particles captured on the filter as well as
mass changes of the filter using a precision balance.

Castner (64) was concerned that the standard procedure to study fume
generation did not measure total fume generation r ates. It was noted during testing
that some fume is deposited on the walls of the chamber as well as on the plate being
welded. Tests were made to determine the amount of fume not collected by the filter;

it was found that seven to ten percent of the fume is deposited on the walls of the
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chamber and 25 to 40 percent is deposited on the test plate. Up to half of the fume
that is generated during welding may not be accounted for during the standard
ANSI/AWS F1.2 testing procedure.
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Figure 3.12 Fume generation rate measurement chamber, as used
in ANSI/AWS F1.2 (64).

Quimby and Ulrich (80) also redlized that the current design of fume
collecting units was lacking reproducibility and precision. They designed a new,
improved system that improved reproducibility of fume generation rates from
—20 pct. to -5 pct.. This new system reported fume generation rates up to 1.0 g/min.

Though the standard test may not have the capability of absolute fume
generation rate measurements, it is still widely employed to make relative
comparisons. Many studies use relative comparisons of FGR of different electrode
compositions, shielding gas compositions, alloy systems, and welding parameters.
Table 3.3 gives a summary of fume generation rates that are published in the
literature.
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Table 3.3 A summary of previous work on fume generation rates in non-pulsed DC
GMA welding for three different alloy systems.
Fume Welding Conditions

Material Generation Reference
Rate (g/min) | Mode | Current (A) | Voltage (V) Shielding Gas

ER70S-6 0.2 1 164 18 Ar - 25% CO, Sowards(70)
ER70S-6 0.02-0.28 2 100 - 375 14 - 36 Various Pires (75)
ER70S-6 0.20-0.49 2 175-294 n/a Ar - 5% O, Dennis (81)

ER70S-4 0.05-0.31 2 102 - 330 17 - 32 Ar-5%C0,-3%0, Deam(65)

ER70S-6 0.11-0.16 1 180 - 300 22-33 Ar-5%C0,-2%0, Hilton(82)

ER70S-2 || 0.04-010 | 3 | 250-350 | 29-35 Ar Heile(69)
ER70S-3 || 0.20-100 | 3 | 170-270 | 18-34 Ar - 8% CO, Quimby(80)
ER70S-3 || 0.11-059 | 2 | 179-378 | 18-32 Ar - 15% CO, Castner(64)
ER4043 || 0.03-035 | 2 | 118-174 | 18-24 Ar Castner(64)
ER4043 || 0.10-0.60 | 1 | 120-280 n/a Ar Hilton(82)
ER316L || 0.06-054 | 4 | 210-290 | 22-28 Ar-2% 0, Moreton(83)
ER309L || 0.18-019 | 1 | 180-270 | 21-30 Ar-2% 0, Hilton(82)
ER308L || 0.04-091 | 2 | 152-365 | 22-36 Ar-2% 0, Castner(71)
ER309L || 0.10-0.90 | 1 | 120-300 | 20-40 Ar Wwillingham(84)

1 - ANSI/AWS F1.2 - modified
2 - ANSI/AWS F1.2 - standard
3 - Custom Apparatus

4 - Unknown
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Experimental data for fume generation rates are wide-spread and depend
heavily on welding parameters. From the data presented in Table 3.3, nominal fume
generation rates range from 0.04 g/min to 1.0 g/min. These values will be reference
later as a comparison to the values obtained in experiments run in the present study.
It must also be stated that these rates were obtained by capturing as much fume as
possible and performing the analysis on the collected specimens.

The chemical makeup of fume is also of interest, because it usually indicated
preferential vaporization of certain alloying elements. Previous research on
Aluminum alloy fume generation shows high amounts of different alumina phases
(56). Figure 3.13 is an X-ray diffraction pattern from fume generated while welding
with an ER5052 aluminum electrode, which contains high amounts of magnesium. 1t
combines with any oxygen that may be present in welding arc and combines to form
magnesia.  Aluminum also vaporizes during the welding process forms several
different alumina phases shown in Figure 3.13. Sources of oxygen may include
alumina (Al,Os3) that is on the surface of the welding electrode or incomplete gas
shielding.
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Figure 3.13 X-ray diffraction pattern of fume collected during the
welding of ER5053 aluminum electrode (56). Results show
magnesia and alumina make up the majority of the particulate in the
fume. The current aluminum alloy contains less than 0.05 wt. pct.
magnesium.
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Sowards et al. (70) performed XRD analysis on fume generated from an
ER70S-6 electrode with a 75% Ar-25% CO, shielding gas mixture and found only
two phases were present: FesO, (magnetite) and Fe. Figure 3.14 shows the spectrum

from their research.
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Figure 3.14 XRD spectrum of bulk fume produced from ER70S-6
steel electrode with 75% Ar-25% CO, shielding gas mixture (70).
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Figure 3.15 XRD analysis of the fume generated during GMA
welding of ER308 stainless steel electrode, which has a chemical
composition close to that of ER316L stainless steel electrode.
Similar to the ER70S-6 steel electrode, FesO, is the main
constituent of the fume (85).
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Kimura studied the chemical composition of fume generated while welding an
ER308 electrode. Figure 3.15 shows the XRD plot of fume generated during the
research and the majority of the fume is Fe;O4 (85).

Some of the most interesting information from fume studies that pertains to
the present work is the trends that are seen between fume formation rates and metal
transfer modes. Deam (65) reported that the fume formation rate has a direct
relationship to the metal transfer mode that operates. Figure 3.16 illustrates that the
fume generation rate changes significantly with welding parameters. In particular,
welding with normal voltages produces the highest fume generation rate near the
transition from globular to spray transfer modes. At very high wire feed speeds, the
fume generation rate begins to approach levels seen during the transition. This trend
of fume generation rates changing with transfer mode has been reported by many
other researchers as well (64,66,69,75,76,84,86).
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Figure 3.16 Fume generation rate as it changes with wire feed
speed. Also included on the graph are regions of different metal
transfer modes. The highest fume generation occurs near the
transition from globular to spray mode (65).
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Fume studies are fundamentally different than vaporization studies. The fume
generated during welding is a result of vaporization that occurs on molten surfaces.
Experiments involving fume generation are extremely important for improving
industrial hygiene, making relative comparisons of particulate emission, and helping
verify their mechanisms of formation. However, the experimental procedures for
testing welding fumes that rely on capturing emitted particles have their shortcomings
when attempting to model vaporization from the GMA welding electrode. These
tests are unable to capture all of fume that is emitted and it is possible that elements
that are vaporizes on the surface of the electrode may condense on the surface of the
weld pool. In this case, the vaporization event is undetected by the experiment. The
next section covers the few investigations made on vaporization from the electrode
during GMA welding.

3.3.3 Vaporization Studies

Mechanisms of vaporization have been outlined above, but no empirical data
has been presented to support the model developed in the current research.
Vaporization studies of the electrode in GMA welding are not as numerous as fume
generation studies. This is due to the fact that accurate vaporization data is more
difficult to obtain because a certain amount of vapor generated at the molten tip
condenses onto the weld pool. Of particular interest to the current study is research
that focuses on vaporization rates from the liquid electrode. By knowing these values
with reasonable certainty, an estimate can be made of the energy associated with
vaporization.

Block-Bolten and Eagar (9,87) researched evaporation using an experimental
GTA welding setup. They found that evaporation rates are very dependent on anode
temperature and the composition of the material being welded. Actual measurements
produced vaporization power losses from the weld pool between 0.002 and 0.028 pct.
These numbers represent very small energies and it is reasoned that an
evaporation/condensation mechanism functions near the weld pool. At the center of
the weld pool, where temperatures are hottest, vaporization of elements occurs

rapidly. As these vapors move towards the cooler edges of the weld pool, they
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condense on the surface. This cycle does not represent energy due to vaporization it
is gained back during condensation. Realizing this mechanism and estimating using
infrared pyrometry, power loss at the weld pool due to vaporization ranges from one
to ten percent depending on the parameters. They also noted that more precise values
are difficult to measure due to the condensation o f metal vapors in cooler regions of
the weld pool.

Howden (88) performed similar testing using a modified GTA welding setup
very similar to a button melt system and found that the anode temperature, which
controls vaporization rates, is dependent on arc current, anode material and shielding
gas composition. Mass losses were again very small, on the order of 0.03 g/min.

These two GTA welding studies illustrate the fact that most fume is generated
at the electrode during GMA welding. They also give more insight to the
vaporization mechanisms and trends during arc welding and support the results of the
fume studies.

An extensive amount of work has been done in modeling vaporization to help
understand the factors that control fume formation. Most all vaporization modeling
efforts begin with Langmuir s evaporation equation (61):

M =
um (3.1)

where P, is the partial pressure of the vaporized species m, M is the molecular

weight of the species, R is the gas constant, T is the absolute temperature and mis the
evaporation rate. The derivation of this equation isincluded in Appendix C.

Several approaches are used by different researchers to incorporate Langmuir
evaporation into modeling; Block-Bolten and Eagar s work (9,87) is based on
thermodynamic data and taken from Dushman (89). Values for partial pressures at
given temperature are derived to calculate evaporation rates of any specie in a binary
system. Analysis of various systems, including Fe-Mn, Fe-Cr and Fe-Ni, predicted
that manganese and iron will be the dominant vapors when welding steels and
stainless steels. A second conclusion was that power loss due to vaporization could
[imit the temperature of the weld pool to around 2500 C.
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To calculate the vaporization rates considering that diffusion through the
concentration boundary layer is rate limiting, Choo and Szekely used an approach
first established by Dushman (89), and further refined for binary systems by Block-
Bolten and Eagar (9,87). Performing both experimental and theoretical analysis, they
found that the evaporative power losses vary between one and ten percent of the tota
welding power during GTA welding. Their calculations also showed that the high
vapor pressure species, manganese and iron in particular, dominate the fume
composition.

Deam, et al. (65) modeled heat transfer from the droplet with volume of fluid
technique first described by Hirt and Nichols (90), then applied to GMA welding by
Haidar and Lowke (91,92). In these modeling efforts, they predicted evaporation
rates from the droplets that ranged between 1.0 and 12.5g/min. These fume
formation values are an order of magnitude above those reported in fume studies that
adhere to the ANSI/AWS F1.2 testing procedure. Figure 3.17 shows the predicted
evaporation rates as a function of time for a mild steel electrode, as the droplet grows
in time, the evaporation rate increases in response to the larger amount of surface area
onthe droplet. Again, these values are generated by using the Langmuir evaporation
situation and specific details on their computational modeling are unavailable. The
researchers did note that these values are relatively high in comparison to other
works.

Corderoy et al. (93) experimented with at modified pulsed-GMA welding
setup, similar to the one used in the current research, to investigate alloy losses using
different shielding gas compositions. Droplets were collected using a water-cooled
copper cathode for chemical examination. By using different amounts of oxidizing
gases, they found a heavy dependence between oxygen content in the gas and element
loss in the collected droplets. These findings confirm the notion that vaporization
data can be obtained experimentally in ways other than fume sampling.
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3.4 Modeingin GMA Welding

In general, any type of modeling effort attempts to use mathematics to
describe a system. In welding, many different types of approaches have been used to
characterize many different aspects of the process. The complexity of modeling
problems in GMA welding ranges from simple to impossible. Some of the more
complex issues in welding involve heat transfer, fluid flow, high-temperature plasma
physics and magneto-hydrodynamics. To complicate things, most parameters are
intrinsically coupled to others, when one changes, they all change. The goal is to
capture the behavior of the system with the simplest representation. By including all
the dominant terms, the model should be able to predict the outcome of the system
with reasonable accuracy.

Like the welding efficiency example given at the beginning of this chapter,
modeling effortsin GMA welding are too numerous to include in this paper. Instead,
a select few topics that are essential to the modeling approach taken in Chapter 5 are
covered here. Hu and Tsai (2,94,95) completed an extensive review and analysis on
computer-based finite element modeling in GMA welding. Depending on the
complexity of the model, some computations take upwards of twenty hours on a Cray
supercomputer (96).
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The modeling in the present investigation focuses on heat transfer
mechanisms in the electrode for different metal transfer modes in GMA welding. The
effect of fluid flow on heat transfer is investigated as well. Waszink and Van Den
Heuvel (6) conducted a similar heat transfer analysis with a mild steel electrode and
concluded the two dominant heat transfer processes acting on the electrode are
resistive (Joule) heating and heat flow from the arc into the liquid tip. It was aso
concluded that the heat flow within the droplet during globular transfer is due to
convection. During spray transfer, the heat flow changes to conduction.

Erohin and Rykalin (20) investigated the heat balance at the electrode tip
considering seven different terms. energy for electrode melting, evaporation,
electrode superheating, convective heat loss, resistive heating, chemical reactions,
and heat from the arc. Using relatively simple equations for each of the terms, they
calculated only four dominant terms. The major heat input to the systemis due to arc
heating. The three terms that used the most energy are evaporation electrode melting
and electrode heating.

Lancaster (97) studied the flow of heat during GMA welding of aluminum.
The most interesting conclusion he found was at the transition between globular and
spray transfer modes, there isa marked difference between the appearance of the arc
above and that below the threshold. The temperature of the droplet below the
transition was determined to be below the boiling point; during spray transfer, the
temperature rose in excess of the boiling point

Nemchinsky (19,98,99) is a fourth researcher whose work closely parallels
that pursued in the present study. Heat transfer in the consumable electrode is
modeled and described with a relatively simple relationship based on the Peclet
number. A comparison to experimental values cannot be made due to a scarcity of
data. Surface tension driven flow is also considered in the analysis, which givesrise
to substantial fluid flow within the droplet.

The foundation of this research was set in papers by Mendez, Jenkins and
Eagar (4,5,18). The framework is shown in the next sections, the terms that are
considered in the model developed in Chapter 5.
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3.4.1 Vaporization Modeling

Bosworth and Deam (100) showed a relationship between droplet size and
fume formation rate during pulsed GMA welding. By utilizing different pulsing
parameters, the average welding power was kept relatively constant, so that the
largest variable during testing was the size of the droplet, controlled primarily by the
pulse frequency. Wire feed speed was kept constant. Figure 3.18 shows the
relationship between droplet size and fume generation rate. Fume generation rates
averaged between a high of 0.60 g/min for the droplets with an average diameter of
2.91 mm (0.11in.) to a low of 0.04 g/min with 1.4 mm (0.06 in.) diameter droplets.
Fume data was generated in a fume collector calibrated to ANSI/AWS F1.2-85
specifications. These results give even more empirical evidence that heat transfer in
the electrode can be influenced significantly by the size of the droplets that form on
the tip. This relationship is used in the modeling aspect of the research for the mild
steel electrode and is discussed further in Chapter 5.
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Figure 3.18 Fume formation rates as a function of droplet diameter.
Experiments used pulsed GMA welding that kept heat input
relatively constant and changed the pulsing parameters to detach
different size droplets (100).
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3.4.2 Heat Transfer from the Arc

Quigley (101) investigated the various types of power that can be transferred
to the anode during arc welding processes. These include the electron potential
energy (work function), the electron thermal energy, the anode fall, radiation,
conduction and convection from the plasma, and evaporation and radiation losses
from the anode. The two dominant forms of power transfer take place through the
work function and the anode fall. The work function energy is defined as the amount
of energy that is needed to remove an outer shell (valence) electron from the solid to a
point immediately outside the solid. In this case, the reverse is true; a free electron
from the plasma is accepted at the anode and the energy is released to the liquid
droplet or solid wire. The anode fall can be described as the kinetic energy transfer
from the electrons to the anode as they decelerate (lose temperature) as they move
from the hot plasmato the cold anode.

Many researchers (6,10,52,97,102) have shown the anode fall to range
between 5.5 and 6.5 V. Thisterm is described in more detail in Chapter 5.

3.4.3 Heat Transfer in the Solid Electrode

Much work has been done that characterizes the heat transfer taking place in
the solid electrode between the contact tip and the droplet. It has been modeled
(6,99,103,104) as one-dimensional, moving, current carrying cylinder. The difficult
aspect is setting up the boundary conditions for a distributed heat source, similar to
what occurs in spray transfer and accounting for the non-linear material properties
like resistivity and heat conduction. Figure 3.19 shows the temperature distributions
in the electrode extension region for steel and aluminum electrodes. A numerical

solution is generated for the heat flow in the electrode extension in this research.

3.4.4 Droplet Temperature Modeling

Ma and Apps (72,105) derived an expression for predicting the mean droplet
temperature that is based on welding current and physical properties. The output of
this function is shown in Figure 3.20. Changes in electrical resistivity and melting
rates show a decrease in mean droplet temperatures for the transition from globular to
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streaming spray modes. Other values for droplet temperature measurements are given
in Table 3.2.
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Figure 3.19 Temperature distribution predictions for the electrode
extension in steel and aluminum (103).
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Figure 3.20 The calculated droplet temperatures as a function of
current. A Globular transfer; B Drop spray (pro jected) transfer;
C Streaming spray transfer (72).
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3.5 Summary

The literature covered in this chapter gives a background on the previous work
related to the present study. The biggest topics include droplet temperatures, fume
generation, and heat transfer in the electrode. Many different types of experiments
have attempted to measure the temperature of a detached metal droplet. The results
vary, most likely due to different welding parameters. The fume formation and
vaporization material showed that experimentally measured rates vary as much as
droplet temperatures. Modeling efforts, too, are only as good as the experiments that
are used to verify them. Thisinvestigation will use both experiments and modeling to
determine droplet temperatures and explain the heat transfer mechanisms that are

occurring in the electrode.
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CHAPTER 4
EXPERIMENTAL INVESTIGATION

This chapter presents the setup, procedure, and results for the physical
experiments used in this investigation. It is divided into sections that cover the,
design, setup, equipment, procedure, testing and analysis that are made. Several other
experiments are implemented that give supporting evidence to the primary
investigation. These supporting experiments are summarized in the main body of the
report, and full details are given in Appendices A and B.

The experimental portion of this research is designed to measure many of the
same parameters used in the modeling portion to help the correlation between the two
approaches. The overall goal of these experiments is to measure the heat content of
the droplets during different transfer modes. Three different types of electrodes are
used to compare the effects of varying thermophysical properties. If large differences
are seen between aluminum and ferrous-based electrodes, this could indicate
differences in heat transfer physics.

The basic GMA welding principles were given in Chapter 2. These principles
remain the same in the present configuration, but several of the components of the
normal welding system are modified to capture the droplets and measure their energy
for subsequent calculations. Chapter 3 served as a background to the current testing
and gave a framework to the ideas covered in this chapter.

4.1 Experimental Setup

The main components of any GMA welding system are the power source, the
wire feeder, and the welding torch. The system used in this research includes all of
these basic components in addition to sub-systems that allow precise measurement
and control of welding variables. This section explains each component, how it
works, and its importance to the overall system.
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Figure 4.1 shows a schematic of the experimental setup that is used to
characterize heat flow and transfer during GMA welding. The two major deviations
from a normal GMA welding process are the water-cooled copper cathode and the
calorimeter. Due to the harsh nature of the welding environment, many design issues
had to be evaluated for feasibility. The first step in the design process was to identify
the functionality of each component. After the design and fabrication of the
experimental apparatus, a seriesof shake-down te sts were performed to validate the

system and verify all the components were in proper working order.

4.1.1 ThePower Source

The power source used in this research is a Miller PipePro 450RFC machine.
It is a commercially available system that is used in industry. This power supply is
state-of-the art; it has the capability of custom-programmable waveforms, Miller s
AccuPulse and RMD™ software, and more traditional direct current operation. The
amount of research, development and engineering that is put into this system is
impressive. Power supply technology has come a long way since the advent of
computers and the advanced outputs of these machines are capable of completely
changing operating characteristics. The output signal for the present configuration is
direct current/constant voltage. No pulsing current or waveform programming is
implemented in the experiments. No modifications are made to the power source that
would change its output characteristics. The welding conditions vary with material
and transfer mode. Nominal values for voltage are 25t0 30V and current are

85t0 275 A. The operator s manual is included in A ppendix F.

4.1.2 WireFeeder

The wire feeding unit is paired with the power supply and is a PipePro Single
Feeder. Wire feed speeds range from 50 inches per minute (ipm) to 780 ipm. This
wire feeding unit communicates directly with the power supply for precise process
control. No modifications are made to the wire feeding unit. The operator s manual

isincluded in Appendix F.
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Figure 4.1 A drawing of the entire experimental system. Molten
droplets detach from the electrode and fall through the copper
cathode, depositing in the copper crucible. Their heat is released to
the water and the temperature change is recorded. Not to scale.
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4.1.3 Welding Torch and Contact Tips

The welding torch used in the research is a Miller type GW-60A. This torch
is water cooled and rated up to 500 A. The recirculation coolant system is a Miller
Coolmate3. The owner s manual is in the digital appendix. An adapter was
fabricated to allow the use of smaller contact tips: commercially produced Miller type
GA-17C. These are common welding parts and are readily available at the local
welding shop, General Air Service and Supply.

4.1.4 Shielding Gas Control

An Omega gas proportioning rotameter Model FL-2GP-40ST-40ST is used
for monitoring the flow rate of the shielding gas. A calibrated flowchart was supplied
from the manufacturer. A constant flow rate of 40 CFH of industrially pure argon
shielding gas is used throughout the entire study. The gas mixer was received from
the factory calibrated with an accuracy of —2 pct. of the operating flow rate. This
piece of equipment was originally used during previous work that investigated the
effects of shielding gas compositions (17).

4.1.5 Calorimeter

The calorimeter serves two purposes. it catches the detached droplets and
measures their energy contents. Previous researchers have reported droplet
temperatures ranging from the boiling point of the metal in question to severa
hundred degrees above the melting temperature. Taking this into account, a design
protocol was followed so that the lengthy process of trial and error was kept as short
aspossible. Also, the uncertainty of the temperature calculations wanted to be kept as
low as possible. These values are shown later in the results.

Figure 4.1 shows the main components of the calorimeter system, defined as
all the components below the water-cooled copper cathode. It is composed of awater
bath within an insulating container, a copper crucible that catches the droplets, a
supporting system to hold the crucible, a stir bar to circulate the water, and
thermocouples that measure the water s temperature. The most difficult obstacle to
overcome, as reported by other researcher performing similar testing, is separating the

droplets from the influence of the plasma. As shown in Chapter 3, many different
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types of systems have been used for measuring droplet temperatures. Using these as
a launching platform, calorimetry seemed to be the simplest and most robust system
to implement. Direct thermocouple measurements of droplet temperature would be
costly and the uncertainties may be large. Droplet detachment frequencies can be in
excess of 300 Hz, which complicates the calculations. Optical pyrometry would
measure only the surface temperature of the droplets, not giving a good indication of
bulk droplet temperatures. Calorimetry seemed to be the best match for the
experimental testing because of its simplicity, robustness and ability to have low
uncertainties.

Separating the droplets from the arc has been done in the past by using aGTA
welding torch as the cathode. However, this system is not a good representation of a
GMA welding configuration. Instead, a copper cathode is used in this study,
described in the next section. One drawback of using this type of setup is that a
plasma flame shoots though the center hole along with the droplets. Jelmorini (14)
recognized that the plasma flame could cause the droplet temperature readings to be
artificially high, so he ran a series of tests to determine the contribution of heat from
the plasma flame. Figure 4.2 shows this side-effect, and it was determined that the
calorimeter should be about 140 mm (5.5 in.) below the exit of the cathode to avoid

excessive heating from the plasma flame.
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Figure 4.2 Ambient temperature readings using a thermocouple at
different distances from a cathode ring. Around 140 mm (5.5 in.),
the plasma flame shows little effect. From Jelmorini (14).
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A second difficulty of the calorimeter design is capturing all of the droplet
heat. If any water were to boil from the calorimeter, results would be erroneous.
During the shake-down phase of the testing, two s eparate investigations are
performed to check for boiling. The first is a mass loss test; the water in the
insulating container was weighed before and after testing. 1t was found that the mass
loss did occur, but it was due to natural convection. The detailed procedure and
results of this testing are given in Appendix A. In addition to measuring the mass
loss, heat sensitive wax from a Tempilstik is applied to the bottom of the crucible.
The wax has a melting temperature of 95 C and no evidence of melting is observed.

Figures 4.3 shows the two main components of the calorimeter, the hot
components that experience elevated temperature during testing and the insulating
container that holds the water bath. When assembled with the insulating pins, which
are hollow alumina tubes, the copper crucible is thermally isolated from the droplet
tube and heat shield. The mass of the heat shield/droplet tube assembly is measured
and a thermocouple monitors its temperature during welding. This energy is added to
the arc power term because a small amount of arc heat is not captured by the copper
cathode. All of these parts fit together along with the thermocouples, magnetic stir
bar, water and stir plate to form the calorimeter, shown completely assembled in
Figure 4.4.

Heat Shield
~ Droplet Tube

Insulating Pins

Copper Crucible i

a) | Tin.

Figure 4.3 @ The hot components of the calorime ter that
experience elevated temperatures. b) The insulating container that
holds the water bath and magnetic stir bar.
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Figure 4.4 &) The assembled calorimeter almost ready for testing.
For viewing purposes, the hot components have bee n lifted out of
the water bath. b) During testing, the crucible is immersed in the
water bath. Notice the electrical shielding on the thermocouples.

Calibration experiments are performed to test the uncertainty related to the
calorimeter measurements. A known amount of liquid tin at a known temperature
was added to the copper crucible and the resulting temperature change was recorded.
Details are included in Appendix A. The differences between the energy in the tin
and the energy registered by the calorimeter is less than four percent.

4.1.6 Water-cooled copper cathode

The water-cooled copper cathode serves several purposes in the system. The
first is to sustain the welding arc between itself and the consumable electrode, as
shown by the electrical circuit in Figure 4.1. Without a complete current path, the arc
welding process is not possible. The second purpose is to alow the passage of the
detached droplets into the copper crucible. The third purpose is to monitor the
temperature rise in the cooling water to determine the amount of heat that is supplied
by the arc to the cathode.

Several different design variations, all shown in Figure 4.5, were used until
consistent, stable transfer was achieved. The first design iteration was easy to
fabricate, but turned out to be too fragile. After several welding runs, pinhole leaks
developed at the joint between the copper tube and the through hole. Even though
industrial argon is used as the shielding gas, the copper cathode forms a thin layer of
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oxide on its surface. The arc wanders into the through hole and produces an unstable
process. As a result, the through hole would inevitably develop a pinhole and leak.
The second design iteration attempted to affix the arc attachment point by installing
an insulating Mullite tube on the inner bore of the through hole. The ceramic was no
match for the welding plasma; melting occurred instantly. The third and final
iteration used a much larger copper disk as a platform to support the arc. Also, the
reduced thickness seemed to stabilize the arc. This design is used throughout the rest
of the testing and worked flawlessly, regardless of electrode material or welding
parameters.

The entire copper cathode assembly is shown in Figure 4.6. Process water
from the building s closed-loop system is used as the cooling liquid. Upstream from
the water inlet isa 0.2 to 2 gallon per minute flowmeter that indicated the flow rate of
cooling fluid. This volumetric flow rate is one of the terms needed to calculate the
power being supplied to the cathode. The second value is the change in water
temperature, which is monitored by the thermocouples placed in the flow through the
ports shown in Figure 4.6. The entire assembly is grounded to the welding machine
using a standard welding ground clamp. The system was fabricated in-house; the
copper disc was turned on a lathe, the copper tubing is 19 mm (0.75in.) outer
diameter, used as domestic water supply line, and the thermocouple ports utilize brass
compression fittings. All of the joints were sweated with solder. The thermocouple
ports and copper disc were sealed using high temperature silver solder.

Lu and Kou (48) reported issues of droplets being difficult to collect during
spray transfer with a similar setup. As long as the electrode was in good, concentric
alignment with the through-hole, any size droplet fell through without interference
and made it to the crucible without touching the droplet tube.

4.1.7 Laser System

A very good method for determining the metal transfer modes involves arc
imaging. The laser shadowgraph system has seen wide use by many researchers and
is described thoroughly by Allemand et al. (106). His setup isvery similar to what is
used in this research.
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Figure 4.5 Three different design iterations were fabricated and
tested. The best working design is #3. It survived the majority of

the testing without issues.

Figure 4.6 The water-cooled copper cathode assembly used to
separate droplets from the arc, monitor water temperature and
regulate flow.
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Imaging of the arc is difficult to accomplish because of the harsh atmosphere.
Temperatures in the arc have been estimated to exceed 10,000 K and the intensity of
arc light is more than the sun. The principles of a laser shadow-graph system are
relatively simple; like using a flashlight to cast shadows on awall. By inundating the
arc area with a high concentration of uniform wavelengths of light and filtering out
everything but that wavelength, defined shadows can be created. In this setup, alaser
is used as the light source and the contact tip, solid electrode, metal droplets and
copper cathode project their respective shadows onto a piece of frosted glass. By
recording the shadows with a high-speed camera, the dynamic process of droplet
detachment can be seen. The system was borrowed from the National Institute of
Standards and Technology (NIST) in Boulder, CO. Figure 4.7 shows a schematic of
the setup.

There are several interesting optical components to the system that all work
together to produce the image. All components are manufactured by Melles-Griot,
except the reflecting mirror. The laser source is a Helium-Neon laser with a
maximum output of 30 mW at a wavelength of 632.8 nm. The beam then passes
through a model 09 LSF 011 spatial filter and then a 09 LCM 013 collimator. The
gpatial filter cleans the laser beam by passing it through a very small hole
(=10 microns) so that it produces a light beam with a Gaussian distribution. The
beam is very small and concentrated after exiting the spatial filter. The collimator,
also known as a beam expander, takes the very small beam and expands it to
approximately 50 mm (2 in.) in diameter and keeps the waves parallel to interference
at a minimum. Beam intensity and diameter are adjusted with these two components.
A Newport HeNe laser line dielectric mirror mounts to an adjustable mirror mount to
allow precise aiming of the beam. The arc light is filtered through a Melles-Griot 03
FIL 022 bandpass interference filter. The shadow image is projected onto a piece of
frosted glass and filmed with the high-speed digital video camera. Figure 4.8 isa till
image of the video taken during the welding process. The dark areas are the shadows
projected onto the screen, whereas the light areas are laser light that passes through
unimpeded.
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Figure 4.7 A plan view of the laser imaging system used in the
research. The GMA welding torch, cathode, and calorimeter have
been rotated 90 degrees for clarity. The actual system operatesin
the flat position.
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Figure 4.8 A screenshot of the image produced by the laser
shadowgraph system. The actual color is red, due to the laser
wavelength output, but shows up as white because the high speed
camera capturesin gray scale.
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4.1.8 ArcLength Control

The arc length is controlled in-situ through the use of the laser shadowgraph
and high speed video. The contact tip, a constant 6.4 mm (0.25 in.) wide, isused as a
reference to adjust the electrode extension to be approximately 12.7 mm (0.5 in.)

4.1.9 High Speed Camera

The high speed camera used in this research is an X-PRI model manufactured
by AOS Technologies AG. Recordings are made at either 1000 or 2000 frames per
second, depending on metal transfer mode. The lens used for imaging is a variable
zoom (0.5 to 3X) unit manufactured in Japan. The owner s manual is included in the
Appendix F, along with the video editing software that is used during analysis. This
digital camerais easy to use, interfacing to any computer through the network port.

4.1.10 Scale

The scale used for measuring mass in the experiments is a Denver Instruments
model D1-8K. It has a maximum capacity of 8000 grams and a resolution of

0.1 grams.

4.1.11 Current and Voltage Data Acquisition

It has been said that monitoring the current and voltage of awelding process is
similar to monitoring the heartbeat of a medical patient. The current and voltage
signal gives insight to a welding process on many different levels. The average
current and voltage define the power inputs of the process and more detailed analysis
of the voltage can help determine the droplet frequency. Determining the metal
transfer mode is critical for this investigation. Several methods exist that have been
used by researchers. Adam and Siewert (107) used arc voltage and current analysis to
determine metal transfer modes. Many other researchers have used similar methods
for determining metal transfer modes and characteristics (108-110). It is relatively
simple to measure the droplet transfer rate by sampling the voltage and current during
the welding process and examining the oscillations in these signals, often done with
Fast Fourier Transform (FFT).
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The current is measured with a LEM HTA 600-S current transducer, which
has a current range between 0 and 600 A. A LEM LV 25-P voltage transducer is used
for voltage sampling and is capable of sampling between 0 and 100 V. The operating
manuals for these sensors are included in the Appendix F. These sensors are
connected to a signal processing box, fabricated in-house by Scott Pawelka. The
outputs of the box range from O to 10 V. The voltage channel is scaled down by a
factor of ten, meaning that a reading of 100 V at the probe would output 10 V from
the signal processing box. Current output is 6.67 mV per one Ampere of welding
current. The outputs of the signal processing box are connected to a National
Instruments SCB-68 shielded connector block. This circuit board is interfaced to a
computer containing a National I nstruments PCI-6220 data acquisition card. National
Instruments Labview 7.0 software is used for the interface to the hardware. Data is
collected at 5 kHz. Welding voltage and current values for a single test are averaged.
Figure 4.9 is a diagram of the current/voltage data acquisition configuration in the

experimental setup.

Output
Voltage
Transducer
)
Input
Welding 0-100 ¥ PCI-6220/SCB-68
Power Data Acquisition
Supply
T ——— LEm

Current
Input Output
0-600 A Transducer 0-10 V

Figure 4.9 Diagram showing the current/voltage data acquisition
setup used in the research.
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4.1.12 Temperature Acquisition

Along with the current/voltage acquisition, five different thermocouple
channels are sampled during testing. During the design stage, the temperature
measuring system was plagued with an unknown problem that produced temperatures
that were askew. Figure 4.10 shows the temperature profile of the thermocouples that
monitor the water bath temperature. Upon arc ignition, electrical noise becomes so
large that the temperature reading drops to -3276 C and remains at that value during
the entire welding time. Once the arc is extinguished, the temperature rises to
1000 C and then returns to normal readings. These values, when used with the
standard half-liter of water, produce estimated average droplet temperatures in excess
of 500,000 C. Obviously, something was wrong.

Several attempts were made to correct the problem of arc interference with the
thermocouples. Initially, a ground loop fault was suspected to be the cause of the
erroneous readings. The ground terminal on the USB data acquisition board showed
a small potential (~0.3V) when referenced to the ground of the welding power
source. Connecting these two grounds to eliminate the potential between them did
not solve the problem. A second ground loop fault between the 120 V wall outlet
powering the DAQ computer and the 440 V welding power was suspected to be the
culprit, but both attempts at isolation of the circuit and common grounding failed to

solve the interference problem.
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Figure 4.10 The signal of the thermocouples monitoring water
temperature of the calorimeter. The signal dropsto -3276 C while
the arc is on, rises to 1000 C when the arc is extinguished and
returns to the actual temperature of the water bath.
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A deeper investigation into the problem revealed several interesting findings
and afinal solution. The thermoelectric voltage potentials produced by the Seebeck
effect in thermocouples are measured in millivolts or microvolts.  Other
electromagnetic fields (EMFs) in the vicinity of an unshielded thermocouple wire
have the ability of inducing a current and voltage in the wire. This phenomenon can
lead to erroneous temperature readings and is commonly known as parasitic voltaic
EMFs (111,112). Depending on the conditions, a parasitic voltage EMF can be on
the order of one volt, which is several orders of magnitude above the standard
thermocouple junction output voltage. All of the thermocouples used in this
experiment are less than 15cm (6in.) from the welding arc that operates at a
minimum of 20V and 150 A. To prove how sensitive the thermocouples are to the
welding EMF, two unshielded thermocouples were placed at two different distances
fromthe arc. The first thermocouple was 30.5 cm (12 in.) away from the arc and the
second thermocouple was 183 cm (72 in.) away from the arc. Both thermocouples
were placed behind a thermally insulated heat shield to minimize the effects of
radiation and convective heat transfer from the arc. Figure 4.11 shows the results of
this experiment. The noise from the arc is enough to impart a temperature difference
of 7 C in the closest thermocouple. It was concluded that the interference in the
temperature readings were a direct result of a parasitic voltage EMF coming from the
welding arc. The next step was to figure out how to electrically shield the
thermocouples from the powerful welding arc.

Upgraded, low-noise thermocouples from Omega were the solution to
completely rid electrical interference in the system. The low-noise design consisted
of electrically shielded type-K thermocouple probes, connectors, extension wire, as
well as aluminum foil to wrap all connections. Similar to other electrically shielded
components, the wires that carry the voltage information from the dissimilar metal
junction are contained within an aluminum sheath. A bare wire wraps the aluminum
sheath and connects to the common ground terminal on the DAQ board. Any EMF
that is near the wire will induce current in the sheath and ground wire instead of the
two thermocouple conductors. Figure 4.12 shows the thermocouple signal when
using the fully shielded system.
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Figure 4.11 This plot shows the interference effect of the welding
arc on an unshielded thermocouple output. Thermocouple 1 (TC1),
located 30.5cm (12in.) away from the welding arc, shows a
temperature difference of 7 C due to electrical interference. The
thermocouple was placed behind a non-conductive thermal shield.

TC2 shows minimal electrical interference.
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Figure 4.12 Thermocouple data with a fully shielded system. From
this data, the only indication that the arc is on is the rise in

temperature. All electrical noise has been mitigated.
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In this experimental setup, it is desired to keep the uncertainty of temperature
measurements less than the supplier s tolerance of 1.1 C. Making the switch from
non-shielded to shielded thermocouple equipment decreased the measuring
uncertainty from 4000 Ctolessthanl C.

4.1.13 Synchronization

Many researchers have utilized both voltage analysis and high speed video to
study arc welding processes, but few have reported on synchronizing the two. Itisa
difficult task because the two systems are often independent from each other and
synchronization further complicates the system. One of the goals of the current study
isto design a system that generated a series of animations that showed the high speed
video frames and their corresponding voltage signals streaming together in real time.
The approach is a two-step process that relies on both an electronic trigger and a
synchronizing LED. A simple diagram of the system is shown in Figure 4.13.

Synchronizing

LED PCI-6220/SCB-68
Digital output
~0.1V
M—
AC Generator
~7.0V + = v |Digital Relay
|
1

- * Mechanical
- Relay

To Camera
Trigger

Figure 4.13 A diagram of the system used for voltage/video
synchronization. The relays get the two signals close and the LED
brings them within 1 ms of each other.
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The particular data acquisition card that was used in this research does not
have analog output capabilities; the output was limited to a digital signal of about
0.1V. This voltage is not enough to operate the mechanical-style electric relay
needed by the camera, so the output was routed through a digital relay first. This
configuration enabled an external AC voltage generator to supply a higher voltage to
the mechanical-style relay that triggers the camera. The electronic trigger signals the
digital camera to gart recording when the current/voltage acquisition is activated.
The trigger relies on both a digital and mechanical relay that both have an inherent
delay during their operation. This time delay is unknown and may change with each
triggering event, so a second method is used to fine-tune the synchronization.

Because the current/voltage and video acquisition systems are independent, a
device is needed that ties the two together. A time indicator in the form of a flashing
LED was placed in the field of view of the camera. The LED is operated on the
output of the current/voltage system and shows up on the high speed video. The
video will always lag behind the current/voltage signal because of the nature of the
system. The LED is programmed to flash for 10 ms every 100 ms. Detailed analysis
shows the video lags the current/voltage signal between 3 and 8 ms. Once the video
is adjusted using the LED, time between the two reduces to about 1 ms.

Figure 4.14 shows two separate screenshots taken 10 ms apart. The image on
the left shows the illuminated synchronization LED in the camera frame. The voltage
signal has a very large peak, representing the droplet detachment event. The image
on the right indicates the progression of the process; the LED is no longer lit and the
droplet hastravelled closer to the copper cathode. The vertical bar in the center of the
voltage plot indicates the position of the video. These synchronization videos are
compiled using MATLAB and a program written specially for this research. The
program takes a frame from the high-speed movie and combines it with the
corresponding voltage plot. The next sequence advances to the next movie frame and
voltage plot. This process is reiterated hundreds of times to create an animation
showing the synchronized voltage and video images. Detailed instructions and the
MATLAB program used to generate these movies are included in the digital
appendix, along with many synchronized movies.
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Figure 4.14 Two sequential screenshots, 10ms apart, from a movie
compiled in the MATLAB program Animation.m. The large
spike in the voltage signal represents the large droplet recently
detached. The synchronization LED is also visible in the first
camera image.

4.2 Procedure

Due to the amount of data that is acquired during each experiment, a rather
long and arduous procedure needs to be taken to insure good results. The entire setup
consists of preparing the smaller sub-assemblies. Each serves a purpose and needs to
function integrally with each other. The six sub-assemblies are the welding machine,
the water-cooled copper cathode, the calorimeter, the current/voltage acquisition, the
temperature acquisition, and the high-speed laser shadowgraph system. The
following list contains instructions on how to perform a standard experiment by
explaining how to configure each sub-assembly:

The welding machine consists of the power supply, the wire-feeder, the

welding torch and the shielding gas. The details of the equipment have been

presented earlier. The procedure for preparing the welding machine for a test
consists of turning on the main power breaker and the machines power
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switch. The shielding gas bottle valve needs to be fully opened and the
shielding gas flow-rate can be set by depressing and holding the purge
button on the wire feeder and adjusting the knob on the rotameter for the
proper flow. The wire feeding mechanism, including the drive-rolls, wire
liner, and contact tip must be sized correctly for the specific electrode
diameter in use. For instance, if a 1.1 mm (0.045 in.) diameter electrode is
used, the corresponding drive-rolls, wire liner, and contact tip all must be
compatible with 1.1 mm (0.045 in.) diameter wires. If not, many errors will
surface during the welding process and may include erratic arcs, poor process
stability, inconsistent wire feeding, burn-backs and stubbing, just to name a
few. These errors can be easily avoided by certifying the machine is setup
properly and is well maintained.

Proper wire adjustment can be checked with asimple test. The wire should be
able to be hand-fed through the cable and torch with light to medium
resistance. With the pressure plate on the wire drive-rolls disengaged, grasp
the electrode on the portion between the drive roll entrance and the spool and
feed it by hand through the cable and torch. If feeding is difficult or rough,
the system needs be inspected. If feeding is smooth and easy, the feeding
mechanism is properly adjusted. This method also works well when aligning
the torch and the cathode, covered in the next section. Wire feed rates and
voltage settings are made on the wire-feeding machine, which control the
amount of electrode extension and current, which indirectly controls the metal
transfer mode that will operate.

If new welding parameters are to be used, the proper adjustments need to be
made prior to taking actual heat measurements. In particular, the wire feed
speed and voltage must be adjusted for the proper metal transfer mode and
electrode extension. Without the calorimeter equipment in place, atest-runis
made with the laser backlighting system monitoring the process. The droplets
that detach are collected directly in a water bath within a steel container or a
graphite crucible filled with sand. Once this test-run is made to ensure proper
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electrode extension and droplet transfer mode, the actual test for droplet heat
content can be performed.

Proper alignment between the welding torch and the copper cathode is critical
for the dropletsto fall concentrically through the hole in the copper disk. Poor
alignment results in droplets hitting the cathode rather than falling through it.
This situation invalidates the experiment. The method for aligning the torch
with the cathode uses the X-Y-Z adjustments that control the position of the
torch. Lower the welding torch using the Z-adjustment knob until it is
1to 2 mm (0.040 to 0.080 in.) above the copper cathode. Use the X and Y-
adjustment knobs to align the contact tip concentrically with the hole in the
cathode. Raise the torch using the Z-adjustment to achieve the proper CTWD.
It is interesting to note that when the electrode is extended to the cathode at
this time, it is not centered in the hole due to the cast in the wire. If the
electrode is more than 2 mm (0.080 in.) from the center of the hole, a fine
adjustment should be made to center the electrode. If the electrode is within
the tolerance, droplets should fall through the hole without impinging on any
part of the cathode or calorimeter assembly.

The copper cathode becomes dirty after each run, primarily around and inside
the copper disc. If it is not cleaned properly, arc initiation and stability on
subsequent tests is reduced dramatically. Several cleaning methods, including
wire brushing, air blasting and grinding with a flap disk were explored.
However, the best cleaning method uses a 90-degree air grinder with a 76 mm
(3in.) diameter Scotch-Brite™ SL surface conditioning disc. These pads
cleaned the copper surface to a shiny finish each and every time. The internal
surface of the hole in the copper disc was cleaned using a custom-fabricated
sanding cylinder and 25.4 mm (1 in.) wide 80 grit aluminum oxide sanding
paper.

Once the surface of the copper cathode is properly prepared, the flow-rate of
the cooling water needs to be set. In this system, the cooling is supplied by
the process water system that runs through the building. The design allows
for isolation of the experimental flow loop through the use of two ball-valves,

71



located on both the supply side and return side of the main process water loop.
This isolation is absolutely critical to perform maintenance on the
experimental loop, de-pressurize the system when not in use, and act as an
emergency shut-off in case of a leak or ruptured line. There have been many
cases in the department when a leak has developed in an experimental system
and released hundreds of gallons of process water in the building. Use
precaution anytime the main control valves are open on the system because
the process water can operate at pressures above 90 psi. Never leave the
system unattended and triple-check that the supply and return valves are
closed when the experiments are done. To set the flow-rate, open both the
supply and return valves, and then adjust the flow by using the inline ball-
valve and the flow-meter. A flow-rate of 3 Ipm (0.79 gpm) is used in all of
the experiments.

At this point, the calorimeter subassembly needs to be prepared. This
assembly consists of the Styrofoam container, distilled water, the heat shield
and droplet tube, the copper crucible, the magnetic stir bar, and the two
insulating ceramic pins. Prior to assembly, the Styrofoam and empty copper
crucible are weighed individually to calculate any mass loss or gains during
the experiment. Record the weights of each of these for later calculations.
Once the crucible is weighed, it is attached to the heat shield/droplet tube
support structure using the two ceramic pins. These parts are then positioned
underneath the copper disc on the cathode such that the tube in the heat shield
lines up concentrically with the hole in the copper disc. This alignment
ensures that the detached droplets fall through the center of the tube and
finally impinge on the center of the copper crucible.

The two thermocouples that monitor the temperature of the water bath are
clamped into position with metal binder clips such that they are directly
adjacent, but not touching, the copper crucible.

With the empty Styrofoam container on a scale, pour approximately 500 ml of
water directly into the center cavity being careful not to spill. Record the
exact amount of water that is poured into the Styrofoam for later calculations.
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The Styrofoam containing the water bath is now placed on the magnetic stir
plate and the magnetic stir bar is gently placed in the water. The water bath
can now be raised into position using the leveling table. Simply turn the
adjusting knob clockwise to raise the table to a point where the copper
crucible is almost completely immersed, being careful not to let any water
spill into the crucible.

Turn the magnetic stirrer to 400 rpm.

The calorimeter is now ready for the experiment. Figure 4.15 show the
system prior to tesing. The calorimeter is in the lowered position in this
photo. It would need to be raised to immerse the copper crucible in the water
bath.

GMAW torch
Electrode

Cathode

Droplet Tube
Cathode Heat Shield

thermocouple
Water bath thermocouple

Copper Calorimeter

crucible

Magnetic
Mixing Bar

Figure 415 The experimental setup prior to testing. All
components are in position, except for the calorimeter. It needs to
be raised to immerse the copper crucible in the water bath.
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The data acquired during experiments is divided into three separate categories:
current and voltage, temperature, and video. The current/voltage data
acquisition uses a National Instruments LabView program that was written in-
house as well as the signal conditioning hardware described earlier. This
program also interfaces with the video acquisition setup to act as a trigger to
start both the current/voltage and video at the same time. The setup for the
current/voltage acquisition system is straightforward. Be sure the LabView
program is running and the signal conditioning box is turned on. The

voltage leads that come from the signal conditioning box need to be connected
to the copper cathode and the welding torch. The closer the leads can be to
the welding arc, the better. The current lead connects to the current
transducer, which is placed around the grounding cable. The acquisition
settings can be changed through the LabView software program. The default
settings are a 5 kHz sample frequency for both the voltage and current. To
begin acquisition, a manual trigger is activated by enabling the run command
on the graphical interface of the program. For a good, stable signal, it is
advisable to begin acquisition after the arc is initiated and running in a stable
transfer mode; this procedure makes subsequent analysis easier. Terminating
the data acquisition is done by pressing the stop command button on the
screen.

Five separate temperature measurements are made during the experiment: two
thermocouples in the calorimeter, two thermocouples in the copper cathode,
and one thermocouple in the heat shield. The four thermocouples in the
calorimeter and the cathode are monitored using the Omega USB data
acquisition system configured for type-K thermocouples. The software is
Omega DagX software that samples at an equivalent of 20 Hz per channel.
The temperature monitoring, due to its relatively low sample rate, can be
started several minutes prior to running the actual test. The software is
configured to use a manual trigger and a manual stop. For the tests that are
being performed, the acquisition is run for approximately ten minutes after the
arc has been extinguished. This sampling procedure gives plenty of time for
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the temperature in the calorimeter to stabilize and even begin to drop a degree
or two.

The high-speed video laser backlighting system is the most complex sub-
assembly of this setup. It consists of many high-precision optical components
that all need to be properly adjusted for the entire system to work. In its
current state, only fine adjustments should be made to correct for any drift that
might occur over time or due to rough handling of the equipment. The power
switch to the laser is turned to the on position, which produces a two-inch
diameter red laser beam that travels through the welding zone. Any solid
objects within the zone will cast a shadow on the frosted glass and this image
is what is recorded by the high-speed camera. The software to use with the
camera is AOS Imaging Studio. All camera settings are controlled through
this software program, from the resolution to the data displayed on the screen.
The camera connects to the computer with an Ethernet cable and is triggered
through the use of the BNC interface between the LabView program and the
camera input trigger cable. Through the software, the camera is pre-triggered
so that it will begin recording when the current/voltage is manually triggered.
When all of the sub-assemblies are prepared for an experiment, the welding
process can be enabled. One tricky procedure needs to be done to establish
the arc. If the energized wire is fed to the cathode, it simply passes through
the hole without making any electrical contact and not starting an arc. To
remedy this situation, a bend is made in the electrode with a wire cutter such
that it will contact the cathode and establish an arc. A small piece of copper is
temporarily held on the copper cathode to act as a sacrificial starting point and
is quickly removed when the arc is established. Monitor the welding process
so that any disturbances can be quickly addressed by terminating the arc.

Once the process stabilizes, the manual trigger on the voltage/current
acquisition can be pressed. This operation will simultaneously begin the
voltage/current analysis as well as the high-speed video recording. The
memory on the video will only record about eight seconds (depending on the
settings).  For proper analysis of the heat content of the droplets, the
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experiment continues to run for a total of 20 to 30 seconds. The process is
turned off and the temperature acquisition is allowed to run for an additional
ten minutes. The calorimeter and copper crucible are weighed for further
analysis. Shut down the system in the opposite order in which it was started
up.

Three different computer files are generated: the current/voltage signal, the
temperature signal, and the movie file. These files are analyzed along with
the weight and time measurements to determine average droplet detachment

frequencies, heat contents, current, voltage, efficiencies and other values.

4.3 Calorimeter Calculations

The following section presents a method for calculating the heat content and
temperature of the droplets using the data from the experiment described in the
previous section.

The heat absorbed by the water leads to an increase in temperature. The heat
losses due to convection and radiation while the droplets fall from the cathode to the
crucible are small as shown in Appendix A. The heat contained within the droplets
can be calculated using a heat balance.

E E

droplets

calorimeter (41)

where  Egropiets @nd  Ecaiorimeter 1S the energy change of the droplets and calorimeter,
respectively, in Joules. To calculate the changes in energies, several inputs are
needed. Equation (5.1) can be expanded such that measurable values can be used in
the calculation.

mdroplets H (TI ) H (Th) mcalorirmter H (Th) H (TO) (42)

Recall that one definition of enthalpy is

H C.dT (4.3)
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If the enthalpy curve is linearized,
H C, T, T (4.9

The droplets experience a phase change during their cool-down, so the heat of
fusion needs to be incorporated in the calculation. The left side of equation (4.2)

becomes

Edroplets mdroplets C pl (TI Tm) H m C ps (Tm Th ) (45)

As the droplets fall into the calorimeter, they are captured in the copper
crucible that is sitting in a water bath. Therefore, the energy change of the
calorimeter needs to include both the copper crucible and the water:

Ecalorimeter rn\/valter C pw (Th TO ) rncruci ble C pc (Th TO ) (4 6)

Combining equations (5.1), (5.5) and (5.6), the final equation to use in the

calculation of droplet temperature becomes

mdroplets Cpl T| Tm H m Cps Tm Th M, ter pr Th To My civle Cpc Th To
4.7)

where:

Maroplets IS the mass of the droplets in grams

Cyc isthe specific heat of copper in JgK

T, isthe temperature of the liquid in K

Tmisthe melting temperature of the metal in K

Hm isthe heat of fusion in Jg

Cyps isthe specific heat of the solid metal in JgK

To istheinitial temperature of the metal and water (room temperature)

Cow is the specific heat of the water in JgK

Ty isthe highest recorded temperature of the water

Myater 1S the mass of the water

Merucible IS the mass of the copper crucible
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The average droplet temperature can be calculated from the above equation by
taking temperature and mass data from the experiments as well as tabulated values for
the specific heats, heat of fusion, and melting temperature. The values above use
energies calculated in Joules. Most of the modeling data in Chapter 5 is computed in
Watts (Joules/second). In order for the two values to have the same units, either the
above values can be divided by the welding time to produce Watts, or Watts can be
divided by the mass feed speed of the wire (g/s) to get Joules/gram. Either way,
careful consideration is made so that the values that are compared all have the same

units.

4.3.1 Arc Power Calculations

A similar method is used for calculating the amount of power deposited on the
copper cathode and heat shield. This power is assumed to be delivered from the arc
and none from the droplets. In the cases where droplets were deposited on the copper
cathode or the droplet tube, the data was disregarded. The following eguations
determine the power, in Watts, deposited by the arc on the cathode and heat shield:

(4.8)

arc w~pw ‘ch SC

P. fC,T, T, %CMThsh T,

where:

fw is the cathode water mass flowrate in (g/s)

Ten IS the hot temperature of the cathode

Tec isthe cold temperature of the cathode

Mhs 1S the mass of the heat shield

tw Is the welding time

Then IS the hot temperature of the heat shield

Ths 1S the cold temperature of the heat shield

The other parameters have been previously defined. Results for these
calculations are given in graphical form in Section 4.7 in the form of heat transfer
efficiencies and each experiment that was performed has an associated excel file used

for these calculations. These are provided in Appendix F.
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4.3.2 Droplet Calculations

Both droplet frequency and droplet diameter are deduced from the data
acquired during experimentation. The droplet frequency is calculated with two
different methods; droplet counting and frequency analysis of the voltage signal. A
MATLAB program was written that analyzes the text file generated during
experiments. It imports the data, scales it accordingly, generates average values,
performs a FFT, and plots the data in graphical form. Figure 4.16 shows the graphs
that are produced in the program; the two plots on the left show the current and
voltage plots, while the two plots on the right show the FFT of each signal. In the
case presented, the FFT for the voltage signal produces a good set of peaks between
260 and 310 Hz, suggesting that the average droplet detachment frequency is around
285 Hz.
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Figure 4.16 Current and voltage analysis output from the
MATLAB program Current Voltage Analysism for ER70S-6
steel electrode operated a 300 ipm, 31 V.

A second way to analyze droplet detachment frequency is to count droplet
while watching the high speed video. A time display in the lower left hand corner of
the screen is used for time keeping. Droplet detachment frequency is calculated by
dividing the number of detached droplets by the time.

Once droplet detachment frequencies are estimated, the droplet diameters can
be calculated with the mass balance shown in Figure 4.17. Assuming the droplets
that form are roughly spherical, this equation is valid. However, at higher currents
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where a long liquid tail forms, the actual droplet diameters may deviate from the
calculated droplet diameter.

Figure 4.17 The schematic representation of the volumetric rate
balance used to calculate droplet diameters.

The equation isgiven as:

WFS d? %

‘ 40 f, (4.9)

Where dqy is the droplet diameter, WFS is wire feed speed (in/min), de is
electrode diameter and fq is the droplet detachment frequency.

4.4 Uncertainty Estimations and Repeatability

An extensive analysis of uncertainties in the system is performed in Appendix
A. The summaries of the calculations are given in Table 4.1. These uncertainties are
calculated strictly from known uncertainties associated with the measuring
equipment. The purpose of conducting this analysis is to verify the uncertainties
associated with the calculated values are relatively low. The biggest concern is the
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uncertainty values for the average droplet energy and the average droplet temperature.
The worst case scenario for both of these values has an uncertainty of four percent
and nominal uncertainty of around one percent.

Table 4.1 Uncertainty values associated with different measurements and
calculations during experimentation.

Value Uncertainty
Thermocouple Measurements C
Mass Measurements g
Flow Measurements Ipm

Current Measurements

Voltage Measurements V

Calorimeter Energy Calculation 420 J

Average Droplet Energy Calculation 42 J/g max., —20 Jg average
Average Droplet Temperature Calculation C max.,—20 C average
Cathode Power Calculation W

Electrical Power Calculation 7TW

Average Droplet Diameter —0.0025 cm

A series of repeatability experiments is performed using the ER70S-6 steel
electrode to investigate the consistency of the welding process and testing method.
The GMA welding process itself can be relatively irregular due to the complexity of
the system, changes in atmospheric conditions and wear in the system. Three
separate tests at three different currents were performed, all on different days. The
results, shown in Figure 4.18, indicate good repeatability for the different currents
tested. The error bars on the data points represent the uncertainties in temperature
calculations. The uncertainties described above account for the systematic
uncertainties of mass and temperature measurements and are relatively low compared
to the differences seen between individual tests. The differences of values in the
repeatability tests may be due to variations in the welding process or variations in the
testing method. In any case, the uncertainty associated with the testing process is
larger than those calculated for the measuring uncertainties. To get a sense of the
uncertainties due to variations in the welding and testing process, the temperature
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values that are estimated in the repeatability testing are analyzed. The average value
of the differences in temperature is calculated for each current range. The largest
average difference is for the low current, at 106 C.; the smallest averageis 35 C, for
the high current. Using this approach, a conservative value for temperature
uncertainties based welding process and testing variationsis—100 C.
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Figure 4.18 Repeatability testing with the ER70S-6 steel electrode.
Tests were performed on different days. Error bars represent
uncertainties associated with measuring devices.

4.5 Chemical Analyss

All three electrodes are chemically analyzed to ensure they meet nominal
composition requirements. Along with certifying the chemical composition of the as-
received electrodes, a separate analysis is made that tests the amounts and types of
elements that are vaporized during the GMA welding experiments. A detailed
procedure and analysis regarding the chemical testing is presented in Appendix B.

The ER70S-6 steel electrode results are given in Table 4.2. The as-received
electrode falls within the nominal composition of this particular electrodes

specification. However, both of the calorimeter samples lose carbon and manganese.
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Carbon contents between the two calorimeter samples fall within the uncertainty of
the test, but are ill roughly half of the starting composition. The most significant
result is that the high and low temperature droplets have a noticeable difference of
0.1 wt. pct. in the manganese content, the higher temperature losing more of the alloy.
This chemical difference suggests that manganese evaporates preferentially during
the welding process, but evaporation rates do not have a detectable change with metal

transfer modes using this method.

Table 4.2 Chemical compositions of the ER70S-6 steel electrode samples.
Composition (weight %)
C Mn Si P S Cu Fe

ER70S-6

Nominal Composition | 0.07t00.15 | 1.4t01.85| 0.8t0 1.15 | 0.025 max | 0.035 max 0.5 max Balance

As-received Electrode

0.1 1.47 0.87 0.013 0.01 0.15 Balance
(Button melt sample)
Calorimeter Sample 1 0.05 11 0.81 0.012 0.01 0.14 Balance
(High temp. droplets)
Calorimeter Sample 2 0.06 121 0.8 0.012 0.01 0.13 Balance

(Low temp. droplets)

Table 4.3 contains the chemical analysis results for the ER316L sample.
Losses of manganese, chromium and nickel occurred between the as-received sample
and the calorimeter samples. The higher temperature droplets lost more alloy than the
lower temperature droplets, except for nickel. During the welding process, chromium
decreases by ~0.3wt. pct., manganese decreases by ~0.4 wt. pct., and nickel
decreases by ~0.1 wt. pct. Small gains in carbon, silicon and copper indicate these
elements do not vaporize during the welding process. The alloy essentially becomes
enriched with the elements that do not evaporate.

Table 4.3 Chemical compositions of ER316L stainless steel electrode samples.

Composition (weight %)

ER316-L
C Cr Ni Mo Mn Si P S Cu Fe
Nominal Composition 0.03 | 18.0to | 11.0to | 2.0to 1.0to 0.3to 0.03 0.03 0.75 Balance
P max 20.0 14.0 3.0 2.5 0.65 max max max

As-received Electrode

0.01 18.2 12.81 2.29 1.74 0.41 0.03 0.02 0.26 | Balance
(Button melt sample)

Calorimeter Sample 1

(High temp. droplets) 0.02 17.92 12.7 2.28 13 0.43 0.02 0.02 0.31 Balance

Calorimeter Sample 2
(Low temp. droplets)

0.02 17.99 12.67 2.28 1.38 0.43 0.02 0.02 0.3 Balance
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Table 4.4 displays the chemical analysis results for the ER4043 aluminum
electrode. The results show that the as-received welding wire is within the nominal
composition and that the as-welded samples show an increase in silicon and copper,

and all other alloying elements remaining relatively unchanged.

Table 4.4 Chemical compositions of samples generated with ER4043 aluminum
electrode.
ER4043

Composition (weight %
Si Fe Cu Mn Mg Zn Ti Al

Nominal Composition 45-6.0 | 0.8 Max | 0.3 Max | 0.05 Max | 0.05 Max | 0.10 Max | 0.20 Max | Balance

As-received Electrode

5.05 0.26 0.12 <001 0.04 0.01 0.01 | Balance
(Button melt sample)
Calorimeter Sample 1 | 4 0.27 0.19 <0.01 0.02 <0.01 0.01 | Balance
(High temp. droplets)
Calorimeter Sample 2| o 0.27 0.17 <0.01 0.02 <0.01 0.01 | Balance

(Low temp. droplets)

The quantitative chemical analysis gives a good indication of the elements that
vaporize during the welding process. Estimations on vaporization rates can be made
using a mass balance between the electrode material fed into the arc and the material
deposited in the copper crucible. However, the calculation is not as easy as it
appears. Milligrams of material that is unaccounted for, in the form of spatter and
errant droplets, would invalidate the calculation. Using the approximate ratios of the
elements that are vaporized could lead to a more accurate prediction of vaporization
rates.

4.6 FumeAnalyssand Rate Estimations

The changes in composition determined from the chemical analysis are used
in a mass balance calculation that estimates the vaporization and fume generation
rate. To verify the findings of the chemical analysis, fume samples are collected
during the welding of all three electrode materials and analyzed using electron
dispersive spectroscopy (EDS). A basic mass balance is used to estimate fume
formation rates during the experiments. Estimations show that the FFRs generated by
the current testing setup could be six times as much as a standard GMA welding
process. The detailed analyses of the process and procedure are given in Appendix B.
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Table 4.5 shows the results for the estimated fume formation rates during
welding of the ER70S-6 steel electrode. EDS analysis shows the elements that are
present in this sample are mostly iron, manganese, and oxygen. These combine to
form various oxides of these metals, as found in the literature. The ratios of the
atomic percentages of the metals that are found in the fume are 81.0 at. pct. iron,
16.4 a. pct. manganese, 1.3 at. pct. silicon and 1.3 a. pct. auminum. Using the
ratios determined along with bulk chemical analysis, estimations of fume formation
rates show a range of 1.45t02.04 g/min. These rates are an order of magnitude
higher than the reported values in Table 3.3.

Table 4.5 Experimental parameters and results for the ER70S-6 steel electrode

ER70S-6 Experimental Computational Results
Parameters
welding m m Energy of Power of Fe FesO,4
Sample Identification time °)S m. (9) ( )f vaporization|| vaporization] FFR FFR
(sec) | (© g Q) W) | (g/min) | (g/min)
Calorimeter Sample 1 ) 53 5 | 516 || 3238 | 078 4869 209 148 | 2.04
(High temp. droplets)
Calorimeter Sample 2 | 14 o | 155 || 1852 | 0.32 1997 110 105 | 1.45
(Low temp. droplets)

Table 4.6 shows the results for the calculations based on the welding of the
ER316L electrode. From the EDS chemical analysis, the mgjority of elements found
in the fume are chromium, manganese, iron and oxygen. To a lesser degree, small
amounts of nickel and silicon are also present. The atomic percentages of the metals
found in the fume are 39.4 a. pct. iron, 27.6 a. pct. manganese, 24.4 at. pct.
chromium, 4.1 at. pct. nickel, 2.4 at. pct. silicon and 2.1 at. pct. duminum. Like the
ER70S-6 steel electrode, the predicted fume formation rate of the ER316L stainless
steel electrode is higher than published values.

The fume that is generated during the welding of the ER4043 auminum
electrode is white in appearance and SEM-EDS analysis revealed the two elements
that are prevalent in the fume are aluminum and oxygen. These elements most likely
form different phases of alumina (Al;Os), as shown in Chapter 3. The ratios of
metallic atomic percentages show aluminum is 97.6 at. pct. of the composition,
magnesium is 2.2 at. pct. and silicon is 0.2 at. pct. Using this data along with the bulk
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chemical analysis, an estimate alumina fume formation rate during the welding of this
electrode ranges between 1.97 g/min and 0.95 g/min. These values are more than
double previously reported fume formation rates for the same electrode.

Table 4.6 Experimental parameters and results for fume generation with ER316L
stainless steel electrode.

ER316L Experimental Computational Results
Parameters
welding Energy of Power of Fe Fe304
Sample Identification time |Mcs (9)]| Me (9) | M¢ (9)| vaporization | vaporization| FFR | FFR
(sec) J) (W) (9/min) | (g/min)
Calorimeter Sample 1 | 7 | 551 || 3258 | 048 2995 110 1.1 1.4
(High temp. droplets)
Calorimeter Sample 2 Jl 5, 5, | 5, 344 | 041 2558 79 076 | 11
(Low temp. droplets)

Table 4.7 Experimental parameters associated with the ER 4043 aluminum electrode
and the computational results.

ER4043 Experimental Computational Results
Parameters
welding Energy of Power of Al AlL,O3
Nugget formed with: time Mes (9) || me (@) | ms (9) | vaporization | vaporization| FFR FFR
(sec) J) (W) (g/min)| (g/min)
Calorimeter Sample 1) 45 10.8 114 | 06 6536 187 1.03 | 1.97
(High temp. droplets)
Calorimeter Sample 2,/ 116 || 11.97 | 0.37 4000 90 05 | 095
(Low temp. droplets)

Vaporization of elements during welding manifests itself through the
formation of fume. In the three alloy systems investigated in this study, fume
generation is evident in all experiments, regardless of welding parameters. EDS
analysis shows that the fume generated in all of the alloys consisted primarily of the
base element. The two ferrous-based metals have large amounts of iron in their fume,
and the aluminum-based electrode produces fume consisting of mostly aluminum.

Estimations show that the fume formation rates calculated from the
experimental setup could over-predict the actual rate as much as six times because the
droplet remains in flight for much longer periods of time when compared to a normal

welding situation. Detailed modeling is shown in Appendix B. However, the values
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computed above could be better representations of actual vaporization rates due to the
lack of a weld pool. In normal situations, elements that vaporize from the electrode
and condense on the liquid pool do not show up in the fume, even though they
vaporized. The current setup gives a better representation of vaporization occurring
on the electrode in the absence of aweld pool. Two interpretations for the high fume
formation rates are given above; one argument concludes the rates are over-predicted,
the other argument shows they might be closer to actual rates from the electrode in
the absence of aweld pool. It isdifficult to determine at this time which is correct.
The literature review in Chapter 3 showed extensive research in the field of
welding fume. The primary goal of the present study is to develop and verify an
analytical model that shows the dominant heat transfer mechanisms in the electrode.
A large part of the model depends on vaporization-associated energies. The
qualitative work performed on fume generated during experiments is used to verify
results of the bulk chemical analysis in the previous section and shed more light on

the mechanisms that are operating.

4.7 Heat Transfer Efficiencies

The heat transfer efficiencies are calculated for the three different types of
electrode materials. One of the advantages of the current experimental setup is that
the contributions to heat transfer from the droplet and the arc can be separated.
However, the cathode is copper, not the typical workpiece material used in normal
GMA welding of these alloys. Figures 4.19, 4.20 and 4.21 show the heat transfer
efficiencies for the ER70S-6 steel electrode, ER316L stainless steel electrode and the
ER4043 auminum electrode, respectively. As shown in Chapter 3, other
investigators have shown total heat transfer efficiencies for GMA welding processes
to vary from 68 to 88 pct. depending on the welding conditions. These values were
determined using a variety of methods, including many that did not separate the
droplets from the arc. All the efficiencies calculated in this work show good
correlation and fall within that range. Globular metal transfer mode with the ER316L
stainless steel electrode has the lowest value of 73 pct. and the transition region with
the ER4043 aluminum electrode has the highest efficiency value of 86 pct. These
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values affirm that the testing setup has the ability to reproduce results previously
generated with experiments using standard GMA welding setups.

Of the energy that gets transferred to what would be the workpiece,
20to 30 pct. is carried by the droplets for al the alloys. The amount of energy
deposited by the arc varies with both electrode material and transfer mode, but overall
range is 50 to 65 pct. These values have uncertainties of —3 percent.
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Figure 4.19 The average heat transfer efficiencies for different
metal transfer modes for the ER70S-6 steel electrode with a copper
cathode.
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Figure 4.20 Average heat transfer efficiencies for different metal
transfer modes for the ER316L stainless steel electrode with a
copper cathode.
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Figure 4.21 Average heat transfer efficiencies for the ER4043
aluminum electrode with a copper cathode.
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In all cases, operating in high-current spray transfer mode yields the worst
heat transfer efficiency. The efficiencies calculated for the globular and transition
regions are similar to each other, within the uncertainty. This observation can be
attributed to the fact that values are averaged over current ranges corresponding to the
separate metal transfer regions. To realize the best heat transfer efficiency, processes
should not be operated in streaming spray mode. Globular and transition modes have
comparable efficiencies, but globular mode is difficult to control, especially during
out-of-position welding. Directly after the transition, commonly known as projected
spray, is the best transfer mode for a process to operate because it offers the highest
efficiencies as well as stable operating characteristics. During welding of ER4043
aluminum, more than 200 W of power can be added to the workpiece simply by
changing the metal transfer mode from streaming spray to projected spray. Over the
period of months, this can become a substantial amount of power that would
otherwise be lost to evaporation and radiation. Of course, welding efficiency may not
be the highest priority in all applications. Other welding parameter may need to be
adjusted at the sacrifice of efficiency to ensure a sound weld.

One large difference between the current setup and a normal GMA welding
process is the copper cathode. Welding on a workpiece of steel, stainless steel or

aluminum can have significant changes to the efficiencies given above.

4.8 AverageDroplet Heat Content Results and Discussion

The average droplet heat content for all three alloys is given in Figures 4.22,
4.23 and 4.24. All materials show a decrease in heat content during the transition
from globular to spray. The magnitude of these changes is different, as shown in
Figure 4.25, which plots all three materials on a common graph.

Several interesting observations can be made on thisdata. The first is how the
transition behavior occurs with each material. The ER4043 aluminum electrode
exhibits a relatively wide transition range, covering amost 50 A and almost a
1500 Jg rise in heat content. The ER316L stainless steel electrode is similar in
current range, but the change in the average droplet heat content is much less, only
about 250 Jg. The ER70S-6 steel electrode exhibits a very short transition current
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range of about 20 A and a similar change in droplet heat content as the ER316L
stainless steel electrode, about 250 Jg.

2400 -

ER70S-6
Globular Transition Spray 0.045 in.
o~ — — <« > 100% Ar
=
S 2000
€
o
o
IS
(]
T
3]
= 1600
2
a
(]
(o))
©
]
<
1200
L. 1 1 P | ]
180 200 220 240 260 280

Average Current (A)

Figure 4.22 Average droplet heat content over a range of currents
for the ER70S-6 steel electrode. Screenshots from the high speed
video are included, showing the different transfer modes.

The large increase in heat content seen with the ER4043 aluminum electrode
can be attributed to its larger heat capacity compared to the ferrous based alloys.
Along with the larger heat capacity, the Joule heating that occurs in the electrode
extension is low when compared to the values for the ferrous-based electrodes, as
modeling results will show in Chapter 5. The incoming aluminum electrode is cooler
than the ferrous metals and has a greater capacity to absorb heat from the arc.
Stainless has the highest resistivity of the three materials, thus a significant amount of
Joule heating in the electrode extension. The ability for the ER316L stainless steel
liquid metal to absorb heat is low, and small changes in droplet heat contents could be

the result.
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Figure 4.23 Average droplet heat contents for the ER316L
electrode. The photographs show which metal transfer mode is
operating.

The ER4043 aluminum electrode s transition from globular to spray occurs at
a lower current than the ferrous based electrodes. Generally, the transition has been
attributed to a balance of several forces acting upon the electrode tip region. In an
argon atmosphere, the dominant forces are likely to be gravity, surface tension, and
electromagnetic pinch (Lorentz). During globular transfer, the balance is between
gravity and surface tension, known as the static force balance theory. As currents
increase, the force balance shifts such that Lorentz and surface tension forces become
dominant. At the highest currents, Lorentz forces are dominant and cause the
electrode to taper and liquid tailsto form. From lida and Guthrie (113), the values for
surface tension of liquid aluminum are roughly half those for liquid iron. The
Lorentz force overcomes surface tension in aluminum at lower relative currents
because of the lower surface tension value. This balance in forces may explain the
lower ER40403 aluminum electrode transition.
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Figure 4.24 Average droplet heat contents for the ER4043

aluminum electrode, shown with the associated metal transfer

modes.
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Figure 4.25 All three average droplet heat contents plotted on the

same graph.
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4.9 AverageDroplet Temperature Resultsand Discusson

Average droplet temperatures and average droplet diameters for the three
materials are shown individually in Figures 4.26, 4.27, and 4.28. All three average
temperatures are plotted on the same graph in Figure 4.29. The same trends are seen
in all materials as described in the previous section regarding average droplet heat
contents. Heat content and temperature are inherently related, as shown through the
eguations used in the analysis of this data.

However, a couple significant observations can be made when looking at the
temperature graphs presented below. All the individual plots include estimated
boiling temperatures on the ordinate axis. Figure 4.25 shows that the average droplet
temperatures for the ER70S-6 steel electrode remain several hundred degrees below
the boiling point of steel. The temperature is probably much hotter on the surface of
the droplet; pyrometry has shown values at the boiling point. However, because the
bulk temperature of the droplet is lower than the boiling point, vaporization may not
be a dominant factor in the heat transfer mechanisms occurring in the droplet. The
same type of observation can be made with the ER316L stainless steel electrode.
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Figure 4.26 Average droplet temperatures for the ER70S-6 steel
electrode. Temperatures approach boiling at higher currents.
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Figure 4.27 Average droplet temperatures for ER316L.
Temperatures remain ailmost 500 C below the boiling point.
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Figure 4.28 Average droplet temperatures for ER4043 aluminum
electrode. Several of the calculated temperatures exceed the boiling

point for aluminum.
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Figure 4.29 Average droplet temperatures for al three electrode
materials tested.

The average droplet temperatures calculated for the ER4043 aluminum
electrode are shown in Figure 4.27. The difference between the ferrous-based and the
aluminum-based electrodes is the calculated droplet temperatures for the ER4043
aluminum electrode exceed the estimated boiling temperature. This observation may
indicate that vaporization could play a large role in the heat transfer mechanisms in
the ER4043 aluminum electrode. These effects are investigated through modeling
effortsin Chapter 5.

4.10 Summary

The topics of this chapter include an overview of the experimental setup, a
rundown of the testing procedure, and results and discussion of the experimental
teting. Efficiencies calculated with the setup fall within the values previously
reported in literature, indicating the setup has the ability to produce good results. An
extensive uncertainty analysis and calibration supported these findings as well. The
setup also enables a novel procedure to estimate electrode fume formation rates based
on a combination of chemical composition analysis and a mass balance. Droplet
temperatures and heat contents decrease during the transition from globular to spray
modes, suggesting a change in heat transfer mechanisms.
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CHAPTER 5
MODELING

Previous work on generalized approaches to heat transfer modeling in the
electrode has been covered in Chapter 3. This chapter explains the unique aspects of
the current work and the analytical procedures used to characterize heat flow
mechanisms in the electrode. A significant portion of this research is a continuation
of the work established by Mendez, Jenkins and Eagar (4,5,18). Similar work has
also been done by Nemchinsky (19), some of which is incorporated in the analysis.
One unique feature that accompanies the modeling effort is the extensive amount of
experimental data. By analyzing the empirical and theoretical results together, direct
comparisons can be made between the two. Modeling efforts not only incite a deeper
understanding of the fundamental physics operating in the process, but also give
guantitative values that otherwise cannot be measured through experimentation.

Heat balance in the electrode controls a variety of different mechanisms such
as melting rate, droplet temperature and evaporation. The GMA welding process is
extremely dynamic and can function in many distinctive modes, depending on the
conditions that are selected by the operator. All of the experimental work presented
in the previous chapter focused on the free flight metal transfer modes, particularly
the transition between globular and streaming spray. The transitions involved in this
region show a distinctive trend in heat content changes regardless of the electrode
material. Fluid flow in the molten electrode droplet, while it is still attached to the
electrode can be a controlling factor in the heat balance equation. The following
sections develop the governing equations used in the modeling of heat transfer and
give quantitative values of their output. These results are discussed and conclusions
are drawn on how heat transfer in the electrode is influenced by fluid flow in the
droplet and different configurations of droplet/arc interactions.
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5.1 Heat Transfer Regimes

To account for the different configurations seen in the experimental analysis,
the modeling analysis uses different approaches for the globular, transition and spray
modes. The governing heat balance is given below in above in equation (5.1); this
equation is used for al the different configurations. However, the four main
components of that equation are adjusted to account for changes in the system. The
two biggest changes that may be occurring during the transition are heat transport
within the liquid droplet and a different configuration of electrode/arc interactions.

Analytical modeling attempts to describe the proposed heat transfer
mechanisms in the three separate metal transfer regimes, shown in Figure 5.1. These
regimes involve electron condensation on the solid electrode and the molten droplet,
conduction dominated heat transfer through the droplet, and convection dominant
heat transfer through the droplet. The influence of fluid flow becomes important
when comparing the conduction and convection dominant regimes. This comparison
has been done previously by a few researchers (6,19,98), but a consensus on the
magnitude of the effect has not been reached. Because this research exhibits new
trends in the droplet heat contents, the changes in heat transfer due to fluid motion in
the droplet may be realized.

The heat transfer differs significantly in each regime and has varied effects on
the temperature distribution in the droplet. Fume generation, spatter, recovery, and
process stability are heavily dependent on which regime is operating. Though the
heat transfer changes in each regime, the governing equations remain the same.

The following sections investigate the proposed mechanisms of heat transfer
shown in Figure 5.1. The goal is to characterize and model the dominant physical
mechanisms that govern the flow of heat in the electrode to replicate the results seen
in the experimental analysis. Some of the theories that are presented, especially
regarding thicknesses of thermal boundary layers cannot be tested due to limitations
in current measuring equipment. The following sections describe the different
regimes presented in Figure 5.1 and include modeling approaches used to produce
quantitative values that shed light on which mechanism may be dominant during
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different metal transfer modes. These values are discussed in the context of which
regime is likely to exist and what modifications can be made to the governing
eguations to more accurately predict the heat transfer occurring in the electrode.

5.2 Governing Heat Balance Equation

The governing equation for the overall heat balance between the contact tip
and arc will remain constant throughout the entire analysis. The differences will be
seen in the definition of each of the components. The four biggest heat terms,
electron condensation (Qe), droplet melting and heating (Qm), conduction into the
wire (Qu), and vaporization (Q,) are given in the following sections. These terms are
shown in a simple schematic, Figure 1. Electrons from the arc condense on the liquid
drop and release energy, which is considered as the only heat input of the system.
This heat is utilized in three different ways. The first consumer of the electron
condensation energy is the droplet, which has been completely melted and
superheated to a temperature above the melting point. The molten droplet is hanging
from the end of the solid electrode; the area between the two is the solid/liquid
interface. Heat from the droplet is conducted into the solid electrode wire; the second
consumer of Q. The third method for Q. to be consumed is through vaporization of
elements on the droplet surface. The overall heat balance equation is:

Q Q, Q. Q (5.1

This equation is a rather simple representation of the heat flow seen during
GMA welding. Several assumptions are made in the analysis presented above,
including the omission of what are believed to be lower magnitude terms. Radiative
heat transfer from the plasma into the electrode is not included, along with convective
heat transfer from the arc. In the droplet, viscous energy dissipation and Joule
heating are assumed to be small in comparison to the melting and heating energy.
Chemical reactions occurring on the surface or within the droplet have been shown to
be small (20) and are not included in the analysis. Figure 5.2 shows how each heat
term is defined for both globular and spray transfer modes. It is evident that the two

systems differ, especially regarding the electron condensation term.
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Figure 5.2 The govenerning terms used in the heat balance analysis
of the electrode region in GMA welding for globular and spray
transfer. Q, heat of vaporization; Q. heat of electron
condensation; Qn heat for melting and heating of the droplet;
Qw heat conducted into the solid electrode. The dotted line
represents the solid/liquid interface.

The following sections will describe each of the components involved in the
heat balance equation. The descriptions include the assumptions, the values, and the

changes associated with each term.

5.3 Electron Condensation
The only heat input that is considered in the model is electron condensation.

Electrons are emitted from the cathode, travel across the arc column, and then
condense on the cathode. This heat has been investigated by several researchers, both
empirically and theoretically and is discussed in Chapter 3. The current research uses
the following relationship to model the heat from electron condensation:
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Q IV, 1(3kT.le ) (5.2)

where | iswelding current, V, is anode voltage drop, ks is Boltzmann s constant, Te is
electron temperature, e is the charge of an electron, and  isthe work function of the
material. This was derived from theoretical analysis on the Gas Tungsten Arc
Welding (GTAW) process, and its application to GMA welding has been developed
by several other researchers (6,10,52,97,102). Theoretical calculations estimate the
electron temperature in awelding arc to vary between 7,000 K and 20,000 K.

The work function for common metals ranges from 1.9 to 6 V, with iron and
aluminum around 4V. Using these values, the anode drop voltage, V4 has a
theoretical range of 4.9t06.6 V. Jelmorini (14) experimentally determined a values
for aluminum of 55V and Ando (52) found 5.3V for steel electrodes. Most
researchers use values between 5.5 and 6.5 V; in this analysis, a value of 6.0V will
be used for the ferrous based material and 5.0V is used for the aluminum alloy.
Equation (5.2) isalinear relationship. Asthe current increases, so does the amount of
heat that is deposited on the electrode. This power can be distributed over different
places depending on the metal transfer mode. The first method for accounting for the

different transfer modes involves the electron condensation term.

5.3.1 Droplet Condensation

Droplet condensation is utilized for globular transfer mode; a large spherical
droplet with all the electrons condensing on the bottom surface. In this regime, all of
the energy of electron condensation is directed into the droplet. An analogous
electrical system is shown in Figure 8. The electrons condense on the anode spot area
located at the bottom of the droplet. This heat flows into the droplet, where it
increases the temperature and can leave through vaporization or flow through the

wire.
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Figure 5.3 Electrical analogy for heat flow during droplet
condensation. Heat from electrons that condense on the bottom of
the arc can flow through the droplet and wire or contributes to
vaporization.

The droplet condensation in globular transfer is straightforward and relatively
simple. It must be reiterated that the anode spot area is smaller than the droplet area
(approximated by the surface area of a hemisphere). In this case, all of the heat from
electron condensation is absorbed by the droplet:

Q. Qu (5.3)

where Qe is the heat from electron condensation and Qeq is the heat absorbed by the
droplet from electron condensation. In comparison, the distribution of heat changes
during the transition and is fundamentally different during spray mode as compared to
the above situation for globular. This difference is presented in the next section.

5.3.2 Tapered Condensation

Tapered condensation analysis attempts to describe the electron condensation
during spray transfer mode. The transition from globular to spray is marked by
several events. Thefirst and most dramatic is a decrease in droplet size. Asshownin
Chapter 2, many researchers also believe the transition coincides with the arc
enveloping the droplet and attaching itself to the cylindrical electrode. At this
moment, the liquid section of the electrode is fully immersed in the arc. Droplet

envelopment is also accompanied by a taper forming in the liquid region, which
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becomes more pronounced at higher currents. This regime is shown in Figure 5.1a,
with three distinct areas. the liquid droplet, the liquid tail, and the solid wire.
Electrons have the ability to condense on any of the three areas, resulting in several
paths of possible heat flow. Figure 5.4 shows an analogous electrical circuit for the

conditions described.

Welding
System

\ Three Electron

Condensation Areas

Vaporization

Figure 5.4  Circuit analogy of heat flow during tapered
condensation. The electrons can condense on the droplet, the liquid
tail, or the solid wire.

During tapered condensation, a portion of the electrons condense above the
droplet, on the solid wire portion of the electrode and on the liquid tail. In this case,
the molten droplets do not receive the entire heat of electron condensation, and may
not be heated to the extent seen in droplet condensation during globular transfer. The
current analysis considers that vaporization takes place from the liquid droplet only,
no vaporization occurs from the liquid tail. As shown in Figure 5.4, the droplet,
liquid tail and solid wire constitute parallel paths for the current to flow. The
distribution of electron heating is made through an analysis involving the current
density and areas. The electron condensation term first given in equation (5.2) can be

applied to this configuration as.
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Qe Qed Qet Qew (5 4)

where Q. is the heat from electron condensation, Qeq IS €lectron heat on the droplet,
Qe Is electron heat on the liquid tail, and Qe is electron heat on the solid wire. An
estimate needs to be made for the division of heat between the liquid tail and the wire;
this division depends on the current, shielding gas, material and other parameters.
Values for the variables in equation (5.4), all associated with electron condensation,
can be estimated with:

Q V.(I) V.(JA) (5.5)

where J, is the current density at the anode in A/cm? and A is the area of x. In this
case, X will be the droplet (Qeq), the liquid tail (Qe), or the solid wire (Qew). The
current density is difficult to measure and has been reported by Haidar and Lowke
(92) to vary from 7000 to 33000 A/cm?, depending on shielding gas composition. In
the current study, a simple estimate for current density is made, represented in
Figure 5.5. The graph shows an idealized, piece-wise function for droplet diameter as
afunction of current. At the point of minimum droplet diameter, dq and current I, the

arc coversonly the droplet.
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Figure 5.5 An idealized piece-wise function for droplet diameter as
a function of current. At current I, the droplet diameter is roughly
the same as the wire and the arc covers only the droplet. An
estimate for current density can be made at the transition point.
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The current density can be estimated by taking the current | and dividing it by
a hemisphere with diameter dq. This calculation gives a very rough approximation of
the current density, but it agrees with the same order of magnitude of other
researchers. Current density is a critical value regarding the modeling performed in
thiswork and it has a large influence on the values that are calculated.

Both the electron heat on the droplet and on the tail is used to calculate the
temperature of the molten metal. The electron heat on the solid wire is not included
to the droplet heating term in the analysis and can therefore be excluded from Qp,. It
gtill isincluded in the overall energy balance because it is conducted out of the wire.
equation (5.4) can be combined with equation (5.1):

Qu Q @Qn Qu) Q Q (5.6)

The energy from electron condensation on the solid wire is removed from the
system through an increase in Q. This fraction of the condensing electrons no longer
contribute to droplet heating, they only change the temperature distribution in the
electrode extension. In essence, a portion of arc energy no longer contributes to
heating the droplet; it is merely conducted out of the system through an increase in

the electrode term Q..

5.3.3 TheTranstion

The two previous sections describe how electrons condense during globular
mode and in spray mode. To estimate droplet temperatures during both modes as
well as the transition, a combination of equations (5.1) and (5.5) isused. The current
density is calculated from the method shown in Figure 5.5. Piecewise linear
functions are fitted to all three electrode materials. A condition is established to
account for which governing equation to use, either (5.1) or (5.6) that is based on a
comparison of the area of the anode spot to the area of the droplet hemisphere. The
anode spot areais calculated with:

A — (5.7)
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where A, is the anode area in c?, | is the welding current in amperes and Js is the
current density in A/lcm?. The area of the droplet hemisphere is:

2

d

= (5.8)

A 2

where Aq is the area of the droplet in cm?® and dj is the droplet diameter. Combining
eguations (5.4) and (5.7) with the constraint that the anode drop voltage, V,, and the
current density, J,, remain constant, areas are related by:

ALA A A (5.9)

where the subscripts a, d, t and w represent the anode, the droplet, the liquid tail and
the solid wire. An assumption also needs to be made for the ratio of the area of the
tall and the solid wire; various ratios are tested during different iterations of the model
to see how this effects the outcome.

The argument that determines which governing equation to useiis:

If the anode spot areais smaller than the droplet area, use equation 5.1.

If the anode spot areais larger than the droplet area, use equation 5.6.

The reasoning behind this argument is simple. During globular transfer, all
the electrons condense on the droplet; if the anode spot area is smaller than the area
exposed by the droplet, all of the electrons will condense on the droplet. However, if
the anode spot becomes larger than the droplet area, the transition occurs and
electrons can now condense on the liquid tail and the solid electrode. These
eguations and relationships are used to predict droplet temperatures and heat contents.
The results are shown in the next section.

5.4 Droplet Melting and Heating
The melting and heating of the molten metal in the solid electrode is modeled
with:

Qm A\evw s Hm CpsTI Tm (510)
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where A¢ is the cross-sectional area of the electrode wire, V,, is the velocity of the
wire, sisthe density of the solid, Hp isthe enthalpy of melting, Cps is the specific
heat capacity of the solid, T, is the liquid temperature of the droplet, and Ty, is the
melting point of the electrode. The unknown variable in this equation is the
temperature of the liquid droplet. The experimental portion of this research showed a
dip in the temperature of the droplet that correlates with the transition from globular
mode to spray mode. The thermophysical properties that are used in both the
calculations and the model are given in Appendix E. The following analysis on fluid
flow shows that the dominant heat transfer mechanism in globular transfer is

convection and that internal droplet temperatures are likely to be relatively constant.

5.4.1 Heat Transfer in the Molten Droplet

The heat transfer in the molten droplet influences the heat content and
vaporization energy loss at the surface. Severe temperature gradients and large
electromagnetic fields are constantly inducing flow within the liquid metal droplet.
This stirring aids heat transfer, but the exact extent is unknown. Heat transfer in
liquid metals is an interesting study because of their high thermal conductivities,
some of the standard fluid dynamic relationships do not apply and must be adjusted
for these systems. In standard fluid systems, like those using water, convective heat
transfer due to flow dominates over conduction. But because thermal conductivities
of liquid metals are an order of magnitude larger, heat transfer by conduction could
play a dominant role in the droplet. The following two sections attempt to model the
effects of fluid flow in the molten droplet and give insight into the dominant modes of
heat transfer.

5.4.2 Convection Dominated Heat Transfer

Figure 5.1c gives the schematic for the regime where heat transfer is
controlled by thermal boundary layers (TBLS) in the droplet; one at the interface
between the droplet and the arc and the second at the interface between the liquid
droplet and the solid electrode. Once the heat from electron condensation moves
through the TBL at the bottom of the droplet, it is quickly transported by convection
to the solid/liquid interface at the top of the droplet and must either flow through this
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second TBL or increase the temperature of the droplet. Using a simplified one-
dimensional heat transfer equation, the heat flux through the TBLS can be estimated
with:

Qw A\ekl TI Tm/ Is (511)

Qe QV A‘rlkl Ta -I—| / a (512)

where Q,, is the heat flow into the wire, A isthe area of the wire, A, is the area of the
anode spot k; is the heat conductivity of the liquid, T, is the liquid temperature, Ty, is
the melting temperature, T, is the temperature of the anode spot, Q. is the heat from
electron condensation, Q, isthe heat from vaporization and s isthe TBL thickness at
the solid/liquid interface. Using the numerical modeling results that predicted the
heat conducted into the wire, Qu, the thickness of the boundary layer can be estimated
for al three alloys, shown in Table 5.1. The thermophysical properties used in these
calculations are given in the Appendix E, and the boiling temperature is used for the
anode temperature. A current density of 2.0 10° A/m? is used to calculate the anode
spot area using the same current for calculating Q.. Vaporization energy is given a
constant value of 200 W, which will result in arelatively larger TBL thickness.

Table 5.1 Estimated values for TBL thicknesses for the three materials tested.

Material | Qu(W) | Qe(W) | Q (W) | Ti(C) is (in.) a(in.)
ER70S-6 | 600 1200 200 2300 0.002 | 0.0008
ER316L | 300 1200 200 2000 0.002 0.001
ER4043 | 150 1200 200 2000 0.024 0.001

One problem with using equations (5.11) and (5.12) to estimated the thickness
of the boundary layers is that it simplifies the temperature distribution in the
boundary layer as a linear relationship. The effects of fluid flow are not directly
incorporated into the analysis; but this does give insight to the magnitude of the
thicknesses of the TBLs that would provide sufficient heat transfer through the
electrode.

A second way to estimate the TBL thickness is to use fluid dynamics. The
difficulty in this approach is in the setup of the problem and finding reliable
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thermophysical properties for liquid metals. The setup for the analysisisillustrated in
Figure 5.6. The flow lines shown in the droplet represent are agreed upon by other
researchers (2,6,19) that have modeled mass and heat flow in the droplet. The flow is
idealized and symmetric so the flow is upward towards the solid electrode on the
surface of the droplet. The detailed section on the right shows that as the molten
liquid encounters the solid portion of the electrode, a velocity boundary layer is
established, where the speed at the interface is zero and increases to the bulk velocity
over a distance ., the velocity boundary layer thickness. The TBL is another
boundary layer that forms; its thickness is defined as ;. The following analysis is
constrained to laminar flow over a flat plate, which is a reasonable approximation as
will be shown later.

tH

R e erennagreennnaranas Electrode,|
E I Liquid

v Droplet
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Layer e |
Thermal I

Boundary I

Layer I

Figure 5.6 The large illustration on the left shows fluid flow
patterns in the droplet; the magnified section on the right shows the
parameters that are used in solving the velocity boundary layer
thickness, , and the TBL thickness, .
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In fluid dynamics, the similarity between the profiles of the velocity boundary
layer and the TBL is controlled through the Prandtl number, defined as (114):

Pro— (5.13)

where is the momentum diffusivity, also known as the kinematic velocity, and is
the thermal diffusivity. Due to their high thermal conductivities, liquid metals have
low Prandtl numbers. Consequently, the TBLs in liquid metals are larger than the
velocity boundary layers for laminar flow conditions, the thickness variance shown in
Figure 7. An estimate for the ratio of velocity and thermal boundary later thickness
of the TBL has been made by Holman (115) using an approximate integral solution
for convective flow over a flat plate with fluids having low Prandtl numbers,
particularly liquid metals. The result of the estimation is:

v 164/Pr (5.14)

t

The thickness of the velocity boundary layer can be estimated with the exact solution
of the Navier-Stokes equations for laminar flow over aflat plate:

\"

v 5.0
X Re

(5.15)

X

where Re is the local Reynolds number at a distance x from the leading edge of the
plate; in this analysis, x represents the distance from the electrode interface. The
variable x is also shown schematically in Figure 5.6. The Reynolds number is a
dimensionless quantity that gives the ratio between inertial forces and viscous forces
inthe fluid. It iscommonly used to distinguish between laminar and turbulent flow in
liquids. The Reynolds number is defined as:

Re X (5.16)
where u is the velocity of the fluid in the free stream; x and are defined above.

Table 5.2 gives the results for the calculated thermal boundary thickness for a variety
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of values. The value of x is taken as the radius of the electrode, where the boundary
layers would be thickest before encountering the opposing flow and being directed
downward towards the anode spot, as shown in Figure 5.6.

Table 5.2 Vauesused to calculated the TBL thickness.

Momentum | Thermal Maximum
Diffusivity | Diffusivity | Prandlt | Internal | Reynolds
Number | Velocity Number

Velocity Boundary | Thermal Boundary
Layer Thickness Layer Thickness

(in.) (in.)

Material

(m?fs) (m?fs) (m/s)
ER70S-6 | 8.20E-07 | 8.70E-06 | 0.094 | 0.3-2.9 | 210-1945| 0.002 - 0.007 0.004 - 0.014
ER316L | 8.20E-07 | 5.30E-06 | 0.155 | 0.3-2.9 | 210-1946 | 0.002 - 0.007 0.003 - 0.011
ER4043 | 8.70E-07 | 2.60E-05| 0.033 | 0.3-2.9 | 190-1833 | 0.003 - 0.008 0.010 - 0.027

The internal velocities are taken from several sources (116-118) and represent
the minimum and maximum values given in these works. All the researchers,
through numerical modeling, predict that the maximum velocity is near the interface
between the droplet and the electrode. The velocities are driven primarily by
electromagnetic and surface tension forces. Aswelding current increases, the flow in
the droplet increases as well, so that the slowest velocities represent those found
during globular mode and the fastest will be during the transition and spray. Velocity
values for ER316L stainless steel and ER4043 aluminum were not found, but the
range of values used in the calculation is close to an order of magnitude and should
cover flows found in these metals. The values for momentum diffusivities are
average values taken from lida and Guthrie (113).

The TBL thicknesses correlate very well to the simplified estimates given in
Table5.2. Internal flow velocity plays a very large part in determining these
thicknesses. Faster flow reduces the thickness and promotes faster heat transfer
through the droplet, reducing average droplet temperatures and providing relatively
constant temperatures throughout the droplet. Assuming that the average droplet size
during globular transfer is larger than the diameter of the electrode and the only case
that the TBLs may overlap is for ER4043 aluminum droplet with low internal
velocity profiles. The other materials exhibit TBLs that are small in comparison to
the droplet diameter, suggesting that the majority of heat is transported by the
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processes of convection. If the thickness of the TBLs were much larger, indicating
very slow fluid velocities in the droplet, the transport of heat through the process of

conduction could be the dominant mechanism.

5.4.3 Conduction Dominated Heat Flow

The calculations presented in the previous section suggest that conduction
may become dominant when the liquid metal thicknesses become thinner than
0.38 mm (0.015 in). This situation may occur with droplets deviates from spheres, in
the case of streaming spray transfer. Conduction may also dominate regions in the
electrode that have thin liquid layers. For example, during spray mode, the tapered
region of the electrode and the liquid tail region most likely experience a mixed mode
of conductive and convective heat transfer. This same situation is also possible at the
region near the solid/liquid interface.

Previous research (17) has shown a limit to minimum droplet size, which is
roughly 0.56 mm (0.022 in.) in diameter. This limit indicates that convection is the
dominant mode of heat transfer for molten droplets of roughly spherical that form
during welding. The estimated thicknesses of the TBLs indicate no overlap for the
majority of the cases. During the welding of the ER4043 aluminum electrode during
globular transfer, the TBLs might overlap slightly, but the majority of the heat is still
being transferred by fluid motion. |If the TBLs were found to be the same size as the
droplets or larger, heat transport by conduction could be dominant; but this is not the
case. These current calculations support previous researchers (6,19) that have taken a
different approach but arrive at the same conclusion. In most GMA welding
situations, conduction through the droplet is not the dominant heat transport

mechanism.

5.5 Heat Conducted intotheWire
The heat conducted into the wire from the droplet, Q is given by Waszink
and Van Den Huevel (6) as

QW &VW S Cps Tm TC (517)
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where Ac is the cross-sectional area of the electrode wire, V,y is the wire feed speed, s
is the density of the solid, Cys is the specific heat capacity of the solid, Tm is the
melting temperature, T, is the contact tip temperature, is a correction factor for the
thermal dependence of heat capacity, | is the welding current, | is the electrode
extension, and . is electrical conductivity. One of the controlling factors of heat
transfer into the wire is |, electrode extension (EE), because it controls the amount of
resistive heating that occurs in the electrode before the material encounters the
droplet. The second term on the right side of the equation is the resistive heating term
in the equation. Preliminary modeling work using this term was done, but it was
found to produce values not consistent with the other three equations used in the heat
balance. In most cases, the values that equation (5.17) produced were negative,
indicating heat flow from the wire into the droplet. Heat must travel from the hotter
droplet into the cooler wire.

A better, more precise energy equation has recently been developed with the
assistance of Lehnhoff et al. (119). Preliminary results were given at the Amercan
Welding Society s annual conference and further collaborative efforts were made to
calculated heat flow values specific to this research.

The droplet/electrode interface is assumed to be planar, so that the heat flux
across the boundary can be modeled as a concentrated source on one end of the wire.

Figure 5.7 gives a simple schematic for the numerical system that is modeled.

Figure 5.7 A schematic describing the parameters used in the
numerical model to determine Q,, during globular transfer. All
electrons condense on the droplet.
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The Qu values are generated using the simplified one-dimensional heat
equation (115):

Q k &% (5.18)

x 0

where k is the thermal conductivity at the melting temperature and A. is the
electrode s cross sectional area.

The temperature gradient at the droplet/wire interface in the above expression
is obtained by numerical solution of the following equation using the MATLAB
bvp4c adaptive boundary value problem solver:

d , dT dar 1?2

2k oy, _
dx dx P Mdx A

4 4 D
2 (T 1) 20 T) (5.19)

where k is the thermal conductivity, is the electrical resistivity, Ae is the electrode
area, isthe Stefan-Boltzmann constant, is the emissivity, h is the convective heat

transfer coefficient with the boundary conditions:

TO T,

o T (5.20)

This equation is convenient, because when the 2" order Ordinary Differential
Equation (ODE) is broken into a system of two first-order ODEs, the solution yields
both temperature and the temperature gradient at al of the mesh points. This solution
also takes into account the effects of non-linear thermal and electrical properties,
radiation, and convection from the solid wire surface. Figure 5.8 shows the numerical
solution to equation (5.19). The numerical results are in the process of being
generalized into simple, scaled equations, but the results are not currently available.
Figure 5.9 gives a summary of the numerical modeling results for all three alloys used
in this testing. Because of the higher temperature gradients in the ferrous based
materials, the heat flow from the droplet is larger. These values for Q,, are used in the
heat balance model.
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Figure 5.8 Temperature calculation along the distance of the solid
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Figure 5.9 Numerical solutions for the heat flux into the solid wire,
Qu, for al three alloys tested and their current ranges.

116



A second method of heat transfer into the wire may happen during spray
transfer, when the droplet is completely enveloped by the arc. In this case, a portion
of the electrons may condense on the wire, changing the boundary conditions of the
model presented above. A simple diagram for this type of this mode is shown in
Figure 5.10. The increase in Q,, increases because more heat is deposited on the
electrode. It isassumed that the electrons that condense on the electrode surface, Qew,
goes directly into increasing Qu.

Figure 5.10 Transition and spray modes exhibit different boundary
conditions than those in globular. Q, increases in this setup
because more heat is deposited on the electrode

5.6 Heat Lossdueto Vaporization

The final and most complex term considered in the heat balance equation is
the heat flux due to evaporation, Q,. Vaporization occurring on the droplet will
depend primarily on the surface area and the temperature of the droplet. Heat flow
due to vaporization was analyzed by Choo and Szekely (8) for evaporation of iron
and manganese from the weld pool in GTA welding. It is based on Langmuir
evaporation. Preliminary modeling used a fit from his calculated values; the
evaporation of steel into argon can be approximated as:

Q, A (L661 107) (T,/T,)°"® (5.21)
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where A, is the anode spot areain A/m?, Ts is the surface temperature in Kelvin, Ty is
the boiling temperature in Kelvin, and Q, has the units of Watts. The large exponent
in the equation indicates that the evaporation rate depends very strongly on the
surface temperature. For example, a temperature decrease of 25 pct. causes the
evaporation rate to fall below 5 pct. of its initial value. This term proved to be too
dependent on temperature and consistently over predicted the heat associated with
vaporization, with values ranging from 400 to over 1000 W. The empirical
calculations made in Chapter 4, aong with published data on vaporization rates,
indicate that vaporization energies should be in the range of 50 to 200 W. The most
difficult aspect of using this equation is estimating the surface temperature. Many
researchers simply double the average droplet temperature, but a good argument for
this has not been explained. The other difficult part is defining the anode spot area.
The simplifications that are made later in this section defines it in terms of current
density. However, the anode spot area may cover the entire droplet as well as a
portion of the electrode, both having significantly different temperatures.

The revised equation used for calculating the heat loss due to evaporation is
taken from Deam et al. (3). They used a semi-empirical analysis to derive an
equation for fume formation rate for a droplet of molten iron in flowing argon. Using
their equation, the heat loss due to iron vaporization can be estimated with:

42924

3 1 o8
23800V, 2T’ e | (5.22)

Q, 14 10°d

mm

where dmny, is the droplet diameter in millimeters, V., is the wire feed speed in m/s, and
T is the mean droplet temperature in Celsius. The mean droplet temperature is
calculated as half of the maximum droplet superheat, found at the surface facing the
arc. The coefficient out front and the exponential numbers 0.8 and -42924 are
constants used for iron in argon. Other materials will have the same form, but with
different constants. The droplet diameter and the wire feed speed are coupled during
welding and both are also related to welding current. These relationships can be
developed from empirical results. Using equations (5.22) with droplet diameter, wire
feed speeds, and mean droplet temperatures for the ER70S-6 steel electrode
experiments presented in Chapter 4, an estimate for the heat loss associated with iron
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vaporization was made and the results are shown in Figure 5.11. Q, values range
from 1 to 172 W, which correlates well with the range found using the chemical
analysis in Chapter 4. This comparison illustrates that equation (5.22) captures the
dominant features of vaporization and is capable of producing values that are close to
those seen in experimental analysis.
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Figure 5.11 Vaporization heat loss estimates using empirical
results for droplet diameters, wire feed speeds and mean droplet
temperatures in the equation derived in Deam et al. (3) for iron
electrodes.

5.7 Modeing Reaults

The previous sections developed the equations and trends that are used in the
modeling analysis. The following three sections present several different modeling
results for the three different electrode materials used during the experiments. By
accounting for the different distribution of electron heating during the transition and

spray mode, the trend seen in the experimental results are captured.

5.7.1 ER70S-6 Sted Electrode M odeling Results

Several iterations using different parameters are analyzed for the ER70S-6
steel electrode. All of the detailed computations are included in Appendix C. The
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graphical results are given below. A description of the individual iteration is included
below as a preface to help describe the analysis that is made as well as distinguish
what changes are made between the iterations.

Combining equations (5.2), (5.10), (5.22) and the values plotted in Figure 5.9
al into equation (5.1), estimates for the heat balance and droplet temperature can be
made at a given current. The goal of this modeling exercise is to predict the droplet
temperature and heat components Qe, Qm, Qw and Q, as a function of current. Qe, as
defined in equation (5.2) is a linear relationship with current and gives the input
energy to the system.

Combining all of these equation in an excel spreadsheet, the predicted droplet
temperature as a function of current can be estimated. Figure 5.12 shows the output
of the model, both the power associated with each of the components described above
and the calculated average droplet temperature. Vaporization power is low compared
to the power lost in droplet heating and conduction into the solid electrode. Predicted
droplet temperatures range from 2180to 2560 C for the current range of
150to 350 A. Mean droplet temperatures that were measured in the experiments
ranged from 1900 to 2600 C. The magnitude of the components is comparable to
those found in the physical experiments, but the predicted values do not match the
trends seen in the experiments. Similar results are expected for the ER4043
aluminum and ER316L stainless steel electrodes.

The equations presented above are consistent with the approaches used by
previous researchers in their attempts to model the fundamental heat transfer
mechanisms that occur in a welding arc. However, the output of the model is unable
to predict the changes in temperature and heat content that are seen in the physical
testing results shown in the previous chapter, mainly the decrease in droplet heat
content and temperature during the transition. The vaporization term is relatively
low, accounting for less than eight percent of the overall energy in the worst case
scenario; it is less than two percent in the majority of the situations. Figure 5.12
indicates that a change in the heat supplied to the droplets, through the term Qe, could
have a significant influence on the temperature of the droplet. The heat associated
with droplet melting and heating could also be influential in changing the
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temperature, perhaps through fluid flow in the droplet. Further analysis that
incorporates distribution of heat terms is analyzed in the following iterations, shown
in Figures 5.13, 5.14, and 5.15.
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Figure 5.12 The estimated droplet temperature and distribution of
power in the ER70S-6 steel electrode during GMA welding when
all electrons contribute to droplet heating. Q. is electron
condensation; Qn, is melting and heating of the liquid droplet; Qy is
power flow into the solid electrode and Q, is vaporization power.

The only difference between Figures 5.13 and 5.14 is the area ratio between
the liquid tail and the solid electrode. Figure 5.14 has an even distribution between
the areas so that they both receive the same amount of heat. In comparison, the liquid
tail has three times the amount of heat in Figure 5.13, resulting in a higher calculated
droplet temperature.
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Figure 5.13 Modeling results for ER70S-6 steel electrode
accounting for a change in transition and taking the ratio of liquid
tall area and solid wire asthree.

Remember the heat that condenses on the liquid tail, Qe is included in the
droplet heat calculation. In Figure 5.14, the heat conducted into the wire seems to be
too much, and droplet temperatures do not rise to levels seen in experiments. Most of
the values used for computation are linear functions that result in piece-wise
appearing functions.

By varying the ratio between the areas of the liquid tail and solid droplet, the
model can be adjusted to fit the trends seen in the experiments very well. Figure 5.15
shows the effect of varying the ratio so the liquid tail receives more energy with
increasing current. Intuitively, this increase makes sense because of the fact that the
liquid tail becomes more prominent at higher currents. Also, the heat that can be
transferred to the electrode has a limit. If not it would melt and cause instability in
the model and during welding. Experimentally determined temperatures for the
ER70S-6 steel electrode vary between ~1900 to 2600 C. The predicted temperature
range is not as great, but fall within the range of the measured values. The trends in

this model match the experimental trends much better, capturing the fact that droplet
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temperatures decrease over the transition. Values for power conducted into the wire
are within twenty percent of those given in Figure 5.9, indicating good correlation
with other modeling efforts.

Comparing the last iteration that uses the varying ratio to experimental data,
the correlation becomes much better. Figure 5.16 shows the results between the
experimental fit and the model output. The trends in the experiment are captured
very well by the model, and the values lie within a couple hundred degrees of each
other.
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Figure 5.14 Modeling results for ER70S-6 steel electrode

accounting for a change in transition and taking the ratio of liquid
tail area and solid wire as one.
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Figure 5.15 Modeling results for ER70S-6 steel electrode
accounting for a change in heat flow at the transition and a varying
ratio of liquid tail area and solid wire. Notice Qqy has a limit,
which contributes to the increase droplet temperature.
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Figure 5.16 The correlation between the ER70S-6 steel electrode
model output using a decreasing ratio of area between the electrode
and the liquid tail.

5.7.2 ER316L Modeding Results

The same modeling approach is used with the ER316L stainless steel
electrode as the ER70S-6 steel electrode. One change made to the equations is
related to the thermophysical properties. Density, specific heat, melting temperature
and latent heat all need to be adjusted for ER316L stainless steel electrode. The wire
feed speed/current function changes, along with the current density and droplet
diameter piece-wise function. The initial iterations, not included in this research,
used equation (5.22) to edimate the power of vaporization, Q,. However, this
calculation resulted in values lower than one Watt for all the conditions tested.
Equation (5.22) is not valid for ER316L stainless steel electrode, so an average value
of 95 W isused. This value is the average vaporization power that was calculated in
the chemical analysis section. Figure 5.17 shows the modeling results for the case
where three times the electron condense on the liquid tail than on the solid wire. Up
until the transition, around 210 A, the model does a reasonable job in predicting
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droplet temperatures, exceeding the experimentally determined values by a couple
hundred degrees. But, after the transition, the model shows a decreasing temperature
trend. Vaues of Q, continually increase, which reduces the droplet temperatures.
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Figure 5.17 Modeling results for ER316L using the constants
above and having A = 3Ax.

In an attempt to counter this trend, even more heat is put on the liquid tail,
which is involved with the temperature calculation. Figure 5.18 gives the results for
the case that the liquid tail receives nine times the electron heat as the solid wire. Itis
easy to see that the power into the wire decreases. In this case, the droplet
temperature remains relatively constant after the transition. Experiments revealed,
though, droplet temperatures drop and then increase to values above those seen
during globular transfer.

Using similar approach that gave good results for the ER70S-6 steel electrode,
an optimization sequence was run for the ER316L stainless steel electrode that
adjusted parameters, mainly Q., slightly to achieve similar trends as the experiments.
Figure 5.19 shows the results of the optimization run. Basically, the ratio of A:Ay is
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varied slightly over the transition and into spray transfer. It can be seen in the graph
that the heat conducted into the wire increases up until the transition, then remains at
a congtant value. This value is close to those values predicted through the numerical
modeling, shown in Figure5.9. This type of behavior results in a good correlation
between the predicted and experimental values. Also, the vaporization term is
relatively low in comparison to the other terms used in the calculation, indicating that
evaporation is not adominating term.
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Figure 5.18 Modeling results for ER316L stainless steel electrode
having A; = 9A,..
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Figure 5.19 Modeling results for ER316L stainless steel. The Qu
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Figure 5.20 compares the experimentally determined droplet temperatures to
those predicted in the third iteration for the ER316L stainless steel electrode. The
predicted values are within ten percent of the experimentally determined values.
Similar to the ER70S-6 steel electrode, by accounting for different ratios of power
distributions, the trends match very well.
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Figure 5.20 Comparison between the predicted droplet
temperatures and calculated results for ER316L stainless steel
electrode.

5.7.3 ER4043 Aluminum Electrode M odeling Results

The following iterations for ER4043 aluminum electrode investigate the
effects of changing the values of Q,, the power of vaporization. Equation (5.22)
describes the vaporization power for ferrous based electrodes. 1nthe modeling for the
ER316L stainless steel electrode, this equation was unable to produce reasonable

values; all were less than one Watt. By using the average value for vaporization
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power calculated in the chemical analysis section, the final results show good
correlation. The same approach is used with the ER4043 aluminum electrode
because equation (5.22) is not valid.

Several different configurations were analyzed for the ER4043 aluminum
electrode. The first two compare the influence of vaporization power, which may
play a significant role in the temperature of the droplet. The third iteration is
optimized to correlate to experimentally determined values. Figure 5.21 shows the
first iteration, using arelatively large evaporation power of 139 W, the average value
computed during the chemical analysis. The resulting droplet temperatures range
from 1350to0 1725 C, with experimentally determined values ranging from
1500to 2700 C. Hotter droplet temperatures would suggest more vaporization, but
the evaporation power already being used isrelatively large.

Figure 5.22 shows the results for the ER4043 aluminum electrode using a very
low constant vaporization power of 10 W, with all else remaining the same. The
droplet temperature range increases several hundred degrees, now with the range of
1925t0 2150 C, but showing a completely different trend. Droplet temperatures
decrease through the transition and spray mode, much different from trends seen in
experiments.

To drike a balance, the same procedure that has worked with the other
materials is implemented for the ER4043 aluminum electrode. Figure 5.23 shows the
optimization results for the ER4043 aluminum electrode. After the transition, the
heat into the wire remains constant and the resulting predicted temperature trend
agrees well with those seen in experiments.

Graphing the experimental and predicted values on the same plot is shown in
Figure 5.24. The largest difference between the two is 34 pct. The average
difference between the predicted and experimental fallsto 9 pct. More important than
the similarities in values is the similarities in trends. The modeling approach used to

predict the trends appears to correlate well with experimentally determined values.
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Figure 5.21 ER4043 aluminum electrode heat balance using 139 W
as a constant value for evaporation.
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Figure 5.22 ER4043 aluminum electrode heat balance using 10 W
as a constant value for evaporation.
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Figure 5.23 ER4043 aluminum electrode heat balance using varying
values for evaporation and ratio of Qew: Qet.
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Figure 5.24 Comparison between the modeling prediction for
droplet temperature and the experimentally determined values.

132



58 Summary

A semi-empirical model has been developed that has the ability to predict
droplet heat contents and temperatures. Equations describing current, droplet
diameter, and wire feed speed dependencies are derived from experimental data.
These relationships are used in a theoretical model involving four separate energy
terms. electron condensation, melting and heating of the liquid droplet, conduction
into the solid electrode, and vaporization. The energy balance produces values for
average heat content of the liquid droplet and its associated average temperature.
Accounting for different metal transfer regimes improves the correlation between the
theoretical and empirical data, indicating metal transfer mode has a significant
influence on the heat transfer occurring in the electrode region of GMA welding.

The balance of heat on the electrode, mainly in the transition region between
globular and spray, is a complicated problem. Not just the magnitude of the current
density but also its distribution will control the heat input between the liquid droplet
and the electrode. Inthe case of globular transfer, the majority of electrons condense
on the surface of the droplet, far from the droplet/electrode interface. However,
during the transition from globular to spray, the electrons can distribute themselves
differently and may reduce the heat deposited on the electrode.

An analytical modeling approach that includes the dominant heat terms of the
system is presented. It isableto predict the trends of droplet heat content observed in
the experiments. It supports the observation that the arc completely envelopes the
droplet during the transition. Figure 5.25 shows two photographs that illustrate the
differences in arc/droplet interaction between globular and spray mode. It is evident
that the arc is supported at the bottom of the droplet during globular and completely

envelops the droplet and electrode during spray.
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Globular

Figure 5.25 A comparison of the differences between globular and
spray transfer. Photographs taken during experiments.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusons
An experimental platform was constructed that has the ability to characterize
several different aspects of the GMA welding process. Metal transfer modes were
analyzed with a high speed laser imaging system that is synchronized to the
current and voltage signal. The results show direct correlation between droplet
detachment events and sharp peaks in the voltage outputs of the process. Energy
measurements of both the detached droplets and welding arc were made on two
Separate calorimeter systems.
Three different electrode materials, ER70S-6 steel, ER316L stainless steel and
ER4043 aluminum were tested for average droplet heat content and temperature
during different metal transfer modes. The same trend was seen for all three
aloys; a significant change in heat contents occurs with welding current and
metal transfer modes. Average droplet temperature increase slightly during
globular mode and decreases at the transition between globular and spray.
Further increasing the current and operating in streaming spray mode increases
the heat content of the droplets.
GMA welding efficiencies are measured for different metal transfer modes and
alloys systems using a copper cathode. The results show 73to 85 pct. total
welding efficiency, depending on alloy and metal transfer mode. These values
fall within previously reported efficiencies, indicating the new testing platform is
capable of producing quality measurements.
The setup enables a novel procedure to estimate electrode fume formation rates
based on a combination of chemical composition analysis, and a mass balance.
Predicted values for fume formation rate are greater than previously published
data, sometimes by an order of magnitude. This discrepancy can be attributed to
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either the lack of a weld pool acting as a condensation sink or the superheated
dropletstravelling ten times the distance prior to cooling.

Modeling of the heat transfer mechanisms in the droplet showed convective heat
transfer is dominant in large molten droplets. During the transition from globular
to spray metal transfer mode, the heat transfer mode changes as well. Droplets
with diameters less than about 1.1 mm (0.045 in.) are shown to have conduction
as the dominant heat transfer mechanism.

The model suggests the arc/electrode interaction changes during the transition.
The droplet is larger than the anode spot in globular mode. During the transition,
the anode spot becomes larger than the droplet and completely envelopesit. This
change may cause a decrease in droplet heat content. During higher current spray
transfer, the arc deposits more of its heat on the solid electrode, causing greater
superheating of the liquid tail and higher droplet temperatures.

6.2 Recommendations

All three electrodes have the same diameter in this research. Exploring the
influence of electrode diameter would be beneficial to help validate the model and
produce more data on the system.

Shielding gas composition can have a large impact on metal transfer modes
Research that explores the effect that shielding gas composition has on droplet heat
content could add to the understanding of the controlling variables of the system.

Thiswork did not involve any pulsing; all experiments were operated in direct
current constant voltage mode. Recent developments in power supply technology
have made custom programmable waveforms easy to do; some use a palm touch-
screen controller and a graphical interface to change the pulsing parameters in-situ.
The process is also becoming widely accepted in certain industrial applications.
Further understanding of all the variables associated with pulsing will be critical for
applying it to new applications and understanding the underlying theory.

Three separate systems were used to collect data: temperature acquisition,
current and voltage acquisition, and high speed video acquisition. This setup made
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things difficult at times, due to the amount of data that was produced. These
limitations were largely due to constraints in the interfaces of much of the equipment.

Upgrading to compatible components can greatly decrease the amount of work
associated with running experiments.
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APPENDIX A
CALIBRATION AND UNCERTAINTY ANALYSIS

Many measurements are made in this research and each has an associated
uncertainty. There are four different types of data acquisition systems whose outputs
are used in subsequent calculations used for analysis. temperature, mass, flow and
power. Temperature and mass of the calorimeter are used to derive average droplet
energy and temperature. Water flow and temperature through the copper cathode
computes energy from the arc. Welding current and voltage are measured
independently from the welding power source and used for total electrical power
input of the process.

Uncertainties within these systems can be grouped into two genera
categories. systematic uncertainty and random uncertainty, which combine to give the
total uncertainty of the system. From Figliola and Beasley (120), systematic
uncertainties shift the sample mean away from the true mean, and random
uncertainties give rise to adistribution of the measured values about the sample mean.
The following section will calculate the uncertainties associated with each

measurement and how it impacts the subsequent analyses.

A.1 Calorimeter Calibration

The calorimeter used in the welding experiments was calibrated with
commercially puretin. The setup was the same as used in a welding experiment, but
molten tin at a known temperature was poured into the crucible in replacement of the
molten droplets. The energy contained in the tin is calculated by knowing the mass
and temperature of the tin sample. Any difference between the energy in the tin
sample and the energy change in the calorimeter can be used for calibration. The
calorimeter itself is not completely adiabatic; this experiment would. Heat losses
from convection and conduction should be accounted for so that the values obtained

in the welding experiments are valid.
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To replicate conditions that are used in the welding experiments, the
calibration test with tin used energies similar to those in the welding tests. The goal
was to introduce approximately 40 kJ of tin into the copper crucible and then
calculate how much of that energy is represented in the energy change of the
calorimeter. The equation used for calculating the energy inthetinis:

EnergySw Cpsond (mSW)(Tmelting Tfinal) H f (mSW) Cgiquid (mSW)(Tquuid Tmelting) (A_l)

Where C, is the specific heat in the solid and liquid phase, ms, is the mass of
the tin sample, Hy isthe latent heat of fusion, Tmeting IS the melting temperature of tin,
Trina IS the final temperature of the tin sample and Tiiquq IS the liquid temperature of
the tin when poured into the calorimeter. Values for the specific heat, latent heat of
fusion, and melting temperature of tin were obtained from the ASM handbook and are
listed in Table A-1.

Table A-1 Selected properties of tin (121).

Melting Temperature 2319C

Specific Heat (J/kgK)
25C-231C Cp=155+ 0.22*T T in Kelvin
232 C-1000C C,=257

Latent Heat of Fusion kJ/kgK 59.5

The calorimeter was assembled exactly how it is used in the experiments,
Figure A-1 shows the test setup used during this calibration experiment. Prior to the
test, the empty copper crucible and the amount of water added to the calorimeter were
measured. The tin was melted in a steel ladle over a natural gas flame to a
superheated liquid temperature.  Two type-K thermocouples monitored the
temperature of the water bath as it was constantly stirred with a magnetic stir bar.
The molten tin was poured into the copper crucible and the temperature change was

recorded with the data acquisition system.
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Figure A-1 Experimental setup used to calibrageahlorimeter by
using a known quantity of liquid tin at a known fEenature.

Figure A-2 shows the temperature profile of the ewanh the calorimeter
during the second calibration experiment. The tiwermocouples show slightly
different temperatures, so the average temperasuised in the calculations. The
copper crucible also experiences this temperatyrke @and must be accounted for in
the analysis.

Figure A-2 Temperature profile of the water batlhe calorimeter
during calibration experiments using liquid tin.
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