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ABSTRACT

Presently, field repair welding is hindered due to the bulk complexity of self-

contained electrical power sources and supplemental gas bottles and the dependence on

operator skill inherent with typical arc welding processes. Incorporation of chemical heat

into the welding process can potentially eliminate and at least minimize the electric

power source dependence. In previous work exothermic chemical additions to the flux

formula of the Shielded Metal Arc (SMA) welding process was shown to increase the arc

efficiency, but suffers from marked limitations in heat transfer due to spontaneous and

uncontrolled reaction with the atmosphere. The flux of the SMA system is bonded

coaxially along the outside of a consumable steel-rod electrode and tends to bum up and

away from the arc, limiting the effectiveness of the exothermic additions to the electrode

tip. In the Flux-Cored Arc (PCA) welding system the flux forms the internal core of a

tubular wire spool electrode. Exothermic additions to the flux in the FCA welding

process has corrected the problem of uncontrolled chemical reaction and has reduced by

fifty-percent the electrical dependence of the welding process.
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Phase I of this work consisted of FCA electrodes fabricated with rich mixtures of

magnesium and hematite flux. The weldments from these electrodes were

calorimetrically evaluated for heat input at several melting rates and resulted in peaks in

heat input with no evidence of uncontrolled reaction. Phase I proved the controllability

of the reaction and identified the upper limit in melting rate for effective use of this

exothermic FCA welding electrode as being near 200 inches per minute (85mm per

second).

Phase II studied the manufacture and heat dehvery of stoichiometric mixtures of

aluminum, magnesium and a 50-50 mix of the two with the mineral hematite

systematically displacing iron powder in an experimental self-shielded FCA flux

formulation. All Phase II electrodes performed adequately. The aluminum flux electrode

produced a 32 percent increase over the baseline in specific deposit (grams per kiloWatt

consumed) at 20 weight-percent to the flux. The magnesium flux yielded a 38 percent

increase in specific deposit at 40 weight-percent addition and the 50-50 Al-Mg electrode

shows a 49 percent increase in specific deposit at only ten weight-percent concentration.

All Phase II electrodes welded acceptably at the same pre-assigned welding schedule

showing an increase in parameter space. A 50 percent reduction in electrical dependence

was demonstrated. A further benefit of reduced electrical need is a reduction in operator

skill level via a broadening of the acceptable weld parameter space. Self-shielding

behavior was incorporated into these electrode consumables eliminating any need for

shielding gas.
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1. INTRODUCTION

Presently, field repair welding requires bulky dedicated electrical equipment or

gas bottles with attendant torches, hoses, and regulators along with considerable operator

skill. The electrical dependency can at least be minimized and the gas requirements

eliminated with the proper incorporation of chemical heating reactions within the flux of

contemporary flux containing arc-welding processes. A side benefit of a minimal arc

dependency is a reduction in operator skill level and a widening of the range in

acceptable welding parameters. Portability and applicability will be enhanced with the

concentration of chemical heat at the point of welding and the reduction or near

elimination of the welding process on electrical power dependence.

The focus of this research was to determine the effectiveness (in terms of heating

potential) of exothermically reacting chemical additions to the flux in the Flux-Cored Arc

(PC A) welding process. It is the logical follow-on of a prior thesis work [1,2] whereby

the heating potential of exothermic additions were characterized in the Shielded Metal

Arc (SMA) welding process. The reaction of traditional Thermit®* mixtures, aluminum

* Thermit® is a registered trademark of Th. Goldschmidt AG of Essen, Germany. Dr.
Hans Goldschmidt discovered the process in 1898. The more generic term "thermite" is



powder plus hematite, the mineral form of Fe203 and magnesium powder plus hematite,

are known to produce enough heat energy to weld [3], In such cases the "welding"

operation is reduced to a "casting in place" technique, complete with forms, sand molds,

pouring gates and risers. The goal was to quantify in a practical way the implementation

of these kind of chemical heat sources into the more practical FCA welding system. A

further goal was to correct the main problem encountered in the SMA welding research,

that of the premature burning back of the flux along the outside of the electrode due to

uncontrolled exothermic reactions (see Figure 1.1, page 3).

For the SMA welding case, the heat generating reaction was observed to out pace

the steel core melting rate in the higher concentration conditions, and did not immediately

snuff out once the arc was extinguished, resulting in the burning back of the flux along

the core rod. The reaction would eventually halt, following arc extinction, as the

electrode cooled below a certain temperature. Three representative electrodes (consisting

of five, 25, and 40 percent magnesium type flux) illustrating this effect are shown in

Figure 1.1 [1]. All of the exothermic reaction types, the aluminum, magnesium, and SO-

SO Al-Mg flux exhibited this characteristic to some extent, however the magnesium type

flux was the most prolific.

used for a group of pyrotechnics (mixtures in which reactive metals reduces oxygen from
a metallic oxide and when ignited produce large amounts of heat, slag, and pure metal).



Figure 1.1. SMA Welding Electrodes Illustrating Spontaneous Burn-back

[1].

The heat input, measured with a liquid nitrogen calorimeter (see Appendix B),

was shown to go through a peak with increases in exothermic constituent flux

concentration levels. The rise and then falling off of the observed heat input with

increasing exothermic powder concentration in the flux system is shown in Figure 1.2



[1,2], In the case of the prior SMA welding work and in the case of this FCA welding

work, a baseline flux formula was modified with mixtures of the traditional exothermic

additions. Aluminum plus hematite, magnesium plus hematite, and a 50-50 mix of the

aluminum and magnesium types of exothermic reactions were prepared and evaluated.

Fixed welding parameters were used along with sectional metallography and calorimetry

in the measurement of weld process efficiency changes with exothermic flux

concentration changes.

By physically containing the flux and hence flux reactions within a central core of

the wire electrode in the FCA welding process, the above mentioned limitations

encountered in the SMA welding research were partially avoided. No premature or

otherwise uncontrolled exothermic reactions were observed, however concentration

limitations with peaks in measured heat input were recorded. By reducing the electrical

dependence of the welding process with optimized exothermic additions the arc length

and hence operator skill level dependence will likewise be reduced.

An overview of mathematical models of the consumable wire feed arc welding

process is given as a suggested starting point for future computer aided Finite Element

Modeling (FEM) construction. Uncharacterized current responses are believed to be the

cause for the failure of various FEM models of the electrode extension length to precisely

agree with experiments. The logic for the expected response of the electrode extension

length change with exothermic flux additions presented in Appendix A while the program

details and results are not presented. The measured electrode extensions did not always

agree with the computed results.
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Figure 1.2. SMA Welding Plot of Measured Heat Input as a function of

Weight Percent Addition [1,2].

This investigation is divided into two phases. Phase I consists of a set of six wires

plus a baseline reference wire (0 percent exothermic content) produced using magnesium

and a fine red commercial Fe203 powder (>325 mesh) as the hematite. The ratio of the

magnesium to hematite was empirically set to 2:1 by weight. Practically, this ratio is just

the opposite of the weight ratio of 1:2 required for stoichiometry. It was thought at the



outset, from the initial observations in the SMA welding case, that advantage could be

gained here with excess magnesium being made available to react with the atmospheric

oxygen. Normal self-shielded arc/flux processes utilize gas generation, usually carbon

dioxide, to displace the atmospheric oxygen and nitrogen. Atmospheric oxygen and

nitrogen are major contaminates to the weld in self-shielded arc welding. The baseline

self-shielded FCA welding flux formula, with a relatively high iron powder concentration

(60 percent), was selected based on the work of Smith [4] and Jackson [5]. The formula

modifications involve systematic displacement of the iron powder with mixtures of the

exothermic powders. The Phase I electrodes were evaluated as to measured heat input

with melting rates ranging from 200 to 300 inches per minute (85 to 127 mm per second).

The evolution of weld spatter was so extreme that no weld bead morphological data was

collected with the Phase I study. A major accomplishment of the Phase I study was in the

construction of the wire rolling mill that enables the precise manufacture of cored wire,

the refinement of the experimental procedure, and identification to the proper wire feed

rate for chemically assisted electrodes. Only the off-stoichiometric magnesium-rich type

exothermic powder was evaluated in Phase I.

A new baseline electrode plus fifteen exothermic electrodes make up the Phase II

studies. All welds resulted in acceptable weld bead morphologies with a fixed weld

parameter schedule. A course-grained hematite was used in stoichiometric concentration

levels with aluminum, magnesium, and a 50-50 mix of the two. The overall fill ratio was

reduced from the Phase I study to allow a consistent density for all of the electrodes.

Each of the three types of exothermic addition were added to the flux in place of iron

powder in 10 weight percent increments up to 50 weight percent. All data points

represent an average of a minimum of three identical weld trials for both phases.

Background is given in Section 2, which describes the differences in power

supplies between the SMA and FCA welding processes. Experimental procedures and



materials are given in Section 3 Results and discussion for the Phase I and Phase II -work

are given in Sections 4 and 5 respectively. Conclusions are summarized in Section 6 and

References Cited in Section 7.



BACKGROUND

2.1. The Shielded Metal Arc Welding System

Welding processes and their intrinsic parameter interactions are known to have an

effect on the weld bead size and morphology and hence the resulting electrode and

process efficiencies. Therefore a study of the effects of exothermic additions on the

welding process (through measurable efficiencies) requires a basic understanding of the

processes utilized. An idealized schematic of the SMA welding process is depicted in

Figure 2.1 [6].



ELECTRODE HOLOea

ELECTRODE

POWER

ElEGTRODE LEAD

8ASE
METAL

T
vmmiBm

Figure 2.1. The Shielded Metal Arc (SMA) Welding Process [6].

Often referred to as stick welding, the SMA welding process typically a coaxially

extruded flux compound on the outside uses as the consumable electrode with a 1/8 inch

(3 mm) diameter solid round steel rod 14 inches (356 mm) long [7], It is also called

Manual Metal Arc welding (MMA). The flux-covered rod is melted into the base plate

by the heat generated from an electric arc via an electrical power source. The arc is

maintained between the electrode and workpiece by the hand skill of the welder with

careful control of the arc gap as the electrode melts. The current can be AC (Alternating

Current) or DC (Direct Current) and of either polarity in the DC case. The positive

terminal serves as an electron sink and is called the "anode" whereas the electron source

is termed the "cathode" [8]. A detail of the SMA welding system is shown in Figure 2.2

[9].
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Figure 2.2. Shielded Metal Arc Welding Process Detail [9].

Direct Current Straight Polarity (DCSP) is the term given when the electrode is

the cathode while Direct Current Reverse Polarity (DCRP) denotes the electrode positive

case. The process efficiency and other welding characteristics such as arc stability are

current type dependent and have an influence on the weld microstructure and hence effect

the physical properties of the overall resulting weld.

Welding starts when the arc is drawn and maintained from the electrode to the

workpiece. Molten metal droplets and fluxing ingredients transfer to the workpiece.

Some of the flux constituents network together and form a protective slag, coating the top

of the weld pool, while others engage in providing a protective gaseous environment via

oxygen and nitrogen gettering and gross local atmospheric displacement. Generally the
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slag formers solidify first and float to the surface. Once the weld pool has solidified on

cooling the slag must be chipped away prior to subsequent weld processing.

It is important to note for understanding this research that SMA welding power

supplies are of the Constant Current (CC) type and are fundamentally different from the

continuous wire feed processes that are most typically of the Constant Potential, CP, (also

called Constant Voltage, CV) type. Although the process efficiencies are of the same

range, the way in which these efficiencies may respond to "synthetic" heat additions

within the arc are expected to be different. The ways in which the welding arc is

electrically maintained is fundamentally different for the two processes. It is practically

impossible to employ a CP machine for SMA welding but CC power supplies do rarely

exist for wire feed processes. The later mentioned situation usually consists of a

contactor and voltage-sensing wire feeder adapted to the common portable SMA welding

machine. While such a system may prove adequate for some situations it is not

recommended due to the resulting inherent arc instability. The current variations are too

extreme for human control with a CP powered SMA welding process whereas the voltage

variations in the wire feed case powered with a CC machine likewise makes such a

situation untenable. The arc gap cannot be held steady enough by hand to control the

processes.

The arc current is set on the CC machine for SMA welding and the arc voltage is

in direct response to the instantaneous arc length. The SMA welding is the most widely

used welding process for structural fabrication and repair in all countries [10], while the

FCA welding system is steadily increasing in percent usage largely at the expense of

SMA welding [11].
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2.2. The Flux Cored Arc Welding System

The FCA welding process is typified by a hand-held torch (gun) that continuously

feeds, from a spool, a small diameter cored wire that becomes the consumable electrode.

The wire is tubular with the flux ingredients packed within a central core. The external

sheath allows metal contact with the copper guide tube of the gun to complete the

electrical circuit. A detail depicting some of the terminology used in the area of the arc is

shown in Figure 2.3 [12].
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Figure 2.3. Terminology in the Arc Region of the FCA Welding Process
[12].

The FCA welding process is similar to the Gas Metal Arc (GMA) welding system

except that the GMA welding system uses a solid wire without any flux ingredients.

With no fluxing agents per se the use of a shielding gas, either active or inert, is

mandatory for GMA welding. With proper selection of flux constituents however the use
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of a shielding gas in FCA welding is optional. An idealized schematic diagram of the

FCA welding process is depicted in Figure 2.4[13].
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Figure 2.4. The Flux-Cored Arc (FCA) Welding Process [13].



As with all of the arc welding processes the heat of fusion is supplied by an

electric arc. The current crossing the air gap that existed between the anode and the

cathode creates the arc. The arc can be thought of as a variable resistor that generates

heat and light according to the laws of arc physics through various dissociation,

ionization, vaporization, and conduction phenomena involving atoms, molecules, ions

and electrons. A schematic detail of the FCA welding process is show in Figure 2.5 [14].
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Figure 2.5. Flux Cored Arc (FCA) Welding Process Detail [14],
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2.3. Heat Input and Process Efficiency

The electrical power, in Watts, used in an electric arc welding system is the

product of the arc process potential in Volts and the welding current in Amperes [15]:

P=VI (2-1)

The rate of heat input into the work per length to a first approximation for an arc process

is of the form [16]:

VI
H = £— (2-2)

where H is the transferred arc heat input per unit length of weld in Joules per millimeter,

8 is the general transfer efficiency factor (dimensionless), V is the arc process voltage in

volts, I is the arc current in Amperes, and s is the welding torch (arc) travel speed relative

to a fixed point on the workpiece in millimeters per second.

The equation (2- 2) for the heat input is simply an expression for the electrical

power produced by the arc, in Watts, divided by the travel speed (in mm/s) and

compensated for various losses by the unitless general arc transfer efficiency factor, e (a

number of between 0.25 to 0.95). The e term can be defined as [16]:

_ (energy transferred into the work piece)
(energy generated by the arc) ^
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and is simply an expression for the overall arc (process) efficiency. By looking at the

cross-section of the weld and measuring the amount of base material melted along with

the amount of filler material melted, two other efficiency terms can be taken out of the

general term. They are the electrode melting efficiency, Se, and the plate melting

efficiency. Bp.

Knowing the theoretical quantity of heat, Q, required to melt a given volume of

metal, these efficiencies can be found. A reasonable approximation of Q in [J/mm^] for
metal is;

C  (r. + 273)' (2-4)
300,000

where Tm is the temperature of melting (averaged) of the metal [°C]

and

(measured cross - sectional area)
'  (theoretical maximum cross - sectional area)

The measured cross-sectional area for determining the electrode efficiency. Be, is

the crown (reinforcement) area labeled Ai in Figure 2.6 [16]. The equation 2-4 works in

general with the constant in the denominator because atomic bond strength in metals is

directly proportional to the melting point of the metal.
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Figure 2.6. Weld Cross-sectional Areas Used for Efficiency Calculations
[16].

The area labeled A2 is used for the plate melting efficiency Zp. Assuming an

average melting temperature for steel of about 1510°C, the theoretical specific heat of

melting (from room temperature) is approximately 10.6 J/mm^. Since the melting point

of the steel weld pool is higher, (1600°C), the value of 11.7 J/mm^ will be taken. Thus

one Joule will melt 0.0854 mm^ of steel and is used to calculate the maximum theoretical

weld cross-sectional area for a given welding power assuming 100 percent arc process

efficiency.
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The efficiency factors are known to vary greatly among the various arc processes

and also vary with welding conditions within a particular process. Arc efficiency

variation is partly the result of different arc temperatures in the various arc processes and

the distribution of temperatures within the different arcs. The temperature of the welding

arc can range from about SOOO^K to 30,000^K [16]. The maximum temperature occurs in

the boundary layer of the electrode. For the SMA welding process this temperature is

about 6,000°K for current up to about 400 Amperes. For the Gas Tungsten Arc (OTA, a

non-consumable "pure arc") welding process, the electrode is made from the element

tungsten, often with various alloying elements such as two- percent thorium for increased

electron emission efficiency. Most of the welding arc studies have involved this process

using pure argon shielding gas enveloping the electrode. The optimal thermionic

temperature appears to be about 20,000®K [17] up to 400 Amperes and is practically

constant within this range. Since pure tungsten melts at 3683°K, significant cooling is

attributed to the large boil-off of electrons from the electrode boundary layer (the cathode

drop region).

Peak arc temperatures have been measured for the GMA welding process using

iron wire and argon shielding at 8,000°K along the central arc column core [18]. The

presence of lower ionization potential elements of the flux constituents associated with

the FC A welding process, flux being the distinguishing feature of the FCA welding

process as opposed to the GMA welding process, will likely lower the peak arc

temperature somewhat. Therefore, it is suggested that the peak arc temperature for

normal FCA welding (up to about 400 Amperes) be between 6,000 and 8,000"K. The

addition of exothermic reacting components to the flux likely raises the average arc

temperatures to the high end of this range. The general process efficiency term for the

FCA welding process is then estimated to be around 0.75 plus or minus 0.10.
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Table 2.1 lists typical efficiency ranges for some arc welding processes [19], One

of the major differences between the CP machine and the CC machine that affects the

general efficiency is the concept of electrode melting rate self-regulation for the CP

machine. The electrode extension length self adjusts for arc electrical power variations in

the steady state realm of the welding process. For a fixed torch to workpiece distance the

result is an arc length/electrode extension length compensation to a power perturbation.

The wide range of efficiency is due to the wide operational weld parameter range such as

with arc length, electrode extension, and travel speed.

Table 2.1. Heat Source Efficiencies [19].

ARC WELDING PROCESS GENERAL EFFICIENCY, s

Gas Tungsten Arc Welding (AC) 0.20-0.50

Gas Tungsten Arc Welding (DCSP)* 0.50-0.80

Shielded Metal Arc Welding 0.65-0.85

Gas Metal Arc Welding 0.65-0.85

Submerged Arc Welding 0.80-0.99

2.4. Constant Potential Electrode Melting Rate Self-Regulation

The use of a constant potential (constant voltage) power supply in conjunction

with an independently controlled constant wire feed speed controller results in the

phenomenon of self-regulation of the length of the arc in continuous consumable

* Direct Current Straight Polarity
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electrode welding processes [20,21], In self-regulation the current and the arc length

automatically interact to produce a stable arc, assuming of course that the selected

voltage and wire feed speed allow for a reasonable arc length to be achieved. The

voltage cannot be set so low and/or the wire speed so high that the wire will stub-out and

short circuit continually into the workpiece. Conversely, the voltage cannot be set too

high and/or the wire feed speed too low that the wire melts back into the contact tip.

Essentially the preset wire feed rate requires (and will take) a certain current from the

power supply to melt off the wire at the same rate that it is being fed, resulting in a stable

arc.

Figure 2.7 [20] shows the typical relationship between wire feed rate and current

for a given fixed arc length in the GMA welding process. If the wire were thicker more

current per length would be needed to melt at the same rate. GMA welding is the

precursor to the EGA welding system and is typified by the use of a solid wire electrode

that has no flux core ingredients. An active or passive shielding gas is required for

operation but the electrical power supply and controls are otherwise identical.
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The concept of self-regulation is best understood through an example. Suppose

that a GMA welding system using a l/lb*** inch (1.6mm) diameter wire is operating at 30

volts and 300 Amperes. A typical specific melt-off rate for this system might be one inch

(25.4 mm) per minute per Ampere. Therefore, for this example at 300 Amperes the melt

rate is 300 inches per minute (127mm per second). For a constant arc length at

equilibrium the feed rate is also 300 inches per minute. Finally, assume that a CP

machine with a built-in slope of 2.67 volts/100 Amperes supplies the arc current. The

slope includes the resistance of the entire welding circuit. Real power supplies must have

some internal resistance or impedance. Voltage drives the current and the voltage at the
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terminals of the power supply is reduced slightly when the current flows through this

internal resistance.

The fall off of voltage with an increase in current is referred to by IEEE* as the

"percent regulation", usually of a transformer:

(% Regulation) =
'^no load voltage-load voltage^

load voltage
xlOO (2-6)

In welding the term "slope" is used to describe the regulation and refers to the algebraic

slope of the "Voltage as a function of Amperes" (VA) curve for a given machine and

power setting, usually expressed as the voltage drop per 100 Amperes. The slope

controls the maximum current available during a short circuit and hence the amount of

spatter encountered during short-circuit transfer mode operations. Often this slope is

adjustable and it directly relates to the response time of the self-regulation process as

illustrated in Figure 2.8.

The Institute of Electrical and Electronics Engineers
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o
>

450

AlVfiffiRSS

Figure 2.8. The Influence of Slope Control on the Response Time of Self-
Regulation [20].

In this example the open circuit voltage is 38 volts and the operation point is

summarized in Figure 2.9.
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Slope » 2.67 volts/100 amperes
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Figure 2.9. Typical Steady State GMA Welding Operating Point for 1/16
inch Diameter Wire [20].

Self-regulation occurs when the arc length physically changes in some manner

whenever the gun is displaced in relation to the workpiece. Recall that arc length is

proportional to arc voltage at a given current demand. Assume that the arc length has

increased by an amount equivalent to about two volts, thus requiring the operating point

to move upwards and to the left along the VA curve for this system.



26

When the new operating point is at 32 volts, the corresponding current is only 225

Amperes*. The corresponding electrode melt-off rate for 225 Amperes is 225 inches per

minute (95mm per second) or 75 inches per minute (32nim per second) less than the

setting. The feed rate is still 300 inches per minute (127mm per second) so the arc length

begins to shorten. The correction rate starts out at 75 inches per minute (32mm per

second) and decreases as the prior equilibrium point is reached.

Once the feed rate again equals the melting rate the arc length will not change.

Likewise if the operating point were to be displaced in the other direction, the melting

rate would temporarily exceed the feed rate and the arc would lengthen back to the

original operation point. No matter which direction the arc length is changed the self-

regulation effect will drive the arc length and hence the associated electrode extension

length backs to that of the set point.

The only way to permanently change the arc length is to change the feed rate or

the set voltage. Self-regulation works practically instantaneously. The larger the current-

swing the faster the correction. Without current-swing, as with CC machines, there

cannot be self-regulation. The above discussion concerns the spray mode of metal

transfer. For the short-circuiting transfer mode the Lorentz pinch force, surface tension

and I^R Joule heating of the electrode take over for the self-regulation effect. The natural

self-regulation of the arc length makes for a simple welding system and therefore most

continuous wire feed consumable electrode processes are constant voltage/constant wire

feed systems [22]. Exothermic additions should have the effect of decreasing the

electrode extension length thereby increasing the arc length and hence the voltage forcing

a self-regulated decrease in current consumption.

A slope of 2.67 volts/100Amperes will cause a 75-Ampere drop with a 2-volt increase.
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2.5. Concept of Using Exothermic Additions to Generate Chemical Heat for
Arc Welding Processes

The addition of energy, usually thermal energy, is necessary to overcome the

barriers to fusion welding. In conventional electric arc welding processes this energy is

supplied entirely by an electric arc. The flow of current through the local atmosphere

between the electrode and work piece generates a plasma such that this energy is

transferred to form a molten metal weld pool. Subsequent air-cooling results in the

fusion and formation of the weld microstructural constituents. In consumable welding

processes the electrode is designed to be consumed providing the weld filler, and in self-

contained flux welding processes the welding flux also. Chemical dissociation and

ionization of atmospheric species (including the consumables) within the arc is

inevitable. If the types and amounts of chemical reactions can be controlled such that

exothermic reactions predominate, then this chemical heat can supplant much of the heat

of a conventional arc, theoretically to the point of obviating the need for the electric arc

itself. It is the intent of this investigation to evaluate the effective use of chemical heat in

arc welding, particularly in the self-shielded FCA welding system.

2.6. Exothermic Reactions for Welding and the EUingham-Richardson
Diagram

Oxygen plays a primary role in traditional exothermic reactions in the oxidation

of pure metals. The exothermic chemical reaction takes place most generally according

to the following scheme:

Metal Oxide + Reducing Agent —> Metal + Oxide + Heat (2- 7)



28

Typically the metal oxides employed for Thermit® Welding, TW, have low negative

values for heats of formation and are therefore easily reduced while the typical reducing

agents are those elements which when oxidized, have high negative values of heats of

formation and hberate large amounts of heat in the process. The excess heats of

formation for the products as compared to the reactants is given off and used to weld.

The reaction can only take place if the affinity for oxygen of the reducing agent (i.e.

aluminum) is greater than that of the metal (of the metal oxide) being reduced (i.e. the

iron in the hematite). The result of this reaction is liquid metal and an oxide slag. The

density of the slag is usually lower than that of the now molten metal and the slag floats

immediately to the surface. In the usual case of iron and aluminum Thermit welding the

slag is aluminum oxide and the molten iron is cast and alloyed with the steel members to

be joined. Upon solidification cooling the slag is easily chipped away. Other typical

Thermit® reactions used for welding are listed in Table 2.2 along with their excess heat

quantities and theoretical combustion temperatures.

The amount of heat that can be generated can be calculated using tabulated

thermodynamic data available in the literature and makes it possible to select potential

chemical reactions based on their theoretical heat evolution quantities and theoretical

combustion temperatures.
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Table 2.2. Tjrpicai Thermit® Welding Reactions and Their Theoretical Temperatures and
Excess Heat Quantities [23, 24, 25]:

Exothermic Reactions used for Thermit® Welding (TW)
Temperature

["C]

3Fe304 + 8A1 = 9Fe + 4AI2O3 + 3350 kJ/mol 3088

Fe203 + 2A1 = 2Fe + AI2O3 + 850 kJ/mol 2960

3FeO + 2A1 = 3Fe +AI2O3 + 880 kJ/mol 2500

3CuO +2A1 = 3Cu + AI2O3 +1210 kJ/mol 4866

3CU2O +2A1 = 6Cu + AI2O3 + 1089 kJ/mol 3138

3NiO + 2A1 = 3Ni + AI2O3 + 864 kJ/mol 3171

Cr203 + 2A1 = 2Cr + AI2O3 + 2287 kJ/mol 2977

3MnO + 2A1 = 3Mn + AI2O3 + 1686 kJ/mol 2427

3Mn02 + 4A1 = 3Mn + 2AI2O3 + 4356 kJ/mol 4993
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Figure 2.10. Standard Gibbs Free Energy of Formation of Some Oxides as
a function of Temperature [26],

An oxide stability diagram, such as the Ellingham-Richardson [26] diagram in

Figure 2.10, shows the relative stability of various oxides by plotting the free energy of

formation as a function of the reaction temperature. The governing equation is of course

the Gibbs equation:

AG = AH-TAS (2-8)
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where AG is the change in standard free energy, AH the change in enthalpy (the intercept

at absolute zero), T is the absolute temperature, and AS is the change in entropy. The

entropy represents the randomness or disorder of the system and naturally tends toward a

maximum allowable while the enthalpy represents the quantity of heat (kJ/mol O2)

released upon oxide formation and tends toward a minimum value. The more negative

the free energy of formation, the more heat is released during the reaction. The enthalpy

for each reaction at standard state conditions is given by the coordinate intercept for each

reaction. The sign of the free energy of a reaction governs the feasibility of the reaction,

but says nothing of the rate or kinetics of the reaction. Oftentimes however the greater

the energy drop or release, the faster the reaction time, once the initial energy barrier has

been overcome.

It should be noted that equiUbrium thermodynamic data such as that contained

within the Ellingham-Richardson diagram cannot be easily used in a quantitative way

when applied to a truly dynamic and generally non-equilibrium state as that found within

the welding arc. Strictly speaking, a gas in which there is a diffusion process (such as the

flow of heat or electrical current carriers) cannot be in equilibrium [27]. The various

phase changes of all effected elements undergoing changes of state from solid to liquid to

vapor and back complicates the matter of energy quanta accounting. Various stages of

ionization and compound dissociation and (re)formation in short times and at extreme

temperature ranges represents a condition of the welding arc perhaps far from

equilibrium.

Hess' law says that the enthalpy of any reaction is a state function and as such can be

calculated independently of the reaction path. A theoretical reaction path can be looped

through known quantities by the creation of a Hess' circuit. Applying Hess' law and

integrating the heat capacity from room temperature to the molten steel weld pool

temperature gives the quantity of heat produced by the aluminum or magnesium reactions
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with hematite. Table 2.3 shows the calculated (expected) amount of heat released during

the proposed reactions.

Table 2.3. Enthalpic Heats of Reaction for Aluminum and Magnesium plus Hematite

Flux Additions:

Addition Reaction Enthalpy (kJ/mol O2)
2AJ + Fe203 — AI2O3 + 2Fe 850

3Mg + Fe203 = 3MgO + 2Fe 1060

50/50 Al/Mg mix with Fe203 Quantity of heat between 850 and 1060

The standard Gibbs free energy of formation as a function of temperature for iron

oxide, as shown in Figure 2.10, page 30, reveals that at about 600 °C both FeO and Fe304

have the same value of free energy, with FeaOa above this point by about 100 kilo Joules.

Iron is a transition metal, which is relatively chemically reactive and corrodes especially

in moist environments or at elevated temperatures. Iron is polyvalent and exhibits

valences of 2, 3, 4, or 6. Table 2.4 lists common iron oxidation/reduction reactions along

with their corresponding heats of formation and pertinent ranges of temperature.
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Table 2.4. Common Iron Oxidation/Reduction Reaction Heats of Formation and

Temperature Ranges of Validity

Reaction and Temperature Range of Validity AHo 2.3a I

0;947 Pe(a) + 1/^ 0,0?)
0.947 Fe<(» + 1/2 0»{y)
0.947 + 1/2 Oiia)
0.947 Ps b) + 1/2 Otia)
0.947 Fe(») + l/2 0,(y)
0.947 Fed) + 1/2 0.te)
SFete) +2;0,<jr)

3 Fe(/») + TOM
3 Fe(^y) 2 Ottjr)
3Fe<«) -f 2 0,(fiF)
3 F  |^e«) 2
3 Fe(/) + 2 0,to)
2 Fe(a) 3/2 0,1
8 Fe(<*) 4-3/2 0,1
2 Fe(0) 4- 3/2 0,1
2 Fe») -f 3/2 0,L.
2 F%) -h3/2 0,(fi^:

•

Fe,,,490(c) >,
Fe$.t470(c)..
Feo.i4TO(c)..
F««. htO(0 ».
Feo,t470{/)..,

ife) Fe$.,4;O(0,,
FeiOi (mc^e^t/e)..

Fe,04W....,,4
FegOiO)..
Fe^O403)
e,04(5)

^F^aOtd) ...4.
r) Fe,Oi ihetmUiU) .

) - Fc,Oa(W^- ^
) « FeiOa(y).. ..r...

2 Fe^iJ 4- 3/2 0,<ir) - FeaOib) . .. ..

. (298,13^-1,033^ K.)

.(l,a^3M,179®K.)

.(1,650M,074® K.)
,(1,674M,8(»® K,)

, (1,803^-2,DOO* KJ
.(mi6*-'900^K,)
.(0OdM.O33^Kj
(1,033^1,

.ae74^i803'K4
,k803Mi874^Kj
k874^--2.000^K.)

;u79M>674'k!)
;i^^4'^l,800^ K,)

^65,3201
-62,380
-66,760
-64,200
-69»6$0

-63-660
-268,310
-272,300
-262,990
-276,990
-262^660
-276,280
-267,240
-200,000
-202,960
-196,740
-193,200
-202640
-192,920

-11,26
4-4.
-8,04
-18.72
-6.84

-7.48
4-5.87
-54,27
-5 71
-44.05
-6.40
-8.74
-26.89
-13.84
-42 64
-10.27
-.39

-25.96
-.85

4-2.61
-.75
4-.67
-fl.67
4-.26

4-.25
-12.45
4-11.65
4-1.00
4-5.60
-hi .00
+1 00
4-i.OO
-1.45

4-7.85
4". 75
-.13
4-3.87
-.13

40.44
4-.236
-.10
-.10
-.10

-.10
4-.2451
+.246
-.40
-40
-;40
-.40
-40
+1.906
+ .13
-.30
-.30
-.30
-.30

+48.60
+3.00
+42^28
+73.46
+34.81

+39.12
+5^.11
+233.52
+89.19
+213.52
+01.05
+104.34
+155.^
+10t.»
+188.«
+92>^
+59.06
+142.85
+61.21

The AHo values are in gram calories per mole. The a, b, and I values allow for the calculations of AF
and AS values using the following equations:
AF, = AHo + 2.303aT logT + b X IQ-^T^ + c X 10®r' + IT and
AS, = -a - 2.303a logT - 2b X lO^T + c X 10®r^ -1
'Reference the U.S. Bureau of Mines, Bulletin 542,1954 and the CRC Handbook [281

2.7. Selection of Reactions

Pure metallic elements that reduce iron oxide such as aluminum and magnesium

are used in the production of steel to deoxidize, or kill the steel. These elements have

been added to the flux in various flux-related arc-welding processes to kill the weld pool,

and the reactions are exothermic. These elements, in large enough quantities, are known

to be able to provide significant heat for welding [29]. They have traditionally been used

in Thermit® welding and are called, in the vernacular. Thermit® (or thermite) reactions.

The term comes from the Greek word "therme", meaning, "heat" [30]. The two most

common reactions are as follows:
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2 A1 + Fe203 — AI2O3 + 2Fe + 850 kj/inol O2 (2- 9)

and

3Mg + Fe203 = 3MgO + 2Fe + 1060 kJ/mol O2 (2- 10)

These reactions are extremely violent if only the metal oxide and the pure

reducing metal are used. In practice ferroalloy additions are used to cool and slow down

the reaction from a typical temperature of 3100 °C to about 2480 °C [31, 32, 33, 34],

Below 2,000 °C slag/metal separation becomes incomplete.

Other Thermit® type reactions that do not involve oxygen have also been

investigated [35, 36]. These oxygen-free exothermic mixtures were based on the systems

BN-metal and Si3N4-metal where the metals studied were titanium, zirconium,

chromium, and niobium. Table 2.5 shows the relative stabilities for these compounds.

These reactions involving the production of nitrides must be considered with caution for

use in the welding of steel because even very small amounts of nitride precipitates are

known to drastically reduce the mechanical properties of welds.
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Table 2.5. Non-Oxygen Exothermic Reaction Systems [35].

Elemental System Reaction Products

1.) BN-Ti TiB2,TiN, B,N2

2.) BN-Zr ZrB2, ZrN, B, N2

3.) BN-Cr CrB2, CrN, Cr2N, N2

4.) BN-Nb NbB2, NbN, Nb2N, B,N

5.) Si3N4-Ti Ti5Si3, TiN, TiSi, N2, Si

6.) Si3N4-Zr Zr2Si, ZrN, Zr5Si3, ZrSi3, ZrSi2, Si, N2

7.) Si3N4-Cr Cr3Si, Cr2N, CrN, Cr5Si3, CrSi, CrSi2, Si, N2

8.) Si3N4-Nb Nb5Si3, Nb2N, NbN, NbSi2, Si, N2
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Figure 2.11. The Variation of AZ°t (in kcal. per mole of nitride) with
Temperature for Probable Reactions Numbered 1-8, in Suspected
Decreasing Reaction Product Probability [35].

Figure 2.11 depicts the free energy as a function of temperature for the non-

oxygen exothermic reacting systems [35]. The available heats from these reactions are of

the same order of magnitude as that available with traditional (oxygen) Thermit®. Since

welding processes are usually associated with oxygen (small additions to the shielding

gas and the uses of welding fluxes) it is believed that the traditional Thermit® reactions



37

hold the most promise for the minimization of electrical power consumption in otherwise

conventional welding.

Prior research at the Colorado School of Mines [1], has shown that exothermic

additions (utilizing traditional reactions) into the flux of electrodes in the SMA welding

process definitely increased the heat input into the weld for a given amount of electrical

power. A practical maximum was found with a mixture of the aluminum Thermit® rather

than with the more potent (heat wise) magnesium Thermit®. Apparently a major

limitation to the amount of exothermic flux addition in the effective utilization of this

heat for welding is the lack of heat constriction at the arc-electrode interfacial area. Also,

the ample availability of atmospheric oxygen along the outside of the covered electrode
(S)

may help to allow the Thermit reaction to advance up the rod and away from the arc.

The flux, physically placed on the outside of a solid wire core electrode in the

SMA welding process is not confined to the arc proper once the exothermic reaction has

begun. Hence, any heat additions due to chemical reactions initiated in the flux coating

tend to preheat the rod and to increase the radiation losses. The result is in greatly

assisting the deposition efficiency of the electrode (from an electrical power consumption

perspective), but does little to promote penetration. The Lorentz force promotes weld

pool penetration at higher currents and is actually more efficient in achieving deeper

welds than the external chemical reactions. After a point further chemical heat additions

to the flux serve only to bum back on the electrode during welding. For this reason it

was proposed to study the welding behavior of such flux additions to the inside of a

tubular wire in the FCA welding and Metal Cored Arc (MCA) welding processes. By

limiting the available oxygen to that supplied only by the flux constituents the Thermit®

reaction rate can be tailored precisely to that of the melting rate of the metal sheath and

more localize the reaction to the electrode tip area. Thus, the resulting chemical heat

generation is assumed to be more physically constricted to the immediate arc region.
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2.8. Mass Transfer and Droplet Transfer Mode

Heat flow models of the melting rate in the GMA and FC A welding systems have

been proposed [37, 38, 39]. The GMA welding system is a wire feed consumable

electrode process similar to FCA welding but utilizing a solid bare wire within a

shielding gas flow for electrode and weld pool protection, instead of fluxing agents.

The International Institute of Welding (HW) lists eight distinct metal transfer

modes [40], however those modes commonly discussed in the United States are globular,

spray, streaming, rotating, and short circuiting. The mode terms "drop" and "repelled"

used by the IIW are often referred to as "globular," and the mode term "projected" is

generally referred to as "spray" [41]. The metal transfer mechanism is important to

understand since these metal drops also transfer heat from the electrode tip to the weld

pool and are often coated with nascent forming slag compounds in transit.

A well documented phenomena occurs in consumable processes when an abrupt

change in the metal transfer mode (through the arc) takes place at a specific value of

welding current (or within a very narrow current value range). The metal transfer

through the arc changes from distinct globular droplets to a fine spray at or above this

current value with a smooth and continuous increase in current from below this value.

Coupled with this transition is likewise an abrupt change in weldment morphology. The

behavior was first documented in the mid to late '50s by Lesnewich [42, 43] and is more

pronounced for larger wire diameters. The spray mode (when the diameter of the

detaching droplets are equal to or less than the electrode wire diameter), consisting of

super heated metal vapor, greatly enhances the weld penetration whereas the globular

transfer mode, consisting of large droplets with only a small amount of superheat, is

predominately a deposition process. Within a current range typically either below or
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above a 150 to 175 Ampere range the transfer mode will remain stable in the globular or

spray mode respectively. The exothermic additions of this research have made the spray

mode stable at or sUghtly below this traditional 150-Ampere threshold.

2.9. Weld Bead Area and Morphology

The total weld nugget area, consisting of the quantity of base metal fused and the

electrode metal deposited, ignoring the presence of the flux core, has been shown to be

mainly a function of current and relatively unaffected by normal voltage variations. The

weld area is also controlled by the torch travel speed. Jackson [44] has shown that the

weld area is directly related to the 1.716 power of the current and inversely to the first

power of the travel speed for the CP wire feed processes of the Submerged Arc (SA)

welding and the GMA welding process,

(2- 111
Log A =0.903 log 3.95 ^ '

where A is the total weld area in square inches, / the weld current in Amperes, and S the

torch travel speed in inches per minute.

Figure 2.12 [44] shows on a log/log scale the current over travel speed welding

parameter as a function of weld nugget area the GMA welding data relating to equation

(2- 11). Three types of shielding gas and the two direct current polarities were used in

the GMA welding study while the solid line represents previous results for the SA

welding study. Traditionally, therefore, the weld area can be predicted by the welding

parameters. The exothermic additions, as will be shown, effect this relationship by

reducing the current dependence and increasing the deposit for a fixed travel speed.
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Figure 2.12. Welding Current to the 1.716 Power over Travel Speed as a
Function of Total Fusion Zone Area [44].

A useful measurable quantity in this research is the ratio of weld penetration to

deposition for various exothermic heat inputs through the weld dilution measurement.

Total weld area, the cross-sectional area of the crown deposit (or reinforcement) plus the

cross-sectional area of the weld penetration (or weld nugget area) is known to correlate

directly with the heat input value. Two ways of measuring the heat input are utilized to
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assess the heat equivalent of a given amount of exothermic addition; weld area cross-

sections and the calorimetric measurements. All welding was performed in the spray

mode.

2.10. Role of Flux and Powder Additions in Consumables

Electrode wires are classified as rutile type for either gas shielded welding or self-

shielded welding, basic type for either gas shielded or self-shielded, or metal type for all

positions (fast fill/high deposition in the horizontal or flat position) or other specialty

types [45]. The study was concerned with the exothermic additions to a self-shielded

formula that contains equal 15 percent concentrations of both rutile (titania, Ti02) and

basic (fluorite, fluorspar, CaFa) flux types. The high 60 percent by weight concentration

of iron powder of the initial baseline flux formula characterizes this electrode as a high

deposition, fast fill electrode.

The normal atmosphere consists roughly of four-fiflhs nitrogen and one-fiflh

oxygen. Due to oxygen consumption by the flux additives the main contaminant in self-

shielded welds is nitrogen as opposed to oxygen contamination in other welding

processes. The use of strong nitride formers (from the group Al, Ti, Zr, Be, Cd, V) is

therefore necessary to avoid detrimental mechanical effects due to "free" nitrogen pick

up such as strain aging/hardening, known to impair toughness properties [46]. The main

elements used to bind up the nitrogen are titanium, aluminum, and zirconium. The

amount of aluminum found in normal self-shielded welds is about 0.8 weight percent,

and is very much higher than that usually encountered in aluminum deoxidized

submerged arc or SMA welding welds [47].



42

2.11. Establishment and Stabilization of the Welding Arc Plasma

A plasma is an electrically conductive gas, sometimes referred to as the fourth and

most complex state of matter. Elements that are readily ionized (like metals) help give

the welding current a grounding path through the arc column by helping to create a

plasma. In general, the negative carriers of the plasma are the electrons. A plasma can

be considered to consist of ionized gases, electrons, and metal vapors [48]. Additions to

the flux are made to achieve the current carrying capacity within the arc and to maintain

arc stability. In this research traditional additions of iron powder are supplanted by

aluminum powder, and/or magnesium powder, and the primary Thermit® oxygenate

hematite (FeaOs). Since iron is one of the reaction products of the Thermit® reactions,

the necessary current carrying capacity of the arc is not substantially reduced, nor

apparently is the deposition.

2.12. Slag Formers

The flux should melt approximately 200 °C below that of the weld alloy for

proper flux coverage and for protection of the deposit. The slag formed should be fluid

enough to flow and cover the molten weld pool but must be viscous enough so that it

does not run away and flow in front of the arc. Iron oxide, silica, and calcium fluoride

are considered slag formers [49]. A solidified slag that has a precisely tailored

coefficient of thermal expansion different from that of the solidified weldment allows for

ease of slag detachment. Often such well engineered slags self-detach on cooling.
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2.13. Viscosity Control

A slag film forms from the molten weld pool of constituents (primarily stable

metal oxides) that float to the top, network as in glasses, and congeal. The viscosity of

this film must be sufficient enough to prevent atmospheric contamination of the weld,

physical containment (or capping-off) of the molten pool, and also to prevent the slag

from running away from the weld and being entrapped. The viscosity must be low

enough however to permit outgassing of the weldment. Clearly a balance between the

competing requirements of the slag viscosity is needed for flow control and the

preservation of mechanical properties in the various welding applications. Viscosities of

welding slag range from about 2 to 7 poises at 1400°C [49]. Calcium fluoride (fluorspar)

is a major compound addition for reducing slag viscosity while the addition of

manganous oxide (as a replacement for ferrous oxide) tends to increase the viscosity.

Interfacial tensions associated with the weld pool are other physical properties that must

be engineered into the slag composition [50]

Generally a range of compositions in the flux that produce various oxide

constituents of the resulting slag are used in specific formulation for all of the various

welding processes and applications. A typical FCA welding type flux formula will have

as few as five ingredients (when used with supplemental gas shielding) to upward of 25

ingredients.
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2.14. Heat Flow Concepts

Aside from the apparent complexities of welding flux formulation, in an effort to

quantify the effects of specific exothermic flux additions to the FCA welding process, the

problem of "energy cost accounting" must be addressed. Generally, heat flow problems

are set up by constructing an energy balance over a thin slab or shell section. The

geometry is adjusted such that the heat flow is perpendicular to the elemental section. As

the shell thickness is allowed to go to zero, a first order differential equation is

constructed. The solution of this equation gives the heat flux distribution. Insertion of

Fourier's law of heat conduction into the heat flux distribution equation will yield another

first order differential equation for the temperature distribution as a function of position.

The integration constants are evaluated by the uss of boundary conditions. Boundary

conditions are known or expected values of temperature or heat flux at specific geometric

boundaries.

In the steady state, time invariant realm, the conservation of energy leads to the

following general energy balance;

Rate of Rate of

-  thermal >- — "< thermal ►

energy in energy out

Rate of thermal

energy production
^ = 0 (2- 12)

and the Fourier law of heat conduction is:

IrA^ (2- 13)
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where q is the heat energy transfer rate in Joules per second, k is the thermal conductivity

in Joules per second per meter per degree Kelvin and A is the cross-section area

perpendicultir to the heat flow direction.

V'r + ̂  = -— (2-14)
k  a ̂

Various welding process heat flow models [37, 38, 39,43, 51] are available in the

literature and were used as starting points in the construction of a detailed heat flow

model for this research. The intention was to take full advantage of the various numerical

techniques that a modem personal computer and complimentary software packages

allow. While closed form solutions to many applicable heat flow models exist in specific

cases [51], many mechanistic details are necessarily lost in the underlying assumptions.

In this research they were used primarily as the origination points for more detailed

model components and the establishment and check on the boundary conditions where

appropriate. It turns out that the simplest linear beam element model most closely

matched the measured stick-out lengths, however unforeseen welding current variations

confounded the model.

The various models of the electrode extension in the literature consist of a right

circular cylinder section with annulus representing the electrode extension section of the

FCA welding or MCA welding electrode. The outer section represents the metal sheath

of known/measurable dimensions and the inner aimulus represents the flux filling.

Unique to this research is the inclusion of at least two intemal heat-generation terms

emanating from the flux region. One heat source is of course the result of the Thermit®

additions while the other is due to the I^R heating of the flux from current flow. Likewise

the Joule heating of the sheath and the conduction heating from the arc was also included.

The goal for this discrete element model was to predict the melt-off rate of the wire/flux
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combination for a given amount of Thermit® addition for a set of welding parameters

(volts, amperes, electrode extension, polarity), and ultimately to absolutely minimize the

contributions of the electrical circuit. The problem is the fact that self-regulation

virtually guarantees that the melt-off rate always equaled the preset 110 inches per

minute (47mm per second). The steady state electrode extension length became the

measurable variable but variations in the welding power consumed likely due to

unsystematic arc resistance changes with exothermic addition precluded the accurate

prediction of this length.

Likely no closed form solution to a coupled set of heat flow equations, if

available, would be able to untangle any of the synergistic effects operating in such a
welding system. Hence the implementation of more contemporary numerical methods.

2.15. General Heat Flow Equations

The general conduction equation for constant thermal conductivity can be written

as the Fourier equation with a heat generation term normalized by the conduction:

Vr + ̂  = -— (2-15)
k  a ̂

2

where V = the Laplacian operator, T is the absolute temperature, q " is an internal heat

generation term, k is the thermal conductivity, a is the thermal diffiisivity: a= ^
pCp

mwhere: p is the mass density, Cp is the specific heat at constant pressure- C =

where: dH is the change in enthalpy and I p denotes constant pressure. Specific heat, Cp, is
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a measure of how the stored energy of a substance varies with temperature. It has

dimensions of Joules per kg "K.

Forming the Laplacian on temperature in cylindrical coordinates befitting the

shape of the welding wire/electrode the equation becomes:

efT 1er 1 efT efT q'" 1 er-+--+---+-+-=--ar2 r ar r2 arji az2 k a i'1
(2- 16)

Equations 2-15 and 2-16 relate the expected heat flow in the welding wire electrode. By

choosing appropriate boundary conditions equation 2- 17 is used as a starting point to

model the heat flow from the contact tip (the place on the electrode where the welding

current is introduced) to the point of wire melt-off at the start of the arc column (the

cathode voltage drop region with DCSP electrode negative). These regions are

discontinuous boundaries where the heat flow mechanisms undergo abrupt changes either

due to some type of boundary layer condition (in the cases of the anode drop and cathode

drop regions) or some other physical changes occurring along the lengths of the electrode

extension or the arc column. In GMA welding a solid bare wire electrode is continuously

fed into the arc plasma with a laminar flow of shielding gas

Figure 2.13 depicts the voltage drops in the arc region for a typical wire feed

process such as the FCA welding used in this research. The anode and cathode drop

regions consist of extremely small boundary layers and as such very large potential

gradients exist in these regions. The anode typically has a steeper voltage gradient than

the cathode due to space charge effects. Of note is the definition of the Contact Tube to

Work Distance, CTWD, the electrode extension length, LE, and the arc length, LA.
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A fixed CTWD length of 0.75 inches (19.0 mm) was used for this research so that

variations in the arc length necessarily effect the electrode extension length and vice

versa.

Figure 2.14 depicts a GMA welding arc temperature profile for an aluminum

electrode in an argon shielding gas with DCRP. In GMA welding a solid bare wire

electrode is continuously fed into the arc plasma with a laminar flow of shielding gas.

The temperature profile would be similar to that found in this research with the FC A

welding process.
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Aluminum at 250 Amperes, GMA Welding Process [53],

Halmoy [54] has modeled the wire melt-off rate (equal to the wire feed speed at

steady state conditions) for the solid wire:

WMR = a'l + pLI^ (2-17)

where: WMR is the wire melting rate, a is the anodic melting coefficient, P is the ohmic

melting coefficient, L is the electrode extension and I is the welding arc current.
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Factors influencing the melting rate are the heat conducted back into the wire

from the welding arc (the I terms) and the Joule heating due to current flow through the

wire (the terms). Ushio [55] et al has modified this equation for the inclusion of flux

imbedded within the wire as for the FCA welding process:

A „
m

Up{H p +bp^^p — (2-19)

where: Um = melting rate of metal sheath

Uf = melting rate of flux

Hm = heat content of metal sheath

Hp = heat content of flux

bm = constant dependent on the heat content of the metal at room temperature

bp = constant dependent on the heat content of the flux at room temperature

^ = equivalent voltage of melting of metal sheath due to arc (conduction)

heating

Am = cross-sectional area of the metal sheath

Ap= cross-sectional area of the flux

a = constant equal to the high temperature resistivity of metal sheath

L = electrode extension

qc = heat quantity conducted out of the metal sheath and used to melt the flux

qa = heat quantity thermally conducted to the flux from the arc column

j = current density
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Optimally, in the steady state melting regime, the melting rate of the flux should

equal the melting rate of the sheath. Even though the harsh environment of the welding

arc may indeed force these rates to be equal, in the case where chemical flux heating

additions are intended to supplant the electric arc (or most of it), the process will surely

benefit if all of the measurable thermodynamics ensure the equality.

Although Ushio et al [56] found that the presence of the flux has little influence

on the high temperature resistivity of the wire, for a given content of metal, it certainly

increases the heat capacity. They also found that the influence of Joule (ohmic) heating

on the melting rate is suppressed due to the presence of flux for longer electrode

extensions or for lower wire feed speeds. They claim that the presence of the flux also

reduces the contribution to melting from the heat of the arc due to heat dissipation used

for melting of the flux core. Their model did not of course address the case for which the

flux has been specifically formulated to supply chemically generated heat. One can

imagine however from this study that the extra heat contribution from exothermic

reactions would effect both the arc heating and ohmic heating terms if applied to this

model directly.

Jonsson [57] et al has modeled both the heat and metal transfer in the GMA

welding process from first physical principles. Transport equations for the arc, in

cylindrical coordinates evolve from:

Conservation of mass:
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1 <^pru) (^/ow) ^
dr  dr z

(2-20)

where; p is the mass density, r is the radial distance, z is the axial distance, «is the radial

velocity, and w is the axial velocity.

Conservation of radial momentum:

1 ̂ pru^) ^puw) ^
r  dr dz dr

1 d { dp\ 2u d ( (du dtv
r  ̂ r^ ̂  dz K \dz^ dt -fB, (2-21)

where: P is the pressure, p is the viscosity, f is the axial current density, and Be is the

self-induced azimuthal magnetic field.

Conservation of axial momentum:

1 d{pruw) d{pw^^ _ dP
r  a- dz dz r dr

' 'du dw^^
pr

V dz a-
+ 2-

dJj z
+ JrBe (2-22)

where: Jr = the radial current density

Conservation of thermal energy:

1 d{pruh) d{pwh) _ 1 d
r  a a r a

r- p
kr ai d k

+

dz
K  p y

.S 5^
1 e \^p ̂  ^j
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( d
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-h — cr.

I dz
e

\ & j

where: h is the enthalpy, k is the thermal conductivity, Cp is the specific heat at constant

pressure, Oe is the electrical conductivity, Sr is the radiation loss term, kb is the

Boltzmann constant, e is the elemental charge of an electron.

Conservation of charge continuity:

where: O is the electrical potential.

Numerical solutions of these equations were carried out and presented

graphically. The Thompson effect, conduction, and convection were added as source

terms in the first cell bordering the anode. It would be expected that the use of these

models with exothermic flux additions would require one or two additional source terms.

With continuum equations of the electrode extension and continuum equations of

the arc, the solutions must converge at the anode boundary cell. Such a boundary

condition may help resolve the partitioning of the extra energy of the Thermit® flux

additions, once the model has been sufficiently refined. It was postulated that the energy

would appear as an increase in ohmic heating and arc heating. A measurable increase in

the respective electrode melting efficiency and plate melting efficiency terms should be

detected, and for a given current regime, may physically relate to the relationship

between weld deposition and penetration. In fact all such increases were later found in

the course of this research.

If the additions behave more like ohmic heating the weld deposition should be

enhanced but if the additions can shift the metal transfer mode "transition current" down
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toward zero, then the weld penetration should dominate. These arc equations are

presented here for reference and were used to help establish proper boundary conditions

with the electrode extension model. In fact gains in both electrode and plate melting

efficiency were recorded.
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EXPERIMENTAL MATERIALS AND PROCEDURE

3.1. Flux Formulations

A strip-to-tubular wire rolling mill was assembled from a salvaged commercial

machine to facilitate the custom fabrication of the filler wires. A computerized digital

scale, microprocessor motor controller and an optical digital linear strip speed sensor

were integrated to allow for precise control and monitoring of the wire manufacturing

process. Commercial FC A welding wires can be manufactured with fill contents in the

range of between 12 to 28 weight percent of flux to sheath, in any single wire [4] (all

chemically related percentages listed in this manuscript are in percent by weight if not

otherwise noted). The mill created for this research is capable of maintaining a tolerance

of less than plus or minus one percent or better throughout the wire and fi-om one wire to

the next. The flux compositions for the Phase I electrodes are given in Table 3.1.



Table 3 .1. Flux Composition for Phase I Electrodes, Parts by Weight Percent.
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Ingredient
0

wt%

10

wt%

20

wt%

30

wt%

40

wt%

50

wt%

CaF2 15 15 15 15 15 15

TiOi 15 15 15 15 15 15

CaCOs 6 6 6 6 6 6

SiOz 4 4 4 4 4 4

Fe 60 50 40 30 20 10

Mg 0 6.7 13.4 20 26.6 33.4

FezOj 0 3.3 6.6 10 13.4 16.6

The Phase I electrode wires were produced with 17 to 18 weight percent flux fill

to steel sheath ratios. Initial drawing difficulties led to all of the later Phase II electrodes

being manufactured to a more reasonable and commercial like 15 weight percent fill.

Experienced gained in the manufacture of the Phase I electrodes resulted in much less

variation in the fill ratios than is present commercial practice. Phase I electrodes resulted

in about 17.5 plus or minus 0.5 weight percent fill whereas the Phase II electrodes were

produced at 15 plus or minus 0.1 weight percent fill. The Phase II flux compositions are

presented in Table 3.2.
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Table 3 .2. Flux Composition for Phase II Electrodes, Parts by Weight Percent.

Flux

Compound
Mineral Name

Percent

Concentration from

Smith

Percent

Concentration

Used

CaF2 Fluorspar 15.3 15

TiOi Titania, Rutile 14.7 15

CaCo3
Limestone, Marble,
Calcite

6.1 6

SiOa Quartz, Silica 4.2 4

Fe Iron 59.7

Fe

2A1 + Fe203

3Mg + Fe203

Iron, Aluminum,
Magnesium, Hematite — }60

The very first experimental wire produced represents an exception to these

schemes. It was made with the self-shielded flux formula with all of the normally

included iron powder replaced with a mixture of magnesium and twice the amount of

hematite required by stoichiometry making up 60 percent of the flux. The initial wire

was made at the maximum fill ratio of 27 percent flux to steel sheath and represented the

theoretical maximum exothermic heating potential likely to have been encountered in this

research. Although this wire welded poorly the Thermit® reaction did not take off and

run away inside the wire once the arc was extinguished. The chill of the water-cooled

copper guide tip that forms the electrode contact tip and the dense packing of the flux

within the sheath apparently form a sufficient heat sink to halt the reaction within a short

distance inside the wire. Other wires of this initial series ranged down from 50 to 10

percent in steps of 10 percent of exothermic addition and used a stoichiometric ratio of

magnesium to hematite at seventeen percent fill. When evaluated with excessive feed

speeds (that represents excessive current levels in the constant potential wire feed
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machines with respect to established welding procedure), a peak is measured in heat input

with increasing exothermic powder concentration. Likewise when excess hematite (with

respect to the stoichiometric value) i.e. twice as much is used, the same phenomenon is

observed.

The set of fifteen wires plus another baseline produced for Phase II were made

with stoichiometric mixtures of black, crystalline (granular) hematite (of between 100

and 140 mesh) and evaluated as to relative heat input. As with investigation by Allen

[1,2] of the SMA welding system, three types of exothermic reaction powders were

studied: the aluminum plus hematite, the magnesium plus hematite, and a 50-50 mix of

the two. The iron powder was systematically displaced with stoichiometric mixtures of

the exothermic metal(s) and hematite in batch ratios of from zero to 50 percent in steps of

10 percent (+/-1.0 percent) and a fill ratio of fifteen percent.

3.2. Heat Flow Modeling Procedure

A computerized liquid nitrogen calorimeter was assembled and used to evaluate

the heat input into standardized steel welding coupons and a video camera was used to

non-intrusively provide digital weld current, voltage, and time data. The results of three

weld coupon trials were averaged to form a data point. Various fundamental heat flow

models of the Gas Metal Arc (GMA)* welding process taken from the literature were

considered concurrent to the development of several Finite Element Method (FEM)

mathematical models, created using the commercial ABAQUS code. The models

attempted to predict the response of the electrode extension length due to the exothermic

additions. The FEM results did not agree completely to the experimental results. The

logic of the prediction is given in Appendix A and shows that the electrode should
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shorten with exothermic additions. The self-regulation aspect of the power supply was

not included in the model. The ABAQUS package is primarily a civil engineering code

however it was available and thought to be adequate for this welding process

investigation. The results were not generally consistent or verifiable. Apparently the

physical properties of the arc in the gap elements of the model are not adequately

predefined as to their proper response to the various physical changes occurring within

the arc due to chemical and electrical perturbations. All models eventually executed

without program error, indicative of having reached at least some sort of code limitation.

3.3. Plate stock material

For Phase I of the investigation the plate stock material consists of several twelve

foot lengths of type AISI1018 cold rolled steel, 1/2 inch (12.7 mm) thick by two inches

(50.8 mm) wide cut into sample lengths of five inches (127 mm). A 1/8*'' inch (3.2 mm)

diameter steel rod (the core rod material for SMA welding electrodes) 14 inches (355.6

mm) long was hand GTA tack welded perpendicular to the long edge of the sample in the

center using a small bit of AWS-ER 312 stainless steel filler wire. The rod formed a

handle that allowed the sample to be manipulated from the welding fixture and

immediately suspended into the liquid nitrogen dewar flask. The shipping oil was left on

the samples until just before welding when they were wiped clean with an acetone soaked

rag. The samples were stamped with serialized identification that consists of the date in a

numeric string followed by the sequential sample number comprising the last two digits.

The same serial number also identifies the file names for the calorimeter data and the

welding power data on the computer hard drives and on the floppy diskettes.

* A consumable wire feed process similar to FCA welding but utihzing an inert shielding
gas in lieu of a flux core.
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The sample coupons for the second phase of experimentation were identical to

those coupons of the first phase except that the specified thickness was increased to 3/4*"*

inches (19 mm). Initially, half-inch thick samples were used. However it was noted

during testing that the backside was obviously irradiating considerable heat prior to

immersion into the dewar. The weld was imaged orange hot on the back surface, and

considerably more so, for a longer time, with the higher current settings of the higher set

melting rates of Phase I. This situation is indicative of the so-called thin plate heat flow

condition. The Heat Affected Zone (HAZ) of the resulting weld extends fiilly across the

plate thickness. The heat flow transitions fi-om a three-dimensional case for infinitely

thick plates to a two-dimensional case for thin plates. From a scientific, as well as a

practical, standpoint for this investigation such a condition is best avoided. The two

dimensional heat flow situation was an obvious source for uncontrolled or unaccountable

radiation heat loss to immersion into the liquid nitrogen calorimeter. The heat flow

characteristics of plates being welded to penetration depths near the full plate thickness

are known to greatly affect the process melting efficiencies. Near full penetration, as

with thin plate conditions, the penetration depth (and hence weld nugget area) increases

about four times faster with current than when conditions are far fi-om full penetration

(thick plate conditions) [58].

3.4. Fixturing

The welding fixture consists of three pins supporting the sample flatly in a horizontal

plane with minimal contact area, longitudinally parallel to the direction of torch travel,

with two bump-stop pins to hold alignment. Thus the primary heat sink fi-om the weld

sample was convection with the surrounding air. The weld bead was placed bead-on-plate

style along the center of the sample. The wire feed speed was held constant at 110IPM

(Inches Per Minute) for the Phase II study and was varied between 200 and 300 IPM in



steps of 25 IPM in the Phase I study. The weld was timed automatically for 20 seconds.

The torch travel speed was held at 12 IPM (304.8 mm per minute) resulting in a 4 inch

(101.6 mm) long weld bead centered along the five inch (127 mm) sample length. These

welding parameters were selected from the middle range of those parameters published in

a bulletin by the American Welding Society [62].

The FCA welding semi-automatic fixturing bench as used for this investigation is

shown in Figure 3.1. The computerized data acquisition system was not used. A non-
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intrusive video system was employed for voltage, current and time data. The fixture was

installed so that the sample surface is positioned level with a spirit bubble level. A three

by five note card was marked with the date and sample number and the weight percent

fill of exothermic type and taped to the panel of the welding machine next to the digital

voltage and amperage meters. A digital clock that reads to the second was also placed

via the included mounting magnet on the machine front panel. The clock was

synchronized to the second with the calorimeter computer time stamp allowing a measure

of the time taken from the end of the weld until immersion in the liquid nitrogen for each

individual weld run. The dunk delay time was generally three to five seconds. A

correction for heat loss was employed in the data reduction spreadsheet.

A common ring stand was used above the dewar flask and a small visegrip® pliers v/as

hose-clamped to the vertical rod of the stand. The weld sample would be suspended,

completely submerged in the liquid nitrogen by clamping the handle of the sample in the

visegrip®.

3.5. Data Collection, Welding and Calorimeter

Data collection consisted of measurements of the electrode extension length,

deposit mass, heat input via calorimetry, and welding current and voltage measurements.

No microstructural, mechanical or chemical testing was performed on the weldments of

this research. Details of the liquid nitrogen calorimetric techniques are given in

Appendix B. Physical data collection included a zip-lock® bag prepared for each sample

and marked with the date, sample number and the sample mass in grams prior to welding.

A video camera was used to film the digital meters, clock and sample information from

the serialized note-card placed on the welding machine front panel for each run. The

audio feature of the camera was also used to make verbal notes. The voltage and

Amperage data was subsequently transferred to an Excel™ spreadsheet manually in one-

second intervals using a household vcr with remote. The recording tape would be
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advanced and then paused while the data was entered into the spreadsheet on a personal

computer. The non-invasive camera method was selected after it was discovered that the

former data acquisition system was stealing five volts from the welding arc environment.

The later system was used to diagnose the former problem and has proven to be adequate

in its own right and is totally unobtrusive to the welding environment.

The sample type and specific serial number was input into the spreadsheet and the

precise weld-on time was noted for each sample. The voltage and Amperage data filled

columns tagged opposite one-second weld time intervals. Later, from looking at the time

stamp on the calorimeter data, a precise dunk delay time would be established for each

weld sample. A calibration curve was constructed and used to correct for the estimated

heat loss occurring during the few seconds elapsing between weld-off time and dunking

into the calorimeter flask.

The electrode extension length was measured with machinist's dial calipers from

the stub clipped off at the contact tip and bagged after each weld. Any indication of a

ball was noted but ignored in the length measurement. Since no slope out or crater fill

machine parameters were used, the wire feed stops immediately with the end of the

welding preset time and the arc off event. The electrode extension data proved

inconclusive.
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Figure 3.2. The Volt-Ampere Curve for the Miller® Maxtron™450
FCA Welding Power Supply (Miller Electric Mfg. Co.).

The welding machine used was a Miller® Maxtron™450 in the CV mode with VA

characteristics as shown in Figure 3.2. The intrinsic slope is about 2.5 volts per 600

Amperes. The welding parameters would be programmed and sample welds made with

the selected electrode wire spool prior to welding on the samples.



Table 3 .3. Welding Parameter Schedule for Phase I and Phase II Studies
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Table 3.3 lists the welding parameters used in the study. The actual voltages

recorded were about one volt higher, on average. No slope-in, slope-out, or crater fill

times were used. The torch head was adjusted to vertical with respect to the baseplate

samples to be welded and the travel direction parallel to the length of the sample and

centered along the surface.

Welding

Set

Parameters

Set

Voltage

Set Wire

Feed

Speed

CTWD

(inches)

Torch

Travel

Speed

Welding

Time

Electrode

Polarity

Phase I 28 volts
200-300

IPM
0.75 12 IPM

20

seconds
DCEN

Phase n 25 volts 110IPM 0.75 12 IPM
20

seconds
DCEN

A series of weld coupons would be collected so that at least three welds for each

type of electrode would be available. They would be deburred as necessary from the cut

off operation and cleaned with acetone in an ultrasonic cleaner and dried-off with a clean

rag. A serial number was stamped into the long edge and the sample weighed. A three-

by-five inch office card was used to record the sample number and weight and the type

and date was prominently embellished on the unlined side of the card with a felt-tipped

marker. The card was then tapped to the machine instrument panel face so that the digital

meters and the card were visible through the range finder of the camera. The weld
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sample would be placed on the welding fixture with the CTWD preset. The calorimeter

was set up nearby on a cart and would be started so that the scale under the dewar would

be sending the mass changes over time to the data acquisition computer and the results

plotted on its computer screen. Then the camera would be focused and turned on and the

weld program initiated. Following the 20 second weld the sample would be dunked into

the dewar and clamped with the pliers. The camera would be shut off and the data card

collected and put into the plastic zip bag. The electrode extension was then clipped flush

with the contact tip and the nub placed into the bag with the card. The bag would also

have identification data written on the outside. A hole-puncher was used to punch a hole

in the outermost seam of the bag to allow placement of the bag onto the handle of the

sample. After about 300 to 400 seconds the calorimeter would be reset, the data saved to

a file with the same name as the sample number and prepared for the next weld. The

calorimeter data would then later be transferred to a floppy diskette and then loaded into

an Excel spreadsheet file program for data reduction.

3.6. Electrode Manufacture

The steel strip used to make the electrode wires was procured from donations

fi-om the Arrowstrip® Corporation of Martins Ferry, Ohio, and consists of nominally 100

pound pancakes. The strip is AISI* type 1005 steel, 0.500 inches (12.7 mm) wide by

0.012 inches (0.3 mm) thick. The strip is loaded onto to payout wheel stand and then

threaded through the proper forming wheels at each of about seven stations. From the

last closing station the strip-come-tube is feed through two or three reducing dies in a

soap-filled die box and from there threaded onto a powered bull wheel.

* The American Iron and Steel Institute
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The flux powders were prepared by screening through 125 mesh screens and

weighed into marked re-sealable plastic food-storage containers to make 500 gram

batches. The powders were v-blended for 20 to 30 minutes and then placed in a glass

baking dish and baked-out over night at 100 to 150''C. The powders would then be

placed in a flux hopper that either consisted of a simple funnel with nozzle configuration,

if the powders appeared to be able to free flow without clogging, or into an electric

cartridge brass tumbler with feed nozzle utilized to prevent clogging. The powder flow

rate would be characterized using a stopwatch and the electronic scale employed to

monitor the flux flow. Various nozzle diameters were fabricated using a numbered drill

index so that a consistent flow could be achieved with a given flux formula. The linear

density of the strip is 0.298 grams per centimeter and through experimentation the

optimum range for driving the strip through the forming bench is from 40 to 120

millimeters per second. Therefore, the powder must flow consistently in the range of

from 10 to 30 grams per minute to achieve a consistent 15 weight percent flux to sheath

fill ratio.
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Figure 3.3. The Colorado School of Mines FCA Wire Electrode Forming
Bench

A photograph of a portion of the strip-to-tube cored wire forming bench is shown

in Figure 3 .3. The strip is pulled from a vertical payout wheel from the left just outside

of the picture, travels through the adjustable forming wheels into a trough just below the

flux hopper where the flux load is channeled into the open "u" of the strip in the middle

of the picture, and then through the final three closure wheels. From the closure wheels

the tube is pulled through two or three reducing dies in a die box and then spooled onto

the bull wheel. Several more die reduction passes through the die box are necessary

before the wire is cleaned and spooled onto a reel compatible with the welding machine.
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The computer was programmed to read the digital scale in user defined time

increments, usually one second intervals, and read data from a calibrated optical

tachometer such that pertinent information is displayed on the computer screen during the

manufacturing process. The operator could control the strip speed to keep the fill ratio

constant and monitor the total amount of wire being made. The screen displayed grams

per minute flow rate, the strip speed, the average weight percent fill over a user defined

time interval, and the total mass of wire produced. The data was then saved to disc with a

file name indicating the weight percent and type of exothermic addition with a dot dat

extension, (i.e. 20Mg.dat is the file name given the first 20 weight percent magnesium

type electrode), while calorimeter data is dot cal extension.



71

24-

22-

20-

18-
y  V V \l\/^

e 16-
V

§ 14-
i 12-
<D

2 10-
s

Average flux load; 19.7 %

1 8- Standard deviation: 0.9%

6-

4-

2-

0 -

c

'  1 ' 1 < 1 < ] • 1 ^ 1 1 1 1 1

1  2 4 6 8 10 12 14 16

Time (minutes)

Figure 3.4. Typical FCA Welding Electrode Manufacturing Data

Figure 3.4 shows the result of an early electrode fabrication run before any means

of controlling the strip speed was available. The powder is flowing through a nozzle

mated to a vibrating engraving tool. The Phase I electrodes used a very fine hematite

such that the packing density was dominated by the coarser metal powders. The dense

packing possible with the fine powder resulted in a systematic change in linear wire

density for the fixed fill ratio employed.
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Figure 3.5. Phase I Electrode Linear Density as a Function of Weight
Percent Magnesium Type Flux Addition

Figure 3.5 shows the loss in linear density with increasing magnesium content

(decreasing iron content) of the Phase I electrodes. Figure 3.6 shows how the Phase I

electrodes should theoretically vary in cross section of the flux core for a given fixed

electrode diameter assuming 100 percent packing density while Figure 3.7 shows the

actual mounted cross sections of the as fabricated Phase I electrodes. Unfortunately the

heat and pressure of the bakelite mounting techniques forced some amount of distortion

and "unwrapping" of the finished mounts. The electrodes are in fact very smooth in

finish and consistent in cross section at 0.062 inches (1.6mm) diameter, such that the

seam is barely distinguishable to the unaided eye.



Wire Densities

Wire

0 wt% tfiermite flux

10 wt% thermite flux

20 wt% thermite flux

30 wt% thermite flux

40 wt% thermite flux

50 thermite flux

Density (g/inch

0.327

0>317

0.307

0.294

0.281

0.276

Expressions relating linear wire density and the radius
of the flux core to flux density:

!■■■■ m

i:
r = radi«-s efflux core
1 = linear density of flux-cored win?
R = radius of the flux-cored wire
f == wei^t percent flux
pju = density of the metal sheath
pf =" density of the flux core

Figure 3.6. The Relationship between Flux Density and Inner Core
Radius for a Fix Electrode Diameter and Flux Fill Ratio for the Phase I
Electrodes (100% packed)
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Figure 3.7. Phase I Excess Magnesium Type Electrode Cross Sections
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Figure 3.8. Linear Density as a Function of Weight Percent Aluminum
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The powders were more closely matched in size for the Phase II electrodes and

the relative packing less dense. The linear densities for all of the Phase II electrodes

show much less variation and measure about 0.12 grams per centimeter. Figure 3.8

shows the linear electrode density as a function of weight percent aluminum type flux

addition. The lower packing density as compared to the Phase I electrodes and the

change to a coarse grained hematite allows for a more constant linear density value as a

function of exothermic concentration level.
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4. RESULTS AND DISCUSSION: PHASE I ELECTRODES

4.1. Calorimetrically Measured Heat Input as a function of Early Magnesium

Type Exothermic Flux Addition

Figure 4.1 shows the peak in measured heat input with percent early magnesium

type flux addition, similar to the peak found in the SMA welding case (see Figure 1.2). A

peak in the measured heat input is indicative of the function passing through an optimal

efficiency condition. As the percentage of magnesium plus hematite in the flux

increased, the arc was observed to get subjectively brighter. Obviously the magnesium

was burning in the arc. Since the Contact-Tube-to-Work-Distance (CTWD, refer to

Figure 2.3) was kept constant at 0.75 inches (19 mm) and an increase in exothermic

addition results in a decrease in steady state electrode extension, the arc column length

must increase with increasing addition for a given welding condition.



79

90

2 110

I  200 ipm

10 20 30 40

Weight Percent Reactive Addition

50 60

Figure 4.1. Calorimetrically Measured Heat Input as a Function of
Percent Reactive Addition for Early Magnesium Type Flux at 200 Inches
Per Minute Melting Rate (85mm per second), FCA Welding Process.

As the arc lengthens the contact area with the workpiece gets larger because the

arc flares out, partly due to space-charge effects. For a constant electrical power setting

the energy density in the contact area decreases. The radiation losses increase to the

point that although more heat energy is being generated through the arc with increasing

exothermic flux concentration, less goes into the workpiece to be measured by the

calorimeter. Less energy is likewise available to melt into the workpiece. The higher

percentage wires, those performing beyond the measured peak in heat input, may have

further practical or experimental use at some other weld parameter setting.



80

At the fixed torch heights used in this experiment, a peak in measured heat input

was found at about 20 percent for the magnesium type exothermic flux and 200 EPM

(85mm per second) melting rate. It is expected that lowering the CTWD or otherwise

optimizing the welding parameters for each of the wires with higher exothermic

concentration would offset the increase in radiation losses incurred with longer arc

lengths. It is conceivable that with high enough exothermic concentrations that a

minimized arc could be maintained in a stable fashion even with a slightly negative

CTWD, once the arc was estabhshed on the work surface and a large molten pool is

formed. The jetting action of the arc and exothermic reaction forces could keep the

molten weld pool depressed enough for this situation to be tenable. One would then

expect a substantial increase in overall "arc" process efficiency as a large portion of the

radiation would be captured, that would otherwise be lost. Specialized narrow-gap GMA

welding procedures have been published that in deed utilize negative CTWD values [59,

60, 61] with large gains in arc process efficiency, without exothermic chemical heating.

Other welding parameters also could be optimized for each type of wire electrode.

Increasing the wire feed speed is known to lengthen the electrode extension

thereby shortening the arc length for a fixed CTWD. A shortened arc length tends to

constrict the arc and increase the energy density at the work surface. Further experiments

were conducted with this initial batch of magnesium type flux (that utilize the fine red

"paint pigment" hematite), at increased wire-feed speeds. Recall that at steady-state arc

welding conditions the wire-feed speed is equivalent to the electrode melting rate.

Figure 4.2 shows the measured heats as a function of percent early magnesium

type exothermic flux concentration for melting rates of from 200 to 300IPM (85 to

I27mm per second) in steps of 25 IPM (I0.5mm per second).
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Figure 4.2. Calorimetrically Measured Heat Input as a Function of Weight
Percent Addition for Magnesium Rich Type Flux at 200 to 300 Inches Per
Minute Melting Rate (85 to 127mm per second).

The measured peak diminishes in relative extreme and shifts from about 20

weight percent back to about 10 weight percent addition as the melting rate increases.

Perhaps the rapid vaporization and ejection of the molten metal and other constituents has

a relative coohng effect on the arc after the peak in process efficiency that is

compensating for the expected heat additions of the higher concentration levels of

exothermic flux constituents. All of the test welds in this batch were marked by

excessive weld spatter. Heat losses are associated with spatter. Those droplets
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depositing themselves on the worktable, nozzle, fixturing, and the shop floor do not

contribute to the calorimetrically measured heat input.

4.2. Electrical Energy Consumed as a Function of Early Magnesium Type Flux
Additions

Since the welding current goes up with melting rate for the CP machine employed

it is expected that the measured heat input also increase with an increase in wire feed

speed. Figure 4.3 shows the plotted results of measured electrical energy consumed as a

function of reactive addition concentration level for the five wire feed speeds studied in

Phase I. Peaks were found in the measured electrical energy as a function of weight

percent early magnesium type flux content. These plots look similar to those plots of the

measured heat input as a function of exothermic flux concentration however the peaks are

not precisely located at the same concentration levels.
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Figure 4.3. Electrical Input Energy as a Function of Weight Percent
Addition for the Magnesium Rich Type Flux at 200 to 300 Inches Per
Minute Melting Rate (85 to 127mm per second).

Apparently the higher melting rates are not conducive to increasing the measured

heat inputs above that attributed to the increases in current inherent to the higher wire

feed rates. The reactions are happening so violently that the extra heat is simply being

irradiated away and not conducting into the baseplate. Spatter increased noticeably with

increasing melting rate. The measured heat input and electrical power consumed peaks

most closely match each other in the 200 ffM case at between 10 and 20 weight percent

magnesium type flux concentration. The lower wire feed speed also produced the most

realistic looking weld beads, however even these welds were generally lacking in
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measurable weld morphological features such as weld overhead and weld cross-sectional

area. It was believed at this time that these early experimental self-shielded flux formulas

needed to be optimized as to shielding gas forming content in order to achieve

metallurgically acceptable welds. Helpful additions to the Phase I fluxes would likely

consist of carbonates (probably lithium carbonate) to the flux formulation. Commercial

self-shielded FCA welding electrodes employ gas generating flux compounds mainly in

the production of carbon-dioxide to provide atmospheric protection of the molten weld

pool primarily through the mechanism of displacement of this atmosphere rather than

engaging in reactions with it [4, 5]. Also, the presence of lithium assists in controlling

the nitrogen contamination content.

Recall that all of these Phase I wires contained excessive amounts of non-reacted

(commercially pure) magnesium in the flux in the proportion of twice the amount of

magnesium to hematite as that dictated by stoichiometry. The later studies of Phase II,

involving stoichiometric mixtures and a reduced melting rate, produced quite acceptable

weld bead morphologies without the use of any external shielding gasses or otherwise

unconventional welding practice.

4.3. Electrode Melting Rate as a Function of Welding Current,

Voltage, and Power

Figure 4.4 [62] depicts the typical relationship between the electrode feed rate and

the measured welding current for some self-shielded FCA welding electrodes of various

diameters. In the range of zero to 250IPM (635 cm per minute) wire feed speed and zero

to 300 Amperes, for the 1/16*** inch (1.6 mm) diameter electrode, the relationship is

practically linear but it is slightly and smoothly increasing.
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The nonlinearity progressively increases as the welding current increases and is

thought to be due to the added resistance heating of the longer electrode extension (length

of electrode beyond the contact tube, refer to Figure 2.3), for cases not involving

exothermic additions to the flux. Therefore, any extraneous welding parameter directly

or indirectly affecting the electrode extension length should result in a non-linear

response (a hump or a dip) in the melting rate as a function of welding current

relationship. Exothermic reactions occurring in the welding arc most surely effect the

steady state electrode extension length. The electrical resistance of this part of the

electrode is in direct proportion to this length. As the set wire feed speed (steady state

electrode melting rate) is increased, for a constant voltage (CP) machine, the welding

current consumed will normally increase at a slightly increasing rate. For non-reactive

electrodes the relationship of feed rate as a function of current is practically linear,

smoothly varying and increasing.
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Figure 4.5. Melting Rate as a Function of Welding Current for the
Initial Baseline Composition Electrode.

Figure 4.5 is a graph of the set wire feed speed (or melting rate) as a function of

the measured average current values for the early baseline electrode with no exphcit

exothermic flux addition. The resulting graph compares well with the published

relationship presented in Figure 4.4 with the exception of an inflection point at

approximately 290 Amperes and 225 IPM (95mm per second) electrode feed rate.

Clearly some sort of mechanistic change in the arc process occurs here. Figure 4.6 is of

the same data but replotted with the independent variable as the abscissa.
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As the wire feed speed is increased, the current level rises. The shght hump in the

curve at 225 IPM (95mm per second) in the welding current for the baseline electrode is

also observed for other Phase I electrodes as well. A slight drop from hnearity (also at

225 IPM, 95mm per second) for this baseline electrode is observed in the welding voltage

as a function of melting rate (see Figure 4.8, page 90). Be reminded that the baseline flux

composition consists of a full 60 weight percent of industrially pure iron powder. The

baseline flux formula is not really directly representative of contemporary commercial

FCA welding electrodes such as for the data presented in Figure 4.4, page 85. Iron

powder reacting with any source of oxygen, atmospheric or otherwise, is exothermic in

and of itself, with several different oxidation states or combustion paths available in the
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welding arc practically simultaneously. Iron powder is also a much better conductor of

electricity than other flux powders it is probably displacing. It is not surprising in light of

this fact that a particular wire feed speed optimizes the exothermic effect in the arc for a

given pure metal concentration level, and manifest itself in the welding current response.

These effects should have a measurable influence on the dynamic arc resistance and

hence effect the welding current for a given voltage and power setting, and this

assumption appears valid.
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Figure 4.7. Welding Power as a Function of Melting Rate for the Initial

Baseline Composition Electrode.
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Figure 4.7 shows the electrical power consumed in the weld as a function of set

wire feed speed for the early baseline electrode. Since electrical power is the product of

current and voltage, and a CP machine fairly well keeps the voltage constant, then

electrical power will scale with current. The measured heat input should then increase as

the electrical power input increases.

The power. Figure 4.7, and the current. Figure 4.6, both trend upwards with

melting rate in much the same fashion, but at higher melting rates the voltage, as shown

in Figure 4.8, actually decreases slightly.
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Figure 4.8. Welding Voltage as a Function of Melting Rate for the Initial

Baseline Composition Electrode.
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For a fixed CTWD an increase in wire feed speed will result in an increase in

electrode extension and a shorter arc length. Voltage is proportional to arc length even

for a given setting on the CP machine, yielding a decrease in voltage with an increase in

melting rate. The nonlinear "bump" in both the current and voltage as a function of

melting rate relationships is being attributed, to some extent, to the exothermic reactions

in the arc. At the tip of the electrode the "extra" heat given off from the oxidation of the

pure metal powder allows the electrode extension to bum back more effectively for a

given electrical power consumption level, even for this baseline flux composition.
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Figure 4.9. Welding Current as a Function of Melting Rate for the Phase I
Magnesium Type Flux Filled Electrodes.
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Figure 4.9 depicts the welding current as a function of the wire feed speed for the

six experimental electrodes of the Phase I study. The function for the 10 weight percent

magnesium electrode is practically the same as that for the baseline electrode. The

functions for the 40 and 50 weight percent electrodes are likewise similar to each other,

otherwise in general for the mid-range concentration levels, the current required to

maintain a given melting rate decreases with increasing exothermic concentration.

Apparently, the higher concentration levels of reactive addition allow the electrode

extension to melt back further for a given electrical power setting than for the baseline (0

percent Mg) case. The self-regulation aspect of the FCA welding wire feed process

therefore requires less current with more reactive addition than for the baseline (non-

addition) case. Figure 4.9 and Figure 4.10 reveal this general trend.
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Figure 4.10. Welding Current as a Function of Melting Rate for Phase I
Magnesium Type Flux Electrodes with Trendlines for Zero, 20 and 30
Weight Percent Magnesium.

In Figure 4.10 trendlines have been added for analytical purposes for the basehne,

20 and 30 weight percent magnesium functions, with the linearization equations

displayed in boxes. The slopes for all the trendlines fall between the slope values for the

20 and 30 weight percent lines. The average slope value for all trendline fits is 0.718

Amperes per inch per minute feed rate (2.83 Amperes per millimeter per second). The
approximate current reduction at a given feed rate scales as about one Ampere per single
weight-percent magnesium type addition in the range between 10 weight percent and 40

weight percent addition for these Phase I electrodes. The deviations from linearity are
primarily due to the presence of the exothermic flux constituents.
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Figure 4.11. Welding Power Consumed as a Function of Melting Rate for
the Phase I Magnesium Type Flux Filled Electrodes

Figure 4.11 reveals how the welding power consumed responded to the set

melting rate for all of the Phase I electrodes. As might be expected the plots are very

similar to those for the welding current response depicted in Figure 4.10. Subtle

differences are due to the slight voltage variation with melting rate among the various

electrodes studied even though a CP welding machine was employed. The voltage

variation plot was presented in Figure 4.8, page 90.

The effects of the electrode extension length on the welding current for otherwise

constant welding conditions were briefly mentioned. Halmoy [63] has studied the effect
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with the GMA welding process and has produced plots of wire feed speed as a function

of electrode extension current density. The plots are reproduced in the following Figure

4.12:

200

V.*0.5

200 300

J

400 500

Figure 4.12. Electrode Feed Rate as a Function of Current Density and
Electrode Extension with Lines of Constant Length, Heat and Voltage for
GMA Welding Processes [63].

V is the electrode feed rate in meters per minute, J is the electrode extension current

density in Amperes per mm^, L is the extension length in mm, Hl is the linear constant
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electrode extension heat density condition in Joules/mm and Vl is the constant electrode

extension voltage condition in Volts.

With the Holmoy equations given in the reference [63], for a constant wire feed

rate (electrode melting rate at steady state) an incremental increase in voltage as a

function of an instantaneous change in current will give a negative incremental change in

resistance. The simple meaning is that the drop in resistance (ignoring any extraneous

electrical effect due to chemistry) occurring with the implied physical reduction in

electrode extension length L accompanying the voltage increase (longer arc, fixed

CTWD) will dominate over the self-regulation current decrease in the immediate region

of the electrode extension. Halmoy points out further that although the electrode

extension electrical resistivity is a strong function of temperature, and the temperature

along the extension varies from ambient at the water cooled contact tube tip to 1600 °C

(the melting point of steel) at the arc interface, the specific resistance at these boundaries

will not change with changes in electrode extension length, because the temperatures at

the boundaries are invariant. Therefore, for a given electrode extension length the

resistance per length is a constant (or can certainly be treated as such). The experiment

results of Waszink [64] confirm the fact. The relationships were presented for the GMA

welding process. Except for the as yet undocumented effects of these experimental flux

cores and the lack of an external shielding gas, the electrode extension should behave

similarly in the FCA welding self-shielded system.

Ushio, et al. [38], has shown that for FCA welding processes the current flows

mainly in the steel sheath, even for those electrodes partially filled with iron powder. For

high current levels (above 100 Amperes) and their associated feed rates, the current and

heat flow by and into the core is negligible. Exothermic additions would be expected,

however, to shorten the electrode extension length L and thereby perturb the arc through

changes in the electrical properties of the electrode extension/arc system. The humps in
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the functional curves presented for the Phase I studies are very likely the result of the

exothermic additions.

4.4. Normalized Measured Heat Input and Electrical Energy Consumed as a
Function of Early Type Magnesium Flux Concentration and Melting Rate

Since the graphs of welding power and current as a function of weight percent fill

exhibited peaks similar to the measured heat input (from the calorimeter) as a function of

concentration, the data should be normalized to the baseline values of power (current),

and measured heat input. Creating such relative scales in which the calorimetrically

measured heat input value and the electrical power consumed for the baseline weld

sample is unity allows the differences due to explicit exothermic additions to be observed

more clearly. Figure 4.13 is a plot of such normalized data at a melting rate of 200 EPM

(51mm per second) and clearly shows the effect of the exothermic flux addition on the

measured heat input and the electrical power consumed.
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Figure 4.13. Normalized Measured LN Heat Input and Electrical Power
Consumed for Early Magnesium Type Flux at 200IPM Melting Rate
(85mm per second).

At the 200 IPM (51mm per second) melting rate, the 10 and 20 percent by weight

fluxes exhibited substantial increases in measured heat inputs (slightly more than 20

percent) over the baseline welds. The electrical power consumed also went up slightly
(between one and two percent). The measured heat then drops with increasing flux

concentration (to about one percent above the zero addition baseline value) for both the

40 weight percent and the maximum flux concentration studied (50 percent by weight).

The electrical power consumed also drops, to below the baseline value by about five-

percent for both of the higher concentration values. Perhaps the presence of the

exothermic reactants is lowering the arc resistance at these concentration levels.
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Certainly, when consideration is given to the electrical properties of the physical

combination of the electrode extension and the arc length as a whole (extending uniquely

the dimension of the CTWD), a reduction in electrode extension length believed to

accompany exothermic flux additions, must reduce the resistance contribution of the

electrode. Concomitantly, of course, the arc must lengthen.

These early magnesium type exothermic additions therefore measurably affect the

welding process in at least two ways. First, directly in the form of an increase in the

measured heat input for low concentrations (10 to 20 weight percent with about a 20

percent increase in measured heat input). Secondly, indirectly in the reduction of

electrical power consumed (of about five percent for concentration levels of 30 to 50

weight percent). Since the welding voltage was held essentially constant by the power

supply employed, the effects of the additions on the welding power are mainly through

the welding current. These effects taper off with higher melting rates and are completely

gone at 300IPM (76mm per second) for all concentration levels studied in Phase I.

Figure 4.14 shows the normalized measured heat input and electrical power

consumed for a 25 EPM (64nim per second) increase in melting rate to 225 IPM (95mm

per second) wire feed speed. At the 10 weight percent flux addition level the measured

heat increase of about 5 percent over the baseline is much less than the 20 percent value

for the 200 EPM (85 mm per second) case while the electric power consumed remains

practically unchanged fi-om the baseline value. At 20 percent by weight addition the

measured heat increase was about four percent over the baseline while the electrical

power consumed dropped by approximately four percent.
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iFigure 4.14. Normalized Measured LN Heat Input and Electrical Power
Consumed for Early Magnesium Type Flux at 225 IPM Melting Rate
(95mm per second).

At 30 weight percent addition the measured heat input is the same as that for no

addition while the electric power consumed is slightly more than five percent below the

baseline value. Again, the results for the 40 and 50 weight percent additions are

practically the same as each other however in this case the measured heat input values are

actually reduced below that of the baseline value, by slightly less than four percent. The

electrical power consumed is a full 10 percent less than the baseline value. In this

melting rate region at the higher two concentration levels the exothermic additions result
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primarily in a reduction of electrical power consumed rather than in a measurable

increase in heat input directly.
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Figure 4.15. Normalized Measured LN Heat Input and Electrical Power
Consumed for Early Magnesium Type Flux at 250IPM Melting Rate
(106mm per second).

Figure 4.15 depicts the normalized results for the 250 IPM (106mm per second)

melting rate. The beneficial heat effects of the exothermic additions are not observed at

all for the 10 and 20 weight percent concentrations. The slight, perhaps two percent,

increase in measured heat input at the 10 weight percent level is practically offset by the

one percent rise in electrical power consumed. The 20 weight percent values at this
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melting rate are indistinguishable from those of the baseline for both power and heat

input. The 30 weight percent addition at this melting rate also reveals no measurable heat

input change from that of the baseline. The electrical power consumed for this 30 weight

percent data set reveals, however, a five- percent reduction in electrical power fromlhe

baseline value. At 40 weight percent a maximum of 10 percent reduction in power

consumption is recorded along with a reduction in measured heat input of about four-

percent. The 50 weight percent data set shows only about a two- percent reduction in

measured heat input while the power consumed is reduced by seven percent.
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Figure 4.16. Normalized Measured LN Heat Input and Electrical Power
Consumed for Early Magnesium Type Flux at 275 IPM Melting Rate
(116mm per second).
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Figure 4.16 shows the results for the 275 IPM (116mm per second) melting rate.

Both the normalized measured heat input curve and the normalized electrical energy

consumed curve are relatively flat with the unity value line of the baseline weld. Only

the 10 and 20 weight percent values show an increase in measured heat input of about

two and one percent respectively. All other values in this figure are negative. The

reduction in electrical consumption ranges from zero to about seven percent within the

range of flux concentrations while the reduction in measured heat input goes fi-om about

zero (0.6 percent) at 30 weight percent to about three percent at 50 weight percent. The

measured effects of the Phase I exothermic flux additions appear to be most benign at this

275 IPM (116mm per second) melting rate. Little change in either measured heat input

or electrical energy consumed is observed at this melting rate.
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Figure 4.17. Normalized Measured LN Heat Input and Electrical Power
Consumed for Early Magnesium Type Flux at 300IPM (127mm per
second) Melting Rate.

Finally, at 300 IPM (I27mm per second) wire feed speed Figure 4.17 shows
practically no change in measured heat input for the 10 and 20 weight percent trials
compared to the values recorded for the baseline electrode. For this wire feed speed all
measured heat inputs for the various weight percentages were less than that recorded for
the baseline electrode. Likewise, for the electrical power consumed, all of the values

recorded were below those corresponding to the baseline electrode, more so than at 275

IPM (116mm per second). In the measured heat input case the values decrease from an
absolute minimal difference of minus 0.5 percent at 10 weight percent addition to an

absolute maximum of minus 6.4 percent at 50 weight percent addition. The electrical
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power consumption at this melting rate varied from an absolute minimal difference of

minus 4.0 percent at 10 weight percent addition to an absolute maximum difference of

minus 10.3 percent at 40 weight percent addition. Above the 200IPM (85mm per

second) melting rate the higher reaction rates of the exothermic additions allowed by the

higher sheath melting rates simply leads to much higher radiation and spatter losses.

Lower melting rates would likely better utilize and control slower exothermic reactions.

4.5. Net Gain Values Normalized Heat Input Benefit Plus Electrical Power
Reduction as a Function of Early Tj^e Magnesium Flux Concentration
and Melting Rate

Since a reduction in the electrical power consumed, brought about for a given

welding condition by the addition of chemical heating components, is likely to be as

beneficial as a directly measurable increase in heat input (in Joules), a composite

normalized energy scale, in relative percent, is composed. By subtracting the percent

electrical power difference from the percent measured heat-input difference for each

welding condition, a net gain value is calculated. The normalized dimensionless

parameter values used to create this composite gain value are presented in tabular form.

The first table lists the measured heat inputs relative to the baseline value. The

second table lists the electrical power consumed relative to the baseline value. The third

table lists the net composite gain values. Comments and the corresponding graphical

representations follow these tables. From Table 4.1 the largest gain in measured heat

input over the baseline value occurred with the 20 weight percent addition at 200 IPM

melting rate with a 22.4 percent difference. From Table 4.2, the largest reduction in

electrical power consumed occurred at the 225 IPM melting rate for the 40 weight

percent addition with a 10.7 percent reduction from the baseline value.
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Table 4.1. Percent Calorimetrically Measured and Normalized (Dimensionless) Heat
Input Change from Baseline Value.

Weight Percent Mg Flux:
10 20 30 40 50

Wire Feed Speed (IPM)
200 20.9 22.4 16.2 12.2 11.3
225 4.3 3.1 0.4 -0.2 -0.3
250 2.7 0.0

1

o

-3.2 -2.0
275 2.3 1.3 -0.6 -2.2 -3.1
300 -0.5 -0.7 -2.5 -5.6 -6.4

The fact that the relative measured heat input generally goes down as the

exothermic concentration level goes up can partly be explained by the commensurate

reduction in linear electrode density. The exothermic flux compounds are lighter than the

iron powder that they displace in the electrode core. That the relative measured heat

input goes down with increasing melting rate can be explained by the fact that the arc

process efficiency of the baseline electrode, that these other electrodes are compared to,

increases substantially with melting rate, as shown later in Figure 4.22.

The fact that the relative electrical welding power consumed generally goes down

with increasing wire feed speed is best explained as being due to the corresponding

decrease in arc length and hence welding voltage and electrical power (see Figure 4.8).

That the relative electrical welding power consumed generally goes down with increasing

exothermic concentration level is believed to be due to the ease with which the electrode

extension can burn back with exothermic additions and the self-regulation nature of the

FCA welding CP power supply.
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Table 4.2. Percent Normalized (Dimensionless) Electrical Welding Power Change from
Baseline Value.

Weight Percent Mg Flux:
10 20 30 40 50

Wire Feed Speed (IPM)

200 2.6 1.9 -5.2 -5.5 -5.7
225 08 -3.4 -5.8 -10.7 -9.8

250 1.3 -0.9 -4.4 -9.6 -7.0
275 -0.6 -3.4 -5.1 -6.0 -7.4

300 -4.0 -9.2 -7.3 -10.3

1

OC
cn

Table 4.3. Composite Net Gain Values (Normalized Dimensionless Energy Scalars).

Weight Percent Mg Flux:
10 20 30 40 50

Wire Feed Speed (IPM)

200 18.3 20.5 21.4 17.7 17.0

225 3.5 6.5 6.2 10.5 9.5

250 1.4 0.9 3.7 6.4 5.0

275 2.9 4.7 4.5 3.8 4.3

300 3.5 8.5 4.8 4.7 3.1
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The largest composite gain, the percent measured heat input difference minus the

percent electrical power difference (from Table 4.3), occurred at 200IPM melting rate

and 30 weight percent fill with a 21.4 dimensionless composite normalized energy value.

The huge gain in normalized measured heat input of over 20 percent in this concentration

range far outweighs the concomitant reduction in electrical power consumption. The

lower melting rate, the lowest tested in the Phase I studies, garnered the highest overall

benefit of the exothermic additions, probably due to the provision for the longest amount

of time for nearly complete combustion of the pure metal additions.

All of the melting rates are plotted together for the normalized measured heat

input as a function of flux concentration in Figure 4.18. The rather extreme results for the

200 IPM (85nim per second) welds compared with the other wire feed speeds tested was

not expected and warranted a closer look at the data. Additional tests with the 20 weight

percent electrode were successfully reproduced and no errors were found. In fact entirely

new 20 weight percent wire was fabricated and tested with essentially the same results.
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Figure 4.18. Normalized Difference in Calorimetrically Measured Heat
Input as a Function of Weight Percent Early Magnesium Type Flux
Addition for the Various Melting Rates.

As noted earher the weld coupon was observed to glow red-hot from the backside

immediately following the administration of the weld. The higher the wire feed speeds

the more so. Part of the discrepancy is therefore attributed to a change in heat flow

mechanism of from three-dimensional "thick plate" condition to a two-dimensional "thin

plate" condition, beyond the 200IPM (85mm per second) melting rate. Generally,

spatter and radiation losses increased with increases in melting rate for the investigations

of Phase I.
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Figure 4.19. Normalized Difference in Electrical Power Consumed as a
Function of Weight Percent Early Magnesium Type Flux Addition for the
Various Melting Rates.

Figure 4.19 reveals the decrease in normalized electrical power consumed with

increasing melting rate for the 275 and 300IPM (116 and ' 127mm per second) welds and

generally as well the decrease for the 225 and 250 IPM (95 and 106mm per second)
welds, after 10 weight percent addition levels. The decrease is contrary to the

conventionally understood trend of increasing current with wire feed speed mentioned

earlier (recall Figure 4.4, page 85 [62]) for commercial electrodes. The presence of the

exothermic additions must be affecting the electrical properties of the welding process.
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Figure 4.20. Difference in Composite Normalized Energy Value as a
Function of Weight Percent Early Type Magnesium Flux Addition for the
Various Melting Rates.

Likely affects are within the arc environment and to the physical (thermal and electrical)

properties within the electrode extension.

The composite normalized energy value as a function of weight percent addition

of Figure 4.20 reveals again that at the 200 IPM (85mm per second) melting rate, the

lowest tested in Phase I, a significant increase from baseline values is recorded. By



112

including the measured reduction in electrical power consumed with the measured

increases in heat input via this normalized data, the maximum benefit of this early type

magnesium flux is shown to occur at around the 30 weight percent level rather than at the

20 weight percent level for the measured heat input variable alone. An intermediate

concentration level was not investigated.



113

C

>%

0)

£

N

75
E

0) p

E
o
o
c

0)
o
c
0)

o

25.00

20.00

15.00

10.00

5.00

0.00

i

-♦-10Wt%

-•-20Wt%

-A-30Wt%

-•-40Wt%

-*-50Wt%

175 200 225 250 275 300

Electrode Melting Rate In Inches Per Minute (IPM)

325

Figure 4.21. Difference in Composite Normalized Energy Value as a
Function of Melting Rate for the Various Phase I Flux Concentrations.

The fact that the 200 IPM (85mm per second) melting rate produced the best

composite gain over the baseline electrode for all explicit exothermic concentration levels

tested is perhaps better viewed by plotting the difference in composite normalized energy

in percent as a function of the electrode melting rate as in Figure 4.21. Apparently all of

the Phase I wires responded with maximum composite normalized energy benefit at the

slowest melting rate tested. This behavior is surprising in light of the fact that higher

wire feed speeds for the fixed 20 seconds of weld time must equate, at the very least, to

more total number of moles of exothermic constituent accompanied by the generation or



114

possible generation of more chemical heat. The measured heat input should go up with

melting rate if all or most of the pure metal provided is oxidized and all or most of the

heat of combustion is transferred into the weld coupon.

The minimal response for these electrodes occurred at about the 250IPM melting

rate (except for the 40 weight percent electrode where the minimum occurs at 275 IPM)

and starts to raise again going toward the higher melting rates. It is speculated that at

these higher melting rates the synergistic effects of the self-regulation and combustion

time effects with the exothermic constituents are mechanistically over-ridden. The

cooling effects of radiation diminish as the arc length shortens with the higher wire feed

speeds (for the given welding conditions) beyond the minimums. Perhaps the

mechanically induced melting rate compromises the natural reaction rate of the

exothermic constituents at the higher wire feed speeds. Also, the primary heat transfer

mechanism is believed to be undergoing a sudden change of from three-dimensional to

two-dimensional within the bulk of the weld coupon with melting rates above 200 IPM in

these initial "thin-plate" studies of Phase I. In the end it is believed that the radiation and

tremendous spatter losses dominate at the higher melting rates.

4.6. Calorimetrically Measured Heat Input and Electrical Energy Consumed
Equivalence for Phase I Electrodes

Another way to view the thermal data of the Phase I electrodes is to equate the

equivalent energies of the calorimetrically measured heat inputs in kiloJoules with the

electrical heat inputs also in kiloJoules. A theoretical one to one correspondence will

result at 100 percent electrical arc process efficiency with no chemical heating.
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Figure 4.22. Calorimetrically Measured Heat Input as a function of
Electrical Heat Input for Zero and Ten Weight Percent Magnesium Type
Flux Addition.

Figure 4.22 is a plot of the calorimetrically measured heat input in kiloJoules as a

function of the electrical energy input (also in kiloJoules). The data points are plotted in

the order of increasing melting rate from 200 to 300IPM in steps of 25 IPM (85

tol27mm per second in steps of 10.5mm). The most surprising aspect is with the bulk of

the data plotting above the 100 percent electrical efficiency (theoretical 1:1 ratio) line,

even for the baseline electrode.
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The typical FCA welding arc process efficiencies are taken to be similar to that

published for the SMA welding and GMA welding in the range of 65 to 85 percent (see

Table 2.1: Heat Source Efficiencies) [19], The deposition efficiency, the ratio of the

weight of metal deposited to the weight of electrode consumed, is published in the range

of 78 to 87 percent for self-shielded FCA welding processes [65], 50 weight percent iron

powder additions to the flux in the SMA welding process increases the deposition

efficiency, when corrected for current density, an additional 10 percent [66], The 60

weight percent iron powder concentration level of the baseline flux in this self-shielded

FCA welding Phase I electrode likely has a deposition efficiency in the mid to high

ninety percentile range. Excessive spatter and slag entrapment problems with the Phase I

electrodes precluded arc process efficiency assessments via weld area cross-sectional

measurements. Recall that these published arc process efficiency values are based on

fusion zone areas. Extraneous heat absorbed by but not used to melt either the filler or

the base material is not considered in the arc process efficiency measurements. The

liquid nitrogen calorimeter measures, quite efficiently, aU of the heat input into the weld

samples. Still, any calorimetrically measured heat input in excess of the 100 percent

electrical efficiency line must be due to chemical sources, even for the baseline electrode.

Pure iron quite easily oxidizes with several easily available oxidation states, none of

which are ever fully satisfied. Iron can go to FeO, FejOa, Fe304,.. .etc., exothermically

and back again endothermically. Industrially pure iron powder is used to enhance oxy-

acetylene cutting and gouging in both thick section and under-water applications. The

lack of a large excess heat quantity per mole is overcome by the engagement of shear

quantities of iron powder on the order of 50 and 60 weight percent of the total flux

content.

The deviation fi-om the slope of the theoretical one to one ratio of electrical input

energy to calorimetrically measured input energy is most notable for the baseline

electrode throughout the melting rates studied. A steepening of the slope above that for
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the theoretical one-to-one ratio line is attributable to two primary causes. First, an

increase in wire feed speed, for a fixed CTWD and other parameter settings, will lengthen

the electrode extension and shorten the arc length thereby increasing the arc process

efficiency. Secondly, an increase in melting rate, for a fixed weld time, increases the

amount of available chemical heat contributions of any exothermic flux constituents

residing in the electrode. Without the benefit of explicit exothermic flux additions the

baseline electrode has less ability to bum back at the higher melting rates, thus explaining

the slope variation.

The 10 weight percent magnesium electrode parallels the theoretical line until the

250IPM melting rate where it also undergoes a sudden steepening of slope. All the

points of Figure 4.22 plotted above the theoretical 100 percent electrical efficiency line

(except for the baseline electrode at 200 IPM melting rate) and this is attributed to the

chemical heat released through the exothermic reactions of the flux additions.

The energy equivalency plots for the 20 and 30 weight percent electrodes are

presented in Figure 4.23.
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Both electrode types follow the same slope as the theoretical ratio line for the first

few data points and all points plotted above it. Both of the electrodes imdergo an

inflection point near the 250IPM (106mm per second) melting rate. The slope is then

essentially flat for the last two (highest) melting rates tested for the 20 weight percent

electrode but remains relatively constant and steeper for the 30 weight percent electrode.

Higher melting rates equate to more chemical heat energy available with perhaps less

time for the reactions to be fully utilized in the welding process. Higher melting rates

also equate to longer electrode extension lengths with shorter arc lengths (with fixed
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CTWD). A higher melting rate usually means higher arc process efficiency and therefore

more measurable heat input.

Once the two dimensional heat flow mechanism is invoked, however, the

radiation losses can initially double. Heat can flow out of the sample from both the top

and bottom surfaces. The baseline electrode with 60 weight percent iron is most efficient

thermally at the highest melting rate tested and the explicit exothermic additions are

made at the expense of iron powder concentration. The heats of formation for the various

iron oxide compounds have combustion temperatures that more closely relate to the

melting point of iron and therefore, at least in bulk quantities, is perhaps more useful for

heat production and heat transfer in the welding of steel than the "hotter reacting"

magnesium type Thermit®. Refer to Table 2.2, page 29, for iron oxide Thermit® welding

reactions and their theoretical heats.
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Energy equivalency plots for the 40 and 50 weight percent early magnesium type
electrodes are presented in Figure 4.24. Both electrodes exhibit about the same initial
slope, steeper than that of the theoretical line, indicating an increase in heating efficiency
unth melting rate. Inflection points for both electrodes occur around the 250IPM
(106mm per second) melting rate region where upon the slope reverts back to about that
of the theoretical ratio Une. The positive effects of the exothermic additions are
diminishing in both cases as the melting inaeases beyond 2501PM (106mm per second)
and as the iron powder is further supplanted with exothermic ingredients. Perhaps the
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5. RESULTS AND DISCUSSION; PHASE II ELECTRODES

5.1. Calorimetrically Measured Heat Input as a function of Stoichiometric
Magnesium Flux Mixture

The Phase II electrodes obviously benefited from the revised (stoichiometric)

exothermic flux formulations and the more realistic welding parameters. The arc

behavior was stable and respectfully sound welds resulted directly for all of the Phase II

electrodes. No glowing from the back sides of the weld coupons was observed following

administration of the welds. Remarkably, the welding was successful with virtually no

parametrical explorations by simply using the mid-range values suggested in a

commercially available welding schedule published by The American Welding Society

[67]. The resulting wire feed speed was set to 110IPM (47mm per second).

The welds were sound and with less porosity than might be expected, given the

high probability for excessive weld oxygen production and inclusion content likely to be

associated with the exothermic additions and the self-shielded FCA welding process in

general. Although the switch to the coarse grained black crystalline hematite (once a

supply was obtained) most notably improved the physical flow characteristics of the flux

during wire manufacture, it is thought that the resulting improved consistency of mixing

and loading also enhanced the arc stability. Although welding with all of the Phase II
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electrodes performed well, the measured heat input results for the Phase II magnesium

type flux addition were initially somewhat disappointing. The measured heat input is

observed to go through a minimum about where a maximum was detected in Phase I.

Figure 5.1 shows the minimum in measured heat input at about 20 weight percent

magnesium type flux addition, without regard to the new baseline measured heat input.

The new baseline electrode represents the new fifteen weight percent flux to steel sheath

fill ratio of the Phase II electrodes. The overall drop in measured heat input values

compared to the Phase I electrodes is due primarily to the reduced wire feed rate setting

and hence current, used for ail of the Phase II study but also reflects an approximately 25

percent reduction in total flux content.
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Figure 5.1. Measured Heat Input as a function of Weight Percent Phase II
Magnesium Type Flux at 110IPM (47mm per second) Melting Rate (no
baseline value).

All of the experimental procedures were rechecked and re-evaluated and several

runs were performed again. The initial results were verified. The lowered melting rate of

the Phase II study is believed to provide ample time for the self-regulation aspect of the

welding process to occur to the fullest extent possible. The exothermic additions in the

flux also have more time to react, and perhaps to a greater extent, within the arc, for the

lower melting rate of the Phase II study. The result is a reduction in electrode extension

length that in turn leads to a longer, less efficient arc length for a fixed CTWD. The plot

including the new baseline value of about 60 kilo-Joules (59.1) of measured heat input as
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a function of weight percent magnesium concentration level is presented in the following

Figure 5.2.
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Figure 5 .2. Measured Heat Input as a function of Weight Percent Phase II
Magnesium Type Flux at 110IPM (47mm per second) Melting Rate (with
baseline value).

The measured baseline value of 59 kiloJoules is lower than the lowest magnesium

type electrode value and appears to align (linearly) with the measured values for the 20

weight percent and above electrodes. A peak is thus indicated in measured heat input
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precisely at the 10 weight percent value tested. Bearing in mind that each recorded data

point is an average of at least three weld test coupon results, the datum for this 10 weight

percent result is sound, but not necessarily representing the maximum in this local region.

The electrical energy consumed must also be considered when looking at the effect of the

exothermic additions on the calorimetrically measured heat input values.
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Figure 5.3. Electrical Power Consumed in Welding as a function of
Weight Percent Phase II Magnesium Type Flux Addition.

The electrical power consumed is plotted in Figure 5.3. A minimum is recorded

at the 20 weight percent level (ignoring for the moment the baseline value) that helps
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explain the minimum in measured heat input at that same level. The obvious maximum

in electrical power consumed at the 10 weight percent concentration level corresponds to

the maximum in measured heat input with calorimetry and confounds the ability to make

simple heat input assessments directly with exothermic concentration levels. Recall that

all Phase II test welds were performed with identical welding and setup parameters at a

single melting rate. The variation in electrical power consumption is mainly the result of

the electrical properties of the arc on the welding current, that is ultimately due in this

study to the presence of the exothermic constituents introduced into the arc environment.
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Figure 5.4. Measured Heat Input as a function of Weight Percent
Aluminum Type Flux Addition at 110IPM (47mm per second) Melting
Rate.
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The measured heat input as a function of weight percent addition results for the

Phase II aluminum type flux are presented in Figure 5.4. A minimum is recorded at the

30 weight percent level below the 59 kiloJoules posted for the baseline electrode. Also,

when considering the baseline value, the measured heat input at the 10 weight percent

level is below that measured for the 20 weight percent level. The 10 weight percent

value and the 30 weight percent value measured less than that of the baseline, while the

20 weight percent value measured about the same. Beyond the 30 weight percent level

the measured heat input again appears to be linearly increasing. The gains in measured

heat at the 40 and 50 weight percent value are likely due primarily to the increases in

electrical power consumption at these concentration levels.
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Figure 5.5. Electrical Power Consumed in Welding as a function of
Weight Percent Aluminum Type Flux Addition.

The power consumed in welding, Figure 5 .5, went way up with the 50 weight

percent aluminum type flux addition. These values were repeatedly measured. The

measured heat input also correspondingly went to a high value, although percentage-wise

the increase was not nearly as extreme. The minimum power consumed occurs between

the 10 and 20 weight percent flux levels and coincides with the minimum recorded in

measured heat input.

Recall that all Phase II studies utilized fixed 110IPM (47mm per second) melting

rate settings. For the fixed voltage of the CP machine used, the welding current
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consumed scales approximately with the wire feed speed and should therefore be constant

for all of the Phase II electrode studies. For fixed welding and setup parameters any

deviations in electrical power consumed must be due to a fundamental change in the

electrical properties of the welding arc/electrode extension system brought on through the

presence of exothermic flux additions.

Before presentation of the "normalized" data, for the sake of completion, the

measured heat input and electrical power consumed results for the 50-50 mix of

aluminum and magnesium type flux addition are presented in Figure 5.6 and Figure 5.7

respectively.



131

3
O.
C

(0
0)

(0
0)

s

75.00

70.00 -

65.00

■g 80.00

55.00

50.00

- 50-50 Al-Mg Flux|

—I 1 1—

10 20 30 40 50

Weight Percent 50-50 Al-Mg Type Flux Addition

60

Figure 5.6. Measured Heat Input as a function of Weight Percent 50-50
Al-Mg Type Flux for 110IPM (47mni per second) Melting Rate.

All of the 50-50 aluminum-magnesium electrodes of Figure 5.6 produced

measured heat inputs greater than the 59.1 kiloJoules posted for the baseline electrode. A

maximum of 65.75 kiloJoules, occurring at the 30 weight percent flux concentration, was

recorded. The results appear much smoother through the concentration value range than

for the singular aluminum or magnesium type flux addition cases. The arc behavior was

subjectively smoother as well. The individual 20 second current and voltage traces for

this type of electrode were generally, uncharacteristically smooth and unvarying as

compared with those of the other types of electrodes studied, including the two baseline
electrodes of Phase I and Phase II.
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Likely some synergistic interaction is occurring within the arc environment. The

combustion temperature of the aluminum Thermit® reaction is about 3000°C while that

for magnesium is about 5000°C. For the contemporary in situ Thermit® welding of

railroad rails, a magnesium ribbon is buried within a predominately aluminum Thermit®

mixture and used quite effectively to initiate and carry the charge [68], Within the

welding arc of the FCA welding process, in the presence of both traditional types of

exothermic additions, the burning of magnesium may make the ignition of the aluminum

easier and/or more complete via catalytic reaction path kinetics (or vice verse). Welding

in general is "/w situ" casting. The filler metal, if used, must be melted, cast, and fused

into the workpiece(s), without excessive burning. The lower combustion temperature of

aluminum is, therefore, perhaps better suited for welding than the hotter burning

magnesium alone, while the presence of magnesium ensures more complete ignition and

combustion of the aluminum. The presence of both types of metals in the welding arc

may also enhance the electrical properties of the arc.
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Figure 5.7. Electrical Power Consumed in Welding as a function of
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While the measured heat input as a function of exothermic concentration is

smoothly increasing for the 50-50 type flux, the electrical power consumed, as shown in

Figure 5.7, is not. A minimum of about 3700 Watts between the 10 and 20 weight

percent concentration levels, below the 4100 Watts posted for the baseline weld, is

exhibited while an apparent maximum of only 4115 Watts is recorded for the 30 weight

percent value. The trend with the 40 and 50 weight percent values is observed to be

linearly decreasing following the 30 weight percent value rather than increasing as with

the other two single exothermic component flux types. The significant result here is that

the measured heat inputs for the 50-50 type flux electrodes were strictly increasing from



134

the baseline value with increasing concentration while the electrical power consumed

dipped down below the baseline value. Then the power consumed recovered to a mere

fifteen Watts above the baseline level (three tenths of one percent of the total average

value) at 30 weight percent before dropping off again. The maximum measured heat

input and the maximum electrical energy consumed points do coincide however at the 30

weight percent level for these 50-50 type flux filled electrodes. Subjectively, all of the

50-50 aluminum-magnesium mix electrode types welded very smoothly. The arc was

stable with only normal amounts of spatter, especially in the lower concentration levels.
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Figure 5.8. Normalized Measured LN Heat Input and Electrical Power
Consumed as a function of Magnesium Type Flux at 110IPM (47mm per
second) Melting Rate.

Figure 5.8 depicts the Phase II normalized heat input and electrical power

consumed as a function of weight percent magnesium type flux addition. At the 10

weight percent level the large current draw obviously carries with it the large value for

the measured heat input. The art of making sound welds in the spray mode with a

continuous consumable electrode of experimental nature often results in unexpected

electrical responses from the power supply. For this type of electrode the electrical

energy consumed is above that consumed for the baseline electrode at all concentration

levels, but particularly at the minimum weight percent tested of ten. The real benefit,
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when corrected for the electrical energy consumed appears to be around the 40 weight

percent level. At the low weight percent condition the flux core has less ability to bum

back the electrode any additional amount than normal with the small amount of chemical

heat added. Here the normal self-regulation current-voltage interaction is essentially

unmitigated by the presence of such a small percentage of exothermic chemical addition.

The physical length of the electrode extension may not be so effected at low

concentration levels as is perhaps the electrical characteristics of the arc. A drop in arc

resistance would cause a rise in current from the CP power supply for a constant power

setting. At higher exothermic concentration levels the shortening of the electrode

extension dominates the electrical properties of the electrode extension/arc system. Both

the aluminum and the 50-50 aluminum-magnesium mix electrodes also display electrical

extremes at the lowest concentration levels however the results are in the opposite

direction from the magnesium only case. Apparently, at the lower concentration levels

the modification effects the current carrying ability of the arc whereas at the higher levels

the electrode extension shortening dominates the electrical behavior of the electrode

extension/arc couple.
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Figure 5.9. Normalized Measured LN Heat Input and Electrical Power
Consumed as a function of Weight Percent Aluminum Type Flux Addition
at 110IPM (47mm per second) Melting Rate.

Figure 5.9 shows a minimum in normalized electrical power consumed and

measured heat input at between the 10 and 20 weight percent addition levels. The effect

is just the opposite observed with the magnesium type flux filled electrode but perhaps

less extreme. One speculates then that the arc resistance is raised so that the current

response from the CP power supply is negative. Again, at the higher levels the

shortening of the electrode extension length recovers a dominant roll. The normalized

measure heat input from calorimetry is of course brought down by the electrical power
minimization at the lower concentration levels. At the higher concentration levels the

measured heat input recovers smoothly with the additional effects of chemical heating.
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Figure 5.10. Normalized Measured LN Heat Input and Electrical Power
Consumed as a function of Weight Percent Aluminum Type Flux Addition
at 110IPM (47mm per second) Melting Rate.

Figure 5.10 reveals the unexpected eight percent rise in measured heat input
opposite the eight percent reduction in electrical power consumed in the area of 10 and

20 weight percent additions. The excess heat can only be explained by the generation of
chemical heat. The other anomaly is the linear decrease in both the measured heat input
and the electrical power consumed at 30 weight percent and beyond. The slope in the
reduction of measured heat input is less than the slope for the electrical power decrease.

The likely indication is that chemical heating in the higher concentration levels is still

significant and at the least measurable. The peak in measured heat input at the 30 weight
percent level does however coincide with the peak in electrical power consumed. The
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additional current draw, for whatever reason, carries with it at this point a corresponding

increase in measured heat input characteristic of welds performed without the benefit of

exothermic chemical heat generation.

5.2. Composite Gain Values for Normalized Heat Input Benefit Plus Electrical
Power Reduction as a Function of Phase II Flux Concentration and

Melting Rate

As for the electrodes of Phase I a net composite gain value is calculated for the

electrodes of Phase II. No explicit melting rate comparisons are drawn here. However

the general trend of a diminishing heat benefit with increasing melting rate, beyond a first

measured maxima as tabulated for the Phase I data, is likely to hold forth. The recorded

decreases in normalized electrical power consumed with increases in set wire feed speed

(melting rate) of the Phase I study (see Figure 4.19, page 110) are contrary to the

contemporaneously published relationship for commercial FCA welding electrodes (see

Figure 4.4, page 85). This inverse relative relationship is likely to hold for the Phase II

electrodes as well. The main reason is being attributed to an attendant reduction in arc

resistance, brought on by the broadening influx of additional pure metal species of the

exothermic flux components (with lower resistivities compared to iron) and a shortening

of the arc, with increasing melting rate. A further explanation is presented later. The

normalized dimensionless parameter values are presented in tabular form. Table 5.1 lists

the percent normalized difference in measured heat input of the Phase II electrodes.
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Table 5 .1. Percent Normalized Difference in Calorimetrically Measured and Heat Input
from the Baseline Value.

Weight Percent Flux:
10 20 30 40 50

Flux Addition Type:

Magnesium 9.06 4.36 11.07 14.43 14.09

Aluminum -5.03 -4.83 -2.01 2.68 8.39

50-50 Al-Mg 6.01 7.72 11.22 10.12 9.82
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The highest increase in measured heat input for the Phase II study over the new

baseline electrode occurs with the magnesium type flux at 40 weight percent flux

concentration. The value posted represents about a fourteen and one half percent increase

over the approximately 60 kiloJoules heat input recorded for the baseline. The 50 weight

percent magnesium type electrode produced slightly less measured heat input at about

fourteen percent over the baseline. The apparent anomaly with the magnesium type flux

is with the as mentioned minimum recorded at the 20 weight percent flux concentration

level of only four percent above the measured heat input for the baseline. The 20 weight

percent level is precisely the concentration level of the early magnesium type flux that

resulted in an overall experimental maximum of slightly more than a 22 percent increase

from the Phase I baseline. The Phase I electrodes contain twice the magnesium as

required by stoichiometry and were filled to 20 percent higher flux-to-sheath ratios.

Also, the 200IPM melting rate of the Phase I electrode is just about twice the 110 EPM

used in Phase II. These reasons may explain the differences in absolute measured heat

values but do not explain the relative maximum/minimum difference. For this one must

be able to measure actual weld bead formations, something not possible with the Phase I

electrodes.

The Aluminum type flux posted a maximum measured heat input at the 50 weight

percent level of about eight percent over the baseline. The minimum posed was a

minimum for all of the Phase II electrodes of minus five percent at the lowest

concentration level tested of 10 weight percent. The trend of increasing relative

measured heat input with weight percent addition is smoothly varying but when

compared to the baseline value a minimum extreme likely occurs between the 10 and 20

weight percent levels and coincide with a large drop in electrical power consumed.
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The percent normalized difference in calorimetrically measured heat input from

the baseline value for the 50-50 Al-Mg type flux shows a maximum of slightly more than

eleven percent at the 30 weight percent concentration level. The minimum is recorded at

the 10 weight percent level with a six percent increase in measured heat over the baseline.

Figure 5.11 is the plotted results of the tabulated data presented in Table 5.1, page 140.
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The smooth all positive responses of the 50-50 Al-Mg electrode and the smooth

largely negative responses of the aluminum type electrode contrast with the extrema of

the magnesium type electrode. Clearly the calorimetrically measured heat input data is

only part of the description. The electrical responses of the welding machine, presented

in Table 5.2 and plotted in Figure 5.12, must also be considered.

Table 5.2: Percent Normalized Difference in Electrical Power Consumed from the
Baseline Value.

Weight Percent Flux:
10 20 30 40 50

Flux Addition Type:

Magnesium 13.95 1.89 2.31 1.72 2.55
Aluminum -8.97 -9.89 0.15 -2.57 9.84
50-50 Al-Mg -7.79 -6.22 1.71 -0.54 -2.94
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Figure 5.12. Percent Normalized Difference in Electrical Power
Consumed as a Function of Weight Percent Exothermic Flux Addition.

The salient feature of Figure 5.12 is the obvious spike in relative electrical power

consumed of the magnesium type electrode at the lowest weight percent tested.

Magnesium, like aluminum, has a higher electrical conductivity value than iron, and, like

aluminum the oxide formed via the exothermic reaction forms a rather effective electrical

insulator. When introduced in powdered form into the arc environment at the expense of

the iron one expects that the arc resistance should either be raised or lowered compared to

the baseline condition. An interesting fact concerning power transfer through a variable

load resistor is that the power absorbed by this resistor is maximized when the load

resistance happens to equal the instantaneous internal power source resistance (see
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Appendix C). Also, power cannot be absorbed whenever the load resistance is infinite

(open circuit) or zero (short circuit), and all of the energy absorbed by the load resistor is

dissipated and converted to heat by the resistor. Practically no other "work" is being

performed by this energy. The point is that whenever the load resistance, in this case the

arc resistance, passes through an ohmic value equal to the internal resistance of the CP

power supply, then the power dissipated and converted to heat in this load resistor will

pass through a maximum. Perhaps the combination of easily ionized, highly conductive

pure metal powders and the rapid creation of metal oxides of negligible electrical

conductivity within the arc are modifying the arc resistance such that a peak in power

consumed occurs. If this situation is in deed the case then one could calculate the

arc/electrode extension resistance at this point knowing the source voltage and source

resistance values. The source resistance could be modulated for a given welding

condition until the power consumed, as measured by the welding current, was

maximized. That this measured peak in relative power consumed for the magnesium type

electrode of Figure 5 .12 is in fact the maximum recorded throughout this study (see

Figure 5.3, page 126) lends credence to the idea of a resonant arc (load) resistance value

being encountered.

The arc resistance can never be negative and as such the electrical power

consumed cannot be negative, but the difference in normalized electrical power

consumed, compared to the baseline value can be, as is the case for the aluminum and 50-

50 Al-Mg type electrodes. The 50 weight percent aluminum type flux electrode shows a

high value for relative power consumed, similar to but slightly less than the maximum

recorded for the 10 weight percent magnesium electrode. It is speculated that the arc

resistance here is also approaching that of the power supply, resulting in a relative peak in

power consumed. It does not matter from which side of this supply resistance value that

the arc (load) resistance approaches, only that a maximum power transfer condition
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results when they are equal and a relative local maximum is encountered when the

absolute difference is minimal.

The net composite gain values are tabulated in Table 5.3 and plotted in Figure

5.13, page 147. The maximum net composite gain value occurs between the 10 and 20

weight percent electrodes of the 50-50 Al-Mg type flux. These electrodes used much less

electrical power than the baseline comparative while posting positive gains in relative

measured heat input values.

Table 5.3: Net Composite Gain Value (Dimensionless Normalized Energy Scalar).

Weight Percent Flux:
10 20 30 40 50

Flux Addition Type:

Magnesium -4.89 2.47 8.76 12.74 11.54

Aluminum 3.94 5.06 -2.16 5.26 -1.45

50-50 Al-Mg 13.80 13.94 9.51 10.66 12.76

With both aluminum and magnesium metal powder additions, each with a lower

electrical resistivity value than iron, the electrical resistance of the electrode extension is

likely less than that of the pure iron powder baseline. With more than one possible

reaction path available over a large temperature range within the arc, the resulting

kinetics is perhaps most favorable with this type of flux as well. The arc is known to

have regions of constant temperature, both spacially within the arc volume and

quantitatively over a wide range of values (see Figure 2.14, page 50). Some regions may

favor the reactions that associate themselves with the "best" temperature of combustion

in the cooler outermost regions of the arc and near the boundary layers surrounding the
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superheated molten droplets. These "mixed" type electrodes were subjectively the

smoothest welding electrodes of the combined studies.
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Figure 5.13. Net Composite Gain Value or Difference in Normalized
Percentages Between Measured Heat Input and Electrical Power
Consumed as a Function of Weight Percent Exothermic Flux Addition.

The next highest net composite gain value occurs with the 40 weight percent

magnesium type electrode. At this concentration level this type of electrode posted the

highest normalized measured heat input (see Figure 5.11, page 142) in spite of the large

spike in electrical power consumption at the 10 weight percent level.
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The aluminum type electrode shows two peaks in net composite gain value of

about five percent occurring at the 20 and 40 weight percent levels. In between, at the 30

weight percent level, a spike in relative electrical power consumed (as shown in Figure

5.5, page 129), happens to occur. The dip might be due to a resonant arc/electrode

extension resistance value being encountered, and when the equivalent electrical heat is

subtracted from the measured heat value, a local dip between the bordering net value

results. When considering the arc as a variable load resistor in a simple circuit, the

property of electrical conductivity or the inverse, electrical resistivity, of the changing

components of the arc/electrode extension system (namely the exothermic flux additions)

must be considered. The exothermic flux additions are the only constituents being

systematically changed that can alter the properties of the arc/electrode extension

environment.

5.3. Weld Bead Morphologies and Arc Process Efficiency

The main advantage of the Phase II study is in the production of reahstic weld

bead morphologies for all of the electrodes studied utilizing identical weld parameters. In

deed the fact that respectable welds were produced with all of electrodes throughout the

Phase II study using a single set of welding parameters garnered most simply from a

generally published welding guide is rather reassuring. Welds with measurable bead

cross-sectional areas are needed for proper process efficiency determinations and of

course are the only practical kinds of welds to have. Therefore, perhaps more important

than the calorimetrically measured heat input is the resulting actual measured cross-

sectional areas of the weldments. Figure 5.14 shows the weld cross-sections for the welds
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with the aluminum type flux addition of Phase II. Slag entrapment on the surface was a

minor problem and relates to the fixed amount of SiOa glass former used. For the lower

percentages of the aluminum only t5^e addition the slag behavior appears adequate. For

the higher percentage aluminum type flux additions, above about 30 weight percent, and

for all of the other formulas that contained magnesium, the slag performance would likely

be improved with additional glass formers. Magnesium oxide solidifies at the same time

as the molten weld pool. Immediate quenching in liquid nitrogen also contributed to slag

entrapment.
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Figure 5.14. Weld Cross-sections for Phase II Aluminum Type Flux
Addition.

The typical average toe to toe distance of the weld reinforcement for all of the

Phase II electrodes spans about one-quarter inch (6.35 mm) or greater on the surface of

the weld coupon. The bead width is a bit outside of the maximum width specified in the

referring AWS weld specification [67] of one-quarter inch. The dilution values (relative

cross-sectional area of base material melted to total weld cross-sectional area) are also in
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excess of the standard welding practice. For commercial welding with any of these

electrodes one would simply increase the torch travel speed until the desired overhead

width is achieved. An attendant reduction in percent dilution would likewise result.

Encouraging is the fact that ample dilution is so readily attainable with the Phase II

exothermic electrodes in there entirety. They are surprisingly insensitive to parametric

variation and weld quite acceptably within the very general published schedule. One

could easily speculate that exothermic additions to the inner core of an PC A welding

electrode would predominately effect only the electrode melting efficiency, Se, via an

increase in deposition, and not in the plate melting efficiency, Zp, through dilution.

Enhanced deposition was in deed the result, as was the intent, of one of the first recorded

uses of exothermic additions to the PC A welding in the form of hard-facing ribbon by

Soviet researchers [69].

The first cross-section of Figure 5 .14 (upper left) is of the baseline weld with the

full 60 weight percent iron powder (no aluminum exothermic addition). The baseline

weld, representative of eight individual test-welds, exhibits sound morphological

features. The AWS specification recommends a minimum of about 30 percent dilution

for structural welding but does not comment on a maximum. The dilution measurement

acts as an energy or efficiency partition scalar. Given a fixed amount of energy for

fusion of both the filler material and the base material, the dilution value relates to the

percentage of available energy used to melt into the workpiece. A high dilution value

equates to a high plate melting efficiency value, Zp, generally at the expense of electrode

melting efficiency, Ze. For cladding or hard-facing operations a minimum amount of

dilution is desired. For heavy structural plate fabrication more dilution is necessary.

The Phase II baseline weld produced about 50 percent dilution (48.6). In a

commercial weld environment with this electrode, as mentioned, the travel speed would
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likely be increased until the set minimum criterion is met. The cuts made for ail of these

cross-sections were taken along the sample in such a manner as to be deemed most

representative of the weld as whole, considering just the over-bead morphology.

Generally the cut took place in the middle of the weld coupon. Occasionally, an attached

bit of spatter and/or weld porosity was captured in the cross-section, such as in the case

for the 20 weight percent aluminum. The spatter was not included in the weld area

measurements and the porosity was ignored.

Qualitatively, the overhead reinforcement began to "hump up" with the 10 weight

percent aluminum type addition, from that of the baseline, and more so with the 20

weight percent addition. The higher the overhead, the greater the propensity for

undercutting at the toe. Undercutting is undesirable from a structural standpoint as it

forms a stress riser and a trap-site for surface corrosion initiation. At the 30 weight

percent addition the overhead has begun to spread out and less "humping up" with less

dilution and more overhead height, than with the baseline, is recorded. By 40 weight

percent the weld bead has noticeably flattened out. The 50 weight percent cross-section

reveals a return to the heightened overhead appearance. Allen [1,2] reported severe

overhead irregularity, including humping-up of the reinforcement, with the

aluminum/hematite additions to the SMA welding process. He attributed the problem to

an increase in slag viscosity with the accompanying decrease in fluidity of the molten

flux brought on by the formation of excess alumina (AI2O3) through the Thermit®

reaction. Calcium fluoride was added to SMA welding flux formula to increase the slag

fluidity and appears to have been successful. The problem is not significant with the

FCA welding Phase II electrodes. No other electrodes showed this tendency to such an

extent. Table 5.4 contains the recorded dilution measurements while Figure 5.15

contains the graphical result for the Phase II aluminum type electrodes:
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Table 5.4; Weld Dilution for Phase II Electrodes with Aluminum Type Flux Additions.

Weight Percent
Aluminum Type

Addition:

0 10 20 30 40 50

Percent

Dilution:
48.6 38.7 39.6 45.1 47.8 54.5
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Figure 5.15. Percent Basemetal Dilution as a Function of Flux
Concentration of Phase II Aluminum Type Flux Addition.
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The minimum dilution occurs at the 20 weight percent level at about 10 percent

below the baseline dilution with 38.7 percent. The maximum dilution for the aluminum

type flux is 54.5 percent and occurs at the maximum fill ratio tested of 50 weight percent.

The resulting spread is 15 .8 percent, ranging from about 10 percent below the baseline to

about six percent above.
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Figure 5.16. Weld Cross-sections for Phase II Magnesium Type Flux
Addition.

The weld cross-sections for the Phase II magnesium type flux additions are

presented in Figure 5 .16. Except for some incidence of porosity the 10 weight percent

magnesium cross-section has a similar morphology to that of the baseline. A flat, wide

overhead with a large amount of dilution. The 20 weight percent specimen also exhibits
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porosity. The cross-section, however, is nearly ideal in geometric planform with a

smooth and well shaped overhead and acceptable dilution. The porosity encountered was

generally less than about 0.003 inches diameter (0.07 mm) for all Phase II electrodes.

Commercially this would represent the typical lower limit imposed by radiographic

inspection criteria for ASME* pressure vessel and boiler code acceptance. Due to the

pitting corrosion effect associated with the gross macro etching technique used in

preparation of these cross-sections the porosity appears much exaggerated in the

macrographs.

The overhead for the 30 weight percent specimen is showing a tendency to hump

up and undercut at the toe region with the least amount of dilution for this type of

electrode. The 40 weight percent cross-section is the best overall for these Phase II

magnesium electrodes with good planform and no porosity. The 50 weight percent

specimen overhead is wider and flatter but with more dilution. Table 5.5 contains the

recorded dilution measurements while Figure 5.17 contains the graphical result for the

Phase II magnesium type flux additions.

An overall dilution maximum is recorded at the 10 weight percent magnesium

level of about 57 percent and was the highest value recorded for the Phase 11 study at

almost nine percent greater than the baseline value. The second highest value was the

54.5 percent of the 50 weight percent aluminum type flux. The minimum dilution for this

magnesium set of data is 39.2 percent occurring with the 30 weight percent concentration

level. The corresponding spread is 17.9 percent, ranging from a little over nine percent

below the baseline value to about 8.5 percent above.

American Society of Mechanical Engineers
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Table 5.5: Weld Dilution for Phase II Electrodes with Magnesium Type Flux Additions.

Percent

Dilution:
48.6 57.1 48.7 39.2 45.8 47.8

Weight Percent
Magnesium

Type Addition:
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Figure 5.17. Percent Basemetal Dilution as a Function of Flux
Concentration of Phase II Magnesium Type Flux Addition.
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The maximum Phase II dilution of 57.1 percent at the 20 weight percent

magnesium concentration level was the only dilution posted by the magnesium type

electrode above that of the baseline. The 20 weight percent magnesium electrode type is

also coupled with the maximum electrical power consumed of the Phase II study.
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Figure 5.18: Weld Cross-sections for Phase II Fifty-Fifty Aluminum-
Magnesium Type Flux Addition.

Figure 5.18 shows the representative weld specimen cross-sections for the 50-50

Al-Mg type flux electrodes. All of these weld cross-sections reveal good overall bead

morphology. The 10 and 20 weight percent electrodes have the typically small amounts

of porosity encountered. A small amount of overhead irregularity is observed for the 30
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and 40 weight percent electrodes. The irregularity is attributed to the local variations in

flux viscosity, prior to solidification, that might be expected with the various mixtures of

AI2O3 and MgO reaction product created. No attempt to remove any of the slag products
was made as the welds were immediately quenched in the liquid nitrogen dewar of the

calorimeter. The large amount of iron powder of the initial flux formulation allows for

room to tailor the flux formula for practical applications such as porosity control and slag

detachability. Table 5.6 lists the recorded weld dilution values and Figure 5.19 shows the

corresponding graph.

Table 5.6: Weld Dilution for Phase II Electrodes with 50-50 Al-Mg Type Flux Additions.

Weight Percent
50-50 Al-Mg Type

Addition:

0 10 20 30 40 50

Percent Dilution: 48.6 43.4 42.3 46.1 50.0 52.0

The minimum dilution with the 50-50 Al-Mg data set occurs with the 20 weight

percent concentration level at 42.3 percent, about six percent less than the baseline value

while the maximum occurs at the full 50 weight percent level with 52 percent. The

resulting spread therefore covers about 10 percent, fi-om about six percent below to four

percent above the baseline values. As with the plots of electrical power consumed, these



161

plots of dilution as a function of concentration tend to mirror the respective welding

current as a function of concentration. All other parameters being equal one would

logically expect more penetration, hence dilution, with increasing current consumption.
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Figure 5 .19. Percent Basemetal Dilution as a Function of Flux
Concentration of Phase II 50-50 Al-Mg Type Flux Addition.
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The dilution values represent how the welding energy that is used for plate and

electrode melting, the fusion energy, is partitioned between the deposit overhead

reinforcement and the fusion of the basemetal. Figure 5.20 shows the combined plots for

dilution as a function of exothermic flux concentration for all of the Phase II electrodes.
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Figure 5.20. Combined Weld Basemetal Dilution as a Function of Flux
Concentration for All Phase II Electrodes.



163

Below the 40 and 50 weight percent concentration levels only the 20 weight

percent magnesium type electrode resulted in more penetration than that recorded for the

baseline electrode. This observation was also the electrode variant that posted the highest

electrical power consumption. Note however that any value above about 30 percent

might be considered excessive in commercial applications and a minor increasing

adjustment of the weld travel speed would easily benefit the application. Ample weld

energy is being produced and the exothermic additions are measurably contributing.

The total weld metal cross-sectional area represents the total fusion energy; the

deposit area plus the plate fusion zone area. Tables 5.7 lists the weld areas and process

efficiencies for the Phase II electrodes along with their corresponding deposit masses.



Table 5 .7. Weld Areas, Process Efficiencies and Deposit Mass for the Phase II
Electrodes.
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Electrode

Type

Fusion

Zone

Area

(mm)^

Reinforce

-ment

(mm)^

Dilution

(%)

Electrode

Melting
Eff. (%)

Plate

Melting
Eff. (%)

Arc

Process

Eff. (%)

Deposit
Mass

(grms)

Baseline 8.14 4.18 48.60 5.61 5.56 11.2 8.13

10% A1 5.21 3.19 38.68 5.0 3.2 8.1 8.33

20% A! 9.47 5.72 39.57 8.8 5.8 14.6 9.30

30% A1 8.94 4.91 45.10 6.7 5.5 12.3 10.29

40% A! 7.29 3.80 47.85 5.1 4.6 9.8 9.30

50% A1 8.01 3.64 54.50 5.0 6.0 11.0 8.88

Group Ave: 7.78 4.25 45.14 6.12 5.02 11.16 9.22

10% Mg 8.16 3.50 57.08 4.0 5.3 9.4 9.20

20% Mg 6.92 3.55 48.74 4.8 4.6 9.4 8.30

30% Mg 7.20 4.38 39.15 6.1 3.9 10.0 10.85

40% Mg 9.17 4.97 45.80 6.6 5.5 12.2 11.35

50% Mg 7.59 3.97 47.75 5.2 4.8 10.1 10.75

Group Ave: 7.81 4.07 47.70 5.34 4.82 10.22 10.09

10%A1-Mg 9.58 5.42 43.40 8.0 6.2 14.2 11.09

20%A1-Mg 7.95 4.59 42.28 6.8 5.0 11.9 10.97

30%A1-Mg 9.40 5.07 46.07 6.7 5.7 12.4 10.95

40%A1-Mg 7.23 3.62 49.96 4.8 4.8 9.6 10.82

50%A1-Mg 9.50 4.57 51.95 6.5 7.0 13.6 10.65

Group Ave: 8.73 4.65 46.73 6.56 5.74 12.34 10.90

Since all welds were performed with the same electrode wire feed speed, and for

these Phase II electrodes the linear wire densities are relatively the same, one would

expect a fairly constant value for the mass of the resulting deposit. The last colunm of

Table 5.7 lists the deposit mass for the total weldment (i.e. the full 20-second weld) and

include the weight of the resulting slag layer. All values met or exceeded that of the

baseline weld. Evidently, the iron produced via the Thermit® reaction compensated for

the iron powder initially displaced. Further differences must be due to process efficiency
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variations, the direct result of the flux additions. The average deposit mass for the

baseline electrode is 8.3 grams. The average deposit mass for all of the Phase II

electrodes combined is 10.0 grams. The average for all of the aluminum type electrodes

is 9.3 grams followed by the Phase II magnesium type electrodes at 10.1 grams and

fmally the 50-50 Al-Mg type electrodes at 10.9 grams. Clearly a benefit in mass

deposited is being realized with the exothermic additions over a baseline electrode (60

percent iron powder) itself historically developed and known for its high deposition

efficiency. Figure 5.21 is the graphical representation of the electrode melting efficiency

and the plate melting efficiency for the aluminum flux type electrode.
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Figure 5.21, Electrode and Plate Melting Efficiency as a Function of
Aluminum Type Flux Concentration.

The peak in electrode melting efficiency of 8.8 percent with the 20 weight percent
aluminum type electrode is of course associated with the highest reinforcement cross-

sectional area of 5.7 mm^ (0.009 square inches), both representing overall maxima in the
Phase II study. These efficiencies compare with the baseline values of about 5.6 percent

electrode melting efficiency and 4.2 mm^ (0.008 square inches) reinforcement cross-
sectional area. The 20 weight percent aluminum type electrode was one of the electrodes

that had the most noticeable humping-up of the overhead, likely due to slag viscosity

increases prior to solidification as previously mentioned. This electrode did not post the
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highest deposit mass, however, and was in fact less than average overall in this regard

and at 9.6 grams, only 1.3 grams higher than the baseline value (all slag masses having

been included in the deposit mass measurements). The local minimum in electrode

efficiency occurs with the 10 weight percent aluminum type electrode and corresponds

with an overall Phase II minimum in plate melting efficiency. The plate melting

efficiency of only 3.2 percent represents the lowest efficiency measured and also

corresponds with the next nearest minimum in average power consumed. This data set

(like the others consisting of an average of three identical tests) did not however post the

minimum in current consumption.

The mitigation of the electrical effects will be discussed following the

presentation of the efficiency data. Suffice to mention that these efficiency attributes are

based on measured cross-sectional areas traditionally based on the implicit assumption of

identical electrical power inputs. Clearly the exothermic additions affect the weld fusion

zone shapes, consisting of the combined overhead and plate nugget areas thereby

effecting the resulting efficiency values. These additions also apparently affect the

electrical power consumption ostensibly through changes in arc load resistance. The

variation in heat input due to power consumption deviation, primarily through current

variations, will be normalized out later. The heat input variations due to the presence of

the exothermic additions manifest themselves in the efficiency measurements through the

corresponding area cross-sections. The slag viscosity changes that effect the resulting

weld areas are confounding direct comparisons between efficiency and exothermic type

and quantity here in that viscosity is a function of temperature as well as composition. In

much the same fashion, the physical properties of thermal and electrical conductivities

within the arc and at the anode and cathode areas confound the immediate precise

deciphering of the electrical contributions.
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Following the extrema at the 10 and 20 weight percent concentration levels the 30

weight percent values of electrode melting efficiency of 6.7 percent is about 1 percent

above the baseline value while the corresponding plate melting efficiency of 5.5 percent

is practically the same as the 5.6 percent of the baseline. The plate melting efficiency

seems to lag the corresponding electrode melting efficiency values by about 20 percent in

relative amount. At the 40 weight concentration level they come together at about a five

percent value and then cross over at the 50 weight percent level with the plate melting

efficiency of six percent, just one percent more than the recorded electrode melting

efficiency. The arc process efficiency is the summation of the electrode melting

efficiency and the plate melting efficiency. Normally, with dilution values of around 30

percent the larger plate melting efficiency will dominate the arc process efficiency. At 50

percent dilution however the two efficiency values are of course equal. The efficiency

values are based on the individual theoretical maximum fusion zone areas that would

result if all of the electrical welding power consumed melted either filler electrode or

basemetal. No shaping factor is explicitly introduced
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Figure 5.22. Arc Process Efficiency as a Function of Aluminum Type
Flux Concentration.

Figure 5.22 shows the arc process efficiency for the aluminum type flux electrode

as a function of the concentration level. The peak in process efficiency of 14.6 percent

occurring at the 20 weight percent level represents about a three percent (absolute)

increase from the baseline value and an overall Phase II maximum. The arc process

efficiency is the sum of the electrode melting efficiency and the plate melting efficiency,

based on measured cross-sectional areas compared to corresponding theoretical

maximums. The aluminum exothermic additions bettered the baseline value in process

efficiency only with the 20 and 30 weight percent trials. The 10 weight percent level
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posted an 8.1 percent process efficiency while that of the baseline an 11.2 percent. The

40 weight percent concentration level shows about 10 percent in process efficiency while

the 50 weight percent trial resulted in about the same 11 percent efficiency as the baseline

value. The overall shape of this process efficiency curve follows that of the electrode

melting efficiency and is perhaps dominated by the large maximum at the 20 weight

percent level, a result of a large humped up reinforcement area. As the weldbead

flattened out at the higher concentration levels the concomitant electrode melting

efficiency values based on areas went down.

The electrode and plate melting efficiencies as a function of Phase II magnesium

type flux electrodes are presented in Figure 5.23. Although the magnesium type

electrodes out performed the aluminum types in average mass of deposit, the electrode

and plate melting efficiencies were lower on the average than either the aluminum types

or the baseline. Only the 40 and 50 weight percent concentration levels posted electrode

melting efficiencies better than the baseline. The relative maximum of 6.6 percent

electrode melting efficiency at the 40 weight percent level is a full one percent absolute

higher than the baseline value. The large reinforcement area contributed to a high

electrode melting efficiency value even though the total fusion zone area of over 9 mm^

(0.014 square inches) with a relatively high dilution serves to lessen the relative

magnitude of this efficiency value. The small reinforcement area and high basemetal

dilution of the 10 weight percent magnesium type electrode resulted in an overall

minimum in recorded electrode melting efficiency for the Phase II study of only 4

percent.
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Figure 5.23. Electrode and Plate Melting Efficiency as a Function of
Magnesium Type Flux Concentration.

The relatively large fusion zone area helped to bring down the plate melting

efficiency value at this 10 weight percent level although the deposit mass was about a

gram larger than the baseline deposit, a 12.5 percent increase. The plate melting
efficiency steadily declined from the baseline value with increasing magnesium type flux

concentration until the 40 weight percent level. The plate melting efficiency value here

of 5.5 percent just matches that of the baseline value however the total fusion zone area

of 9.1 mm^ (0.014 square inches) is a full 11 percent greater than the baseline value.
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Both the electrode and plate melting efFiciency values at the 50 weight percent level are

below the baseline values by only about five relative percentage points.
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Figure 5.24. Arc Process Efficiency as a Function of Magnesium Type
Flux Concentration for Phase II Study.

The arc process efficiency as a function of magnesium type flux concentration for

the Phase II study is presented in Figure 5.24. All concentration levels resulted in arc
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efficiencies less than the baseline except at the 40 weight percent level. The arc process

efficiency of 12.2 percent at this 40 weight percent level is however 10 percent greater on

a relative scale than the 11.2 percent posted for the baseline welds. The total weld

deposit of 11.35 grams is about 40 percent greater than the average 8.13 grams of the

baseline welds. These efficiency values based on relative fusion zone cross-sectional

areas are perhaps more beneficial in comparison evaluations of various welding

parameter schedules of the same electrode rather than in comparisons between different

electrodes of the same parameter schedule. Whatever the specific reasons for the ways in

which the energy of welding is partitioned in these studies these efficiency measurements

may prove somewhat enlightening none the less.
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Figure 5.25. Electrode and Plate Melting Efficiency as a Function of 50-
50 Al-Mg Type Flux Concentration.

For the 50-50 Al-Mg type flux electrodes the melting efficiencies are presented in

Figure 5.25. Interesting to note is that all of the electrode melting efficiencies for this

type of flux resulted in higher values than the baseline except at the 40 weight percent

level. At the 40 weight percent level both the plate and the electrode melting efficiencies

came together with a measured 4.8 percent, less than the approximately 5.5 percent

posted for the baseline welds. The plate and electrode melting efficiencies should of

course equal each other at precisely the 50 percent basemetal dilution value. The peak in

electrode melting efficiency of 8 percent occurs at the 10 weight percent level. The result
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is about 43 percent higher than that posted for the baseline. The only other electrode in

this range of deposition efficiency was the 20 weight percent aluminum type that had the

humped-up overhead with an 8.8 percent electrode melting efficiency. This electrode

also had an average basemetal dilution of about 40 percent while the dilution for the 10

weight percent 50-50 electrode has a dilution of over 43 percent. On average the 50-50

type electrodes resulted in the highest electrode and plate melting efficiencies, and

therefore also highest in overall arc process efficiencies. The average mass of the weld

deposit for these electrodes also was the greatest compared to the baseline average or

either of the averages for the aluminum and magnesium type electrode groups. The total

fusion zone cross-sectional areas averaged highest for the 50-50 type electrodes as a

group as well. Large over bead and plate weld areas indicates a measurable utilization of

the exothermic heat additions directly in the melting of both electrode filler and

basemetal.

Figure 5.26 shows the arc process efficiency as a function of concentration for the

50-50 Al-Mg type flux electrodes. The local peak at the 10 weight percent level of 14.2

percent is just slightly less than the overall maximum of 14.6 posted by the 20 weight

percent aluminum type electrode. This observation occurs with a larger deposit mass,

fusion zone area, and dilution than occurs with the aluminum maximum. The smaller

reinforcement area with the 10 weight percent 50-50 type electrode also represents a

more realistic weld area planform. The 20 and 30 weight percent levels produced just

slightly better arc process efficiency values than the baseline but at significantly higher

deposit masses and in the case of the 20 weight percent welds with less fusion zone area

(more reinforcement and less dilution).
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Figure 5.26. Arc Process Efficiency as a Function of 50-50 Al-Mg Type
Flux Concentration.

The 40 weight percent concentration level of the 50-50 type electrode produced a

group minimum in arc process efficiency of relatively the same value as the magnesium

grouping with a 9.6 percent value. The local minimum was the result of a small fusion

zone area and high dilution, even though at 10.6 grams average deposit mass it compares

quite favorably over the baseline. The 50 weight percent level welds are back on par

with the 10 weight percent welds in regards to overall arc process efficiency and deposit

mass values, in spite of the rather excessive 52 percent dilution ratio. Welding

parameters could be adjusted, such as simply increasing the travel speed to optimize this
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type of electrode for production purposes. All of these electrodes show surprising

potential for process efficiency gains considering the travel speed increases available to

reduce the dilution to a more production like 30 percent. The "extra" heat of the

exothermic flux additions is being produced and being used to melt basemetal.
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Figure 5.27. Combined Arc Process Efficiency as a Function of
Exothermic Addition for the Electrodes of the Phase II Study.
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Figure 5 .27 shows the combined results of the electrodes of the Phase II study for

overall arc process efficiency as a function of flux concentration. Six electrode types

outperformed the baseline with the fixed welding parameters selected while eight

electrode types met or under-performed in regards to the baseline arc process efficiency.

These efficiency values are based on each individual fusion zone area and the maximum

theoretical area resulting from the specific electrical power consumed. Shape becomes a

mitigating factor and as such, these efficiency values do not provide a complete picture as

to the measurable benefits of the exothermic additions.
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Addition for the Electrodes of the Phase II Study.

Figure 5.28 is a combined plot of the three electrodes of the Phase II study

showing the measured average weld fusion zone area as a function of exothermic flux

concentration. The results are similar of course to the process efficiency plots with six

electrodes outperforming the baseline and eight either meeting or under-performing. The

relative positions of the data points are compressed slightly however from the overall arc
process efficiency plots. The maximum theoretical fusion zone area based solely on the

amount of electrical energy consumed as a function of weight percent exothermic
addition for the Phase II electrodes is given in Figure 5.29.
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Figure 5.29. Combined Theoretical Maximum Fusion Zone Area as a
Function of Exothermic Addition for the Electrodes of the Phase II Study.

The average electrical power consumed is given in a boxed data label.

Surprisingly the peaks in theoretical fusion zone area do not generally correspond to the

peaks in measured cross-sectional areas. In fact, none of the arc process efficiency peaks

coincide with the maximum theoretical fusion zone areas based an electrical

consumption. The exothermic additions are therefore supplanting or dominating the

effects of the welding electrical power directly in the resulting fusion zone areas. One

would normally assume for instance that at the 10 weight percent magnesium

concentration level, with a maximum average electrical consumption of 4.7 kiloWatts
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that a maximum in arc process efficiency would occur there when in fact this measured

arc process efficiency just matches that of the baseline weld.

Table 5.8 lists the average voltages, current, electrical power consumed and

average measured electrode extension lengths along with average deposit mass and

normahzed (specific) electrode extension and deposit masses for the Phase II electrodes.
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Table 5 .8. Average Welding Electrical Consumption Values, Electrode extension
Lengths and Specific Deposit Masses for the Phase II Electrodes.

Electrode

Type

Ave.

Voltage
(Volts)

Ave.

Current

(Amperes)

Ave.

Power

(kWatts)

Ave.

Stickout

(Inches)

Specific
Stickout

(In/kW)

Specific
Deposit

(grm/kW)

Baseline 26.13 154.87 4.047 0.665 0.164 2.01

10% A! 26.24 140.36 3.683 0.689 0.187 2.26

20% A1 26.05 133.76 3.484 0.650 0.187 2.64

30% A1 26.14 154.98 4.051 0.699 0.173 2.54

40% A1 26.23 150.24 3.941 0.715 0.181 2.36

50% Ai 26.26 162.50 4.267 0.700 0.164 2.08

Group Ave: 26.18 148.36 3.885 0.691 0.178 2.38

10% Mg 26.30 177.63 4.672 0.663 0.142 1.97

20% Mg 26.20 159.07 4.168 0.663 0.159 1.99

30% Mg 26.27 159.57 4.191 0.598 0.143 2.59

40% Mg 26.17 158.93 4.159 0.598 0.144 2.73

50% Mg 26.23 160.03 4.198 0.612 0.146 2.56

Group Ave: 26.23 163.05 4.278 0.627 0.147 2.37

10% Al-Mg 25.97 143.82 3.733 0.571 0.153 2.97

20% AI-Mg 26.12 145.28 3.795 0.588 0.155 2.89

30% Al-Mg 26.22 156.95 4.116 0.633 0.154 2.66

40% Al-Mg 26.16 153.81 4.024 0.596 0.148 2.69

50% Al-Mg 26.13 150.28 3.928 0.580 0.148 2.71

Group Ave: 26.12 150.03 3.919 0.594 0.152 2.78

Although the set machine voltage for all Phase II welds was 25 volts, the measured

results were consistently 26 volts. The higher voltage realized may be due to a shorter

average electrode extension length than normally achieved with commercial FCA

welding electrodes, a result of the exothermic additions, even for the baseline. Figure

5.30 shows the average electrode extension lengths as a function of exothermic flux

concentration for the Phase II electrodes.
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Very little variation is noted. At the 30 weight percent and above level the

aluminum type electrode extension is about two millimeters longer than the magnesium

and 50-50 type electrodes and only about one millimeter longer than the baseline. Figure

5.31 shows the electrode extension data normalized by the welding power. In this case

all of the aluminum type electrodes have longer normalized electrode extension lengths

than the baseline electrode while all of the magnesium and 50-50 type electrodes have

shorter lengths.
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Figure 5.31. Average Specific Electrode Extension Length as a Function
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Aluminum has a lower resistivity than the magnesium so the resulting Joule

heating of the electrode extension might be less for this type of electrode. All of the
GMA welding electrode extension computer models found in the literature report a

predicted length to no better than plus and minus the electrode diameter. For the one-
sixteenth inch diameter electrodes used for this research that error equates to about 1.6

mm The "shut off and snip" method employed appears valid to the same tolerance level

or better if the diameter of the ball forming at the end, if present, or any hint of the
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formation of the ball is ignored. The machinist's dial calipers have a precision of plus

and minus 0.01 mm (0.0005 inches). The suspected arc load resistance variation and its

effect on the power consumption through the power supply along with the self-regulation

aspect on electrode extension length precludes direct assessment of exothermic flux

additions on electrode extension length at this time. Nowhere in the hterature has this

"arc resistance/power supply resonance" problem been previously addressed.
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Figure 5.32. Average Weld Deposit Mass as a Function of Weight Percent
Exothermic Flux Addition for the Phase II Electrodes.
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The average weld deposit mass as a function of exothermic flux addition

concentration level is given in Figure 5.32. All of the Phase II electrodes recorded

deposit masses greater than the baseline electrode except for the ten weight percent

aluminum and 20 weight percent magnesium type flux electrodes, that at least matched

the baseline deposit mass. The highest deposit values were recorded with the 10 and 20

weight percent 50-50 Al-Mg flux type electrodes at around 11 grams. The 40 weight

percent magnesium flux type recorded the maximum deposit mass of 11.35 grams. The

30 weight percent aluminum type flux electrode recorded a group maximum of 10.3

grams. Not surprisingly these group maximum deposit values coincide with overall arc

process efficiency maxima. Worth noting however is the fact that small adjustments to

the welding parameter schedule might well optimize any specific Phase II electrode.

Higher melting rates for instance would likely result in higher exothermic heat benefits

along with higher deposit masses.

Figure 5.33 shows the average weld deposit mass normalized by the welding

power consumed as a function of weight percent exothermic flux addition. The results

clearly show the benefits of the exothermic additions in average mass of weld deposit per

kiloWatt electrical energy consumed. The 10 weight percent 50-50 Al-Mg flux type

electrode recorded a specific deposit of three grams deposit per kiloWatt consumed. The

result represents a 50 percent increase over the two grams per kiloWatt of the baseline

average. Second highest of the Phase II electrodes in specific deposit occurred with the

40 weight percent magnesium flux type electrode with 2.7 grams per kiloWatt, a 30-five

percent increase. The highest specific deposit for the aluminum flux type group occurred

at the 20 weight percent level with a 2.6 gram per kiloWatt value, a 30 percent increase

from the baseline value. None of the Phase II electrodes under-performed the baseline in

specific weld deposit results. A 50 percent increase in specific deposit with only a 10

weight percent modification to a commercial self-shielded FCA welding flux formula
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using "canned" welding parameters and achieving a sound weld is rather remarkable.

One could conceivably save half in electrical energy or weld 50 percent more with the

same electricity. Further gains are likely feasible with parametric electrode optimization

studies. The lower limits of usable melting rate should be determined.
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5.4. Calorimetrically Measured Heat Input and Electrical Energy Consumed
Equivalence for Phase II Electrodes

Figure 5.34 shows a plot of the calorimetrically measured heat input in kiloJoules

as a function of the electrical heat input also in kiloJoules for the aluminum flux type

electrodes of Phase II. The baseline value is also plotted at 59 kiloJoules liquid nitrogen

equivalent and 81 kiloJoules electrical heat input equivalent. Interestingly none of the

Phase II electrodes plotted beyond the theoretical 1:1, 100 percent electrical efficiency

line as most electrodes from the Phase I study did. The Phase I electrodes had excess

magnesium concentrations intended to react with atmospheric oxygen and excessive wire

feed speeds resulting in no measurable bead morphologies. All of the Phase II electrodes
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Figure 5.34. Calorimetrically Measured Heat Input as a Function of
Electrical Heat Input for Aluminum Type Flux Additions.

where welded with much slower wire feed speeds (110 inches per minute) and with much

less reactive addition. It is highly probable that the ICQ percent electrical efficiency line

would be approached or perhaps exceeded if higher feed speeds were explored. The

slope and intercept of the trend line equation indicates that the measured heat would

equal the electrical heat at about 41 kilo Joules. The data labels do not readily show a

trend as to increasing measured heat as a function of concentration with the fixed welding

parameters used.
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Figure 5.35 shows a plot of the calorimetrically measured heat input in kiloJoules

as a function of the electrical heat input also in kiloJoules for the magnesium flux type
electrodes of Phase II. Again no obvious patter emerges in the consideration of the

concentration levels and kiloJoules heat values. The theoretical 1:1 intercept value of the

least squares regression line indicates that at around 60 kiloJoules the electrical heat

would equal the measured calorimetric heat. It is doubtful that reducing the electrical

heat input to this value would result in an equivalent amount of calorimetrically measured

heat with any of these electrodes. The process efficiency values would likely change the

slope of the trendline to preclude an interception other than at the zero-zero.
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Electrical Heat Input for 50-50 Al-Mg Type Flux Additions.

Figure 5.36 shows the energy equivalence plot for the 50-50 Al-Mg flux type

electrodes. The theoretical equivalence value from the least squares fit indicates about 62

kiloJoules. Not too much significance should be drawn from this exercise suffice to say

that the relative values are in agreement with the specific deposition masses hierarchy.

The 50-50 Al-Mg performed the best and has the highest group intercept value followed

by the magnesium and then the aluminum flux type electrodes.
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Figure 5.37 is the same data as in Figure 5.36 except with the omission of the baseline

value for the least squares fit. The omission pushes the theoretical 100 percent electrical

efficiency intercept back down to about 56 kiloJoules. It would likely depend on the

specific parameter selection used to reduce the electrical input as to whether energy

equivalence would be attained in this region. It's doubtful that a current reduction would

favor the exothermic heat but perhaps a voltage reduction and concomitant arc length

reduction would be met with efficiency increases. The exothermic additions affect the
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welding process by reducing the electrical demand, thereby broadening the parameter

space, and enhance deposition without reducing plate melting efficiency. Likely the

specific deposition results of any of the experimental electrodes could be further

optimized through explicit parametric explorations. The fact that all of the Phase II

electrodes resulted in measurable bead morphologies with the simple application of a

published commercial welding schedule is testament to the broadening of the acceptable

parameter space.

Mechanical properties were not considered except in the most general geometric

terms. Weld metal oxygen and inclusion contents would most definitely need be taken

into account before commercial viability of any of these electrodes is seriously

considered, emergency field repair welding not withstanding. The rather significant

result is the 50 percent increase in specific weld deposit of the 10 weight percent 50-50

Al-Mg type electrode over the baseline. This result indicates that half of the electrical

consumption is needed for the same weld, with a very slight 10 percent modification to a

contemporary flux formula. A parameter space study could be undertaken to see if more

gains are possible with the presently manufactured electrodes.

Since all of the Phase II electrodes were manufactured with practically the same

0.125 grams per centimeter linear density and delivered through welding with identical

280 centimeter per minute melting rates, one should expect identical deposit masses of

around 11.5 grams. The electrode responding closest to this mass was the 10 weight

percent Al-Mg type with an average deposit of 11.1 grams. The iron powder was initially

regarded as benign flux filler. Clearly the iron powder must be considered as

participatory in the flux reactions, both from a heat perspective and a deposit mass

contributor. The presence of the iron powder appears beneficial to the exothermic

reactions.
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6. CONCLUSION

1. Exothermic additions to the flux of the FCA welding consumable electrode has

resulted in measurable increases in the arc process efficiency. Acceptable weld bead

morphologies were produced with no extemal shielding at reduced electrical power

consumption. The presence of iron powder is beneficial in moderating the exothermic

flux reactions.

2. A difference in the response to exothermic flux additions was experienced for the

FCA welding process as compared to the SMA welding. The prior SMA investigation

saw maximum gain with small amounts of the aluminum type addition while this

investigation with the FCA welding process found maximum gains with small amoimts of

the 50-50 Al-Mg type additions.

3. Field repair welding can be enhanced through the use of exothermic flux additions

to the FCA welding process. The self-shielding nature of the process precludes the need

for gas systems and the desensitization of the welding parameter space broadens the user

appeal and applicability. The measured 50 percent reduction in electrical energy

consumed brings the process into the realm of possibility for use with a common twelve

volt battery.
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APPENDIX A

Modeling the Electrode Extension
of a Flux Cored Arc (EGA) welding System

with Thermit® Additions

The Logic of the Thermite/Electrode Extension Relationship

Through a steady state heat balance equation the addition of extra heat through

thermite reaction constituents added to the normal welding flux should result in a

reduction of the electrode extension. Development of the equation follows:

Definition of Variables:

wire feed speed = v
welding current = /
arc voltage = V
linear wire density = p

solid wire specific heat =
solid wire latent heat of melting =
electrode extension or stickout = L

arc heat transfer efficiency to wire =

thermite heat per unit length of wire = q
thermite heat transfer efficiency to wire = %
electrical resistance of electrode extension = R

effective cross sectional area of wire for electrical conduction = A

liquid wire specific heat = C/
wire temperature at the contact tube = Tq
wire melting temperature = Tm
wire droplet transfer temperature =

The rate of heat input to the wire is:

Qin =fiR+£AlV+SrVq

heat ̂
electrode"

extension
input =

Joule
+

^rate j
'^heating > V

arc heat

power corrected

for transfer

efficiency

thermite heat per

unit length of wire

corrected for transfer

efficiency
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The rate of heat loss due to arc and thermite heating and melting is:

Qou, = [T„-Ta) + vpH„ + vpC, - T„,)

heat
t  . \
wire

output = feed

\rate > ^speedj

Wire 1

r  . \
wire

feed

speed.

density)

'^liquid ^
d

solid ^ '^electrode ^

wire extension

specific absolute

Kheat > Jemp.change./

.  \
wire

feed

yspeedy

wire ^
density)

latent

heat

of

melting.

wire I

.density)
wire

specific

heat

roplet

absolute

temp.change.

^ = vi{ciT. - r,)+H,* c,(t. - rj]

For a constant electrode extension at steady-state the heat in must balance the heat out:

Qin Qou!

PR + e.IV + SrVq = v/)[c,(2; +C,(t. - T.)]

pL
But R = ̂  :

A

I'[p^=v[i{c,{T,-T,) + H,+C,[T.-T,)\-e,q]-S.IV

The length of the stickout is then:

v^{p[c,(7-. C,(t. -T,)\-Srq] -e.IV
L  =

I'p

Therefore for fixed machine constants (held settings via microprocessor controls), v, I, V,

and constant material properties (at steady state), as the heat input due to thermite {q) is

added, the electrode extension L must decrease.
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Initially, a one dimensional model with a contact gap was used to model the

electrode length. The program is called "wirel" for one dimension. The results seem

reasonable but have not been verified with experiment. A more detailed two dimensional

model called TE for coupled thermal electric has been tried along with the program DP

for the resulting electrode displacement. Although the programs run without errors the

results don't match the experiments. Even the boundary set melting temperature for the

electrode tip and the work surface don't show up in the post processing. Perhaps the

"Steady-State" condition is forcing the highest temperatures to be in the middle of the

electrode and the plate.
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APPENDIX B

The Liquid Nitrogen Calorimeter

The liquid nitrogen calorimeter can be used to measure the constant-pressure heat

contents of solid samples with densities greater than that of liquid nitrogen. The heat

content of the sample is inferred by observing the change in the boil-off rate of the liquid

nitrogen for a period of time following complete submersion within the liquid.

The required equipment includes the following:

• A supply of liquid nitrogen

• A dewar flask large enough to hold the sample and an adequate amount of

liquid nitrogen

• An electronic scale with computer interface port (such as an RS-232 port)

• A computer with software program for acquiring the liquid nitrogen mass

change data >vith time from the electronic scale

• Various peripherals such as monitor, keyboard, mouse, printer, cables, storage

media, etc.

Computerized data acquisition isn't a necessity, of course, however when all goes

according to plan the amount and quality of data collected is optimized with its use.

The boil-off rate of the liquid nitrogen is the time rate of change of the mass
measure by the scale:

= boil - off rate Eq. 1

This can be related to the heat inputs through the specific latent heat of vaporization of

liquid nitrogen at ambient pressure:

M„=-{Qa+Qs)lk Eq.2
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Where Zy is the specific latent heat of vaporization for liquid nitrogen, is the rate of

ambient heat input into the nitrogen by conduction through the dewar, and is the rate

of heat input into the nitrogen from the sample. can be taken to be zero after a certain

time period tc, the time taken for the sample to reach the temperature of the liquid

nitrogen.

A graphical example of the mass over time data collected with such a

computerized liquid nitrogen calorimeter is presented in Figure 1. The initial slope is the

boil-off rate due to ambient heating loss, . The spike in weight occurs when the

sample is first submerged into the liquid and is due to the buoyancy force, B, impossed on

the scale by the volume of nitrogen displaced by the immersed sample:

B = V^p^g Eq.3

where is the volume of the sample, is the density of the liquid nitrogen, and g is

the acceleration due earth gravity.
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Figure 1. Measured Liquid Nitrogen and Dewar Flask Mass as a function
of Time.

The first pike in the mass measurement is the "mass equivalent" of the buoyancy force:

M^=Blg = V,p^ Eq.4

The steeply sloped portion of the plot is the time period when the sample is being

cooled to liquid nitrogen temperature. Once this has occurred, the plot returns to the

original ambient boil-off slope. The total heat transferred to the liquid nitrogen from the

sample can be foimd by integrating equation 2 over the steeply sloped region;

Eq.5
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And solving for Qs.

Q,=-Qj,-L,m, Eq.6

Where Qs is the total heat transferred from the sample to the liquid nitrogen, is the

specific heat of vaporization for liquid nitrogen at ambient pressure, tc is the length of

time the Mm as a function of time t plot is steeply sloped, and AM^ is the change in Mm

over said region.

Calibration of the calorimeter thus involves measuring for the room temperature and

pressure conditions for which the sample measurements will be performed. This can be

performed immediately prior to and following the submersion of the test sample.

Liquid nitrogen properties:

Tboii = 77.35°K @ 1 atm

p = 804 kg/m^

Lv = 199.2 kJ/kg
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Figure 2. The liquid nitrogen calorimeter at the welding station with the
digital scale and dewar shown to the right.
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APPENDIX C

Maximum Electrical Power Transfer*

Consider the welding arc as the variable load resistor Rl in the simple circuit of

Figure A. Rs is the "fixed" welding system resistance between the arc anode and

cathode, Vs is the welding supply voltage. For a resistor the terminal variables are related

through Ohms' law:

V=IR

so that the power delivered into the load resistor is:

P=VI = fR = V^/R

Figure A.

CP Welding Power Supply

Since either the voltage V or the current I

is squared in the power relationship, the

power delivered into a resistor R cannot

be negative. A resistor always resists

current flow and therefore will always

absorb power. The energy absorbed by

the load resistor is the power (as a

function of time) integrated over time,

given in Watts (as a function of time).
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W(t):

W{f)= = R\l'^{t')dt' = -\v^(t')dt'
0  0 ^0

All of the energy absorbed by the load resistor is dissipated physically by the resistor

in the form of heat. All of the power (Ps of the Rs, Vs, combination in the dashed box of

Figure A) supplied by the voltage Vs goes into the load resistor Rl. Therefore, the power

Pl, dissipated in the welding arc is the power received by the arc in load resistance Rl:

Pl = i'Rl =
V
s

Rs +Rl
Rr

When the arc resistance is zero, representing an electrode stub-out condition, or

infinite, representing the open circuit condition, no power is delivered by the supply and

no heat is generated. Stated succinctly a short or open circuit cannot transfer any power.

Obviously from the latest equation for the power absorbed by the load, Pl above,

for some value of Rl between infinity and zero the power absorbed will peak. To find

the value of Rl that will maximize the load power, Pl is differentiated with respect to Rl,

the result is then set to zero and solved for Rl:

dP, n'k Rl f - («, + J?,.)] (Rs -«l) n
dxr
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The equation is true whenever Rl = Rs- Thus, when the arc resistance precisely

matches the resistance of the voltage source (the resistance of the combined welding

power supply, workpiece, electrode and leads), the maximum power available is supplied

to the arc. By substituting the now equivalent resistance values into the expression for

the power of the arc (load), the maximum power dissipated by the arc becomes:

i^L^MAX
Vs V  , v'

^
^\Ri=Rs ad

To control the performance of a CP welding power supply, the operator sets the

voltage value and the supply manufacturer minimizes the internal resistance.

Interestingly, the power being dissipated in the arc, Pl, during welding is also being

matched and dissipated by that of the power supply, Ps. The same power being used to

weld from the arc is being dissipated by the power supply. A welding power supply of

finite size must therefore periodically be allowed to idle a certain percentage of the time

used for welding to avoid a melt-down of the intemals. Manufacturers express this in

terms of a machine duty cycle for a given power setting. Duty cycle is the amoimt of idle

time to welding arc-on time for a given power setting in percent. In general of course the

load resistance is semi-fixed in the steady state welding condition while the power supply

and the weld fixturing fix the source (intemal) resistance.

The power supply usually gives less power than it is capable of, the maximum

allowed by the machine settings, except whenever the arc resistance happens to match the

supply resistance. Figure B is a graphical representation of the power dissipated in the

arc, Pl, as a function of the variable arc load resistance Rl.
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Minimization of the internal power supply resistance by using massive copper

windings provides for the

Figure B highest available power
and allows for good heat

dissipation and higher

duty cycles, but at higher

material costs. The

dashed line represents a

smaller internal supply

resistance, by a factor of

three, from the solid line

resistance, and can therefore result in three times the maximum available power.

I (Smaller /?,)

Figure C is a simple circuit schematic representation of the maximum power

dissipation condition, when Rl = Rs = one-quarter of the square of the supply voltage

divided by this resistance. The power

Figure C.

that must be physically dissipated in

the form of heat for both resistors, the

arc and the power supply, is the same

maximum value. Of course the

welding arc is not just a simple variable

load resistor but has capacitance and

inductance properties as well, and the

heat dissipated (produced for welding)

is not all due to Joule (I^R) heating.

* Budak, A., Circuit Theory Fundamentals and Applications. 2"** ed., Prentice-Hall, Inc., Englewood Cliffs,
NJ, ISBN 0-13-134057-3 025, pages 136-140. 1987.




