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ABSTRACT 

This project evaluated the metal transfer behaviour of the variable polarity (VP) GMA W 
process. Analysis was performed using high speed video that was synchronised with 
high speed data acquisition. Melting rate measurements were found to be very 
dependent on current waveform, polarity, and droplet size, and metal transfer if it 
occurred, for each waveform period. The transient conditions of current waveform and 
metal transfer produced rapid changes in arc behaviour which influenced the melting at 
the electrode tip and growing droplet. 

The concentrated melting theory was developed to explain the significant increase in 
electrode extension burnoff and droplet growth rate that occurred at short EN time as a 
function of current, and during EP peak pulse when the pre-pulse droplet volume was 
small. The highest electrode extension burnoff and droplet growth rate occurred when 
the arc was permitted to climb over the solid electrode tip producing rapid concentrated 
melting. Likewise, large molten droplets were found to promote a negative electrode 
extension burnoff and a decreased droplet growth rate. The arc rooted on large droplets 
providing additional heating but limited electrode melting. 

The droplet burnoff rate (DBR) method was developed and found to yield good 
experimental measurements for the arc and resistive heating coefficients used in a 2nd 

order melting rate equation developed for a complex waveform process, like VP­
GMAW. For the EN period, the EN time affected the melting rate as a function of EN 
current. The greater melting rate that occurred at low EN time was measured by the 
changes in the resistive heating coefficient. Concentrated arc melting of the electrode 
extension at low EN time caused the slope of the burnoff diagram to increase, which 
represented the resistive heating coefficient. The melting rate of the EP pulse was 
related to the pre-pulse droplet volume. Large pre-pulse droplets decreased the arc 
heating coefficient, which could be negative, which meant the electrode extension was 
increasing and the arc length was decreasing in that waveform period. 

VP-GMA W power supplies offered stable operation for welding sheet structures on 
both carbon steel and stainless steel. Higher travel speeds were required as the %EN of 
the waveform increased to produce acceptable constant deposit area fusion. Welding 
speeds were up to 300% higher with VP-GMAW compared to the GMAW-P process 
when welding lap joints on 1.8 mm thick material with a 1.8 mm gap. VP-GMA Wheat 
input was up to 47% less than GMAW-P for the same melting rate. 
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1.0 INTRODUCTION 

Gas metal arc welding (GMA W) technology has advanced considerably over the past 
two decades due to the development of microprocessor-controlled, solid-state power 
supplies. The most common solid-state power supplies include secondary choppers, 
series regulators, and inverters. Inverters allow rapid changes in the electrical 
waveform, which controls the metal transfer dynamics. Currently, power supplies are 
designed for constant voltage (CV) GMA W, pulse GMA W (GMA W -P), and pulse short 
circuit GMA W (Ref. 1-4) using CV andlor constant current control, and more recently 
variable polarity (VP) GMA W (Ref. 5-11). 

Microprocessor controlled inverter power supplies offer control of the current and 
voltage waveform at very high speeds. There are numerous waveforms available for 
pulse GMA W where the ability to vary waveform magnitude and shape within a pulse 
offer unlimited choices. Current pulsing permits spray transfer welding at mean 
currents below the globular-to-spray transition current, providing spatter-free welds on 
light gauge materials and out-of-position welding applications. Pulse parameter 
algorithms are readily developed throughout the power supply industry to permit 
synergic (one knob) control of pulse parameters as a function of wire feed speed. 
Adaptive pulse GMA W power supplies have been developed that sense arc instability 
due to short circuits and provide corrections through algorithm control to regain stability 
(Ref. 1-4). 

Microprocessor control technology has also permitted the development of practical VP­
GMA W power supplies (Ref. 5-11). This process takes advantage of the large increase 
in melting rate that occurs when the GMA W process operates in the electrode negative 
(EN) polarity mode. The electrical waveform combines pulse GMA W droplet transfer 
technology, the ability to pinch and propel drops associated with electrode positive (EP) 
polarity, with the low heat input and high deposition of EN polarity. The net result is 
the ability to weld thin gauge structures with very low heat inputs, large gaps, minimal 
spatter, and higher welding speeds. 

The majority of VP-GMA W power supply technology is from Japan and was introduced 
in 1988 (Ref. 5-7). Since the early 1990's, several hundred power supplies have been 
sold in the U.S. Unfortunately, many industrial users do not understand the benefits of 
this technology since limited research has been published in the U.S. (Ref. 3,4, 10, 11). 
This has deterred wide-scale implementation of VP-GMA W throughout industry. The 
power supplies offered by the Japanese manufacturers have pre-programmed algorithms 
and are presently limited to welding of mild steel, stainless steel and aluminium at 
currents up to 350 amps where the benefit has been the welding of thin gauge structures 
with large gaps (Ref. 10). 

The metal transfer process for VP-GMA W begins with droplet formation in the EN 
period where large droplets form on the end of the electrode. The waveform switches to 
the EP background period to maintain the arc based on the wire feed speed and melting 
rate balance. The EP peak period is used to transfer the droplets by using a high current 
pulse which squeezes the droplet off the electrode tip forming a drop. The drops 



transfer across the arc into the weld pool. The VP-GMA W waveform can be designed 
to provide a range of heat input for a given wire feed speed, thus allowing optimization 
of the travel speed for different weld deposit size applications. 

There are many factors the affect the droplet formation and transfer process which are 
not understood. As will be described in this dissertation, the behaviour of VP-GMA W 
welding arcs and metal transfer has not been published in the literature. 

The objectives of this project were to determine the arc and metal transfer behaviour of 
the VP-GMA W process. Measurement techniques were developed to permit systematic 
study of the relationships between VP-GMA W waveform to melting rate, droplet 
growth, and drop transfer. A state-of-the-art VP-GMA W power supply was evaluated in 
great detail on steel using 90% argon -10% CO2 mixed gas. A new melting rate 
measurement technique, named the Droplet Burnoff Rate (DBR) method, was 
developed using synchronized high-speed video and data acquisition. Here the electrode 
melting and droplet growth was measured closely and related to the exact waveform 
parameter and arc behaviour. These measurements accounted for the change in 
electrode extension during the droplet formation process, rather than assuming a 
constant electrode extension like prior research. This investigation showed that the 
melting rate potency of each waveform period was dependent on how the arc 
concentrates on the growing droplet and / or the electrode tip. Measurements using this 
technique are believed to produce accurate second order relationships based on the 
melting rate equation developed by Lesnewich (Ref. 12, 13). An advanced melting rate 
equation was developed for VP-GMA W by integrating Lesnewich' s equation over time 
for one waveform period. New observations have been made relating the effects of arc 
behaviour to the melting rate of VP-GMAW and GMAW-P. This knowledge offers 
future researchers the ability to better predict melting rate based on the shape of the 
waveform. 

In addition, a productivity benchmarking study was performed using the ARCWISE 
method on 1.8 mm steel and stainless steel lap joints. These tests showed that VP­
GMA W offered an increase in travel speeds compared to the GMA W -P process due to 
the lower heat inputs for the same melting rate. The maximum travel speed was limited 
by the stability of the metal transfer waveform and the current capacity of the power 
supply. 
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2.0 LITERATURE SURVEY 

In 1930, H.M. Hobart and P.K. Devers were issued patents 1746081 and 1746191, 
respectively for "Arc Welding" using a concentric nozzle with wire feed. Their 
invention later became known as gas metal arc welding (GMAW). The process evolved 
from the study of various arc welding shielding gases that started in 1926. The GMA W 
process became commercial in 1948 (Ref. 14). Since then, and with the development of 
microprocessor power supplies, the GMA W process has become widely used 
throughout the world. The many process variants that exist are largely based on metal 
transfer mode, and the development of advanced waveforms for enhanced process 
control. 

The definition of GMA W (Ref. 14) is an arc welding process that uses an arc between a 
continuous filler metal electrode and the weld pool. The process is used with shielding 
from an externally supplied gas and without the application of pressure. The electrode 
can be solid metal or metal-cored, which is considered a subset of the GMA W process. 
Shielding can be supplied with inert gas, argon, helium, or a mixture thereof, or using 
reactive gas such as C02. Today, there are literally hundreds of possible combinations 
for electrode type and size, shielding gas, and power supply waveform. The process can 
be used in all positions to weld almost any commercially available alloy that is 
considered weldable. 

There are many factors that affect the GMA W process. Engineers and scientist have 
studied electrode composition and form; shielding gases; power supply type, dynamics, 
and waveform; the physics of metal transfer; weld metal properties, etc. There are still 
many gaps on the physics, thermal dynamics and chemistry of the process associated 
with the gas metal arc. The literature review performed here is focused on the state-of­
the-art in GMA W process with emphasis on waveform control for metal transfer. Metal 
transfer involves the melting of the electrode tip to form a droplet and the transfer of the 
drop into a weld pool. The droplets are melted from the heat generated by current flow 
in the electrode extension and by the arc at the electrode tip. Today, molten droplets can 
be transferred through short circuiting, pulse-short circuit, spray, pulse-spray, rotating 
spray, globular and more recently pulse-globular using the VP-GMA W process. These 
process modes are made possible by controlling the melting rate and metal transfer 
characteristics for each shielding gas and electrode type. 

2.1 Principles of Operation 

The GMAW process uses a consumable wire electrode that is continuously fed into a 
welding torch (Figure 2.1). The process is most commonly used in the semi-automatic 
mode where the welder initiates the process by squeezing a torch trigger. The process 
can easily be adapted to an automatic welding system using robots or automation. 
Equipment required for the process include a torch that is interfaced to a power supply, 
a wire feeder, electric cables for current delivery, and a hose for shielding gas delivery 
(Figure 2.2). The work piece is attached to the other pole of the power supply to 
complete the electric circuit. The current is transferred to the electrode through a 
contact tip on the end of the torch. The current used by the process is a function of the 
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wire electrode type, diameter, extension, and feed speed. The current passing through 
the electrode extension provides resistive preheating. 

Figure 2.1 Cross-Sectional View of the Gas Metal Arc Welding Process 

The voltage of the process is set to accommodate the voltage drops at the cathode, 
anode, electrode extension, and arc column (Ref. 15,16). Conventional GMA W uses a 
power supply with CV characteristics. The slope of these power supplies is matched to 
provide self-regulation (Ref. 14). Here, if the operator changes the torch tip-to-work 
distance, the resistance change in the electrode extension is matched to the slope of the 
power supply to maintain a constant arc length. Constant current (CC) power supplies 
with drooping characteristics are also used for GMAW, mostly on aluminium, where the 
resistance is too low in the electrode extension to provide self-regulation except for 
electrodes that are smaller than 1.2 mm diameter. For CC arc length control, the wire 
feed speed must match the current. Precise contact tip-to-work (CTWD) and current 
control provide stable metal transfer for constant current welding with aluminium 
electrodes. 
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Figure 2.2 GMA W IFCA W Equipment Diagram 

2.2 Arc Heating and Melting Rate Characteristics 

The gas metal arc is stable when the voltage and current are matched for a given 
combination of electrode type, electrode extension, wire feed speed, and arc length (Ref. 
12-20). The welding voltage between the contact tip and work piece can be described 
using an equation that accounts for the voltage drops in each region as follows: 

(2.1 ) 

where V w is the welding voltage which is the sum of the voltage drops at the electrode 
extension, V L, anode, Va, arc plasma, V p and cathode, V c. 

Cathode Heating 

The voltage drop at the different arc regions varies for different welding processes. In 
GMA W, the cathode is a non-thermionic emitter, versus GT A W where the tungsten 
electrode is a thermionic emitter. Thermionic emitters are very efficient at electron 
emission where the voltage drop for GT A W is approximately 4.8 to 5.3 volts for a 
tungsten cathode (Ref. 15). The voltage drop by a thermionic cathode emitter has been 
represented by the following equation: 

(2.2) 
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where: ¢ = work function of the electrode material (volts) 

qe = heat loss to the electrode (Joules) 

T = temperature of the gas (Kelvin) 
3kT -- = thermal energy of the electrons. 
2e 

Boltzmann constant, k is equal to 1.38 x 10-23 J/K and the electron charge, e is 1.602 x 
10-19 coulomb. The temperature of the tungsten cathode is well below the melting point 
for current densities of 106 to 108 Alm2 (Figure 2.3) used in arc welding. The figure 
also shows that transition metal like iron, copper, and nickel have melting points below 
the equilibrium temperature for the current density seen in GTAW. 
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Figure 2.3 Temperature for Thermionic Emission at Various Current Density 
Levels (Ref. 15) (individual points show boiling point of pure 

elements vs. work function) 

For steel cathodes, the voltage drop has been reported to vary between 10 to 20 volts 
during welding (Ref. 15-17,21-26). The current flow through the cathode sheath for 
non-thermionic cathodes is largely due to field emission. Surface boiling and ionised 
gas promote a cloud (or sheath) of positive and negative charges that support current 
flow. As a result, the cathode supplies a large portion of the electrons needed to conduct 
welding current through the arc stream (Ref. 12, 15). The cathode is believed to be 
surrounded by a cloud of positive charged ions. These ions come from metal vapour 
and ionised shielding gas. The ion sheath acts to accelerate ions with an increase in 
energy proportional to the potential fall, V c at the cathode surface. Ion energy is also 
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released at the surface when the ions become neutralised where this energy is 
proportional to the ionisation potential of the ion. The energy released during cathode 
current flow causes the surface melting and the large voltage drop. The field theory for 
electron emission assumes that vapour pressure may be above ambient near the cathode 
spot. The mechanisms for field emission are very complex and have not been simply 
modelled by physicists. Heating is believed to occur on a micro-scale. The very thin 
cathode sheath is believed to raise the voltage gradient at the cathode surface to millions 
of volts per cm which provides the driving force for removing electrons by field 
emission. Both positive ions and electrons carry current at the cathode surface. The 
ratio of positive ions to electrons is determined by the work function, boiling 
temperature, and shape and area of the cathode surface. Factors such as surface 
roughness, oxide films, non-metallic impurities affect the work function voltage 
required for electron emission. 

In view of this theory, a change in work function or boiling temperature is expected to 
change the fraction of current carried by positive ions or electrons. A reduction in work 
function or increase in boiling temperature will increase the fraction of thermionic 
electrons at the expense of ionised gas and metal vapours and cause cathode heating 
effect to decrease. A simple equation to describe cathode heating He (Joules) was 
proposed by Lesnewich to account for these competing effects as follows: 

where: Ve = cathode fall voltage 
Vi = ionisation potential 
ip = positive ion current 
ie = thermionic electron current 
¢ = work function of the electrode material (volts). 

(2.3) 

The cathode typically generates more than twice the heat of the anode for steels and 
other common alloys. The cathode fall voltage increases as the boiling temperature of 
the metal decreases since thermionic electrons are harder to emit. 

The dependence of melting rate on changes in work function and boiling point has been 
evaluated during EN welding tests by activating the surface of the consumable 
electrodes which improves electron emission and reduces the cathode drop (Ref. 27, 
28). Electrode surface activation decreased the melting rate for a given current. 
Equation 2.3 explains why the melting rate is much higher in EN welding and deeper 
weld penetration is achieved in EP welding when both materials (electrode and work) 
used at the cathode and anode are the same. 

Anode Heating 

Research has shown that the voltage drop at the anode varies between 3 to 5 volts for 
GMA W of steels (Ref. 16, 21). The anode is not believed to be a direct source of 
positive ions to the arc. The high temperature of the anode releases free electrons. 
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These electrons do not have sufficient energy to overcome the attractive forces of the 
anode (Ref. 12. 15). As a result. the electrons form a very thin cloud immediately about 
the electrode. A very steep voltage gradient develops across this region. The voltage 
drop is small compared to the cathode but since electrode cloud region is small, the 
voltage gradient is very high. Electrons are accelerated to very high velocities over this 
short distance developing considerable kinetic energy. The energy converts to heat at 
the point of impact. Additional energy is also supplied when the electrons are absorbed 
into the metal lattice and this energy is considered the "energy of condensation', which 
is represented by the thermionic electron work function of the anode material. The heat 
developed by these basic reactions was described by Lesnewich by the following 
equation: 

where: Ha = heat generated by the anode reaction (J) 
Va = anode drop 
rp = anode thermionic work function 

I = welding current 
c = constant. 

(2.4) 

All this heat is transferred to the anode. Some of the kinetic energy from the electrons is 
lost when ionising gas molecules. Heat is also lost when metal vapours boil off the 
anode. These reactions are considered to be a major source of positive ions in the arc. 
Radiation and conduction losses through the electrode and shielding gas also occur but 
are considered negligible. Therefore, the heat at the anode is not affected by the type of 
shielding gas. 

A simple thermal model for electrode melting assumes that the droplets melt and detach 
at their melting point. The total heat content of the drops, Ho is considered constant and 
approximates to the heat at the melting point. Under these conditions, the heat at the 
anode is proportional to the wire feed speed, v. The heat developed by the melting of 
drops can also be used to explain (Ref. 17-20) the total heat content produced at the 
anode as: 

where: Ho = total heat of drops (J/mm
3

) 

j = current density (amps/mm2) 
v = wire feed speed (mmls). 

(2.5) 

This equation is similar to Equation (2.4) with additional heat from free electrons and a 
better relationship to electrical parameters. The total voltage drop at the anode can be 
determined by dividing the melting rate heat content by the current density. The current 
density factors the effects of electrode diameter and this simple equation assumes the 
heat is uniform over the electrode tip. 
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2.2.1 Effect of Welding Variables on Anode Melting Rate 

The effects of welding variables on anode electrode heating used in GMA W were well 
studied by Lesnewich (Ref. 12). He performed tests which isolated the effects of 
electrode extension and diameter, arc length, and current to empirically determine the 
anode voltage drops for steel electrodes. He determined an anode heating coefficient 
which was a function of electrode cross sectional area by extrapolating the effects of 
electrode extension to zero from the data shown in Figure 2.4. This figure was for one 
electrode diameter and shows that melting rates increase with electrode extension at 
constant current and arc length. The anode heating coefficient, Ca was determined by 
dividing intercepts by the welding current which was found to give a constant 
relationship as shown by the slope in Figure 2.5. The effects of anode heating on 
melting rate were constant for a given electrode diameter and material, and was only 
affected by the current. Lesnewich defined the following simple equation to factor the 
effects of anode heating on melting rate, MRa: 

1500 ,----,-----,r"""T--,----,-----. 
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Figure 2.4 Effect of Electrode Extension and Welding Current 
on the Electrode Melting Rate (Ref. 12) 

9 

(2.6) 



O.04S" DIA. MILD STEEL 
ARGON SHIELD 

RPDC 

~----~100~--~~~----~~~----«O~----~S~ 
CURRENT (AMPERES) 

Figure 2.5 The Effect of Welding Current on Anode Heating as 
Measured by Melting Rate (Ref. 12) 

Melting rate can be expressed in wire feed speed, which is a welding parameter, or in 
deposition rate by factoring wire area and density. This equation was very similar to the 
theoretical Equation (2.4). The slope of Figure 2.5, Ca, is therefore related to the anode 
voltage drop and the electrode work function. This process was repeated for several 
electrode diameters. The results of these tests show that the anode heating coefficient, 
Ca (lbslhr amp) increased as the electrode area increased (Figure 2.6). His experiments 
proved that the heating at the anode was independent of other factors such as arc length 
and electrode extension. In addition to electrode area, changes in Ca are dependent upon 
the specific heat of the material, and therefore their chemistry. Anode heating effects 
are restricted as the electrode tip area decreases. Lesnewich noted that the data in Figure 
2.6 was based on the theoretical diameter and did not include the shape of the electrode 
tip and the arc. The electrode tip was tapered since his tests focused on the spray mode 
of the process. Therefore the actual area of the electrode tip was much greater. He 
argued that it was this effect that gave lower values for Ca compared to data extrapolated 
for the AC submerged arc process shown in the same figure. The submerged arc data 
showed that very larger electrodes do not develop a conical shape and the arc may not 
envelop the tip depending on the current. The tip geometry seen in Figure 2.6(c) has 
been observed on very large electrodes used for gas metal arc furnace melting but this is 
not applicable to GMAW. For most industrial GMA W applications, the relationship 
defined by Equation (2.6) and values for Ca from Figure 2.6 are valid for spray transfer 
using argon-based gases and Ca can be related to just the electrode diameter. Here the 
electrode tip and arc behaviour are relatively constant over the range of electrode sizes 
used by industry. 
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Figure 2.6 Relationship of the Coefficient of Anode Heating to the 
Electrode Area of the Cross Section (Ref. 12) 

Lesnewich repeated many of the melting rate tests using a variety of shielding gases 
including helium, nitrogen, and carbon dioxide to evaluate the effects on anode heating 
coefficient. Shielding gas showed significant variation in metal transfer, weld 
soundness and bead shape, but changes to electrode melting rate were quite small and 
considered negligible compared to argon shielding gas. This was not surprising since 
the heat at the anode was due to the absorption of electrons. from the arc and the source 
of the electrons was not a factor. 

Activation coatings that change the work function of the electrode were shown to have a 
strong effect upon the electrode when it was in the negative pole (Ref. 27, 28). This 
effect was explored for EP welding too by Lesnewich (Ref. 12). According to Equation 
(2.4), electrode activation could affect the anode heating by changing the work function. 
His experiments evaluated the effects of caesium (which has a low work function) 
surface treated wire and found no appreciable effect on the anode work function of steel. 
Therefore, the heat generated by the anode drop is significantly greater than the work 
function. 

2.2.2 Effect of Welding Variables on Cathode Melting Rate 

Energy is supplied to the cathode by the acceleration of positive ions across a steep 
voltage gradient through the cathode sheath. As a response, the cathode releases 
electrons in an attempt to neutralize the arc. Cooling of the cathode occurs when 
electrons evaporate off the surface. As the fraction of electrons increase, the net heat 
released at the cathode decreases. Stabilization has been used to reduce the heat at the 
cathode by using rare earth elements to activate the surface of the cathode which 
provides more electrons to carry the current (Ref. 27, 28). In addition, argon based 
shielding gases that have at least 5% oxygen (or mixtures of oxygen and carbon dioxide 
that exceeded a critical oxidation potential) have been shown to provide arc stabilisation 
with EN (Ref. 29). 
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Lesnewich (Ref. 12) performed tests which evaluated the melting rate behaviour of EN 
welding and the effects of electrode activation. The melting rate relationship for EN 
was similar to EP in that it was directly related to current. However, activation provided 
by wire surface treatment or through the use of oxidizing shielding gases was found to 
reduce the melting rate coefficient for EN. Therefore, the melting rate due to cathode 
heating could be defined using Equation (2.6) except that Cc was dependent on shielding 
gas type, activation, and current. 

Shielding gases are defined as either being inert or oxidizing. Oxidising shielding gases 
promote the formation of a thin iron oxide layer on the wire electrode near the tip. The 
thin oxide, as described by l..esnewich (Ref. 12), reduced the cathode voltage drop, and 
therefore the melting rate, for argon-based shielding gases that have small 
concentrations of either oxygen or CO2• Neutral gases, such as helium or argon, or 
mixtures thereof, have not shown an effect on the activation of the negative electrode. 
The melting rate for the latter inert gases is the same at a given current and electrode 
extension. High concentrations of CO2 or pure CO2 were shown to increase in EN 
melting rate (Ref. 12). This effect was attributed to the volume fraction of dissociated 
C02 molecules providing increased positive ion bombardment across the cathode 

sheath. 

Norrish (Ref. 29) performed tests to determine the preferred shielding gas mixtures for 
EN welding with 1.0 and 1.6 mm steel electrodes. Tests were performed to establish the 
deposition rate and arc behaviour of pure helium and argon, argon - helium mixtures, 
argon - 02 mixtures, and argon - 02 - C0 2 mixtures. There was a range of optimized 
Ar - 02 -C02 gas mixtures which provided stable arc behaviour. His tests also showed 
an increase in melting rate for EN compared to EP, but the benefits were not quantified 
as the emphasis was on metal transfer stabilization. 

Melting rate tests performed by l..esnewich showed that melting due to cathode heating 
was almost twice that of anode heating for the same size electrode using argon - 1 % 
oxygen shielding gas. The melting rate due to cathode heating was linear as shown by 
the uppermost curve in Figure 2.7 for 0.062 in. (1.6 mm) electrodes. Characterisation of 
EN welding was limited by the unstable metal transfer, so his tests on this polarity were 
not as complete as EP. The lower curves for 0.045 in. (1.2 mm) electrodes in this figure 
show how surface activation can be used to lower melting rates and improve metal 
transfer. This electrode was considered partially activated and larger changes were 
observed with fully activated electrodes. The cathode heating coefficient, Ce, for the 
activated electrode decreased slightly at lower currents and then rapidly at currents 
above 300 amps (Figure 2.8). At currents above 550 amps, the melting rate with 
activated wire in the EN became lower than the EP wire. The changes observed were 
due to the electron emission characteristics, which were not only dependent on the 
degree of activation but also the welding current. The current changes the thermal 
distribution at the electrode tip. Electrode extension changes also affect the thermal 
distribution and the cathode heating coefficient, Ce• Lesnewich found an increase in 
electrode extension caused a decrease in cathode heating. The amount of this decrease 
was also dependent on the current. He did not elaborate on this relationship but 
concluded that calculations for EN melting rate are far more complex than EP. 
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Figure 2.7 Dependence of Melting Rate Due to Cathode and Anode Heating on the 
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Figure 2.8 Change in the Cathode-Heating Coefficient Due to the Magnitude of 
Welding Current (Ref. 12) (mild-steel electrode, argon + 1 % oxygen shield) 
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To summarise, Lesnewich found that cathode heating was similar to anode heating in 
that the former approaches a linear relationship to current on very clean (non-activated) 
wires in inert gas. Surface activation with alkali, alkali-earth, and rare earth metals 
produce a non-linear melting rate relationship to current. Activation is also provided by 
the use of oxidizing shielding gases, which could change the melting rate up to 10%. A 
non-linear relationship existed between cathode heating and electrode extension, but the 
departure from linearity was far less than its dependence on current. Wire diameter was 
believed to have an effect on cathode heating but no relationships were developed. 

The same thermal model for electrode melting described in Equation (2.5) for anode 
heating can be applied to cathode heating. Again, the heat content of the drops, Ho. is 
considered constant and approximates to the heat at the melting point. Under these 
conditions, the heat at the cathode is proportional to the wire feed speed, v. Heat from 
thermionic emission causes a reduction in melting rate as described above and cools the 
electrode. The total heat content produced at cathode electrodes (Ref. 17) may be 
written as: 

(2.7) 

2.2.3 Effects of Electrode Extension on Melting Rate 

In the electrode extension, the voltage drop is proportional to the resistance in the 
electrode extension times I as follows: 

V -IR L -

R=P~ 
(2.8) 

This is Ohms law which needs no explaining where the resistance in the electrode 
extension, R is proportional to the resistivity, p , times the electrode extension length, L, 

divided by the wire cross sectional area, A. Resistivity is a function of temperature. 
which varies along the electrode extension from room temperature to the melting point 
at the electrode tip. Resistivity is also a functional of alloy and prior metallurgical 
history. The voltage drop in the electrode extension times the welding current 
determines the heating of the electrode extension and is given by: 

L ') 
HR =p-I­

A (2.9) 

Longer electrode extensions provide more heating and increase the melting rate for a 
given current. Likewise, smaller electrodes increase the heating at constant current due 
to decreased cross section area. 

The actual contribution to electrode melting by the electrode extension was determined 
by Lesnewich by subtracting the anode heating melting rate in Figure 2.5 from Figure 
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2.4 as a function of current. The results of these calculations are shown in Figure 2.9. 
The linearity of Figure 2.9 was surprising to Lesnewich who concluded that for this to 
occur the average temperature and resistance must be constant in different electrode 
extensions. He did notice a deviation from this behaviour in extremely long electrode 
extensions and high currents where a more exponential temperature profile was 
developed, but these values were not practical for welding. The fact that deviations 
from linearity did not occur over electrode extensions less than 2 in. proved that the 
electrode temperature, on average, was the same for each current. The reason for this 
behaviour was that wire feed speed was increased to maintain the melting rate and arc 
length. At constant current, wire feed speed is increased as electrode extension is 
increased to maintain the melting rate so the time each element of wire spends in the 
electrode extension is about the same. 
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Figure 2.9 EtTect of Welding Current and Electrode Extension on the Electrode 
Melting Rate Due to its Electrical-Resistance Heating (Ref. 12) 

The melting rate achieved by different electrode extensions was found to be dependent 
on current as shown in Figure 2.9. The relationship to current was not linear since the 
heating was by the current squared which causes the slope of each line in Figure 2.9 to 
change with current. He determined the exact melting rate relationship for electrode 
extension heating by plotting the results on a logarithmic scale (Figure 2.10). From 
here, the resistive heating coefficient, CR, was determined which was 42.1 x 10-4 (lbslhr 
in amps2) for this data using 0.045 in. electrodes. A simplified equation for resistive 
heating melting rate was developed as follows: 

(2.10) 
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The units for CR are expressed in terms of deposition rate (or wire feed speed) per inch 
amp squared. For this example, the units were in lb/hr in amp2. The resistance was 
dependent on electrode diameter so a different constant was required for each electrode 
type and size. Lesnewich solved the relationship for the effects of wire diameter for 
steel electrodes where the following equation was determined: 

(2.11) 

The equation shows that the resistive heating coefficient has the units of resistivity when 
the equation is in this form. However, Lesnewich noted that the exponential 
relationship to wire area deviates from the theoretical equation shown in Equation (2.9). 
This deviation was believed to be due to variances in the actual temperature distribution 
and, hence, average resistance with different size electrodes . 
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Figure 2.10 Effect of Welding Current and Electrode Extension on the Electrode 
Melting Rate Due to its Electrical-Resistance Heating (Ref. 12) 

2.2.3.1 Electrode Wire Heating in Terms of Welding Parameters 

Twenty years later, Halmoy performed tests that complemented Lesnewich's theory by 
measuring the actual resistivity, p , in the electrode extension (Ref. 19). The relationship 

between resistance and energy required to heat the electrode extension was determined 
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instead of the relationship to temperature. This approach simplified the experiments. 
His method involved passing current through a short piece of wire while recording the 
voltage and current as a function of time. The energy was proportional to the time 

integral fV! dt and the resistivity was proportional to VII by factoring electrode 

extension parameters. This relationship was developed for mild steel, Si-Mn steel. and 
stainless steel (Figure 2.11). The unique finding of these tests was that the resistivity 
was almost constant for all three materials above energy levels of approximately 4 
J/mm3, which corresponds to the resistivity transition point of 800oe, up to the melting 

point. 

E 
Eo . 

..... -
o. 

Figure 2.11 The Resistivity of Some Steel Wires as Functions 
of the Specific Heat Content (Ref. 19) 

Halmoy developed an analytical equation to predict the heat produced in the electrode 
extension based on these resistivity measurements and the welding parameters as 
follows: 

L/ 
HoL =PL-+ b 

v 

Where: Hal = Resistive heat content (J/mm
3

) 

PL = Resistance (Q mm) 
L = electrode extension 
j = current density (Nmm2

) 

v = wire feed speed (mmls) 
b = Heat content constant (intercept from Figure 2.12) 

(2.12) 

Figure 2.11 shows that heat content Hol caused by resistivity was a nonlinear function of 

L//. at lower temperature. The linear equation shown above is valid for high values of 

energy greater than 4 J/mm3 where resistance is constant, like near the electrode tip in 
GMA W. Since this equation used a constant resistivity, P L' the constant b was used to 

factor the heat developed from room temperature as shown in Figure 2.12. The 
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constant, b, was dependent upon room temperature resistivity, and was material specific. 
Steel alloys with low room temperature resistivity had large b values. Each alJoy 
studied by Halmoy had a different b value. For alJ three alJoys shown in Figure 2.11, 
the resistivity, PL was 1.2 x 10-3 nmm at the electrode tip near the melting point. 

9 

8 

• 

2 

, , , 

j. 
, 

I 
I 

I , 

Figure 2.12 The Resistive Heat Content as a Function of f = fdHl P (Ref. 19) 

2.2.4 Other Melting Rate Factors 

The arc column is defined as the part of the arc that is located between the cathode and 
anode. It is considered electrically neutral in that there are an equal number of negative 
and positive electric charged carriers. The arc temperature determines many properties 
of the arc column including the degree of ionisation and dissociation of the shielding gas 
if it is diatomic. The voltage drop in the arc column is related to the arc length and the 
resistance of the plasma column, which is non-linear. Different shielding gases change 
the heat field above the weld pool due to differences in ionisation potential and thermal 
conductivity, and have been shown to have a strong effect on the weld nugget area at 
constant current, arc length, and travel speed. Tests performed by researchers (Ref. 12, 
17, 18, 30, 31) have shown that the type of shielding gas and arc length did not affect 
the melting rate in the EP mode. Travel speed and arc length tests were also performed 
by Lesnewich and he found no effect from these variables on melting rate even though 
the weld pool size varied significantly with travel speed and arc length. The weld 
nugget size has been shown to be directly related to welding heat input, travel speed, 
and process efficiency, which factors how much energy is absorbed by the work piece. 
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2.2.5 General Melting Rate Equations 

Based on the extensive work performed by Lesnewich, a general form for the melting 
rate equation has been established and used extensively since his initial publication in 
1958. The general form of the melting rate equation was based on combining the anode 
(or cathode) heating as per Equation (2.6) with resistive heating as per Equation (2.10) 
as follows: 

(2.13) 

This equation has been widely used to characterise CV GMAW processes. Today, 
modem power supplies based on inverter technology permit the use of waveform 
controlled GMA W processes. The most notable is the pulse GMA W process, here-in 
referred to as GMAW-P. In addition, there are pulse-short circuit, AC, and VP-GMAW 
processes, to name a few, that have unique melting rate relationships based on the 
effects of current waveform. Lesnewich' s equation can be applied to these waveform­
based processes by integrating the MR equation current waveform over time. 

A more physical general model has been proposed by Halmoy (Ref. 18-20). His model 
was physically intuitive since it used the temperature dependent resistivity based on 
Equation (2.12) and wire electrode dimensions. A constant value for the resistivity of 
steel was determined for energy above 4 J/mm3 and an energy offset constant was used 
to account for changes in resistance from room temperature for each material. Halmoy's 
model was based adding the heat content, Ho in (J/mm3

) in the electrode extension and 
anode using the following equation: 

(2.14) 

The melting potential, tPm in volts describes the potential drop at the anode surface used 

for melting. Substituting the linearised expression Equation (2.12) into this equation 
yields a useful linearised equation for wire feed speed: 

v = H l+b (tP",j + PLL/) 
() (2.15) 

The mass melting rate (or deposition rate) in kg/hr can be calculated by factoring mass 
density, m in kg/mm

3
: 

(2.16) 

For standard carbon steel wire electrode, the numerical values by experiments were: 
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1 
Ho= 11.1 J/mm-
b = 4.0 J/mm3 

f/>m = 3.5 volts 

PL = 1.2xlO-3 ohm mm 

Halmoy's equations were only valid when the ohmic heating in the electrode extension 
was not too small as the case with most industrial GMA W application. By solving for 
Ho, b, f/>, and PL' the validity and range of his model was determined and shown 
graphically (Figure 2.13). Numerically, his model requires HL to be greater than 4 
J/mm3

. In this regime, the accuracy of Equation (2.15) was verified for several 
electrode diameters and different carbon steel electrodes. The latter mainly affects the 
resistive heating constant, b. For the common solid steel electrodes, b does not vary 
much. Equation (2.15) has the same heating dependency as Lesnewich' s Equation 
(2.13) where separate factors are used for arc and resistive heating. 

H • 4_0 JlmrW-

10 

/' 

20 

L,mm 

/ 

Figure 2.13 Wire Feed Speed as a Function of Extension and Current 
[large crosses are average of three data points; small crosses are sinfle 

points (Ref. 18) (I - j = 317.3A1mm2
, I = 347 A; 2 - j = 271.6A1mm , 

1= 297A; 3 - j = 182.9A1mm2
, I = 200A)] 
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Overall, Halmoy's equation offers the same predictive capability as Lesnewich's model 
except more quantitative measurements are required to determine the electrode 
extension resistivity. Because of this, most engineers prefer to characterise the effects 
of more advanced GMA W processes using Lesnewich' s general equation. His equation 
uses two simple constants to factor arc and resistive heating permitting quick analytical 
correlation to welding parameters. 

2.2.6 Numerical Models 

In recent years, numerical models have been used to model the GMA W process (Ref. 
32-40). These models have evaluated the heat flow in the electrode extension, the 
melting rate, the droplet formation process, the power in the arc, and the interaction with 
the power supply for self-regulation. These analyses have led to some important insight 
on the capability of numerical analysis for prediction (Ref. 33) as summarised by Kim: 

• Thermal conduction in the solid electrode may be approximated as a quasi­
steady process except in the immediate vicinity of the molten droplet. 

• Dimensional and time scale analyses including a number of transient thermal 
phenomena involved in droplet formation and detachment found no significant 
simplification to apply for analysing droplet formation. 

• Given the transient nature of the convection within the droplet, the relative 
significance of so many thermal phenomena, and poorly quantified conditions, 
accurate solutions for within the droplet are very difficult. 

Simple numerical models were static, and assumed the droplets were round and had 
stationary electrode extension interface. The volume of fluid (VOF) method (Ref. 34, 
37) is becoming more common as it can predict the dynamic effects of drop transfer. 
These methods have become available only in recent years with the use of high power 
computers. There are still many limitations for accurately deploying these models in 
industry. Many of these limitations are related to accurate measurement of material 
properties at high temperatures. Numerical modelling will continue to factor more 
details that affect the heating at the electrode tip, the shape of the arc, the current flow 
into the droplet, the droplet formation process, and the interdependent dynamics 
between the areas. 

Numerical models have focused on CV waveform with focus on the melting rate and 
droplet formation process, and the transition between metal transfer modes. No 
numerical models were found that attempted to factor the effects of complex waveforms 
on droplet formation or the effects of VP. The transient effects that occur during arc re­
ignition, current pulsing, and VP will require even more advanced models. In VP, the 
arc heating process will need to separate the effects of electrode anode and cathode 
heating, shielding gas activation, and arc ignition and growth on a time scale based on 
the waveform. 
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2.3 GMA W Metal Transfer Modes 

A review of GMAW metal transfer is required before the theories for GMAW-P and 
VP-GMAW can be presented properly. Metal transfer begins with the formation of 
molten droplets on the tip of the electrode. The droplets are detached forming drops 
based on the mode of transfer. Metal transfer affects the control of the weld pool, 
positional weldability, stability of the process, and compositional changes to the filler 
metal due to reactions in the arc. In addition, the melting rate efficiency of this process 
is dependent on the metal transfer mode that is controlled by the power supply 
waveform and electrode conditions. Shielding gases do not directly affect melting rate 
for EP welding but do influence metal transfer (Ref. 12, 17, 18, 29, 30, 31). Oxidizing 
shielding gases do affect the melting rate of EN welding and metal transfer (Ref. 12, 
29). Losses through fume and spatter, and sometimes weld defects are a result of poor 
metal transfer. 

2.3.1 I1W Classification 

Welding processes offer a wide range of metal transfer modes. The International 
Institute of Welding developed a classification in 1976 to describe these modes (Table 
2.1). The GMA W process offers the largest range of metal transfer modes. Many 
GMA W modes provide regular transfer of drops which can be quantified and related to 
welding parameters. This is not always the case with SAW and SMA W, and GMA W 
with pure carbon dioxide shielding gas. These processes may have drops that vary in 

volume over time. 

Table 2.1 I1W Classification of Metal Transfer (Ref. 17) 

Designation of Transfer Type Welding Processes (examples) 

1. Free flight transfer 
1.1 Globular 

1.1.1 Drop Low-current GMA W 

1.1.2 Repelled C02 shielded GMA W 

1.2 Spray 
1.2.1 Projected Intermediate-current GMA W 

1.2.2 Streaming Medium-current GMA W 

1.2.3 Rotating High-current GMA W 

1.3 Explosive SMAW (coated electrodes) 

2. Bridging transfer 
2.1 Short-circuiting Short-arc GMA W 

2.2 Bridging without interruption Welding with filler wire addition 

3. Sla2-protected transfer 
3.1 Flux-wall guided SAW 

3.2 Other modes SMA W, cored wire, electroslag 

The GMA W process is industrially applied using the short circuit mode. This mode 
uses a low voltage that inhibits a free burning arc. The droplets form in the arc period 
between shorts that are made between the electrode tip and the weld pool (Ref. 41-49). 
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With proper control of the short circuit process, the droplets that formed can be 
transferred during short circuits with the pool without excessive spatter during re­
ignition. High quality welds can be made on sheet metal and under controlled 
conditions on thick plate. 

For GMA W, at low currents using voltages that inhibit short circuiting, the metal 
transfer mode is characterised as globular (Figure 2.14). Globular drops are defined as 
drops that have a diameter significantly larger than the electrode diameter. The globular 
mode has two sub-modes; drop and repelled. In the drop globular mode, the drops 
transfer to the weld pool when the forces, largely due to the droplet weight, cause the 
drop to detach. This mode can be controlled and here-in is just called globular. With 
carbon dioxide shielding gas, the globular drops can be repelled at high currents away 
from the weld pool. The repelled globular mode found in high current CO2 welding is 
related to the high thermal gradients that constrict the arc (Ref. 13, 17, 27, 28). The 
carbon dioxide molecules absorb a lot of heat as they are dissociated and ionised. This 
constricts the are, which forces the current flow into the bottom of the droplet where a 
strong reaction force exits. Repelled globular transfer is also common in EN GMA W 
where massive droplets have been seen to grow, and sometimes transfer is only by a 

short circuit. 

Drop Repelled 

" 

o 
o 

Projected 

Short-circuiting 

o 
o 

Streeming 

Flux-well-guided 

Figure 2.14 Metal Transfer Modes According to the IIW Classification (Ref. 17) 

The polarity has a strong effect on the droplet form. For anode electrodes, the arc has 
been observed to form symmetrically around the bottom or entire droplet in argon based 
shielding gases (Ref. 13, 17, 27, 28). When the electrode is negative (cathode), a mobile 
cathode spot has been observed on the bottom of the droplet (Ref. 13, 17). The cathode 
spot can support a large droplet and is very unstable. For this reason, EN GMA W is not 
industrially used except with special electrodes that have activated surfaces or with 
shielding gases that have sufficient oxidation potential (Ref. 29). With activated 
electrodes, regular and stable transfer can be achieved in EN with the same transfer 
modes achieved in the EP mode (Ref. 13,28). 
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Norrish (Ref. 29) showed that stable globular and spray transfer can be achieved in EN 
welding when the shielding gas provided sufficient activation. Argon mixtures having 
more than 5% oxygen, or 2%02 and 10% CO2 to 10%02 and IO%C02 provided stable 
transfer. His work found that the optimum shielding gas for arc stability and weld bead 
shape was argon with 5%02 and 6%C02 but other mixtures gave almost similar results. 

In pure argon, Norrish observed that the cathode arc oscillated between two modes; the 
multi-spot cathode and the single-spot cathode. The two modes oscillated at lower wire 
feed speeds and currents where the multi-spot mode started the droplet formation 
process. Here, the arc travelled up the electrode extension and rapidly consumed virgin 
electrode. Once a large droplet formed, the arc root on the droplet and transitioned to 
the single-spot cathode mode until drop detachment. At higher weld current, the two 
modes were found to co-exist during droplet formation but metal transfer occurred in 
the single-spot mode. With argon oxygen or 02-C02 mixtures that provide sufficient 
activation, the cathode area was stable and covered the tip of the electrode. At 25% C02 
the arc formed a dominant cathode spot on the bottom of the electrode tip. This resulted 
in non-axial transfer and spatter. 

The driving force for metal transfer is related to the geometry of the arc-droplet interface 
which is probably more important than the direction of current flow (Ref. 27, 29, 50, 51, 
52). Symmetric current flow above and around the droplets promotes stable 
detachment. Current flow into the bottom of the droplet results in significant repulsive 
force. The work function of ferrous materials is too high for thermionic emission of 
electrons to carry current. The electrode cathode spot, formed in shielding gases that do 
not have sufficient activation, strongly depends on the fraction of ions carrying current 
and naturally forms on the bottom of the droplet close to the arc where ions are 
available. Activation by shielding gas or surface activating elements provides for some 
thermionic emission and makes the arc more stable (Ref. 27, 28, 53-57). Cerium, 
caesium, and other rare earth metals have commercially been used to activate the 
electrode (Ref. 58, 59). The arc that forms on an activated electrode has been observed 
to cover the entire electrode tip and forming droplet (Ref. 27,28). 

In argon-based shielding gases with EP, globular transfer can be stable and regular. 
Small additions of oxygen or C02 help drop transfer by reducing the surface tension of 
the droplets (Ref. 53, 54). Arc length is critical and must be long enough to avoid short 
circuiting. 

The globule drop volume is directly related to the forces on the droplet where drop 
volume decreases as the current is increased (Figure 2.15) (Ref. 17). At a critical 
current, a transition in metal transfer occurs where the drop volume significantly 
changes often by more than an order of magnitude. This is called streaming spray 
transfer (Figure 2.15d) as the fine metal drops stream across the arc. 
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o o 

Figure 2.15 Successive Modes of Transfer in GMA W with Increasing Current 
Density from Left to Right (Ref. 17) (a -large globular, b - globular, c - project 

spray, d - streaming spray, e - rotating spray) 

There are three sub-groups for spray transfer; projected, streaming, and rotating (Table 
2.1). Researchers (Ref. 13, 17) have studied the spray transition current. Here, the drop 
volume significantly decreased with a corresponding increase in drop frequency. 
Lesnewich was the first to document the relationship between drop frequency and 
volume as a function of current through the transition range (Figure 2.16). The 
transition current was dependent on current and electrode type, diameter, extension, 
composition, and activation. Activation was caused by oxidizing shielding gases which 
change the surface tension or work function of the electrode. The relationship between 
transition current and electrode extension for steel using Ar-l %02 is shown in Figure 
2.17. The transition current decreased as the electrode diameter decreases and/or 
electrode extension increases. For 1.14 mm (0.045 in.) electrodes, the transition 
currents using normal electrode extensions of 12 to 25 mm were between 200 to 180 
amps, respectively. For the most part, this figure was for the streaming spray mode, 
which is typically defined as just the spray mode. 
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Figure 2.16 Effect of Current on the Size and Frequency of Drops Transferred 
in an Argon-Shielded Arc (Ref. 13) 
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At even higher current densities, the metal transfer mode can undergo a transition to 
rotating spray (Figure 2.l5e). This mode is more common with long electrode 
extensions that soften the electrode. The rotating spray mode occurs when the hot soft 
electrode becomes deflected under the influences of the Lorentz magnetic field force. 
The transition current from spray to rotating spray is dependent on polarity, electrode 
diameter, extension, composition, and activation (Ref. 13, 17,28,53-55). At extremely 
long electrode extensions, the transition currents for both spray and rotating spray 
merge. At this condition, a further increase in electrode extension resulted in a 
transition from globular to rotating spray that skipped the streaming spray mode. 

For most practical purposes, the rotating spray mode is not industrially used and is not 
achieved in modem power supplies using current waveform technology. Phillips 
Electric developed a hybrid process called plasma-MIG in the 1980's which enhanced 
the preheating of the electrode extension and promoted this transfer mode (Ref. 60). 
The process was claimed to offer benefits for cladding since the rotating arc distributed 
the heat input and deposited metal reducing base metal dilution. Stability of this metal 
transfer mode made plasma-MIG marginally successful and hence, the company has 
abandoned supplying this welding system. 
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Figure 2.17 Relationship Between the Drop/Spray Transition Current, 
Electrode Diameter, and Extension (Ref. 13) 
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2.3.2 Drop-Spray Mode 

Researchers (Ref. 61-63) have studied metal transfer for the GMA W -P process. Focus 
was on the projected spray mode of metal transfer (Figure 2.15c) with emphasis on a 
small subset of this mode known as "drop-spray". The drop-spray mode was 
subsequently preferred because the goal of most pulse parameters was to achieve one 
drop per pulse using a spray like arc. The drop-spray droplet diameter was within +/-
20% of the wire diameter and the drop was accelerated from the current pulse providing 
arc stiffness. Ma and Apps (Ref. 61, 62) studied the phenomena at the transition current 
and found that current range for stable drop-spray transfer was less than 20 amps above 
the transition current. This was for steady-state metal transfer using CV power supplies. 
In industry, this mode of transfer was hard to control using CV power supplies because 
variation in wire composition and activation may cause a frequent transition into 
streaming spray or back to projected-globular. 

During the transition from globular to spray using a current pulse, the first drop that 
formed as current increased was found to be drop-spray (Ref. 61,62). With long current 
pulses, the electrode tip began to neck and subsequent drops progressively got smaller as 
the process transitioned into streaming spray. The metal transfer transition phenomena 
was easily controlled by pulsing the current at a regular frequency. Depending on the 
pulse parameters, one or more drops may form per period. The drops that form after the 
drop-spray drop at currents above the spray transition current have a smaller drop 
diameter depending on the height and length of the pulse current. 

The shielding gas used for GMA W -P was important in achieving stable drop-spray 
transfer. French (Ref. 64) concluded that the shielding gas must have less than 20% 
C02 to produce this type of metal transfer. This was in good agreement with the 29% 
criteria (Ref. 52) that was obtained by Jacobson. A similar effect was observed using 
helium-rich shielding gases (Ref. 33). Here, Kim found that the mode transition 
between globular and spray disappeared when more than 50% helium was used in 
helium-argon shielding gases, or when pure CO2 was used with GMA W -Po 

In the drop-spray mode, metal fume is minimized and the arc is stiff providing 
directional metal transfer. The fume is minimized by the greater surface area to drop 
volume compared with streaming spray (Ref. 61, 62). As the drops travel through the 
are, vapour is generated off the surface from the intense heat. Drop surface area 
increases as the drop size decreases for a given melting rate. Streaming spray promotes 
significant fume which can exceed 5% of the electrode bumoff volume, which is 
measured by the filler deposition efficiency. Metal vapour is the main cause of fume 
based on the relationship between drop surface area to drop volume, arc length, and 
oxidation potential of the shielding gas. Longer arcs provide more time for drop 
superheating and fume formation. Increased oxidation potential increases fume by the 
exothermic reaction of oxide formation, which accelerates drop boiling. 

Control of fume is important in modem industry to meet regulations relative to welder 
exposure. The metal transfer mode can be used to reduce fume and requirements for 
protective equipment like active filter masks and extraction equipment. As will be 
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described later, the VP-GMA W process can significantly reduce fume and at the same 
time provide improve productivity (Ref. 10). 

2.4 Metal Transfer Forces 

Metal transfer is controlled in GMA W by the forces on the droplet. Researchers have 
represented these forces using simple static models that did not include the movements 
in the electrode extension interface (Ref. 32, 50-52, 61, 62, 65-72). Modem studies 
have factored the effects of fluid flow within the droplet which affect temperature 
distribution and surface tension. The simple static model (Ref. 32, 65) for forces on a 
droplet (Figure 2.18) is based on the competition of surface tension Fy , and 

vaporisation F,.{repulsive) forces against the electromagnetic Fem (pinch), gas drag FJ , 

and gravitational Fg forces. Metal transfer occurs when the latter forces exceed the 

surface tension and vaporisation forces. The gravitational force is assumed to be 
positive since most welding is downhand. The static model for forces on the droplet can 
be expressed as follows: 

(2.17) 

Of the above forces, the gas drag force and vaporisation force can be ignored for most 
practical welding applications. These applications use good welding parameters and 
normal welding torches. The force of gravity is simply the mass of the droplet 
multiplied by gravitational acceleration. This force is significant for the drop globular 
mode at low current and large droplet diameters. For most GMAW-P applications, the 
force of gravity can be ignored too since the droplets are near to or smaller than the 
electrode diameter of small electrodes (Ref. 50), and current densities are high. 
Therefore, in simple terms, metal transfer occurs when the Lorentz force exceeds the 
surface tension force. Under most GMAW-P applications, the Lorentz force accelerates 
the droplets off the tip of the electrode providing direction metal transfer and out-of­
position welding capability. 

The vaporisation force is related to the arc droplet interface. The vaporisation force is 
negligible when argon-based shielding gases are used with EP. These gases promote an 
arc that covers the drop-spray and streaming spray droplets. Argon based arcs provide a 
more uniform anode that distributes the heat caused by the acceleration of current flow 
into the droplet surface. The vaporisation force may be very dominant in the case of EN 
with CV power supplies or with C02 based shielding gases in the EP mOde. Here, the 
anode or cathode spot may be constricted superheating the bottom droplet surface. The 
localized vaporisation provides for a repulsive force. For most industrial applications 
using GMAW-P, the surface tension force is the dominant force resisting drop transfer 
since most shielding gases are argon-based and the metal transfer mode is drop-spray. 

The surface tension force is strongly dependent on droplet temperature and superheat, 
and effects of surface active elements which act to reduce surface tension. Small 
quantities of oxygen in the shielding gas, or sulphur and phosphorus in the filler 
material, can have a strong effect on reducing surface tension (Ref. 53-56). 
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The electromagnetic force, which is also known as the Lorentz force, is caused by 
reaction between the electromagnetic field and current density. This force is controlled 
by the current and the wire diameter, and is the dominant force controlling the transition 
from spray to globular transfer. The Lorentz force (Ref. 50) is believed to pinch the 
droplet surface and accelerate the liquid drops off the tip of the electrode. The Lorentz 
force is present when the magnetic field is changing as in the case of current flow 
through a forming droplet and after transfer. Again, this force is strongly dependent on 
the interface between the droplet surface and the anode (or cathode) arc root that shapes 
the current flow into the droplet (Ref. 50-52), especially in GMAW-P. 

In streaming spray GMA W, the arc envelope the entire electrode tip and a current 
density gradient along this taper drives liquid along the surface. The liquid column 
covering the electrode tip is accelerated and generates a spray of fine drops off the tip. 
The spray of drops has been given the analogy of water emitting from a high pressure 
orifice where the liquid column breaks into a fine spray. 

The Lorentz force can be repulsive if the current flowing into the droplet begins at the 
centre of the droplet bottom. As the current travels along the droplet surface. the 
Lorentz force can act to resist metal transfer. Therefore, the vaporisation force and 
Lorentz force may be acting together in the case of EN welding where there is a 
dominant cathode spot, and C02 welding where the arc is constricted by the temperature 
gradients. Spray transfer with pure helium shielding gas can also be difficult due to a 
constricted arc. The high thermal conductivity of helium promotes behaviour similar to 
C02 GMA W, and because of this, pure helium is not used for most GMA W 
applications. In applications that need the larger heat field for improved weld fusion. 
like GMA W of titanium, mixtures of helium and argon are used to improve metal 
transfer. For non-reactive metal like stainless steel, small addition of oxygen or C02 
may be used to further improve metal transfer with helium rich shielding gases (Ref. 55, 

57). 
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Figure 2.18 Forces on a Consumable Electrode Droplet (Ref. 65) 

The static force theory has been developed since 1960 (Ref. 60). This theory predicted a 
generally larger drop size than what was observed by experiments. Allum (Ref. 70, 71) 
proposed a different theory in 1985 and it was based on pinch instabilities in a liquid 
column at the electrode tip. This theory has been found to predict a smaller drop size in 
the lower current range for globular transfer. The pinch theory (Ref. 72) was invalid for 
globular transfer since a liquid column would never form on the electrode tip at low 
currents. The pinch-instability theory was also found to predict drops smaller than 
experiments for spray transfer where a liquid column exists. This error was attributed to 
the electrode tip taper and anode heating on the electrode sides. As mentioned in 
Section 2.2.6, new numerical models offer the possibility to link droplet calculations 
with arc column calculations. In addition, the dynamics of the droplet formation process 
and interactive arc behaviour for advanced waveforms needs to be factored in these 

future models. 

2.5 GMA W-P Waveform Parameters 

Before the development of modern power supplies using transistors, GMA W -P was 
limited to low fixed frequencies of 60 or 120 Hz (Ref. 73). Invertor power supplies, 
which were offered by the mid-1980's, offer significant control over pulse waveform. 
The main driving force for application of GMA W -P was improved metal transfer, out­
of-position weldability, and reduced currents for a given melting rate (Ref. 73-87). The 
process competes with short circuit GMA W on many applications, but this process 
suffers from spatter from short circuit induced metal transfer. Process control for 
GMA W -P strongly relies on controlling the forces on the droplet and metal transfer 

mode. 
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Drop-spray metal transfer has been considered the optimum mode for the majority of 
GMA W -P applications (Ref. 61-63). The drop-spray mode exists over a very small 
current range just above the transition current in the steady-state (Figure 2.19). This 
detailed diagram, which was developed by Allum, for 1.2 mm steel shows bumoff rate 
and drop frequency as a function of current using a 5 mm constant arc length and three 
electrode extensions (Ref. 63). The current range was less than 15 amps at each 
electrode extension for drop-spray. The drop spray range decreased with decreasing 
electrode extension. The shielding gas for this figure was 95%Ar-5%C02• Overall, the 
window for steady-state control of this mode was small. 
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Figure 2.19 Influence of Current and Electrode Extension on Burno", Rate and 
Metal Transfer Frequency Using 1.2 mm Mild Steel, with Ar-5C02 Shield, Arc 

Length 5 mm (nom), Electrode Stickout, I, as Shown (Ref. 63) 

Drop-spray transfer was hard to control using CV or constant current power supplies 
since small changes in electrode diameter, extension or activation caused a full 
transition into streaming spray or reversion back to globular. Current pulses above and 
below the transition current provided control for the drop-spray mode (Figure 2.20). 
This figure shows two simple strategies that have been evaluated for synergic control of 
pulse parameters (Ref. 63). The definition of synergic meant the pulse parameters were 
systematically changed to provide drop-spray transfer over the full range of wire feed 
speeds offered by the process. The goal was to get one drop per pulse. These first 
synergic power supplies used very square waveforms to maximize the melting potential 
of the waveform. Today, most power supplies use a more trapezoidal waveform (Ref. 
92). The latter waveforms provide a softer arc and less audible noise. 
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Figure 2.20 Changes in Pulse Shape as Mean Current is Continuously 
Increased for Synergic Logics (Ref. 63) 

The general strategy for modem GMA W -P power supplies is to use a pulse waveform 
that provides "one drop per pulse". The first metal drop to transfer during the current 
pulse that exceeds the spray transition current is drop-spray. Multi-drop per pulse 
parameters are common in many procedures used in industry. In general, there is no 
pulse waveform that can be considered optimum for GMAW-P. There are many pulse 
waveform solutions that can provide working procedures that have good stable metal 
transfer and weld quality, Figure 2.21 for example (Ref. 83). This example shows a 
large range for peak pulse current and peak time, and the regions for one or multiple 
drops per pulse. The relationship between these two variables for a specific type of 
transfer, like one drop per pulse, is called the detachment parameter (Ref. 63, 77, 78. 81) 
which is defined as follows: 

(2.18) 

where D is the characteristic detachment parameter, Ip is the pulse current, tp is the peak 
time and n is a constant usually between 1.5 to 2.5 . The curves shown in Figure 2.21 
were defined by the detachment parameter. Based on this theory. similar results were 
achieved with a broad range of pulse parameter combinations by using Equation (2.18) 
within the windows shown in this figure. 

Preferences in welding applications make some pulse parameters better than others. 
Preferences that influence pulse parameter selection may improve the (1) melting rate. 
(2) out-of-position weldability, (3) fume. (4) noise and/or (5) weld bead shape. These 
factors can be application dependent so what works on one application may not be 
preferred on another. 
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Figure 2.21 Influence of Peak Parameters on Droplet Detachment for 
Mild Steel Wire in Ar-S % C02 (Ref. 83) 

There are a variety of waveform shapes that can be used to achieve pulse metal transfer. 
The typical waveform parameters for GMA W -P include the peak and background 
current, the peak and background time, and the wave shape in the transitions. For 
trapezoidal waveforms, a common parameter is the slew rate to and from the 
background current to the peak current. More modem waveforms may have other 
properties like pulse on pulse, exponential slew rate, or short circuit adaptive control 
waveforms for spatter minimization (Ref. 1-10). 

Early researchers focused on square waveforms. In reality, almost all their tests had 
some slew rate due to the limitations of the power supply response rate. Some of the 
general principles of GMA W -P waveform technology (Ref. 79-81) were as follows: 

1) A minimum background current, Ib, is required to maintain the arc. This was 
typically greater than 40 amps but can be set as high as 50 amps below the 
transition current. 

2) The background current, Ib, is usually minimized to reduce heat input and inhibit 
the formation of globular droplets before pulsing the current above the spray 
transition. 

3) The current waveform is rapidly pulsed to currents above the transition current 
to grow the droplet and force metal transfer. 

4) The peak current time, tp is set long enough to grow the droplet and force a pinch 
force instability. 
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5) The peak current magnitude is usually set at least 50 amps above the transition 
current and can be 200 amps or greater than the transition current. 

6) The peak current and time are usually optimised to provide one metal drop per 
pulse. 

7) The droplet can detach from the electrode tip at the end of the peak period or 
during the following background period to produce different arc characteristics 
(i.e., a hard or soft arc). 

8) The first drop to detach is approximately equal to the wire diameter depending 
upon the material, shielding gas, waveform shape, and electrode diameter. 
These are related to the governing forces which were discussed in Section 2.4. 

9) Multiple drops are transferred if the peak parameters are too great where the first 
drop is of drop-spray dimensions and subsequent drops rapidly decrease in size 
as the electrode develops a tapered tip to support steady-state streaming spray. 

10) Frequency is the main pulse parameter used to control changes in wire feed 
speed by usually adjusting the background time to balance the requirements for 
melting rate, arc length control, and stability. This is not universal as many 
equipment suppliers also make small adjustments to peak and background 
variables to provide different strategies and avoid patent infringement. 

Most GMA W -P power supplies that offer synergic algorithms are tolerant to a range of 
shielding gases. The shielding gas affects the activation of the electrode and the droplet 
surface tension. Spray transition current can change up to 35 amps for 1.2 mm steel by 
changing the CO2 content from 5 to 20% (Table 2.2). Most commercial power supplies 
simply offer one set of pulse parameters for a full range of Ar-C02 shielding gases. 
Here, the strategy is to use a peak current that is significantly higher than all the 
transition currents shown in this table. Peak pulse currents near 350 amps are common 
on many power supplies (Table 2.3). This results in a pulse that is 75 to 100 amps 
greater than the transition current for 1.2 mm steel. 

Table 2.2 Spray Transition Currents for Steel Wires (amps) (Ref. 81) 

Shieldin2 Gas 
Wire Diameter Ar-SC02 Ar-1SC02 Ar-20C02 

0.8 140 155 160 
1.0 180 200 200 
1.2 240 260 275 
1.6 280 280 280 

There may be other factors that affect waveform strategy too. This includes 
synchronisation of pulse parameter for hyperbaric conditions to deal with high pressure 
arcs (Ref. 86, 87) or in hybrid welding processes, like tandem GMA W (Ref. 88-91). 
Waveform synchronisation may be used to have tandem electrode waveforms in or out 
of phase. The preference has a strong influence on metal transfer stability, the resultant 
tandem GMA plasma jet, and weld bead shape, for example. 
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Table 2.3 Pulse Parameters Based on Mid-Point Detachment Parameter 
Conditions, Ip - Pulse Current; tp - Pulse Duration (Ref. 81) 

Wire Diameter (mm) 
0.8 1.0 1.2 1.6 

Wire/Gas Type In to In tn In to In tn 

Ar-5Ol 300A 2.7 ms 350A 2.5 Ms 350A 3.5 ms 400A 3.5 ms 

Plain carbon steel (70S6) (350A l.3 ms) 

Ar-12-15C02 300A 2.5 ms 325A 3.0Ms 350A 3.5 ms -- --
Plain carbon steel (70S6) 
Ar-20C02 300A 3.0ms 300A 3.0 ms 350A 3.2 ms -- --
Plain carbon steel (70S6) 
He-13.5Ar-I.5C02 -- -- -- -- 350A 2.8 ms -- --
Plain carbon steel (70S6) 
He-38Ar-2C02 300A 2.75 ms 325A 3.0ms 350A 3.5 ms -- --
Plain carbon steel (70S6) 
Ar-202 300A 1.5 ms 300A \.8 ms 350A 2.5 ms -- --
Stainless steel (308) 
He-13.5Ar-I.5C02 -- -- -- -- -- -- 300A 4.0ms 

Stainless steel (308) 
He-38Ar-2COl -- -- 325A 3.5 ms 350A 3.5 ms -- --
Stainless steel (308) 
Argon -- -- -- -- 250A 2.5 ms 220A 4.0ms 

Aluminium (pure) 

2.6 GMA W-P Melting Rate 

In direct current (DC) GMAW-P, the pulsing waveform improves the electrode resistive ., 
heating efficiency of the process due to I-R. Allum (Ref. 63) derived a melting rate 
equation for square waveform pulse GMAW. The melting rate for pulse DC 
waveforms, MRpdc, was analysed in a time dependent form as follows: 

MRpdo = 1 fMR,,(t)dt 
, t + t 

P " one !,Uhf 
cycle 

(2.19) 

where for simplicity: 

Ip = current EP peak 
It, = current EP background 
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tp = time at EP peak current 
tb = time at EP background current. 

This equation was applied by a number of early researchers to relate pulse parameters to 
melting rate (Ref. 30, 31, 74). Allum developed a bumoff factor to graphically show the 
potency of pulse parameters for melting rate (Figure 2.22). This figure plots bumoff 
factor , r, versus the time balance, x. = tpl(tp + tb)· The bumoff factor is defined as 

follows: 

2 MR pdt - MRdc 
r=x(l-x)I e = fJL (2.20) 

The bumoff factor is directly related to the difference in pulse melting rate minus the 
mean melting rate taken from the components of Equation 2.19 while ignoring the arc 
heating component. This figure shows that as excess current increases, Ie = Ip- 4, the 
bumoff contribution from the pulse increases at a given mean current. The efficiency of 
the pulse parameters are the highest when the pulse time is balanced; peak fraction, x 
equals 0.5. 

Fractional duration of peak, x 

Figure 2.22 Influence of Fractional Duration of Peak (x = tpC) and Excess Current 
(Ie = Ip - Ib) on the BurnotT Factor, 'Y (Ref. 63) 

This equation ignored the effects of slew rate, which decreases the resistive heating 
efficiency of the pulse waveform. Modem power supplies use slew rate to soften the arc 
and reduce noise. Effects of EP slew rate, as shown in Figure 2.23, were characterised 
by Richardson, et al (Ref 75). His work was performed to better characterise power 
supply dynamics. The waveform shown in Figure 2.21 was divided into discrete time-
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based components that describe a trapezoidal waveform. The current in the trapezoidal 
waveform can be divided into four pulse periods as follows: 

(I - I ) 
I, = I~ + I' /l t 

I, 

(J,,-I/» 
1,=11'- f . t 

3 

On the rising edge of the pulse, the response rate is given by: 

and on the trailing edge, the response rate is given by: 

-C 
CD ... ... 
::I 

o t.---' 

Time 

Figure 2.23 Trapezoidal Waveform and Pulse Parameters (Ref. 75) 

(2.21 ) 

(2.22) 

(2.23) 

(2.24) 

(2.25) 

(2.26) 

Richardson, et al assumed that the rise and fall rates of the peak current pulse were equal 
so t\ = t3. The time period for tp was equal to t( plus t2 and the time period for tb was t3 
plus 4. Unequal ~lew rate~ led to a larger res~ltant e~uation although the basic 
mathematical behaviOur remams unaltered. Performmg the mtegral over one pulse cycle 
and rearranging the resulting equation to the form like Equation (2.19) yields: 
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MRpdc =! fMR/> (t)dt 
t one pulse 

cycle 

{ 
( r ( )1} I-I tt I-I 

MR d =a j + fJL P + P 1>:' I> - I' I> 

P c {t p + t I> r 3(t p + t ")dl dt 

(2.27) 

(2.28) 

The slew rate term in Equation (28) was found to have an imponant effect, up to 12%, 
on the melting rate of smaIl diameter wires, long electrode extensions, or highly 
resistive electrodes. Under most circumstances, when welding steel the slew rate 
component of the resultant melting rate based on this equation was 3 to 8%. 

2.6.1 Other Melting Rate Analysis Approaches 

Kim and Eager (Ref. 76) proposed the "weighted sum method" for predicting the 
melting rate of GMAW-P. This method added the weighted (percent time) steady-state 
melting rates for the base and peak current levels used in the waveform. The melting 
rate was determined in CV tests so the base current was for globular transfer and the 
peak was for streaming spray. The theory was these steady-state properties could be 
added to predict pulse melting. This method was found to underestimate melting rate of 
GMAW-P. They had no explanation for this error. The error was probably due to a 
lower anode drop and arc heating coefficient for streaming spray versus drop-spray, 
which was shown to be more efficient; especially when pulsing current (Ref. 63). 

2.7 Electrical Measurements in GMAW-P 

There are multiple sets of pulse parameters that yield effectively the same result being 
deposition rate, arc length, arc power, and effective bead shape on an application. 
Joseph (Ref. 92) recently completed a study which characterised the effects of waveform 
shape with modem power supplies and found no major change in bead shape over a 
wide range of pulse parameters when deposit area and arc length were held constant. 
The main difference compared to CV welding was that all GMAW-P waveforms 
provided a significant decrease in power from the improved melting rate. The 
difference in power between waveforms only varied 10%. These power supplies offered 
a variety of waveform strategies. In original GMAW-P theory, the waveform shape was 
characterised by assuming an instantaneous change in current from background to peak 
levels forming a square waveform. In industry, most modem power supplies do not 
offer such a "hard" waveform since the noise and penetration can be excessive. The net 
effect is that almost all GMA W -P waveforms were trapezoidal in shape. Joseph did 
notice, as supported by other researchers, that the shape of the trapezoid and the 
relationship to drop transfer did produce differences in the penetration (papilla) under 
the arc, arc stiffness, audible noise, and fume. The most critical finding of his study was 
related to the measurement of power and heat input. 
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Joseph used high speed DAQ to measure the electrical parameters and calculate power. 
Power was calculated using mean and root mean square (RMS) measurements, and was 
compared with average instantaneous power (AlP). It was found that the only true 
measure of power, which is used to calculate welding heat input, was determined by 
using high speed DAQ to calculate AlP (Table 2.4). 

Transference of pulse parameters between power supplies has plagued the industry for 
years. These problems were attributed to the measurement techniques, which before the 
invention of microprocessor DAQ were normally limited to average (mean) or RMS 
measurements of current and voltage (Ref. 93-101). Power calculated using the product 
of mean or RMS current and voltage did not capture effects of phase. In addition, there 
is significant power developed in processes where both current and voltage vary with 
time, are in phase, and increase in phase together as is the case with GMA W -Po Similar 
results were reported by Bosworth (Ref. 93, 94). In addition, Street and Rehfeldt (Ref. 
95, 96) both noted that the true power in the arc, in general, should be based on the 
instantaneous product of voltage and current. These researchers studied the design of 
high frequency DAQ for welding to make these measurements. Other researchers 
recommended mean measurements for GMA W -P meters over the use of RMS, but did 
not have the capability to calculate AlP from waveform (Ref. 98-10 1). 

Table 2.4 Calculations for Heat Input and Power (Ref. 92) 

Hnet = P ." / TS Imean = (Li =1 n In)/n 

P mean = Imean • V mean V mean = (Li -I n V n)/n 

P AlP = Li -I n (In • V n / n) IRMS = ..J(Li _In (ln2)/n) 

PRMS = IRMS • V RMS VRMS = ..J(Li_ln(Vn
2)/n) 

P = power, 1] = efficiency, TS = travel speed, 

I = current, V = voltage 

In general, Joseph and Bosworth found that RMS power was always higher and mean 
power always lower than AlP. The error in measurement was the greatest at low pulse 
frequencies and wire feed speeds as shown in Table 2.5. This data from Joseph showed 
that the error in power measurements varied from 30 to 17%. Joseph proved that AlP 
was the correct power measurement by performing liquid nitrogen calorimetry 
measurements (Figure 2.24). The slope of each line in this figure was compared to the 
heat absorbed by the calorimeter. The only slope which equalled the heat absorbed by 
the calorimeter was heat calculated using AlP measurements. Based on the AlP curve 
intercept. the process efficiency " was calculated to be approximately 70% for GMA W-

P bead-on-plate tests. 
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Table 2.5 Voltage and Current Measurements for One GMA W -P Power Supply 
(Ref. 92) (0.04S-in. ER70S-6 wire with 90%Ar-l0%C02 at 40 db) 

WFS VRMS IRMs Vmean Imean P RMS Pmean P inst % Difference 
(inJrnin) (V) (A) (V) (A) 

100 2 1.40 119.10 20.83 69.69 

200 25.90 178.35 25.16 127.37 

300 27 .69 225.44 26.98 180.63 

400 29.42 267.61 28.58 217.06 

500 31.70 297.67 30.95 250.20 

29.00 . Average Instantaneous 
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Heat Inplot from Liquid N2 Calorimetry (kJfin) 

Figure 2.24 Comparison of Calculated Heat Input to Actual 
Heat Input for GMA W-P (Ref. 92) 

2.7.1 Process Efficiency and Heat Input Measurements 

17.00 

Process efficiency, 7J calculated using calorimetry is determined by dividing the heat 
absorbed by the solution by the total heat supplied by the welding processes. Heat input 
(energy per unit length) calculations for arc welding processes have been established for 
years. This calculation is based on process efficiency times the product of voltage and 
current divided by the travel speed (TS): 

7J = H alJsorbed 

H power sup plied 
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HI 
_ VxI 
-17-

TS 
(2.30) 

As mentioned above, heat input, HI calculated using AlP is required to capture the true 
power of a GMAW-P arc, therefore this equation is modified as follows: 

AlP 
HIGMAW P = 17--

- TS 
(2.31 ) 

In light of these modem findings, much of the prior research in GMA W -P research is 
flawed and is the reason for much controversy over procedure transference and power 
supply calibration in industry. Many reports have been published trying to relate mean 
or RMS measurements to process performance, heat input and parameter settings for 
bead shape control. The only method to properly replicate welding behaviour is by 
duplicating the waveform shape of the pulse parameters to be cloned. Welding 
performance duplication can be expected when AlP and melting rate are constant for 
near identical waveforms. Variations in electrode composition and electrode extension 
will require small waveform modification to achieve constant melting rate and AlP. In 
light of these findings, the heat input calculated for VP-GMA W should be based on AlP 
since this process uses a complex waveform. 

2.8 VP-GMAW 

Microprocessor control technology has permitted the development of practical VP­
GMA W power supplies (Ref. 1-11, 102-115). This process takes advantage of the large 
increase in melting rate that occurs when the GMA W process operates in the EN 
polarity mode. The electrical waveform combines GMA W -P droplet transfer 
technology, the ability to pinch and propel drops associated with EP polarity, with the 
low heat input and high deposition of EN polarity. The net result is the ability to weld 
thin gauge structures with very low heat inputs, large gaps, and with minimal spatter, or 
at higher welding speeds. The current is lower than most other forms of GMA W for a 
given wire feed speed except pure EN polarity GMA W, which is usually too unstable 
for most GMAW applications (Ref. 10). 

The majority of VP-GMA W power supply technology is from Japan and was introduced 
in 1988 (Ref. 5-7). Since the early 1990's, several hundred power supplies have been 
sold in the U.S. Unfortunately, many industrial users do not understand the benefits of 
this technology since limited research has been published (Ref. 3, 4, 10, 11). This has 
deterred wide-scale implementation of VP-GMA W throughout industry. The power 
supplies offered by the Japanese manufacturers have pre-programmed algorithms and 
are presently limited to welding of mild steel, stainless steel and aluminium at currents 
up to 350 amps where the benefit has been the welding of thin gauge structures with 

large gaps (Ref. 10). 
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2.8.1 VP·GMA W Power Supply Development 

The first power supplies that were used for alternating current (AC) GMA W had a 
drooping characteristic (Ref. 102-104). The current was controlled by using external 
conductors in stepped switches. The open circuit voltage (OCY) was typically 75 volts. 
The GMA W AC arc was stable only at 250 volts OCY or greater. This was considered 
an unsafe OCY for workers. Early researchers found that higher OCV's were needed 
with AC processes compared to DC processes to help with arc re-strikes after each zero. 
This was especially true as the arc went from EN to EP. The EN arc extinguished as the 
current went through zero. The arc was found to maintain a plasma of low conductance 
after the EP period so the re-ignition from EP to EN often occurred without delay. 

Lucas (Ref. 102, 103) was the first to develop a surge ignition system which 
superimposed a high voltage surge at both zeros of the cycle (Figure 2.25). The charge 
circuit was basically a capacitor and damping resistor in parallel with the welding 
circuit. A detector firing circuit was used to sense the zero and pulse the voltage with 
the capacitor. The damping resistor inhibited reverse current flow between the ignition 
circuits. He found that the OCV could be safely lowered to 75 volts using this system. 
which provided a steady AC-GMAW arc. Using the system, Lucas studied several 
shielding gases that had different oxygen or carbon dioxide additions to argon. The 
focus was on which shielding gases provide enough surface activation to stabilize the 
EN arc and metal transfer. Oxygen from 2 to 5% and CO2 from 5 to 20% additions 
were found to stabilize transfer. The melting transfer was characterised as projected 
where stable transfer occurred in EP. Useable melting rate.s were found to be from 5 to 
16 m1min for 1.2 mm steel electrode. This was significantly higher than DC positive 
welding which only offered a melting rate of 8 to 11 mlmin. 
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Figure 2.25 Welding Circuit for AC MIG with Surge Injection (Ref. 102) 
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In the mid-1980's, high current AC-GMA W was developed for the fabrication of line 
pipe in Japan (Ref. 105-109). Early research was successful at developing welding 
procedures using SAW power supplies that had a drooping characteristic and offered an 
excess of 1000 amps (Ref. 105). AC-GMA W was preferred over SAW on 9% Ni steels 
to achieve both good properties and reduced arc blow. The AC waveform promoted 
resistance to arc blow which had plagued the welding of this steel. Arc stability was 
obtained by activating the surface of solid wires at first. Cored wires were then 
developed to further improve activation. Titanium dioxide was the preferred constituent 
of the flux core where approximately 10% by weight gave the best stability. These 
electrodes were considered semi-flux cored as a light slag layer was produced. Silicon 
controlled power supplies were found to give better power control and process stability 
(Ref. 106). Tandem AC-GMA W techniques were fully developed to further improve 
productivity and arc stability. The phase relationship between each wire was used to 
control penetration and arc stability. This process used large electrodes, 4.8 mm, and 
very high currents compared with that used in work performed by Lucas. The high 
currents and arc stabilizers made the process very stable for heavy section fabrication. 
This process was not relevant to semi-automatic welding applications that typically use 
150 to 350 amps for sheet to thin plate. 

Standard AC power supplies with special re-ignition circuits like that developed by 
Lucas have seen very little use in industry. The approach taken to develop modem 
power supplies has changed from saturable reactors (like Lucas') through thyristor 
(SCR) and transistor control to inverter control. Development of power electronics 
using bi-polar transistors and later field emission transistors (FET's) led to the 
development of inverter power supplies (Ref. I-II). Modem VP-GMA W power 
supplies were developed in the mid-1980's using inverter technology to permit welding 
of thinner materials. These power supplies have inverter switching frequencies from 10 
to 40 kHz. These power supplies provided almost a pure DC control with little ripple 
after secondary rectification. Recent VP power supplies use a secondary inverter to 
shape the waveform (Figure 2.26) (Ref. 10). 
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Figure 2.26 Schematic Diagram of the AC-GMAW-P Power Supply (Ref. to) 
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Figure 2.27 The Minimum Necessary Arc Re-Striking Voltage When Switching 
from EN Polarity to EP Polarity (Ref. 10) 

This figure shows the block diagram of a modem VP type of power supply. The main 
circuit composes of a primary inverter. This inverter takes rectified AC line power and 
converts it to high frequency AC power. The output frequency from the primary 
inverter to the second rectifier is typically 2 to 30 kHz. In the primary inverter, pulse 
width modulation (PWM) is used to output current to the secondary inverter. Current 
from the primary inverter after rectification is almost pure DC (i.e., almost no line 
ripple). The secondary inverter is used to control the switching between EP and EN 
and, hence, control the %EN or polarity ratio, and waveform shape. The secondary 
inverter was designed with an arc re-ignition circuit to assure excellent arc stability 
through the current zeros. This circuit applies a high voltage surge across the zeros of a 
couple of hundred volts. Depending on the CO2 content of the shielding gas, the re­
ignition voltage was over 400 volts (Figure 2.27). These modem power supplies have 
employed IGBT's (Insulated Gate Bipolar Junction Transistors) that have a switching 
time of 1 to 2 f.1 sec. This is several hundred times faster than SCR's permitting the 

waveform shaping. 

Figure 2.28 Waveform of AC·GMA W·P (Ref. 10) 
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The percent of EN can be defined as the EN time divided by the pulse period. The EN 
ratio is defined by the product of EN time times current divided by the absolute product 
sum of current times time over that period. The former method (%EN) is easier to 
calculate since the latter requires current integration over time, which can be difficult if 
the waveform has curvature. The EN ratio and %EN for a typical VP-GMA W 
waveform as shown in Figure 2.28 are defined as: 

%EN = tEN 

tEN +tEP 

2.8.2 VP-GMA W Waveform Technology 

(2.32) 

(2.33) 

In waveform controlled AC-GMAW, the EN and EP periods are repeatedly alternated 
for polarity switching and waveform shaping to develop the VP waveforms. The 
nomenclature for VP and AC are used interchangeably but in the USA, VP normally 
indicates non-symmetric AC waveform. A number of waveforms are offered by 
commercial power supplies, which are all from Japan, as shown in Figure 2.29. These 
waveforms are controlled almost entirely by using software and microprocessor controls 

(Ref. 10). 
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Figure 2.29 Welding Current Waveform Types of AC·GMA W (Ref. 10) 

This figure shows seven different waveforms that can be used for AC- and VP-GMA W. 
The first category, AC-GMA W (non-pulse) defines waveforms for extremely thin 
materials, and high current SCR-based technology developed for line pipe welding (Ref. 
105-109). The second category shows three types of VP-GMA W waveforms that are 
used for welding thin materials and provide a range of heat input. The latter 
characteristic permits welding of thin materials with large gaps where larger weld 
deposits are required. 

The first waveform in the second category was studied in detail in this investigation. 
Here, a period starts with an EN pulse to melt a droplet. The EP background (EPB) 
current is used to maintain the droplet before switching to the EP peak (EPP) period 
which pinches off the droplet (Ref. 10). These waveforms have been developed for 
steel, stainless steel, and aluminium. 

Different waveforms shown in Category 2 were developed by different suppliers to 
avoid patent infringement. These different waveforms may achieve the same goal, but 
the metal transfer stability may vary significantly depending on the robustness of the 
developed waveform. 
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The third category, also known as pulse on pulse was developed to produce VP-GMA W 
welds that appear like a GT A W weld. Some manufacturers prefer the appearance of 
coarse weld ripples on their products, like motorcycle frames. The waveforms have also 
been shown to improve grain structure by disrupting columnar solidification in materials 
like aluminium alloys. This also improved the resistance to porosity and solidification 
cracking. 

All the above waveforms are designed to provide a pulse globular transfer. This is 
different from the projected transfer described by IIW in Section 2. Here, the droplets 
formed during the EN period grow to be of globular size. The difference lies in the high 
current EP pulse which provides a stiff arc and accelerates the globular drop towards the 
weld pool. The Lorentz force in low current projected transfer does not produce high 
drop velocities. 
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Figure 2.30 Fuzzy Logic VP-GMA W Waveform with Short Circuit Anticipation 
Control; (a) EN ratio = 50% and (b) EN ratio =100% (Ref. 1,8) 

In addition to these waveforms, one equipment supplier has developed a hybrid VP­
GMA W power supply that incorporates a short circuit anticipation control (Figure 2.30) 
(Ref. 1,2,8). This power supply constantly oscillates the current in both the EP and EN 
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periods and actually senses the weld pool. The current in each period is oscillated down 
to promote a low current short circuit droplet transfer. Depending on the %EN set by 
the control pendant, the fuzzy logic control will either switch polarities or repeat a pulse 
of the same period. The droplet transfer of this power supply has a more random 
frequency. The benefit of this power supply is to offer an even larger range in heat input 
control and provide droplet transfer with 100% EN waveforms. 

2.8.3 Characteristics of VP-GMA Welds 

The EN polarity of the GMA W process suffers from unstable globular transfer (Ref. 12 , 
13, 27, 28, 103 110) where drop sizes can be an order of magnitude larger than the wire 
diameter, unless high current are used with activating shielding gases (Ref. 29). YP­
GMA W basically provides a pulse globular transfer where the drop size can be 
controlled, and is typically 1.5 to 3 times the wire diameter, permitting stable welding at 
low heat inputs. Research on this process has focused on the benefits of welding very 
thin materials, with or without large gaps (Ref. 2, 4, 7, 8, 10, 114, 115), improved metal 
transfer with aluminium electrodes (Ref. 9, 10), and fume reduction (Ref. 112, 113). 

0.5 GTAW 

o~ ____ ~~ ______ ~ ______ ~ 
o 0.5 1.0 1.5 
Gap tolerance of butt joint (mm) 

Figure 2.31 Comparison of Available Work Thickness and Gap Tolerance of 
Aluminium Among Various Welding Processes (Ref. 7) 

The VP-GMA W process was found to provide good weldability on materials as thin as 
0.6 mm with no gap (Figure 2.31). The process can easily tolerate gaps, T equal to IT 
for materials up to 1.5 mm. The improved gap tolerance was a result of improved 
melting rate allowing the deposition of larger deposits at lower heat input (Ref. 7). The 
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process was found to provide heat inputs that were at least 25% less than GMA W -P and 
almost half that of CV spray for the same wire feed speed. 

The process offered significant advantage for aluminium where fume was significantly 
lowered (Ref. 112, 113). The mechanism for reduced fume was related to droplet size 
and temperature. The EN arc was found to melt the droplet without significant heating. 
This resulted in a significant reduction in spatter in AI-Mg filler metals like 5356. 
Droplets in this material were found to explode due to vaporisation of magnesium inside 
the drop. In addition, the larger drops provided a larger drop surface area to volume 
ratio that minimized vaporisation of the drop surface during transfer in the EP period. 

No systematic research on VP-GMA W was found that related melting rate 
characteristics to arc and resistive heating properties like that performed by Richardson 
(Ref. 75) on GMAW-P. Some research provided simple analysis on the effects of 
waveform parameters on droplet volume, stability, and susceptibility to spatter. Several 
researchers showed the current reducing effects of EN heating to maintain the melting 
rate in VP waveforms (Ref. 2, 5, 7, 10). These were simple plots, Figure 2.32 for 
example, that compared current to wire feed speed for different EN ratios. 
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Figure 2.32 Comparison of Wire Melting Rate Between 
DCEP GMA W·P and AC·GMA W·P (Ref. 10) 

2.8.4 VP·GMA W Review Summary 

Based on the literature review provided here, there appeared to be a technology gap on 
the melting rate behaviour of the VP-GMA W process. The research presented has 
focused on the development of power supplies that permit waveform control, working 
VP pulse parameters, and commercialisation of equipment. Engineering relationships 
were needed to provide an analytical approach for designing waveforms and predicting 
the resulting melting rate. This knowledge may improve the strategy used to develop 
VP-GMA W processes and widen industrial deployment to new applications and 
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materials. This project sought to characterise the metal transfer of the VP-GMA W 
process with emphasis on how each VP waveform component affected the electrode 
melting and droplet growth. 

2.9 Process Benchmarking 

Process benchmarking is important for arc welding applications because there are so 
many choices in power supply waveforms, electrode types and sizes, and shielding 
gases. For mild steel welding applications, the number of process choices can easily 
exceed a hundred possible combinations. Since VP-GMA W offers improved welding 
travel speeds, and reduced heat input and fume, benchmarking tests were performed in 
this investigation to compare VP-GMA W to GMA W -P for welding sheet steel lap 
joints. The following review describes a preferred method for benchmarking that has 
been developed in the USA. 

The author has been involved in welding process benchmarking since 1996 (Ref. 116-
118). As a result of these efforts, a formal method was developed named ARCWISE™ 
which integrates preferred process measurements and test methodology to determine the 
capability of a welding process for an application. The definition of an application was 
a set of fixed design factors such as base materials, joint type, position, weld size, bead 
shape, and mechanical properties requirements. 

In typical welding-related reference publications (Ref. 29, 3D, 31, 39, 77-81, 199-121), 
the following types of operational characteristics for consumable electrode processes 
were common: 

• Voltage versus current 
• Wire feed speed versus current 
• Deposition rate versus current. 

Examples of these graphs were also provided by Lesnewich in Figure 2.4. These graphs 
show the effects of electrode diameter, shielding gas, electrode extension, and polarity. 
However, they ignore the effects of application weld size, joint design, CTWD, and arc 
length. Therefore, these graphs were not "application representative," making it 
difficult for an engineer to select actual weld parameters. The ARCWISE data have 
been shown to yield a set of graphs from welding tests that represent an application. 
The operational windows that were identified can be used to select preferred welding 
parameters for that application. 

The objective of this method was to eliminate defects, develop welding strategy, 
establish benchmarking criteria, and optimise productivity. Most welding procedures 
have been developed by a trial and error approach. Some welding technicians and 
engineers have tried statistical parameter development techniques (Ref. 122-127) but 
these approaches only worked once a sound weld procedure was developed and the weld 
tests used boundary conditions which produce sound welds. Many weld applications 
have not had well defined weld property requirements for bead shape, mechanical 
properties, and soundness. For example, if fatigue strength is the dominant property for 
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an application, then weld parameters must be optimised to control weld bead shape and 
size; especially toe radius. Quality measurements used to select optimum welding 
parameter must relate to key control characteristics. The ARCWISE method factors 
these objectives and develops preferred process relationships for an application. The six 
elements of the ARCWISE method (Ref. 118) were described as follows: 

I) We1d Bead Sizing Strategy and Acceptance Criteria 
2) Constant Deposit Area Test Matrix 
3) Constant Arc Length Testing 
4) Graphical Data Analysis 
5) Bead Shape Measurements and Map 
6) Welding Productivity Window Analysis. 

The unique aspect of this method was the constant arc length testing where arc length 
was adjusted for each test to a preferred distance. It has been well known amongst 
welders, that arc length was critical for proper weld pool performance, yet this important 
aspect of parameter development has been consistently overlooked. Constant deposit 
area tests have been shown to isolate the effects of parameters, weld position, and torch 
angles for a given application. It has also been shown that travel speed affects the base 
metal melting efficiency of the welding process based on the selected consumables, 
torch setup and waveform (Ref. 118, 128). 

For each set of consumables and waveform, there was an optimum travel speed level 
that produced the preferred penetration and base metal fusion for that weld size. 
Different processes offer different electrode melting rate as a function of welding heat 
input. Basically, as the electrode melting rate efficiency of the process increased, higher 
travel speeds (productivity) were used to achieve the same base metal fusion quality 
compared with a process that has lower electrode melting rate. 

An example of an ARCWISE data set for 1,4 in. (6 mm) fillets made in the flat position 
is provided in Figures 2.33 and 2.34. Notice the good bead shape that was produced at 
15 ipm travel speed. Lack-of-fusion was observed at 10 ipm travel speed with the 
buried arc length. Excessive penetration and convexity were observed at the highest 
travel speeds. The corresponding welding parameters for procedures can be quickly 
selected from the graphs in Figure 2.34. 

From a relatively small group of 15 to 24 test welds, the ARCWISE method was shown 
to yield an integrated set of parameter relationships, corresponding weld bead shapes, 
and graphical representations that described operational and productivity operating 
capabilities of the tested welding process and filler metals. Done properly, it examined 
the full range of the process for a specific application, taking into consideration weld 
quality requirements. 
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Travel Speed 

Figure 2.33 Bead Shape Photomacrographs for a GMA W Process (Ref. 118) 
(A verage Deposit Area = 0.0362 in2
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Figure 2.34 Parametric Graphs for lA-in. Fillet Welds Using a GMA W Process 
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It is important to emphasize that the ARCWISE experimental method was best suited to 
evaluate and compare processes for a specific application. In contrast, statistical 
methods yield algorithms relating many factors and were preferred when the 
relationships between process and production factors need to be fully optimised (Ref. 
125-127). The statistical approach required a high level of expertise and sometimes it 
has been applied without a thorough understanding of the welding process. This 
produced results that did not represent welding process behaviour reliably and yielded 
poor correlation. The ARCWISE method was shown to identify key relationships 
between process parameters, like the relationship between voltage and wire feed speed 
for arc length control on an application. In addition, the same relationships have 
improved the statistical prediction of experiments by providing a foundation for 
knowledge based design of experiments factoring relationships between process, design, 
production, and noise factors (Ref. 125-127). Here, key process factors for the 
experiments were weld size (defined by a WFSrrS ratio), arc length, and productivity 
level. The functional relationships defined by the ARCWISE data set provided the 
machine settings for V, WFS, and TS to achieve the factor settings. In other words, a 
systematic experimental method, like ARCWISE, was shown to be an ideal first step 
towards optimisation of welding applications. 
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3.0 RESEARCH AIMS AND OBJECTIVES 

The literature review emphasised melting rate, metal transfer behaviour, and the 
development of waveform controlled GMA W processes, like GMA W -P and VP­
GMAW. Based on the literature review provided here, there appeared to be a 
technology gap on the principles controlling melting rate, metal transfer, and arc 
behaviour of the VP-GMA W process. 

The general melting rate equation was described in detail in Section 2. The relationship 
for DC GMAW was developed by Lesnewich (Ref. 12). Based on his research, a well 
accepted form of the melting rate equation has been established for a given electrode 
type and diameter for the spray metal transfer mode. This equation is a second order 
polynomial that uses terms for arc and resistive heating. The arc heating term is 
dependent on the polarity, and electrode type and size. For EN heating the arc heating 
term is also a function of shielding gas and electrode activation. The resistive heating 
term is based on I2R heating that occurs in the electrode extension. 

Allum (Ref. 63) and Richardson (Ref. 75) both attempted to use this fundamental 
melting rate equation to explain the behaviour of GMA W -P. Their research assumed 
the waveform was totally responsible for changes in melting rate. Under this 
assumption, the arc and resistive heating coefficients were believed to be constant for 
each polarity, and electrode type and size. The improved melting rate was solely 
attributed to increases in eR heating in the electrode extension. The research performed 
here has shown the transient behaviour of the arc at the e.lectrode tip has a significant 
effect on melting rate for identical waveforms. The resistive heating (eR) effect was 
secondary in importance compared to the arc heating effect using pulsed waveforms. 

Richardson showed that the bumoff diagram techniques (BDT) can be used to determine 
empirically the arc and resistive coefficients for GMAW processes, especially CV 
processes that have uniform metal transfer. When the BDT was applied to GMAW-P 
waveforms, both Allum and Richardson used an effective current parameter to make the 
data fit the bumoff diagram. This approach made quantitative prediction of melting rate 
using different waveforms very difficult and accuracy was marginal. In this 
investigation, it was decided to use the BDT to study electrode melting rate based on the 
droplet growth and position in each period of VP-GMA W waveforms. This approach 
gave a good data fit and allowed characterisation of arc and melting rate behaviour in 

complex waveforms. 

To establish working pulse parameters, researchers (Ref. 63, 77, 78, 81) established a 
detachment parameter that described the GMAW-P pulse energy requirements for metal 
transfer. The detachment parameter was believed to satisfy the relationship for 
improved resistive heating for pulse waveforms. The detachment parameter was based 
on the energy required to achieve one drop per pulse conditions. However, industry has 
been plagued with cases that show that this simple relationship cannot be used to predict 
melting rate and metal transfer stability. In fact, most modern power supplies have 
empirically developed pulse parameters that are not based on a well defined algorithm 
(Ref. 92). To remedy the technology gap, most power supply manufacturers provide 
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waveform parameter development tools which allow the user to optimise metal transfer 
stability for a given melting rate. The user, lacking fundamental knowledge usually 
develops pulse parameters through trial and error. This investigation showed that the 
EN period and/or EP background period controlled the EP pre-pulse droplet volume. 
The melting rate of identical EP pulses was dependent on the pre-pulse droplet size. 
Based on these observations, the detachment parameter can only be used under a small 
range of pulse waveforms that have similar pre-pulse droplet size. Wide changes in 
pulse parameters that affect droplet size will surely lead to error using the detachment 

parameter approach. 

For VP-GMA W, the research reviewed (Ref. 4-11, 102-115) has focused on the 
development of power supplies that permit waveform control, working VP pulse 
parameters, and commercialisation of equipment. Engineering relationships are needed 
to provide an analytical approach for designing waveforms and predicting the resulting 
melting rate. This technology will promote deployment of VP-GMA W in applications, 
like welding sheet steel and cladding vessels that can benefit from the lower heat input 
and higher melting rates of this process. In addition, the arc behaviour, and its 
interactive effects on melting rate, was not understood for VP-GMA W waveforms. 

This project characterised the metal transfer of the VP-GMA W process with emphasis 
on how each VP waveform component affected the arc behaviour, electrode melting, 
and droplet growth. The projected started by benchmarking two VP-GMA W power 
supplies for welding sheet steel lap joints. The ARCWISE parameter development 
method (Ref. 116-118) was used to establish the welding parameter windows between 
voltage, current, wire feed speed, and travel speed, etc. looking at each waveform 
parameter set holistically. The ARCWISE graphs were found useful for relating weld 
heat input and travel speed to weld bead shape, and assessing the productivity potential 
of different waveforms. Burnoff diagrams, which are used to characterise melting rate, 
were plotted from this data and provided little insight on the effects of complex 
waveforms. It became apparent during these tests that a new method was needed to 
properly characterise the metal transfer behaviour of VP-GMA W. Initial high speed 
video observations showed that electrode melting rate and droplet growth were very 
dependent on the waveform, arc behaviour and droplet size. 

The droplet bumoff rate (DBR) method was developed so the true melting rate at the 
electrode tip could be measured and used to separate the effects of waveform parameters 
and polarity. The DBR method was based on measuring the electrode melting rate of 
each period used high speed video that was synchronised with high speed data 
acquisition. The corresponding waveform parameters (current and time), and electrode 
and droplet dimensions were measured and used to calculate melting rate. The data was 
then used to create burnoff diagrams, based on the approach by Richardson that can be 
used to solve for melting rate coefficients. The bumoff diagram plots burnoff rate, BR 
versus the electrode extension heating factor, FL. The intercepts and slopes of lines 
made with this diagram equal the arc heating and resistive heating coefficients, 
respectively for different waveform period conditions. The magnitude and changes in 
these coefficients for each period were related to arc behaviour and droplet size. The 
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DBR method was used to develop new understandings for how waveform and arc 
behaviour affect melting rate in advanced GMA W processes. 

The concentrated melting theory was developed to explain the significant increase in 
electrode extension bumoff and droplet growth rate that occurred at short EN time as a 
function of current, and during EP peak pulse when the pre-pulse droplet volume was 
small. The highest electrode extension bumoff and droplet growth rate occurred when 
the arc was permitted to climb over the solid electrode tip producing rapid concentrated 
melting. Likewise, large molten droplets were found to promote a negative electrode 
extension bumoff and a decreased droplet growth rate. The arc rooted on large droplets 
providing additional heating but limited electrode melting. The concentrated melting 
theory is supported by work performed by Norrish (Ref. 29) who observed rapid melting 
during constant voltage EN metal transfer as the arc switched between the single and 
multi-spot cathode modes. In the multi-spot mode, the arc rapidly consumed virgin 
electrode, where in the single spot mode, the melting rate decreased as the arc rooted on 
the bottom of the droplet until transfer occurred. 

The DBR method was developed and found to yield good experimental measurements 
for the arc and resistive heating coefficients used in a melting rate equations developed 
for VP-GMA W. The coefficients were not as physically linked to arc and resistive 
heating based on the work by Lesnewich, but provided good characterisation of second 
order behaviour for each period of the waveform. For the EN period, the EN time 
affected the melting rate as a function of EN current. The greater melting rate that 
occurred at low EN time was measured by the change in the resistive heating 
coefficient. The melting rate of the EP pulse was related to the pre-pulse droplet 
volume. Large pre-pulse droplets decreased the EP melting rate. The reduced melting 
rate was related to the position of the arc root relative to the electrode tip and droplet. 
The changes in EP melting rate due to pre-pulse droplet volume were measured by 
changes in the arc heating coefficient, which could be negative with large pre-pulse 

droplets. 

Based on the developed approach and subsequent results, the objectives of this 
investigation were as follows: 

I) Develop an electrode melting rate measurement method that can accurately solve 
for the arc and resistive heating coefficients of advanced waveform processes, 
like VP-GMAW and GMAW-P. 

2) Determine the effects of VP-GMA W waveform on electrode melting, and the 
droplet growth and detachment process. 

3) Measure the change in arc and resistive heating coefficients for a full range of 
VP-GMA W waveforms and determine the underlying mechanisms for 
differences due to polarity and waveform. 

4) Compare the measured arc and resistive heating coefficients to measurements 
made by prior researchers to determine the validity of the DBR method which 
employed the BDT to solve for the coefficients. 

5) Determine whether EN arc heating dominates the melting rate or does the 
electrode extension resistive heating (l2R) dominate. 
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6) Determine the influence of droplet volume from EN melting on the melting rate 
ofEP pulse. 

7) Derive a melting rate equation for VP-GMA Wand evaluate whether accurate 
predictions can be made using coefficients measured using the DBR method. 

8) Provide benchmarking data to assess the benefits of improved melting rate and 
lower heats inputs with VP-GMA W compared to GMA W -P by comparing the 
travel speed potential for welding lap joints on sheet steel. 
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4.0 EQUIPMENT AND MATERIALS 

This project evaluated the metal transfer behaviour of the VP-GMA W process. An 
assessment of welding systems that were commercially available was performed to 
determine the state-of-the-art. The majority of welding trials involved bead-on-plate 
and lap joint tests on sheet steel, and, to some extent, stainless steel coupons. Moving 
table welding stations were fabricated to permit analysis of metal transfer using high 
speed video (HSV) that was synchronised with high speed DAQ. The quality of welds 
was examined using standard metallographic procedures. 

4.1 Equipment 

4.1.1 Power Supplies 

The power supplies evaluated in this work consisted of two CC inverter types that have 
pre-programmed ENIEP ratio control. The Kobelco PC350 (Figure 4.1) was developed 
for steel and, in addition to the variable ENIEP ratio control, it employs a short circuit 
anticipation drop transfer mechanism (Ref. 1, 2, 8). The waveform of this process uses 
a fuzzy logic control where the current peak waveform is varied continuously from peak 
levels downward anticipating the short circuit. Once the short circuit is detected, the 
process either increases current and repeats the process, or switches polarity. The 
overall waveform was observed to alternate between the peak current of each polarity. 
The EN and EP period length was also observed to vary based on the fuzzy-logic 
control. Here, the time in each period was believed to be controlled based on sensing 
the short circuit and continuously calculating the EN ratio. Based on the target EN ratio, 
the power supply would pulse the current again in the same polarity or switch polarity to 
control the EN ratio. 

The OTC ACIMIG 200 (Figure 4.2) power supply was developed for steel and stainless 
steel, and provides a pulse globular free flight transfer mode. This power supply uses a 
traditional waveform for EP where a background and peak current is used for 
maintaining the arc and for droplet detachment. The EN waveform is square, can be 
varied for different amplitude and duration with the pendant settings, and is used to 

create the droplet. 

Both power supplies automatically control the relationship between the pulse parameters 
(Figure 4.3), which includes the EN peak current and time, the EPP current and time, 
the EPB current, and frequency depended on the wire feed speed and EN setting on the 
control pendant. The EN pendant setting automatically changes the pulse parameter 
relationships for each wire feed speed providing a range of arc power. Arc length 
control is provided on the control pendants where the pulse frequency is increased to 
increase arc length or vice versa. 
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Figure 4.1 Kobelco PC350 Power Supply 
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Figure 4.2 OTC ACIMIG 200 Power Supply 

59 



elolng r-arame(ers--------------------------, 

[

Parameter Display 

Avg. Voltage 

11.92 Iv 
Avg. Current 

159.29 I A 

RiotS Voltage 

119.62 I V 

RiotS Current 

1211.38 I A 

(a) PC350 Waveform 

Weld Parameter Measurements 

(b) ACIMIG 200 Waveform 

Voltage (V) 

NDYWAV\Vf'II.IAVES\ 
Kobelco characterization\ 
characterization wvforms\ 
300IPM\5043001 t.xls 

Date/Time 
107/17100 09: 42:05 AM 

I 

Figure 4.3 Typical Waveforms for PC350 and ACIMIG 200 Power Supplies 

4.1.2 Welding Stations 

The power supplies were evaluated from bead-on-plate and lap joint tests made from 
sheet material. The bead-an-plate tests were used to study metal transfer. The lap joint 
application was selected to evaluate sheet metal weldability since the main benefit of 
VP-GMA W is the welding of thin sheet material where joint fit-up is prone to gaps. 
Tests were made using a stationary straight machine welding gun and a linear table that 
moved the base material at a constant speed (Figure 4.4) . This setup allowed the HSV 
equipment to be stationary so the HSV lens could be focused directly on the welding arc 
and weld pool during each test. 

The moving table was able to vary the welding speed from 4.2 to 25.3 mrn! . The travel 
driver/axis was manufactured by letline where controls were provided for arc tart, 
travel delay, and stop. Pendants provided with each power supply were triggered 
manually to produce tests. During each weld the high speed DAQ and video wa 
initiated to evaluate steady-state conditions. A simple fixture (Figure 4.5) wa mounted 
on the travel axis to permit clamping of either bead-on-plate or lap joint pecimens. The 
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CTWD for lap joint tests was based on the distance from the contact tip to the corner of 
the top sheet as shown in Figure 4.5. 

Figure 4.4 Lap Joint Test Setup for Evaluating VP-GMA W Power Supplies 
with Moving Table Welding Fixture 

Figure 4.5 Lap Joint Test in Fixture 

Lap joint specimens were also made using an OTC robot with the ACIMIG 200 power 
supply (Figure 4.6). This robot has a laser stripe vision system that can measure gap in 
real-time permitting adaptive VP-GMAW of sheet metal applications. The adaptive 
features of this robot were not utilized in this investigation, but the knowledge gained 
from the lap joint tests could be used to develop an adaptive algorithm. 
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Figure 4.6 OTC Robot Used with ACIMIG 200 Power Supply for 
Lap Joint and Bead-on-Plate Tests 

4.1.3 HSV Camera 

A HSV camera (Figure 4.7) manufactured by Phantom was positioned to measure 
droplet transfer during VP-GMA W tests. The camera used a complementary metal 
oxide semi-conductor (CMOS) array. This type of camera is faster than charged 
coupled device (CCD) cameras. The higher frame speeds are a result of the digital 
signal produced by the CMOS sensor, which is immediately integrated into the image. 
CCD cameras require signal conversion from digital to analog to digital again for signal 
processing. In addition, the CMOS camera signals can be evaluated real-time and at any 
point in time. 

The CMOS camera had frame speeds of 1000 to 60,000 fps . The control system with 
this camera permits control over both vertical and horizontal screen dimensions at frame 
speeds greater than 11,900 fps. The memory size ranged from 0.9 to 2 sec. The 
software permitted integrated acquisition, playback, recording, and viewing. Sections of 
memory can be downloaded, as preferred, reducing the download time to permanent 
memory as mpeg or compressed format. Measurement tools were used to populate an 
Excel™ spreadsheet for droplet and electrode dimensions as a function of time. Droplet 
surface boundary detection was aided with edge and colour functions. 
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(b) Image Processing Software for HSV Camera; Lap Joint Weld Test 

Figure 4.7 HSV Camera Used for Metal Transfer Measurements 

The majority of tests performed in this investigation were performed using a frame 
speed of 3700 fps where the frame speed and shutter were adjusted to optimise the 
droplet image for different portions of the VP-GMA W waveform. The resolution at this 
frame speed was 512 by 512 pixels. This was required to accommodate the wide 
variation in light intensity from EP to EN current. The electrode extension neck 
position was closely measured and used in melting rate calculations with the wire feed 
speed. 

4.1.4 High Speed DAQ 

A high speed DAQ system, designed by EWI, was used for measurements of current, 
voltage, and wire feed speed (Figure 4.8). A trigger signal (marker) provided by the 
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camera was used to provide a marker on the graphical display of data waveforms. This 
synchronised the HSV image to the waveform of the DAQ. A DAQ card, in 
combination with a PC, was used to monitor voltage, current, and wire feed speed, and 
display the results in a graphical format. The DAQ software provided selection of 
sampling frequency up to 100 kHz for one channel. The power supply waveform 
typically had frequencies of 40 to 100 Hz. The sampling frequency was set at 8000 Hz 
for characterising waveform period effects on melting rate. This sampling frequency 
was more than 80 times the highest pulse frequency minimizing aliasing of the signal. 
A 5000 Hz low-pass filter was used to remove noise from the power supply. 

(a) DAQ control cabinet 

Time of record 07124/2002 04:39:20 PM Avg Heat Input -18.41 Avg. Current 

Scan Rate (HZ) 8000.00 
Avg. [nst. Heat Input I 6840 .51 Avg. Voltage 

HI Deviation (%) I 37252.64 Avg. Wf5 
SW Filt er Avg Power I -9.21 RMS Current 

Avg. Inst. Power i 3120 .25 RMSVoltage 

Time Scale Time Power Deviation ( '1'0) I 3725i64 RMSWfS 

(b) Display showing welding parameters and measurements 

Figure 4.8 High Speed DAQ System 
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Voltage was measured at the junction between the wire feeder and the welding gun. and 
the work. These points were considered as close to the arc as possible. and represent the 
approximate arc voltage. The shunt used for voltage measurement was supplied by 
CWT Model: T3A5031 Rev. A and had an output of 1 volt per 10 volts, up to 100 volts 
maximum. Current was measured using a Hall effect current sensor supplied by Ohio 
Semitronics, Model: CT-3474CY04, that had an output of 1 volt per 150 amps up to 750 
amps maximum. The wire feed speed of the electrode was measured using a tachometer 
supplied by Computer Weld Technology (CWT), Model: A3AOO5l. Software design in 
LABVIEW™ by EWI was used to calculate the instantaneous power, average power, 
RMS current and voltage, and average current and voltage (Figure 4.Sb). In addition, 
welding heat input was calculated without the effects of process efficiency (" ) using the 

travel speed. 

4.2 Materials 

For the steel tests, the filler electrode was 1.14 mm (0.045 in.) diameter ER70S-6 
uncoated steel wire used with 90Ar-lOC02 shielding gas at IS.S lImin. The steel 
electrode was manufactured by National Standard per AWS A5.1S by the trade name of 
NS-115. The lap joint (Figure 4.5) was made using I.S mm (0.060 in.) thick (t) low 
carbon steel that had a I.S mm (0.060 in.) thick shim placed between the joint to rigidly 
maintain a 1 t gap. For stainless steel, the lap joint tests used 1.14 mm diameters 
ER30SL with 95Ar-5C02 shielding gas at IS.S lImin. The stainless steel electrode was 
manufactured by Harris We1co per AWS A5.9. The stainless steel lap joints were made 
from 304L sheet that was also 1.8 mm thick with a 1 t gap, The nominal compositions 
of the electrodes are shown in Table 4.1. Note, the wire diameter was 1.14 mm, instead 
of 1.2 mm that is used in Europe, because the wire was purchased to A WS 
specifications. 

Table 4.1 Electrode Filler Materials 

AWS Weight Percent 

Classification UNSNo. C Mn Si P S Ni Cr Mo V Cu 

ER70S-6 KI1140 0.06- 1.40- 0.80· 0.025 0.035 0.15 0.15 0.15 0.03 0.50 
0.15 1.85 1.15 

ER308L S30883 0.03 1.0·2.5 0.30· 0.03 0.03 9.0- 19.5- 0.75 -- 0.75 
0.65 11.0 22.0 

All welding was performed in the horizontal (2F) position. The welding fixture had a 
groove machined under the lap joint to simulate welding without backing and 
represented a worst case condition for susceptibility to burn-through. 

Bead-on-plate tests for metal transfer study were made on steel. The electrode and 
shielding gas for steel were the same as the lap joint tests. The bead-on-plate tests were 
performed on 6 mm carbon steel flat bar. 
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5.0 EXPERIMENTAL PROCEDURE 

This investigation characterised the metal transfer behaviour of the VP-GMA W process 
and assessed the state-of-the-art. Metal transfer was characterised using HSV and DAQ 
that were synchronised permitting accurate melting rate measurements. The droplet 
burnoff rate (DBR) method was developed, which provided the accurate melting rate 
measurements for advanced waveform processes, like VP-GMAW. This technique 
required detailed analysis of the electrical waveform and how it related to the droplet 
growth process for each period in the waveform. The technique accounted for variation 
in electrode extension during the droplet growth process. Each power supply was first 
evaluated by studying the functional relationship between wire feed speed and 
waveform for bead-on-plate and lap joint applications using the ARCWISE parameter 
development method. Welding parameters were selected from these data to assess the 
metal transfer of the OTC ACIMIG 200 power supply over the full range of operation. 

5.1 Electrical Measurements 

Mean and RMS voltage (V), and current (I) measurements were calculated using data 
supplied by a wire pair and Hall-effect transducer, respectively. From these 
measurements, RMS and AlP were calculated (Table 5.1) to determine which 
measurement was preferred for heat input calculations. 

Table 5.1 Calculations for Heat Input and Power 

Hne! = P • nITS Imean = (Li _In In}/n 

P mean = Imean • V mean V mean = (Li _I n V n}/n 

PAIP = Li _In (In. Vn 1 n) IRMS = ...J(Li _In (ln2)/n) 

PRMS = IRMs • V RMS VRMS = ...J(Li_l n(Vn
2)/n} 

P = power, n = efficiency, TS = travel speed, 
I = current, V = voltage 

This information was used to develop process operating windows for relationships 
between voltage and current, voltage and wire feed speed, current and wire feed speed, 
and heat input versus deposition rate for the full waveform. In addition, these 
measurements were used to develop the same relationships for different periods of the 
waveform, which are the EN, the EPB, and EPP waveforms. 

The current of each waveform component was used to determine bum off rate once the 
melting rate was known. Waveform measurements, current and time, were made for 
each period by averaging a number of periods from the corresponding DAQ record. 
Electrical DAQ measurements were taken at either 4500 or 8000 Hz where the higher 
frequency was used to study the details of each waveform period. 
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5.2 DBR Measurements 

The droplet burnoff rate (DBR) method was based on measuring the melting rate of 
each period, corresponding waveform (current and time), and electrode/droplet 
dimensions that may affect these measurements. The data was the used to create 
burnoff diagrams that can be used to solve for melting rate coefficients. The burnoff 
diagram plots electrode burnoff rate, BR versus the electrode extension heating factor, 
FL. The intercepts and slopes of lines made with this diagram equal the arc heating and 
resistive heating coefficients, respectively for different waveform period conditions. The 
magnitude and changes in these coefficients for each period were related to arc 
behaviour. The DBR method was used to develop new understandings for how 
waveform and arc behaviour affect melting rate in advanced GMA W processes. 

The HSV camera was set up to allow viewing of the growing droplet at the tip of the 
electrode and subsequent drop detachment. Shutter speed was adjusted to allow 
viewing of the metal transfer without using laser back lighting. The shutter speed was 
optimised for the waveform period being studied, and for measuring arc length on 
steady-state tests. The arc length was trimmed using the control pendant of each power 
supply to 3 mm nominal at drop detachment between the electrode tip and weld pool 
surface. The leading edge of the weld pool was almost flush with the plate during these 
tests. The HSV sampling frequency was nominally set at 3700 Hz. This frequency 
optimised the image size for measuring the droplet growth and electrode extension. 

The wire diameter (1.14 mm) for all tests was used to calibrate the dimensional 
measurements taken at the electrode extension (L). During droplet formation, the 
electrode extension length either burned off or increased in length, with the current 
waveform to balance the melting rate. 

For this project, the electrode melting rate for each period of the waveform was 
determined empirically by adding the electrode extension burnoff rate to the wire feed 
speed. The MR for each waveform period (EN, EPB. EPP) was: 

~ 
MR(EN.EPP.EPB) = --+ WFS DAQ 

12 - 1\ 
(5.1) 

Where rue. is the electrode extension burnoff, which equals the length of change in solid­
liquid interface position from initial time (tl) to final time (t2 ) and WFS is wire feed 
speed measured with the data acquisition during that period. 

The electrode extension burnoff was measured by calibrating the HSV frames to the 
wire diameter (1.14 mm) and recording the droplet - electrode interface position at 
initial and final times for each period. The sign convention used for ax required that 
positive interface growth be upward (toward the solid wire). Figure 5.1a shows the 
interface position at the beginning of the EN cycle. Figure 5.1 b shows the interface 
position at the end of the EN cycle. In this case, the time elapsed throughout the cycle is 
0.01107 seconds and growth is in the positive direction (ax>O). 
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ilx 

5.1a) tl = 0 .01404s 5.1b) t2 = 0.02511s 

Figure 5.1 Electrode Extension Burnoff During Droplet Growth in EN Period 

The droplet volume growth rate for each waveform component was calculated by 
multiplying the electrode melting rate by the wire area, Aw which was 1.02 mrn2 

(0.00159 in2). Therefore, the droplet volume growth rate (V D) in each period was: 

(5.2) 

The electrode extension heating factor (FL) for each waveform period was determined as 
follows: 

FL(EN,EPB .EPP) = L · I EN . EPB.EPP (5.3) 

The electrode extension used in these calculations was the average based on the change 
in electrode extension length during the period of evaluation; 

Llx 
LEN ,EPB .EPP = Lo + 2 (5.4) 

The average total melting rate for process stability can be determined by averaging the 
MR for each period times the waveform frequency with the following equation: 

The average MR should equal the true melting rate for a VP-GMA W waveform. 

The percent EN of each waveform based on time was determined from the waveform 
DAQ. The %EN was determined using the following equation: 
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(5.6) 

where f is the pulse frequency and tEN is time spent in EN polarity. % EN was related to 
waveform parameters to determine relationships for process stability, such as the effects 
of lEN and tEN on melting rate. 

Note, the general melting rate equation was described in detail in Section 2. The 
relationship for DC GMAW was developed by Lesnewich (Ref. 12). Based on his 
research, the well accepted form of the melting rate equation for given electrode type 

and diameter is: 

(5.7) 

The first part of the equation (aI) represents the contribution from arc heating and the 
second part of the equation (~LI2) represents the contribution from electrode extension 
resistance heating. The melting rate terms are as follows: 

MRdc = (mmls) 
a = arc heating coefficient (mmls-amp) 
I = current (amps) 
p = resistive heating coefficient (amps2-sr l 

L = electrode extension (mm) 

This equation can be integrated to relate the effects of waveform current on the melting 
rate for advanced waveforms. Process stability is achieved when the average MR equals 
the WFS. For pulse waveform processes, the melting rate increases dramatically from 
the improved electrode extension heating (i.e., by I2R heating). Allum (Ref. 63) and 
Richardson (Ref. 75) have derived melting rate solutions for different waveforms for 
GMA W -P without and with slew rate, respectively. These mathematical relationships 
are treated in more detail in Section 5.3. 

Once the melting rate, waveform, and other DBR measurements were made for each 
period, the Bumoff Diagram Technique (BDT) was used to empirically determine a and 
P The BDT was demonstrated by Richardson (Ref. 75) as an efficient way to 
empirically determine the melting rate coefficients. A single line is yielded for CV 
processes that have a constant mode of transfer, like spray transfer, for a full range of 
operating conditions. The line produced on the BDT for CV processes characterizes the 
full range of electrode extensions, wire feed speeds, and currents for that process. A 
separate set of CV tests were performed to validate this approach for CV processes. 

For the VP-GMA W process, this investigation showed that multiple BDT lines were 
needed for each polarity depending on the waveform conditions. Separate bum off 
diagrams were created for each polarity, EN and EP for the ACIMIG 200 power supply 
using the 1.14 mm steel electrode and 90%Ar - 1O%C02 shielding gas. For the EP 
polarity, the lines were fitted between DBR measurements made in EP background and 
peak period for different VP-GMA W waveforms. The coefficients measured for each 
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waveform period were compared to prior research for EP heating. and used to establish 
the melting rate properties of EN, EP background and EP peak heating in VP-GMA W. 

5.3 Melting Rate Analysis 

The melting rate equation for DC processes has been established for years. The effects 
of waveform were evaluated mathematically here to derive an equation for the VP­
GMA W process. The melting rate coefficients, a and f3 , for each period determined 

using the approach described in Section 4.2 were used with the derived equation to 
compare predicted VP-GMA W melting rates versus actual WFS test data 

5.3.1 GMA W-P Melting Rate Equations 

In DC pulse GMAW, the pulsing waveform improves the resistive heating efficiency of 
the GMAW process due to eR heating. Allum (Ref. 63) derived a melting rate equation 
for square waveform pulse GMA W. The melting rate was analysed in a time dependent 

form as follows: 

MRpdc = fMR,,(t)dt 
t +t phone pulse 

cyde 

where for simplicity: 

Ip = current EP peak (lEPP) 
It, = current EP background (lEPB) 
tp = time at EP peak current (tEPP) 
tb = time at EP background current (tEPB). 

(5.8) 

(5.9) 

This equation ignores the effects of slew rate, which decreases the resistive heating 
efficiency of the pulse waveform. Modern power supplies use slew rate to soften the arc 
and reduce noise. The VP-GMA W power supplies used in this investigation used a 
trapezoidal waveform for the EP polarity. The effects of EP slew rate (Figure 5.2) were 
characterised by Richardson et al (Ref 75). His work was performed to better 
characterise power supply dynamics. The waveform shown in Figure 5.2 was divided 
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into discrete time-based components that describe a trapezoidal waveform. The current 
in the trapezoidal waveform can be divided into four pulse periods as follows: 

(I - I ) 
1-1+ " "1 ) - h 

I) 

I~ = I 
- " 

14 = I" 

On the rising edge of the pulse, the response rate is given by: 

dJ (i (' - J,,) 
=---'---

dt 

and on the trailing edge, the response rate is given by: 

dJ (i" - J,,) 
=---'---

dl 

(5.10) 

(5.11 ) 

(5.12) 

(5.13) 

(5.14) 

(5.15) 

Richardson, et al assumed that the rise and fall rates of the peak current pulse were equal 
so t) = t3. The time period for tp was equal to t) plus t2 and the time period for tb was t3 
plus t4. Unequal slew rates led to a larger resultant equation although the basic 
mathematical behaviour remains unaltered. Performing the integral over one pulse 
cycle, and rearranging the equation to the form like Equation (5.9) yields: 

MR"d( = 7 JMR,,(t)dl 
one puIsI.' 
cydt' 

MR =a j + f3L j2 + " " , "" - " " } 
{ 

(I - I V. 1 1 (I _ I \l } 

"de {I" +t,.f 3(1{, +1,,)d/'dt 
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Figure 5.2 Trapezoidal Waveform and Pulse Parameters (Ref. 75) 

5.3.2 Square Wave AC-GMA W Melting Rate 

A modified form of the melting rate equation can be derived for square wave AC­
OMA W. Here the waveform subscripts simply designate EP as (+) and EN as (-). The 
melting rate equation can be solved ignoring slew rate as follows: 

MR". = 1 fMRh(t)dt 
( t + t 

- + one pUI.'if 

cycle 

(5.18) 

Assuming: 

~- =~+ =~ 
L_ = L+ = L 

(5.19) 

Where: 

(5.20) 

Equation (5.19) is a simple equation making the fundamental assumption that the arc 
heating coefficient for each polarity is different. However, it also assumes that the 
resistive heating coefficient is constant. Square AC waveforms were not evaluated in 
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this project. The VP-GMA W waveform tests found that the resistive heating coefficient 
was affected by the rapid electrode extension burnoff during the EN period. Likewise 
behaviour could be expected in AC-GMA W. Therefore, this equation may need further 
modification to be experimentally applied but is provided as a building block to derive 
the melting rate equation for VP-GMAW. 

5.3.3 VP-GMA W Melting Rate Equation with EP Slew Rate 

The majority of melting rate measurements performed in this investigation were taken 
using the ACIMIG 200 power supply. This VP-GMA W waveform (Figure 5.3) uses a 
trapezoidal EP pulse with a small post-pulse EPB period. This small background period 
was believed to help minimize spatter after the ramp-down by permitting drop transfer 
before switching to EN current. This small period was included in the total EPB time. 
The peak, tp and background, tb time included one slew rate period, based on the 
approach by Richardson, to balance the melting rate contribution from a EP trapezoidal 

pulse waveform. 

Weld Parameter Measurements 
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Figure 5.3 VP-GMA W Waveform from OTC ACIMIG 200 

The melting rate equation for this power supply can be determined by combining the 
above equations over time and assuming the ramp-up and ramp-down slew rates are 
equal. This was the case with the ACIMIG 200 power supply. The resultant equation is 

the following: 

MRvp =; JMR(t)dt 
Olle pulse 
cycle 
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Where t+ = tb + tp (with equal slew rate time in tb and tp) as per Equations (5.14) and 
(5.15), 

t = t- + t+ 

Results in this project showed that the resistive heating term was dependent on the 
polarity. This was because of the rapid electrode extension burnoff that occurred in the 
EN period. To consider the effects of electrode extension burnoff experimentally, L+ 
and L were calculated using Equation (5.4), and ~+ and ~- were the slope of the lines 
calculated from the burnoff diagram for each period. These can be incorporated into 
Equation (5.22) to predict the relationship between welding parameters and melting rate. 
The DBR method was required to calculate these parameters and the arc heating 
coefficients, a for each period. In addition the DBR method permitted direct 
measurement of the slew rate time, ts· The melting rate lost due to eR slew rate effects 

can be expressed by a simple integral for the slope (] = ;( t ) of the pulse which equals 

1.,]2 ]2 ]2 
MR = fJL f-'-2' t 2 dt = fJL ~ t/ = fJL -' t, for one rise or fall where the slew current 

Sot. 3t; 3 

rise, Is = Ip -lb. The preferred melting rate equation for VP-GMA W was then: 

(5.23) 

There were several questions that this investigation sought to answer. First, does 
Equation (5.23) explain the relationship for VP-GMAW? Second, does EN arc heating 
dominate the melting rate or does the electrode extension resistive heating (I2R) 
dominate? Third, what are the relative strengths of the arc heating coefficient for EN 
and EP periods? 

These questions were analysed systematically by developing the relationships between 
electrode melting rate and size, arc behaviour, and waveform shape. The electrode 
melting rate for each waveform period was determined using the DBR method that was 
developed in this investigation. The arc and resistive heating coefficients were 
empirically determined using the BDT and compared for each waveform period. These 
coefficients were applied in Equation (5.23) to predict melting rate, compare the 
contribution from each waveform period, and evaluate the accuracy of this equation. 

5.4 Process Capability Measurements 

The ARCWISE method for process characterisation was used to assess the potential of 
the VP-GMA W process on sheet metal welding applications. The ARCWISE method 
has been used at Edison Welding Institute since 1996 to assess arc welding process 
applications (Ref. 116-118). This method is straightforward and provides a data set that 
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relates functional welding parameters (V, I, WFS, and TS) to productivity and weld 
quality. This data set provides a foundation for selecting welding parameters and 
permits benchmarking of welding processes. In addition, because tests are performed 
under carefully controlled conditions, the data can be stored for future use on similar 
applications and compared to alternative processes. 

The definition of an application is a set of fixed design factors such as base materials, 
joint type, position, weld size, bead shape, and mechanical properties requirements. The 
operational windows developed with the ARCWISE method are for a specific process­
consumable combination that was evaluated on an application. 

A major reason for the effectiveness of the method is that all test welds involve a 
constant ratio of deposition rate to weld travel speed (Le., the WFSrrS ratio). In this 
manner, the deposit area is kept constant while variations in CTWD distance. arc length. 
shielding gas, and other factors like waveform effects are evaluated. Another unique 
aspect of the ARCWISE method is constant arc length testing. Arc length is adjusted 
for each test to a preferred distance using various techniques like the HSV calibration 
method used here. It is well known amongst welders, that arc length is critical to proper 
weld pool performance, yet this important aspect of parameter development is 
consistently overlooked. 

5.4.1 ARCWISE Method 

The 5 elements of the ARCWISE method are as follows: 

Plannin2 Testin2 Analysis 
1. Weld size & 2. Constant deposit area 5. - Parameter relationship 

acceptance test matrix graphs 
Q" 
~ criteria 3. Constant arc length testing - Operational windows 
r:F.J 4. Bead cross-section - Weld macrosection maps 

measurements 

5.4.2 VP·GMA W ARCWISE Characterisation 

A constant deposit area test matrix (Table 5.2) was used to characterise systematically 
the potential of each power supply on the lap joint application. As shown in this table, a 
constant wire feed speed to travel speed ratio (WFSrrS) of 10 was maintained. This 
deposit area was based on preliminary weld sizing tests that optimised gap weldability 
and bead shape for this application. Travel speed was incrementally increased from 4.2 
to 25.3 mmls in 4.2 mmls increments. At each travel and wire feed speed condition, a 
series of tests was performed to evaluate the full range of %EN balance offered by the 
power supply. This matrix covered the entire potential of each power supply from low 
currents, where lack-of-fusion was a problem, to high currents meeting the capacity or 
waveform stability of the power supply. The arc length was fixed at 3 mm for all tests 
based on preliminary trials that showed this arc length gave a good bead shape and can 
be used for process characterisation. 
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Table 5.2 WFSrrS Test Matrix for Lap Joint Applications 

Travel Speed Wire Feed Speed 
(mmls) (mmls) 

4.2 42 
8.4 84 
12.7 127 
16.9 169 
21.2 212 
25.3 253 

The range of acceptable parameters for each power supply was first determined by 
visually examining the bead shape of each test. Each lap joint test was then cross 
sectioned to examine soundness. An acceptable bead shape had no lack-of-fusion or 
bumthrough. Graphs were created plotting the relationships between V RMS versus IRMs, 
VRMS versus WFS, IRMs versus WFS, power (AlP and RMS) versus WFS, and heat input 
(AlP) versus deposition rate. The maximum WFS that was tested was related to the 
power supply and its output capability. Table 5.3 outlines the range of constant deposit 
area tests for each electrode, CTWD, and power supply combination. For each electrode 
and power supply, the ARCWISE test matrix was repeated at two CTWDs. The 
ACIMIG 200 power supply was limited to 200 amps at 100% duty cycle so the 
maximum wire feed speed that was stable for the full range of %EN was 127 mmls. 
Tests were performed at 169 mmls but the metal transfer was unstable for most of the 
tests. The PC350 power supply was rated at 350 amps so the maximum WFS tested was 
253 mm1s. Most of the tests performed at this WFS and at 212 mmls were unstable. 
Unstable tests were plotted with hollow data points and not used for line plotting. 
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Table 5.3 Lap Joint Test Conditions for VP·GMA W Power Supplies 

Power WFS Pendant 
Supply Electrode/Gas (mmls) SettinRS 

ACIMIG 1.2-mm ER70S-6 42 -150 
200 90Ar-lOCO:! 84 -75 

19-mmCTWD 127 0 
75 
150 

ACIMIG 1.2-mm ER70S-6 42 -150 
200 90Ar-lOCO:! 84 -75 

l6-mmCTWD 127 0 
75 
150 

ACIMIG 1.2-mm ER308L 42 -150 
200 95Ar-5CO:! 84 -75 

l6-mmCTWD 127 0 
75 
150 

ACIMIG 1.2-mm ER308L 42 -150 
200 95Ar-5CO:! 84 -75 

19-mmCTWD 127 0 
75 
150 

PC350 1.2-mm ER 70S-6 42 0 
90Ar-lOCO:! 84 25 

l6-mmCTWD 127 50 
169 75 
212 100 
253 

The productivity of the VP-GMA W processes was compared with GMA W -P to 
benchmark the capability of this process for the lap joint applications. The GMAW-P 
waveform was achieved by setting the %EN to zero, which correlated to pendant 
settings of -150 for the ACIMIG 200, and 0 for the PC350. 
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6.0 RESULTS 

The ACIMIG 200 power supply was used for detailed analysis of VP-GMA W metal 
transfer. The basic VP-GMA W waveform cycle evaluated here had three parts; an EN 
period, an EPB period, and an EPP period (Figure 5.3). The droplet formation process 
began with the EN period and was completed during the EPP period. It was observed 
through HSV that the droplets were mostly formed during the EN polarity period. Here, 
the droplets grew rapidly as the arc climbed the tip of the electrode. The droplets were 
typically 1.5 to 2 times the wire diameter, or larger. The arc then switched polarity, 
becoming dim as the current passed through zero. The EPB current period was used to 
maintain the arc and droplet size that was created during the EN pulse. The droplet 
responded quickly to the high current EP pulse where it gained some additional size 
before being transferred to the weld pool. Based on the drop diameter, the drop transfer 
mode can be characterised as "pulse-globular" for the VP-GMA W process. This differs 
from conventional EP polarity GMA W -P waveforms, which typically transfer drops 
using the "drop-spray mode", where the primary drop size transferred during each pulse 
is equal to or slightly greater than the wire diameter. The transfer is also different from 
projected globular since the EP pulse accelerated the drop to higher speeds than what is 
achieved in CV projected transfer. 

This power supply comes equipped with pre-programmed waveform algorithms for mild 
and stainless steel using several electrode diameters and shielding gas combinations. 
The pendant permitted precise adjustment of the waveform to control the arc length via 
pulse frequency. The quality of the pre-programmed pulse parameters for each wire 
feed speed setting varied depending on the %EN. Some VP pulse parameter settings 
produced spatter-free welds. Other VP pulse parameters produced some spatter. Lap 
joint spatter was observed to be due to the shape of the weld pool where, if the heat 
input was too low, the weld pool crowned and forced unplanned short circuits. Spatter 
also occurred when high percentages of EN were used, due to large droplets forming on 
the electrode and subsequently breaking apart during the crossover from EN to EP. 

The metal transfer behaviour of this power supply for steel at 16 mm CTWD process 
was systematically characterised by evaluating the effects of WFS, %EN polarity, and 
EN current. The effects of %EN were evaluated by using constant EN current tests at 
each wire feed speed. At each wire feed speed, the pendant penetration adjust knob was 
varied to evaluate six %EN levels. The arc length was controlled at 3 mm at drop 
detachment, so the electrode extension, L starting in the EN period would be constant at 
13 mm based on the arc position in the leading edge of the weld pool. The tests were 
bead-on-plate as described earlier. Arc length was controlled using a trim knob, which 
varied the waveform frequency. High speed DAQ and video were synchronized to 
develop the DBR measurement method. Electrical and video measurements were 
critical to the accuracy of these measurements. Preliminary tests were performed to 
determine the best measurement methods. 
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6.1 Electrical Measurements 

A number of current, voltage, and power measurements were made to characterise the 
VP-GMA W process. RMS current and voltage measurements were made during this 
study to capture all the energy that was developed by the waveforms. RMS 
measurements are typically used to capture the resistive heating potential of a process or 
for AC type processes. This is a common practice in the welding industry since meters 
used on power supplies are either mean or RMS. Mean measurements of voltage and 
current were taken since these are commonly used to characterise EP GMAW-P. The 
VP-GMA W waveform had alternating current, so the net result of mean measurements 
was very low voltage and currents that do not represent the power in the arc. Mean 
measurements were not reported based on this reason. Power measurements (Table 4.1) 
were made by taking the product of the RMS current and voltage, and by averaging the 
instantaneous product of the current and voltage waveform; herein referred to as the 
AlP. The RMS power was compared with the AlP to evaluate the error that occurs 
when using conventional DAQ instruments. Research by Joseph (Ref. 92) and 
Bosworth (Ref. 93, 94) has proved that AlP is more representative of the power in the 
arc. The author was involved in Joseph's study (Ref. 92), which performed liquid 
nitrogen calorimetry to determine the best method for heat input and power 
measurements. The liquid nitrogen calorimeter measurements were reviewed in Section 
2.7 where the process efficiency of the GMAW-P was 70.2% using AlP. These 
measurements agreed with the work performed by Bosworth for bead-on-plate welds. 
Based on these results, heat input graphs made in this study are based on using the AlP 
divided by the test travel speed and assuming 100% process efficiency since the process 
efficiency for lap joints was not determined here. 

These results do open some questions concerning how voltage and current are measured 
for waveform processes. Today, most researchers still believe GMA W -P measurements 
of V and I are best characterised by mean measurements. RMS measurements are 
always higher than mean and AlP measurements for GMA W -P (Ref. 92). Mean power 
measurements are be lower than AlP for GMAW-P where the error is 14 to 30%'(Table 
2.5). The losses in power based on mean measurements are based on the higher power 
that develops in pulse waveforms when the current and voltage are in phase (Ref. 92). 
The current and voltage were found to be in phase for VP-GMA W waveforms. 

True arc process measurements of V and I for the VP-GMA W process may be better 
characterised with an average absolute measurement, which is analogous to a true mean, 
since RMS values tend to give higher power levels than determined by calorimetry. 
Absolute measurements are the basis of AlP over time. Meters that read absolute 
voltage and current have not been employed on AC processes by the welding industry. 
This is an area of future work since the arc is a non-linear resister and heat generated in 
the arc is not affected by RMS energy. 

The ARCWISE method was used to evaluate the potential of VP-GMA W power 
supplies on a lap joint application. The lap joints were made using a constant deposit 
area (WFSrrS ratio = 10). Arc length was held constant to the top edge of the lap joint, 
Figure 4.7. Tests were performed to evaluate incremental productivity levels (travel 
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speeds) and the effects of %EN. Graphs for RMS voltage versus current, RMS voltage 
versus wire feed speed, RMS current versus wire feed speed, RMS power versus AlP 
and heat input (AlP) versus deposition rate were plotted to map out the ARCWISE data 
set. The bead shape taken from weld cross sections was mapped and compared to the 
graphs. Weld quality was assessed by the fusion of the lap joint pieces and burnthrough. 
Maximum travel speed (productivity) was determined by the window which bounds 
acceptable fusion and burn through for each %EN setting. The RMS measurements were 
plotted so process setting could be related to the meters on the power supply. This 
permits the use of the graphs developed here for procedure parameter selection for the 
lap joint application. 

6.2 Functional Process Relationships 

The ARCWISE method was used to determine the functional relationships for each 
power supply over the full capability of the VP waveforms for each electrode and 
CTWD combination. For each process combination characterised on lap joints, the test 
waveforms were captured to evaluate waveform strategy, and determine the parameters 
for each waveform. Parameter relationships were determined for both the ACIMIG 200 
and PC350 power supplies for the settings described in Table 5.3. Graphs were plotted 
for VRMS versus I RMS, VRMS versus WFS, IRMs versus WFS, P (both AlP and RMS) 
versus WFS, heat input (HAIP) versus deposition rate. The bumoff rate diagram was also 
plotted for each process combination even though the arc heating and resistive heating 
coefficients using this approach are considered invalid. The bumoff diagram plotted the 
WFSII against the electrode extension heating factor, FL. 

The pendant of each power supply was used to vary the %EN for each test WFS. The 
wire feed speed was varied in increments proportional to the travel speed by the 
WFSrrS ratio of 10. For the ACIMIG 200 power supply, the pendant settings were 
-150, -75, 0, 75 and 150. These settings changed the %EN from 0% at -150 setting to 
up to 80% for the 150 setting depending on the electrode and shielding gas that was 
used with the pre-programmed waveform. Zero percent EN, which was basically a 
GMA W -P waveform, was observed at -150 pendant setting and many of the -75 pendant 
settings for this power supply. The ACIMIG 200 power supply was limited to 200 amps 
at 100% duty cycle so the maximum wire feed speed that was stable for the full range of 
%EN was 127 mmls. Tests were performed at 169 mmls, but the metal transfer was 
unstable for most of the tests since the power output of the power supply was exceeded. 

The PC350 power supply was rated at 350 amps so the maximum WFS tested was 253 
mm1s. The pendant settings for this power supply were presented in %EN, however, the 
pendant settings were not a measure of the true %EN based on waveform 
measurements. In fact, the %EN varies during welding based on fuzzy logic for the 
short circuit anticipation control. Based on the fuzzy behaviour, no attempts were made 
to characterise the melting rate behaviour and detailed waveform parameters. The 
PC350 was only used to benchmark the productivity potential of this power supply. 

The results of the ARCWISE characterisation were six graphs being plotted for each 
process combination. Since six combinations were evaluated, the data generated was 
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considerable, 40 pages of data. The complete ARCWISE data sets for the lap joint 
capability study are provided in Appendix A for the 16 mm CTWD tests and Appendix 
B for the 19 mrn CTWD tests. The 16 mm CTWD results for steel are discussed in 
detail. The example was selected since bead-on-plate tests using the same parameter 
settings were used for metal transfer study. Benchmark comparisons using the bead 
shape maps for the lap joint application are described later. 

6.2.1 VRMS versus IRMs 

The voltage versus current relationship described the arc characteristic of the process 
combination for a 3 mrn arc length at drop detachment. For steel with the ACIMIG 200 
power supply, the RMS voltage increased as the RMS current increased (Figure 6.1). 
The trend was nearly linear with two points falling outside the line. These tests both 
had high %EN and were unstable settings for this power supply. Unstable settings 
produced random short circuits and irregular metal transfer even though the weld cross 
section appeared acceptable. The test results were grouped by the %EN as other 
electrical measurements were dependent on the waveform and the pendant settings. The 
RMS voltage ranged from 19 to 24 volts from 120 to 260 amps, respectively. 
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Figure 6.1 VRMS versus I RMS for Steel at 16 nun CTWD for the ACIMIG 200 

The V-I behaviour of the PC350 power supply was totally different (Figure 6.2). The 
waveform produced intentional short circuit induced metal transfer. At each short 
circuit, the voltage in the waveform approached zero until the arc re-ignited This 
resulted in a larger voltage range as the current increased for the %EN range at each test 
WFS. This behaviour was attributed to the short circuit metal transfer, which reduced 
the RMS voltage depending on the short circuit frequency. The voltage range was 2 to 3 
volts. Hollow points were used on these graphs if the metal transfer was unstable 
producing considerable spatter. This was the case at the highest wire feed speeds where 
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waveform improvements were needed to minimize the short circuit current, which 
exploded the droplets. 
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Figure 6.2 V RMS versus I RMS for Steel at 16 mm CTWD for the PC350 

6.2.2 V RMS versus WFS 

For most CV power supplies, the voltage versus WFS relationship controls the welding 
process and arc length at a constant CTWD. Pulsed waveform power supplies use 
inverters that control the current waveform with transistors. This provides a constant 
electrode extension based on the melting rate behaviour. Many inverters use a CC 
control since this is the design parameter for using transistors. For CC inverters, the 
voltage then floats based on the CTWD, and the waveform frequency controls the 
electrode extension and melting rate. The pulse frequency is adjusted with the power 
supplies evaluated here to provide control of power and current, which varies the 
voltage and arc length for a given %EN pendant setting. The EN and EP current pulse 
magnitudes were constant for each wire feed speed and pendant setting as shown by the 
waveforms in Appendix A, Figures A7-A9. 

The tests performed here used a constant CTWD, so pulse frequency was trimmed to get 
a constant arc length and electrode extension at drop detachment. The V RMS range was 
approximately 2 volts at 42 and 84 mmls WFS and it increased to almost 4 volts at the 
127 mm1s WFS (Figure 6.3). Note the lower two points at 127 mm1s were considered 
unstable tests and the larger voltage range was attributed to unplanned short circuits at 
high %EN where the large droplets bridged the arc gap. The RMS voltage decreased as 
the %EN increased because less power was supplied to the process for the constant 
melting rate (mm1sec). The relationship between VRMS and WFS was fit with lines for 
each pendant setting that provide a %EN range depending on the WFS. 
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Figure 6.3 V RMS versus WFS for Steel at 16 mm CTWD for the ACIMIG 200 

The relationship between voltage and WFS for CV GMA W using 1.14 mm steel 
electrodes has been found to have a more non-linear behaviour. Here, the CV voltage 
required for constant arc length increases faster at lower WFSs. The rate of CV voltage 
increase decreases significantly at higher WFSs due to improved arc efficiency (Le., at 
higher currents the arc produces more metal vapour, which decreases the cathode 
voltage drop). The VP processes characterised here did not examine the large range of 
WFS that is typically used to characterise CV processes so the effect was not as obvious. 
The behaviour of the V RMS versus WFS was similar on the other process applications. 

6.2.3 IRMs versus WFS 

The relationship between current and WFS is very important for determining the 
melting rate behaviour of CV GMA W process. As mentioned earlier, the melting rate 
behaviour is dependent on waveform, so this diagram cannot be used for determining 
the melting rate of VP-GMAW. For VP-GMAW, the DBR method was developed to 
evaluate the electrode melting rate, which included the change in electrode extension 
during each period. The data provided in Figure 6.4 may only be used to evaluate meter 
indications provided by the power supply. In general, the RMS current increased with 
increasing WFS and decreasing %EN. The EN heating decreased the current as 
expected since it significantly improves melting rate and lowers the current demand. 
The RMS relationship between current and WFS was linear as a function of %EN. For 
the steel application at 16 mm CTWD, RMS current varied from approximately 110 
amps at 42 mmlsec to 250 amps at 127 mm/sec. 
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Figure 6.4 IRMs versus WFS for Steel at 16 mm CTWD for the ACIMIG 200 

The melting rate equation basically shows that WFS is proportional to 12R. Therefore, 
this diagram is usually fitted by a second order polynomial where the rate of WFS 
change increases as current increases due to the 12R effect For the range of currents 
evaluated here, basically 100 to 200 amps, the I2R effect was not obvious. Tests 
performed using the 19 mm CTWD (Appendix B) had the same relationships except the 
current was slightly lower at each test WFS. This was expected since longer electrode 
extensions provide more 12R heating. For stainless steel, the range of current at each 
WFS was even larger due to the higher resistance of this materiaL 

6.2.4 Heat Input versus Deposition Rate 

Heat input based on AlP was plotted versus the deposition rate, which is directly 
proportional to the WFS_ In ARCWISE, this diagram is used to characterise the 
productivity potential of a process on a given welding application_ This characterisation 
is based on shading a window where the bead shape is acceptable over capability range 
of the power supply and process combination. Typically, the effects of arc length are 
evaluated to determine the heat input range as a function of productivity, which is 
usually either measured in travel speed for sheet metal or by deposition rate for 
mUltipass applications. ' In this study, the effects of %EN at constant arc length were 
used to assess the travel speed potential of the VP-GMA W process. This approach was 
used so the focus could be studying the effects VP-GMA W waveforms. The 3 mm arc 
length selected was considered nominal for most applications using free flight drop 
transfer. 

It has been the experience of the author (Ref. 116-118" 128) that heat input stays 
constant (or slightly decreases) for constant arc length and weld deposit size as the test 
travel speed increases for a process combination (wire type, CTWD, shielding gas, and 
waveform). Higher travel speeds provide increased base metal melting efficiency. As 
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travel speed increases, there is less time for heat conduction losses to the base metal so 
the heat produces more melting. The penetration and nugget area increase as a result of 
increased melting at higher travel speeds since the deposit area is constant. 

The waveform affects the burnoff rate (WFSII), and melting rate (mmlsec) which equals 
the WFS (mm/sec) for a stable process. The heat input provided by the process 
decreases with improved melting rate for a constant weld size when the arc length is 
constant. Higher melting rate waveforms provide increased productivity since higher 
speeds are required to raise the base metal melting efficiency needed to achieve the 
same penetration and nugget area. These benefits were quantified by comparing the 
maximum travel speed of GMA W -P to the VP-GMA W waveforms for the lap joint 
application. 

For VP-GMA W of steel, the heat input window was large due to the effects of %EN 
(Figure 6.5). The change in heat input was 19% at 42 mmlsec WFS, 22% at 84 mmlsec 
WFS and 33% at 127 mm/sec WFS. These wire feed speeds corresponded to deposition 
rates of 1.1 to 3.6 kg/hr. The larger change in heat input at the 127 mmls test was 
related to the random short circuits that remove significant power from the process. 
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4.0 

Short circuit metal transfer was strategically used with the PC350 to further improve 
productivity capability of VP-GMAW process (Appendix A). The bead shape results 
and productivity process comparison are described later in Section 6.5. As it will be 
shown, both VP-GMA W power supplies offers higher welding travel speeds compared 
to GMA W -P and CV processes when achieving the same level of penetration and fusion 
quality. 
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6.2.5 Power (AlP, RMS) versus WFS 

Heat input was calculated based on AIP as mentioned above. AIP was calculated using 
the high-speed DAQ software and graphed as shown in Figure 6.6. The RMS power 
was calculated using the product of VRMS and IRMs measurements. Power decreased as 
the %EN increased at each WFS. For the ACIMIG 200 power supply, the trend was the 
same for all applications. RMS power was always higher than AIP as a function of 
WFS at each %EN. The difference between RMS and AIP was approximately 800 
watts at the 40 mmfsec WFS and decreased to 500 to 600 watts at the higher WFS' s. 
The potential error in power measurements ranged from 40 to 11 % as the WFS was 
increased from 42.3 to 127 mmfs, respectively. Therefore, RMS measurements should 
not be used to determine power for heat input calculations. V RMS and IRMs 
measurements should be used only for process settings relative to the power supply 
meter readings. 
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6.2.6 Burnoff Diagram from ARCWISE Data 

The WFS, IRMs, and electrode extension, L were used to plot the burnoff diagram 
(Figure 6.7) by plotting burnoff rate, BR versus electrode extension heating factor, FL. 
This burnoff diagram was for the whole waveform not separating the effects of the EN 
and EP periods. This evaluated the traditional way for characterization of melting rate 
using the BDT as applied by Allum (Ref. 63) and Richardson (Ref. 75). Lines were 
plotted on this figure for constant %EN based on the pendant setting of the power 
supply. As noted earlier, the actual EN time varied slightly for the same setting 
depending on the WFS. The burnoff rate increased and the electrode extension heating 
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factor decreased as the %EN increased at each wire feed speed. This was expected 
since EN polarity was found to decrease RMS current for a given WFS. 

The lines were fitted with linear lines so the melting rate coefficients for arc 
heating, a and resistive heating, p could be determined by the resulting equations. The 
slope, p varied from 1.0 to 1.5 X 10-4 amp-2sec-l as the waveform changed from 0% EN 
(GMAW-P) up to 81% EN, respectively. CV processes using the same 1.2 mm 
electrode in the spray mode typically yield a beta value of 0.7 to1.0 x 1O-4amp-2sec-l 
(Ref. 12, 19). Likewise, the arc heating coefficient averaged approximately from 0.08 to 
0.11 mm-amp-1sec-1; based on ignoring the higher slope and low intercept for the tests 
made at pendant setting 75. The arc heating coefficient for spray GMA W using the 
same process combination is approximately 0.25 to 0.27 mm amp-1sec-1

• The burnoff 
diagram here would indicate that resistive heating coefficients were higher and the arc 
heating coefficients were lower compared with CV processes. However, as explained in 
Section 2.0 there is no theory to explain these data other than these errors were a direct 
result of analysing the whole waveform. Unfortunately, the effects of waveform 
parameters cannot be derived from this graph. 

The burnoff diagram results for the ACIMIG 200 at the 19 mm CTWD were similar for 
steel (Appendix B). For stainless steel, the slope of the lines and the intercept varied 
more between %EN settings. The greater burnoff rate change for stainless steel was 
based on the lower RMS currents and larger range. The larger range in slope may be 
attributed to the greater resistance of stainless steel. 

There were problems with using this full-wave burnoff diagram. First, the effects of 
polarity on melting rate coefficients could not be determined for VP-GMA W. The lines 
that were plotted can be used to predict melting rate for other WFS' s between the tested 
WFS range for a fixed set of torch and waveform conditions. However, the burnoff 
diagram could not be used for other VP-GMA W waveform strategies. The effects of 
VP waveform parameters, EN current and time, could not be evaluated systematically. 
The DBR measurement method was developed to separate the contribution of each 
waveform period and shape, and eliminate any error that may be present using RMS 
measurements on arc processes. 
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6.3 HSV Observations of Droplets and VP Arc Behaviour 

The DBR method for measuring melting rate properties was based on synchronized 
HSV and DAQ. The main benefit of this method was including the effects of electrode 
extension burnoff into melting rate measurements. Prior researchers (Ref. 32, 50-52, 
61-72) assumed a stationary electrode extension, and did not have the measurement 
capability that was applied in this investigation. The electrode extension burnback was 
often 50% of the droplet volume, especially at high wire feed speeds that used high EN 
current and low %EN (EN time); and during the EP pulse when the pre-pulse droplet 
volume was small. 

Bead on plate tests were used so the arc length and electrode extension could be 
precisely measured in each period. The HSV image was optimised for the waveform 
period that was being characterised. The EP period was significantly brighter than the 
EN period. The EP arc used higher currents and the arc is constricted at the anode 
(electrode). The EN period used lower currents and the arc climbed over the electrode 
tip in the multi-spot cathode mode, as described by Norrish (Ref. 29). This produced 
concentrated melting until the droplet formed based on the EN current level. Therefore, 
each period was characterised using separate DBR tests. 

The DAQ was used to determine when a waveform period started and the time was 
correlated to the HSV timer. The electrode extension neck position was marked at the 
beginning and end of each period. Special droplet conditions had to be evaluated during 
the HSV analysis. Arc stability was problematic during polarity changes which 
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disturbed the droplet, and some droplets had a non-uniform solid-liquid interface at the 
neck. 
Drop transfer occurred during the EP pulse period. During polarity switching to DCEN, 
the molten droplet remainder at the tip was erratically forced upward (toward the solid 
electrode) on some droplets. Sometimes, the droplet then stuck to the electrode side 
(Figure 6.8). This was especially pronounced when the droplet did not detach after the 
EP current pulse. Double pulsed drops were more of a problem at low wire feed speeds. 
EN instabilities were present at all currents. These problems were related to arc starting 
in the EN mode. Since unstable drops would affect the accuracy of DBR method, the 
droplets that did not transfer in the first pulse were omitted from the average 
measurement calculations. However, double pulsed drop transfers were believed to 
upset the equilibrium of the subsequent transfer. This behaviour was responsible for the 
noise in the trends that were observed in Table 6.1 DBR data, which will be discussed 
later. 

Erratic Droplet Deflection Stable DCEN Arc 

Figure 6.8 Erratic and Stable EN Arc Initiation 

Unstable arc ignition from EP to EN observed in the HSV data was related to the noise 
in the DAQ waveform for the EN period, Figure 6.9. After drop transfer and just prior 
to switching polarities, the EP arc spot moved to the side of the wire. The hot plasma 
cloud from EP arc remained off centre of the wire as the current went through zero. The 
low EPB current in the waveform may have promoted this arc wander. Note, prior 
researchers (Ref. 79-81) have noted that 40 amps is the minimum background current 
that should be used to maintain arc stability. The waveform here used a background 
current of 42 amps. A detailed sequence showing polarity switching from DCEP to 
DCEN was taken to document this phenomena and corresponding waveform (Figure 
6.10). 

After drop transfer and at the transition, the EP arc was observed to concentrate on the 
bottom of the droplet (Figure 6.lOa). As the current was decreased the arc would start 
to wander on the bottom of the droplet. When the current passed through zero, the hot 
plasma from the EP period was still present as the EN current was applied. The EN arc 
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was softer and it climbed the electrode extension as the current was increased. Once 
into the EN period, the hot plasma cloud from the EP period disappeared. The EN arc 
rapidly grew the droplet and at higher EN currents caused significant electrode 
extension burnoff. The EN arc was stable during the main EN period. At the end of the 
EN period (Figure 6.11), the diffused EN arc shrank as the current approached zero. 
The new EP arc that started at background current (t = 0.5201 to 0.5228s) was focused 
on the bottom of the droplet when the droplet was large. The arc appeared to lift the 
droplet and little melting occurred before entering the EP peak current period. The peak 
current expanded the arc on the droplet and forced metal transfer. 
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Figure 6.9 Unstable EN Arc Initiation, Current (red), 
Voltage (yellow), and WFS (blue) 
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Figure 6.10 Detailed Analysis Showing Polarity Switching from EP to EN 
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The border between the wire and the droplet was not always a straight line (Figure 
6.12). The advancing solid-liquid (burnoff) interface advanced up the electrode 
extension faster in some areas than others. This produced an uneven interface. If the 
interface was uneven at the point of measurement, an average level across the electrode 
droplet interface was used to determine the electrode extension burn off, Llx. 
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Figure 6.12 Uneven Solid-Liquid Interface at Electrode Neck 

The uneven solid-liquid interface was believed to be caused either by segregation within 
the wire where the melting temperature varied across the wire section, or by the more 
likely cause that preferential arc heating occurs due to surface oxides that affected the 
multi-spot cathode mode. The interface may also be due to surface tension where 
capillary action drew the liquid up the electrode where the forces were the greatest. A 
second phase liquid appeared to segregate at the interface of some droplets (Figure 
6.13). This material was assumed to be a slag since the steel electrode was ER70S-6, 
which is double deoxidised. This slag was observed floating on the surface but was 
always attached to the interface. If it was slag, it probably precipitated by reactions with 
the oxidizing shielding or was a remnant of the wire manufacturing process. The slag 
was believed to have interfered with the droplet growth process and cause the uneven 
solid-liquid interface on some droplets. 

__ ---,:)lag region 

Figure 6.13 Molten Slag Floating on the Surface of Droplet Interface 

As shown above, there were many sources for variation in metal transfer. These include 
the arc position during polarity cross-over, the melting interface of the growing droplets, 
impurities (or slag) in the wire, and poor waveform that inhibits a one drop per pulse 
regulation. These variations produced some noise in the data trends shown in Table 6.1 
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and promoted the detailed study of droplets that had good growth behaviour. The 
growth rates of droplets in each period were dependent on EN time and constant EN 
current, and EP pre-pulse droplet volume, respectively. 

6.4 Melting Rate Results 

Constant arc length and CTWD tests were used to study the effects of VP-GMA W 
waveform on melting rate. The ACIMIG 200 power supply used in these tests fixed the 
EP pulse period waveform, which was used to transfer globular droplets that were 
formed in the EN period. The waveform strategy was based on using constant EN 
current for each wire feed speed (Table 6.1). The EN current was increased from 40 to 
133 amps as the wire feed speed was increased from 40 to 123 mm1sec. respectively. 
The actual DAQ wire feed speed varied slightly from the machine test setting. The EN 
current strategy was almost linear over this wire feed range. It was approximately 1 to 
1.1 amp EN to each mm1sec of wire feed speed over this range, respectively. The power 
transferred to the work was controlled by setting the %EN which changed the pulse 
frequency and the EN time. The %EN settings ranged from -150 to 150. However, 
most of the waveforms generated using %EN setting from 0 to -150 were GMAW-P 
type waveforms, therefore, these settings were not studied. EN period waveform was 
consistently added to the waveform strategy at a pendant setting of 0 to 150. The EN 
period time increased as the pendant setting increased to the maximum of 150. The arc 
length trim feature varied pulse frequency by varying EPB time, to control arc length. 

The DBR method was used to measure the melting rate properties of each waveform 
period. The main focus was EN heating and waveform effects. Many measurements 
were taken to capture the relationship between EN current and time on the melting rate. 
DBR measurements were also taken for the EP period which used a constant pulse 
waveform. Here, separate DBR measurements were taken during the peak of the 
trapezoidal waveform (constant peak current) and at constant background current. 
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Table 6.1 DBR Measurements for EN Waveform Parameters 
Weld W FSI),\Q !lx t EN ~ x/tEN M REN Vd Vn l EN BR FL f %EN 
No. (mmls) (mm) (s) (mmls) (mmls) (mm3) (mm3/s) (A) (mml(s A» (mm A) (H z) (% ) 

0-42 39.:n -0.074 0.0083 -8.896 30.42 0.258 31.22 40.03 0.761 513 .92 4 1.75 34.57 
30-42 39.0 1 -0.005 0.0113 -0.451 38.56 0.446 39.57 39.81 0.968 512.48 44.04 49.63 
60-42 38.26 0.020 0.0 143 1.423 39.68 0.58 1 40.71 39.68 1.00 1 511.26 45.3 1 64.70 
90-42 38.52 -0.097 0.0 173 -5.582 32.93 0.584 33 .79 39.56 0.833 507.45 39.5 I 61U I 
120-42 38.96 -0.0 10 0.0202 -0.503 38.45 0.797 39.45 39.55 0.972 509.0 1 39.0 1 78.76 
150-42 38.95 -0.04 1 0.0232 - 1.752 37.20 0.885 38.17 39.55 0.94 1 508.40 34.72 80.52 

0-63 59.28 0.076 0.0056 13.553 72.83 0.420 74.73 60.72 1.20 1 784.08 66.94 37.64 
30-63 59.28 0.1 27 0.0086 14.767 74.04 0.653 75.97 62.30 1. 189 806.07 66.07 56.g2 
60-63 59.28 0.157 0.0 11 6 13 .623 72.90 0.865 74.80 62.33 1. 169 807.4 1 57.80 66.82 
90-63 59.28 0. 155 0.0145 10.663 69.94 1.043 71.76 62.39 1.1 21 808. 10 som 72.69 
120-63 59.28 0.366 0.0 175 20.877 80.1 5 1.44 1 82.24 62.49 1.283 8 15.99 42.98 75.30 
150-63 59.28 0.1 52 0.0205 7.423 66.70 1.405 68.44 62.33 1.070 807.25 36.90 75.76 

0-85 80.34 0.276 0.0040 68.4 15 148 .76 0.6 16 152.64 97.20 1.528 1264.92 74.03 29.89 
30-85 83.01 0.502 0.0070 71.409 154.42 1.1 13 158.46 96.24 1.603 1263.26 7 1.78 50.43 
60-85 8 1.65 0.592 0.0 100 58.946 140.60 1.448 144.27 95.36 1.474 1255.96 6 1.5 1 6 1.76 
90-85 8 1.83 0.528 0.0 130 40.703 122.54 1.632 125.73 95.07 1.289 1249. 17 51 .00 66.20 
120-85 8 1.96 0.478 0.0159 30.0 14 111.98 1.828 11 4.90 95.05 1.178 1246.48 43.99 69.99 
150-85 8 1.25 0.546 0.0 189 28.833 11 0.08 2. 139 11 2.95 94.91 1.1 60 1247.83 38.90 73.68 

0- 106 102.24 0.2 18 0.0032 68.476 170.72 0.559 175.17 11 0.6 1 1.546 1436.18 9 1.04 29.04 
30- 106 102.24 0.650 0.0062 105.217 207.46 1.3 16 212.87 11 2.90 1.837 1490.29 74.98 46.34 

60- 106 102.24 0.1'37 0.0092 80.503 182.74 1.71 6 187.5 1 11 5.19 1.587 1525.50 60.99 55.8 1 

90-1 06 102.24 0.785 0.0 12 1 64.864 167. 10 2.075 171.46 11 5.64 1.445 1534.25 5 1.00 6 1.71 

120-106 102.24 0.897 0.0 15 1 59.300 161.54 2.506 165.75 11 5.60 1.397 1540. 17 42. 19 63.79 
150-1 06 102.24 0.970 0.018 1 53.666 155.9 1 2.892 159.97 11 5.67 1348 1545.37 37.12 67. 11 

0- 127 123.28 0.426 0.003 1 136.979 260.26 0.83 1 267.05 133.60 1.948 1748.63 9 1.09 28.34 

30- 127 123.49 0.754 0.006 1 123.265 246.76 1.550 253.20 133.30 1.85 1 1766.52 7 1.83 43.96 
60- 127 123.55 0.8 13 0.009 1 89.3 19 212.87 1.988 218.43 132.00 1.613 1753 .14 5!W6 52.83 
90-127 123.31 0.9 14 0.012 1 75.695 199.0 1 2.467 204.20 131.37 1.5 15 175 1.45 49.68 60.0 1 
120- 127 123.2 1 0.554 0.0 150 36.964 160.17 2.462 164.35 13 1.88 1.2 14 1734.47 43.60 65 .3 1 
150-127 123.94 0.777 0.0 18 1 42.989 166.93 3.097 171.29 131.63 1.268 1745.89 38.06 68 .8 1 
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The DBR method measured the total melting rate, MR by adding the electrode extension 
bumoff rate Ax / t to the data acquisition wire feed speed, WFSDAQ measured by the 
tachometer in that period. Hence, near steady-state conditions were established 
permitting the use of the BDT for solving the melting rate equation coefficients for each 
period and different waveforms. The synchronised DAQ and HSV measurements were 
also used to measure droplet volume, V d and growth rate, V D. These measurements 
provided important insight into variations in melting rate measurements as a function of 
EN waveform. 

6.4.1 EN Time Effects on Droplet Volume Growth Rate 

HSV was used to measure the droplet volume as a function of time at each wire feed 
speed. The average EN droplet volume measurement for all DBR tests (Table 6.1) was 
taken from 0.5 sec of image data at 3700 fps frame speed. The raw data for all the DBR 
measurements are included in Appendix C. Typically ten droplets per condition were 
used for DBR measurements depending on the stability of the waveform and metal 
transfer. The frequency range was small, only 35 to 42 Hz, at the low wire feed speed of 
40 mm/sec. At 123 mrnlsec wire feed speed, the pulse frequency ranged from 38 to 91 
Hz. Pulse frequency at each wire feed speed decreased as the %EN decreased. The 
number of droplets available for measurement for each EN waveform condition, 
therefore, varied from 17 to 45 droplets (112 the frequency) since only 0.5 sec of data 
was taken. 

Table 6.1 shows that five EN current and wire feed speed combinations were studied to 
assess the effects of EN time and current. The EN current was constant for each wire 
feed speed. The five different wire feed speeds (42, 63, 84, 106, and 127 mrnls) were 
characterised at low %EN, which ranged from a minimum of 28 to 38%, to the highest 
%EN ranging from 67 to 81 %. The EN time increased as the %EN increased for each 
constant current test. Pendant settings for these times corresponded to 0 for low EN 
time and 150 for the maximum EN time offered by the ACIMIG 200 power supply. The 
low EN times varied between 3.1 to 8.3 msec at a 0 setting for wire feed speeds ranging 
from 127 and 42 mrnls, respectively. The high EN times ranged 18 to 23 msec at the 
150 setting for the same wire feed speeds. Slightly longer EN times were used at the 
lower wire feed speeds, but the EN current and frequency were much lower. 

From the data in Table 6.1, there appeared to be a non-linear relationship in electrode 
extension bumoff, Ax and droplet volume, V d, as a function of EN time. At long EN 
times, the electrode extension bumoff saturated on average at about 10 msec of EN time 
for wire feed speeds greater than 63 mrnls. The droplet volume continued to grow but at 
a slower rate once the electrode bumoff saturated. The change in droplet volume was 
related by evaluating the droplet volume growth rate. 

The droplet volume growth rate, V D was typically higher at short EN time for constant 
EN current. This was especially true for the higher wire feed speed tests. The total wire 
feed speed was heavily dependent on the electrode extension bumoff, a.t. Observation 
of the bumoff distance for each group of tests gave insight to the variation in electrode 
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melting rate as a function of time. Here, the electrode extension burnoff was a larger 
part of the total wire feed speed at short EN time. 

Since there was a non-linear relationship between EN current and melting rate, which 
was a function of EN time, additional image analysis was performed on three droplets 
from the low and high time from each wire feed speed test group. The droplets that 
were selected had uniform arc initiation and were considered ideal. Note, that many of 
the droplets observed in the full 0.5 sec of HSV data had unstable arc initiation entering 
the EN period. This provided one source of error as discussed earlier. 

The droplet volume was graphed during the whole EN period by continuously 
accounting for the wire feed speed and electrode extension burnoff in each HSV frame 
as a function of time. The graphs (Figures 6.14) were plotted to (1) evaluate how the 
EN droplet volume, V d grows with time, (2) determine the magnitude of growth rate, V 0 

from the slope of the line and (3) compare the effects of EN pulse time at constant EN 
current. These results were plotted in Figures 6.14a through 6.14e for each wire feed 
speed and EN current combination. 

The line fitted in each graph was for droplet volume based on the melting rate over time. 
The slope of the line equalled the droplet volume growt~ rat~, Vo. At a ~ire feed speed 
of 42 mm/s, Vo was 38.7 and 25 mm' /sec for low and hIgh tIme, respectIvely as shown 
in Figure 6.14a. The EN current for this wire feed speed was 40 amps. The V 0 

increased to 276.7 and 192.6 mm3/sec at low and high EN time, respectively for 123 
mm/s wire feed speed (EN current = 133 amps) as shown in Figure 6.14e. In all these 
tests, the low EN time produced a higher V 0 compared to long EN times. The lines 
fitted in these graphs were linear. From observation of the data in each graph, it 
appeared that the droplet volume growth rate was constant for both low and high EN 
time near the origin. However, the linear lines fitted to the long EN time tests showed 
that the overall droplet volume growth rate was less for each WFS test condition at long 
EN time. A 2nd order polynomial may have provide a better data fit for the long EN 
time tests, but for EN time comparison the linear data was easier to compare between 
the short and long EN time tests. These measurements were based on the best droplets 
from the HSV data. In general, this data agreed with the average trend measured for all 
the droplets over the 0.5 sec of HSV data shown in Table 6.1, especially for the higher 
wire feed speed test groups. 
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A summary of these droplet growth rate tests was graphed for both low and high EN 
time (Figures 6.15 and 6.16). Droplet growth in each EN period was assumed to be 
linear for a given set of conditions. The slopes measured from these graphs, which 
equalled the droplet volume growth rate had an average coefficient of multiple 
determination (R 2) of 0.957, which indicated a good data fit. As shown in these figures, 
the volume melting rate (slope) increased as the EN current and wire feed speed 
increased. The effects of EN time at constant current and wire feed speed can be made 
by comparing the droplet volume growth rate, V D, at constant current. The rate of 
increase was greater at low EN times which again agreed with the data in Table 6.1. 
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6.4.2 DBR Measurements for the EN Period 

0.025 

The DBR method described in Section 5.2 was used to study metal transfer and 
determined the melting rate for each period in the VP-GMA W waveform. Most of these 
measurements were focused on the EN period. The melting rates, MR's which account 
for the electrode extension bumoff were determined for five different wire feed speeds 
(42, 63, 84, 106, and 127 mm1s) using six different %EN levels that varied from 0 to 
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75% (Table 6.1). Again, the corresponding pendant settings were 0, 30, 60, 90, 120, and 
150. Since the melting rates were sensitive to EN time, the results were separated into 
groups for plotting. The EN time groups were 3 to 5.9, 6.0 to 8.9, 9.0 to 11.9, 12.0 to 
14.8, 14.9 to 17.9, and 18.0 to 23.2 msec. These were basically 3 msec groupings 
except for the last. 

The synchronised HSV and DAQ data were averaged to determine an average MREN, 
LEN, and EN current and time at each condition (Table 6.1). The bumoff rate was 
determined by dividing the total melting rate by the EN current for each test. The 
heating factor was determined by multiplying the average electrode extension, LEN times 
the EN current. These results were plotted to construct the bumoff diagram (Figure 
6.17), which was used to solve for the melting rate coefficients. 

The bum off rate was plotted against the electrode extension heating factor based on the 
bumoff diagram technique, BDT. Again, Richardson (Ref. 75) showed this approach to 
be an accurate way to solve experimentally for the arc and resistive heating coefficients. 
The y-axis intercept was equal to the arc heating coefficient, a and the slope of each 
line was equal to the resistive heating coefficient, p. The overall shape of this graph 
showed that the bum off rate range increased as the heating factor increased, so these 
coefficients were not constant for EN heating. 

This was the opposite of CV bumoff diagrams where a single line should be produced 
describing the melting rate behaviour of a GMA W consumable set. The lines in Figure 
6.17 were fitted to the data and were based on the 3 msec EN time increment. This 
approach was used based on the dependency on droplet growth rate to EN time that was 
established earlier. The highest bumoff rates as a function of heating factor, FL were 
achieved at the lowest EN times. Likewise, long EN times showed a decrease in bum off 
rate. The line fit was satisfactory considering the effects of EN time was grouped into 
increments to show these trends. 

There appeared to be distinct variation in bumoff behaviour with EN time. The EN 
waveforms were found to produce higher bumoff rates with shorter EN time at each 
current and wire feed speed combination. Comparing the equations that were solved for 
each line shows that the slope, which equals the resistive heating coefficient (P ) varied 
from 2.9 to 6.0 x 10'4, A 2s'l. These units were large for the resistive heating 
coefficients. This was not expected since polarity should not affect the resistivity of the 
electrode. 
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Figure 6.17 Burnoff Diagram for EN Waveforms for 1.2 mm Steel Electrode at 3 
mm Arc Length and 16 mm CTWD Using ACIMIG 200 Power Supply 

A theory was developed to explain why f3 was dependent on EN time. The increase in 
melting rate at short EN times was believed to be due to a concentrated melting effect. 
Careful observation of the HSV data showed that the EN arc rapidly climbed the 
electrode tip; the extent depended on the current level. The electrode tip that was 
covered by the EN arc rapidly melted and promoted higher droplet growth rates in the 
initial part of the EN period. The electrode extension bumoff, Llx, saturated as the EN 
time increased at constant current and wire feed speed. The large droplet that was 
formed decreased the melting effect of cathode heating at long EN time since the arc 
concentrated on it heating the droplet. Plus, the charge distribution carrying current may 
be affected as boiling metal vapour releases free electrons, which can promote 
thermionic emission lowering arc heating. This theory is supported by the Norrish (Ref. 
29) who observed that a constant voltage EN arc can oscillate between a multi-spot and 
single spot cathode as the droplets form and detach, respectively. 

The bumoff rate in Figure 6.17 was heavily dependent on the electrode extension 
bumoff based on the measurements in Table 6.1. The electrode extension bumoff rate 
was up to 50% of the total melting rate at low EN time, especially at the higher currents 
and wire feeds speeds. Since higher bumoff rate results in large changes in line slope, 
the effect is measured by the resistive heating coefficient. The average electrode length 
was used in determining the electrode extension heating factor. Since the electrode 
extension became shorter when including the bumoff effect, the heating factor 
decreased. This would increase the slope of the lines too. Therefore, electrode 
extension bumoff acts to increase the slope of the bumoff diagram based on its affect on 
both graph parameters, BR and FL. Prior researchers did not include the effects of 
electrode extension changes with waveform which can be a significant contribution to 
electrode melting. 
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6.4.3 Melting Rate Measurements for the EP Period 

Bumoff diagrams for a given electrode type and diameter are linear for EP CV processes 
for a large range of currents, arc length, and CTWD's. This is true as long as the metal 
transfer mode is constant; especially for the spray transfer mode since it develops a very 
stable electrode tip that is covered by the arc and employs free-flight metal transfer. A 
separate set of spray GMA W tests were performed to verify the relationships which 
were established by Lesnewich and Richardson (Ref. 63, 75). This set of experiments 
simply tested the effects of several wire feed speeds and arc lengths at 16 and 19 mm 
CTWD. The bumoff diagram from these tests was plotted and found to yield a linear 
relationship for the entire group of tests (Figure 6.18). 
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Figure 6.18 BurnotT Diagram for Spray Metal Transfer using a EP CV Power 
Supply for 1.2 mm Steel Electrode at Various Arc Lengths and 

16 and 19 mm CTWD 

Here, the arc heating coefficient was 0.28 mm_A1s>1 and the resistive heating coefficient 
was 0.9 to 1.0 x 10>4, A 2s>l. This simple set of tests reinforced the use of the BDT for 
solving melting rate relationships. The arc heating and resistive heating coefficients 
were in good agreement with the measurements provided by Lesnewich and Halmoy for 
CV spray as shown in Table 6.2. 
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Table 6.2 Summary of Melting Rate Coefficients for Steel Electrodes 

Electrode 
Diameter EN Time a JJ 

Process (mm) Polarity (msec) (mm* A-Is-I) (10-4, A-IS-I) Reference 

CV Spray 0.8 EP 0.56 2.9 Lesnewich 

rV Spray 1.14 EP 0.25 0.7 Lesnewich 

~V Spray 0.8 EP 0.47 0.9 Halmoy 

rV Spray 1.0 EP 0.47 0.9 Halmoy 

GMAW-P 0.8 EP 0.55 3.5-3.7 Richardson 

GMAW-P 1.0 EP 0.47 0.91 Richardson 

GMAW-P 1.2 EP 0.27 0.59 Richardson 

VP-GMAW 1.14 EN 0.0-5.9 0.80 5.9 Sect. 6.4.2 

6.0-8.0 0.80 6.0 

9.0-11.9 0.72 5.4 

12.0-14.8 0.78 4.2 

14.9-17.9 0.85 2.9 

18.0-23.3 0.82 2.9 

CV Spray 1.14 EP 0.28 0.9 - 1.0 Sect. 6.4.3 

VP-GMAW 1.14 EP -0.35 - 0.55 0.7 -1.2 Sect. 6.4.3.1 

6.4.3.1 DBR Measurements for EP Pulse 

Measurements made on the EP period of the VP-GMAW waveforms were found to be 
difficult. The major challenge was accommodating the wide range in light intensity 
during the current while following the position of the electrode extension neck. The 
image analysis software helped filter the light intensity of recorded images, but the 
contrast was too great during the full peak current to locate the solid - liquid interface 
if the arc expanded over the droplet. Even though improvement can still be made to 
the HSV equipment, enough good images were obtained at several waveforms to 
study the EP pulse melting process in VP-GMA W. 

Visual observation of the melting process yielded some important results. First, like 
EN period, the arc in the EP pulse rapidly climbed the electrode tip above the droplet, 
when the droplet was small as the current was ramped to high values. As the arc 
covered the electrode, rapid melting occurred. An entire column of electrode above 
the droplet was observed to melt and mix with the droplet on pulses where the arc 
grew on the electrode extension. The droplet started to neck in most cases before 
finishing the pulse peak or 
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during the downslope. Different arc behaviour was observed when the droplet size was 
large. Here, the EP pulse arc rooted on the bottom of large droplets. This behaviour 
was found to influence the electrode melting rate (Table 6.3). 

Once the neck started for droplet detachment, the peak current arc would follow the 
detaching drop towards the weld pool. This resulted in some solidification at the 
electrode tip as the neck broke and before the arc re-attached itself to the electrode tip. 
Therefore, the melting efficiency of the EP period was related to the droplet formation 
process and size, but here the driving mechanism which controlled melting was largely 
related to the pre-pulse droplet size. 

Detailed DBR measurements for EP pulse GMA W were performed on 10 different 
conditions shown in Table 6.3. These conditions represented the range of EP pulse 
conditions that were observed with the VP-GMA W waveforms. The droplet volume 
immediately after detachment was measured to be 0.391 mm3 for most waveforms. The 
droplet was approximately equal to a half hemisphere based on the wire diameter 
immediately after detachment and starting into a new period. The EN pendant settings 
of 0, 90, and 150 resulted in %EN range of 34 to 81 % for 42 mmls and 28 to 69% for 
127 mmls tests. Electrode positive background was only measured on four of the 
waveforms. At both wire feed speeds, the 150 pendant setting resulted in a waveform 
that had no background time and alternated between EP and EN pulses. 

The DBR measurements were calculated for each EP period based on the steady state 
time for the arc, tp or tb. The time used for EP backgroun~ tb was equal to the time for 
that period. For the EP peak period, the time tp was from the period beginning until 
drop detachment of the first drop. This was factored to accommodate the large change 
in electrode melting rate that occurred at drop detachment. 

These EP pulse parameters were used to calculate the burnoff rate, BR, and the 
electrode extension heating factor, FL. The BDT was then used to plot the data in Table 
6.3 and solve for the arc and resistive heating coefficients (Figure 6.19). Lines were 
fitted on the DBR measurements that had both background and peak periods for that 
waveform. The points on the left side of this figure were from background 
measurements and the right side were from peak measurements. From these lines it was 
obvious that EP melting rate coefficients were not constant. 

The change in arc heating coefficients was related to the pre-pulse droplet volume, 
Figure 6.20. This relationship was made to account for the arc behaviour observed in 
the HSV images. As the pre-pulse droplet volume increased with increasing %EN, both 
the arc and resistive heating coefficient decreased. The effect was the greatest on the arc 
heating coefficient. 
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Table 6.3 BDR Measurements for EP Waveforms 

Weld WFS()AQ Ax tp or tb Axltp or Axltb MR Vd V() Ip or Ib BR FL f EPPor EPB V pp-(pre-pulse) I 

No. (mm/s) (mm) (s) (mm/s) (mmls) (mm3
) (mm3/s) (A) (mml(s A» (mmA) (Hz) Period (%) (mm-) 

8-0-42 39_09 -0.273 0.0119 -22.890 16.20 0.198 16.62 25.19 0.430 320.88 41.75 49.81 0.39 
8-90-42 38.94 -0.057 0.0015 -37.708 1.23 0.002 1.27 24.81 0.028 318.72 39.51 5.97 0.39 

8-0-127 123.28 -0.115 0.0009 -125.521 -2.24 -0.002 -2.30 46.46 -0.051 595.s0 91.09 8.36 0.39 

8-90-127 123.31 -0.221 0.0016 -141.286 -17.97 -0.029 -18.44 46.12 -0.315 588.69 49.68 7.78 0.39 

P-0-42 39.09 0.500 0.0016 303.535 342.63 0.579 351.56 362.08 0.980 4752.26 41.75 6.87 0.78 

P-90-42 38.94 0.424 0.0030 142.661 181.60 0.553 186.34 365.32 0.497 4780.87 39.51 11.73 1.05 
P-150-42 38.84 0.184 0.0023 81.325 120.17 0.280 123.30 365.39 0.407 4738.09 34.72 7.87 1.38 

P-O-I27 123.28 -0.130 0.0053 -24.338 98.95 0.541 101.53 373.14 0.267 4779.97 91.09 48.56 1.11 
P-90-127 123.31 -0.556 0.0044 -125.595 -2.28 -0.010 -2.34 381.48 -0.008 4805.50 49.68 21.99 2.86 
P-150-127 123.97 -0.617 0.0047 -132.507 -8.56 -0.041 -8.79 382.26 -0.022 4803.67 38.20 17.79 3.78 

-

Notes: 
1) Weld No. code defines EP period - pendant setting - wire feed speed (mmls) 
2) For EP period: B indicates background period and P indicates peak period from that test 
3) The pendant setting of 150 had no background period to measure 
4) Pre-pulse droplet volume, Vpp was measured from high speed video DBR plus post-pulse remainder of 0.39 mmJ 
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As shown above, the droplet formation process had a large effect on the burnoff rate 
(WFS/I) and the arc heating coefficient. The measurements made were controlled just 
to capture the one drop per pulse effect of the EP peak current. Multiple drops per pulse 
and peak current time longer than needed for drop detachment reduce the arc melting 
potential. This effect was included to set the peak time used in the melting rate 
Equation (5.22) for VP-GMA W predictions that will be discussed later. 

6.5 Lap Joint Productivity Analysis 

The metal transfer characteristics of the VP-GMA W power supplies were slightly 
different. The ACIMIG 200 produced a constant VP waveform that promotes pulse 
globular free-flight transfer under stable conditions. The PC350 power supply, which 
was developed for steel, used a short circuit anticipation control to assist drop transfer 
even when free-flight transfer did occur (Ref. 1, 2, 8). This VP waveform (Figure 4.3) 
was not square, but instead had an oscillating and decreasing current slope. This was 
intentionally programmed into the waveform to lower the electrode tip into the weld 
pool and minimize spatter that could occur during the short circuit bridge at higher 
currents. Once the short occurred, the drop merged into the weld pool as the current 
increased rapidly back to peak level to melt the electrode and restrike the arc. If the 
short circuit occurred too early in the peak period of either polarity, the short circuit 
anticipation control would add peak time to the pulse as it went through its pre­
programmed cycle. The current is then reduced again to promote another lower current 
short circuit assuring droplet transfer. The short circuit transfer mechanism also helped 
reduce heat input by removing power during the short circuit. 

The range of EN current and voltage used by the PC350 and the ACIMIG 200 power 
supplies were somewhat different. The PC350 utilized the entire EN range of current 
and voltage, resulting in a true IOO%EN current and voltage for the corresponding 
100%EN setting on the pendant. The maximum %EN with ACIMIG 200 output was 
only approximately 28 to 80%EN at a pendant setting of 150. Both machines provided 
a GMA W -P waveform by using a pendant setting that corresponded to O%EN. 

Overall, constant deposit area spatter-free welds were made with both power supplies 
when %EN and waveform parameters were optimised for the travel speed. As travel 
speed increased, less heat input was required to achieve good fusion based on the 
improved base metal melting efficiency. Higher travel speeds were required at higher 
%EN to achieve the same fusion quality. If the heat input was too low, as in the case of 
slow travel speeds and high %EN, the weld became crown-shaped with potential lack of 
fusion. As shown in Figure 6.5, heat input decreased as the %EN increased at constant 
deposition rate. On the other hand, melt through and burn through occurred if the heat 
input was too high at higher travel speeds, as was the case with the PC350. 

It should be noted that heat input described here was based on the instantaneous power 
in the arc without factoring process efficiency. The process efficiency of the process is 
sensitive to joint design (Ref. 93, 94) where bead-on-plate typically has the lowest 
efficiency (-70%) and groove welds the highest ( -80%). Since calorimeter 
measurements were not taken, the heat input discussion here is based on arc power. The 
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process efficiency for lap is probably between bead on plate and groove welds, but may 
be slightly higher due to the efficiency of VP-GMA W melting rate. 

Lap joint tests were performed on both steel and stainless steel with the ACIMIG 200 
and with steel on the PC350. The lap joint for each material used equal thickness sheet, 
which was 1.8 mm. The weld size was based on a WFSrrS ratio of 10 and assured 
ample filler material for bridging the 1 t gap if the heat input was optimised for the travel 
speed. A gap was used since a major claimed benefit of VP-GMA W is gap filling on 
sheet metal welds. Arc length was held constant at approximately 3 mm, which is a 
preferred arc length for easy benchmarking GMA W processes. On sheet metal, shorter 
arc lengths, probably near 1 mm offer higher possible welding speeds. The 3 mm arc 
length was slightly long but was found necessary with the large droplets formed with 
this process. In addition, waveforms and drop transfer tend to be more erratic at shorter 
arc lengths since short circuits are more common. Shorter arc lengths require much 
better metal transfer otherwise spatter levels will be unacceptable. 

The ARCWISE test matrix required up to 30 tests depending on the capacity of the 
power supply. The PC350 offered 350 amps so it required the greatest number of tests 
to evaluate the power supply capability. The results of these tests were used to 
characterise travel speed (productivity) potential of each power supply versus standard 
GMAW-P, the O%EN tests. The travel speed of each application was determined by 
shading the area for acceptable bead shape on the heat input versus deposition rate 
graph. An acceptable weld had no lack of fusion or melt through. 

For constant deposit area welding applications, the heat input required for good fusion 
decreased with increasing travel speed and deposition rate (Figures 6.21 through 6.25). 
Heat input was controlled for the constant weld deposit area by the %EN in the 
waveform test matrix. Higher travel speeds were required to increase the base metal 
melting efficiency with lower heat input. As travel speed increases, there was a lower 
heat input loss by base metal conduction, so the heat was used more efficiently for base 
metal melting. The ARCWISE approach is based on comparing constant deposit area 
weld applications so the benefits of advanced processes, like lower heat input, can be 
compared for an application. The shaded area on these graphs represented acceptable 
weld beads based on visual analysis of the bead shape maps, which are discussed in the 
following. 

6.5.1 AC/MIG 200 Productivity Analysis on Steel 

The ACIMIG 200 power supply was evaluated on the lap joint application at both 16 
and 19 mm contact tip to work distance, CTWD as shown in Figures 6.21 and 6.22. The 
ARCWISE data sets showed little difference between the two CTWD's. The 16 mm 
CTWD showed a slightly larger window. The GMAW-P tests that used pendant setting 
of -75, and -150 were all acceptable across the full range of the power supply. The heat 
input was almost constant for both the -75 and -150 pendants setting at each CTWD. 
Here, the heat input was 440 J/mm at 16 mm CTWD and 400 J/mm at the 19 mm 
CTWD, respectively. The longer CTWD provide a 10% reduction in heat input. 
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The 0 setting had a small EN pulse and was unacceptable at the 4.2 mm1s travel speed 
using the 19 mm CTWD. The 0 pendant setting reduced the heat input to 380 J/mm for 
16 mm CTWD and to 350 J/mm with 19 mm CTWD. The 0 pendant setting reduced 
the heat input approximately 13% from the GMA W -P settings. The longer CTWD 
reduced the heat input by 8% for the same test conditions. This was enough of a heat 
input change to make the 4.2 mm1s tests unacceptable using the 19 mm CTWD. Lack of 
fusion into the lower lap joint piece was the main reason for unacceptable qUality. 

The VP waveform produced using the 75 and 150 settings showed little benefit at the 
4.2 mm1s travel speed. No base metal penetration was achieved using VP at this travel 
speed. The VP welds made at 12.7 mm1s travel speed were acceptable with the 16 mm 
CTWD. At 19 mm CTWD only the VP welds made at the pendant setting of -75 were 
acceptable at the higher travel speeds. These VP-GMA W waveforms lowered the heat 
input from 440 J/mm min. to 280 J/mm using the maximum VP setting at 16 mm 
CTWD. This was a 36% reduction in heat input from GMA W-P. The lowest heat input 
was produced using the maximum VP setting (150) at the highest travel speed. Some 
short circuiting was observed in this test due to the large droplet size and this may 
enhanced the heat input reduction. 

Overall, the current capacity of the ACIMIG 200 limited the benefit of VP waveforms 
on this application. Smaller weld deposits made on joints with no gap or made from 
thinner material would provide more opportunity for showing a benefit. 

6.5.2 ACIMIG 200 Productivity Analysis on Stainless Steel 

The ACIMIG 200 power supply showed more benefit on the stainless steel application. 
Here, the lower thermal conductivity of the base material promoted melt-through at low 
speeds using the GMAW-P waveforms (Figures 6.23 and 6.24). Random melt-through 
was observed at the -150 pendant setting at the 4.2 mm1s travel speeds at both the 16 
and 19 mm CTWD's. At 8.4 mmls and higher travel speeds melt-through was 
continuous at the GMA W -P pendant settings of -75 and -150. 

Acceptable fusion was observed at the higher travel speeds using the VP-GMA W 
waveforms. The penetration was significantly reduced at higher %EN, but the beads 
had acceptable fusion into the lower lap joint piece. 
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6.5.3 PC350 Productivity Analysis on Steel 

This power supply was only tested at the 16 mm CTWD. For the steel welding 
application using the PC350 (Figure 6.25) heat input ranged from 210 J/mm to 
approximately 370 J/mm over the travel speed of 4.2 to 25.3 mmls, respectively. The 
largest heat input range producing acceptable welds was provided at 12.7 to 16.9 mmls 
travel speeds. Here, the heat input could be reduced by 47% compared to GMAW-P. 
For the PC350 at 4.2 mm/s travel speed, only 0 and 25%EN could be used to make 
acceptable welds. Weld bead shape was marginal at the 4.2 mmls travel speed test 
condition due to the low base metal melting efficiency except for O%EN. 

For the PC350, weld bead shape improved at travel speeds of 8.4, 12.7, and 16.9 mmls 
where at 16.9 mm/S the weld beads were acceptable almost over the full range of EN 
settings. At the highest acceptable travel speed of 21.2 mmls, only the 50 and 75%EN 
settings provided acceptable weld bead shape. Spatter and burnthrough limited the EN 
range that produced acceptable bead shapes at 21.2 mmls. At this travel speed, burn­
through occurred at the 0 and 25%EN and spatter limited the quality of the weld bead at 
l00%EN. It was believed that higher welding speeds would be possible based on the 
welds made at 25.3 mmlsec at 50%EN, but pulse parameter improvements are required 
to improve metal transfer at a higher EN balance. The welding test performed at 25.3 
mmls was only partially stable due to the quality of the VP pulse waveform which 
produced spatter. The productivity data for the PC350 showed that the maximum speed 
could be increased from 8.4 mm/s at O%EN to 25.3 mmls at 50%EN, thus a 300% 
increase by using the VP-GMA W process. 

The main benefit of having an adjustable %EN setting is the ability to engineer dilution, 
nugget area, and bead shape at each travel speed. For robustness, the optimum welding 
speed for this lap joint application with the PC350 was 21.2 mmls travel speed using 
212 mmls wire feed speed at 50%EN. This provided a weld bead with minimal 
underfill on the top leg, sound penetration and minimal spatter. fu addition, welds made 
at either slightly lower or higher speeds had acceptable bead shape indicating that these 
parameters were within the operational window. Waveform optimisation was needed to 
have confidence in higher travel speeds, 25.3 mmls or greater. 
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7.0 DISCUSSION 

The metal transfer study focused on the ACIMIG 200 power supply which employed 
free-flight metal transfer. The metal transfer for VP-GMAW was projected (pulse) 
globular based on strategy used by IIW in Table 2.1. This power supply used an EN 
current pulse strategy that fixed the EN current magnitude as a function of wire feed 
speed. The relationship was almost 1 amp EN to each mmls of WFS as shown in Figure 
7.1, which was based on Table 6.1 data. The time at EN increased as the pendant 
setting was increased from 0 to 150. This decreased the pulse frequency from 91 to 38 
Hz at the 123 mm1s test condition. The frequency range for VP waveforms was only 35 
to 42 Hz for the 40 mm1s test condition. A constant EP pulse was used for drop 
detachment. The frequency was adjusted using the arc length trim to achieve the 3 mm 
arc length. The EP background time was reduced as frequency was increased resulting 
in variations in %EN time for each pendant setting at constant arc length. Trim 
frequency was decreased as the electrode extension was increased between the 16 and 
19 mm tests to maintain the constant arc length. Lower pulse frequency was required 
with longer electrode extension due to enhanced I2R heating. 

After switching from EN to EP, the background current was approximately 25 to 50 
amps; except the -150 setting (pure GMAW-P) where it approached 80 amps. At higher 
wire feed speeds and %EN, the EP background period was omitted and the waveform 
basically switched from EN to EP pulse. When used, the background current 
maintained the droplet that was created during the EN period. The ACIMIG 200 power 
supply had an almost constant peak pulse waveform for droplet detachment at each wire 
feed speed setting. The trapezoidal EP pulse peaked from 360 to 380 amps for 
approximately 2 to 3.5 ms. The slew rate was approximately 310 amps/ms and the slew 
period was 1.2 ms. Drop detachment typically occurred at the end of the peak period or 
during the pulse downslope. 

The metal transfer produced by VP waveforms was not stable for all test conditions. 
This is a common problem in many power supplies in industry as a result of empirical 
parameter development. During analysis of HSV, the large droplets were found to short 
with the weld pool on occasion during the EP pulse. Depending on the timing of the 
short circuit in the EP pulse, the droplet either: 

(1) Transferred in cases where the bridge above the droplet exploded, 
(2) Exploded creating spatter when the bridge and neck were large, or 
(3) Re-attached after the bridge at the weld pool exploded pushing the droplet 

back onto the electrode tip. 

Some waveform conditions did produce spatter-free welds. Spatter was observed 
typically in waveforms and welding parameter combinations that produced large 
droplets. This was more a problem at the high wire feed speed tests that used long EN 
time. Here, the droplet volume was as large as 4 mm3 just after the EN period. The 
droplets typically gained another 0.9 to 1.0 mm3 of volume during the EP pulse. These 
large droplets inhibit the use of shorter arc lengths with these waveforms. 
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VP-GMA W waveform optimisation is an area for future work. One way to correct this 
problem at high %EN would have been to increase the EN current more as the wire feed 
speed was increased so that higher pulse frequencies could be used. This would require 
a reduction in EP pulse energy to maintain the melting rate and provide the same range 
of arc power. A theory is that these larger droplets do not need as much EP pulse energy 
to achieve droplet transfer since the surface tension force is reduced by the larger 
droplet. The gravitational force on the droplet should aid detachment when the droplets 
become this large (Ref. 32, 65). Note, a 4 mm3 droplet has an equivalent drop diameter 
of 2 mm. The ACIMIG 200 power supply did not permit the evaluation of this theory . 
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Figure 7.1 EN Waveform Strategy for 1.2 nun Steel on ACIMIG 200 Based on EN 
Time for a Range of Five Wire Feed Speeds 

A goal of this investigation was to develop an analytical relationship that could be used 
to predict melting rate for different waveform strategies. At the same time, the pulse 
strategy needs to provide a synergic control that provides smooth metal transfer. As 
discussed in the literature review, there are many waveform strategies that can be used 
to achieve good metal transfer. For VP power supplies, an underlying objective is to 
provide a range of heat input (arc power) for each melting rate (WFS) so higher travel 
speeds can be achieved on welding applications, especially sheet metal. Therefore, a 
concurrent model should be used to predict the power in the arc by knowing the 
relationship to arc voltage and current for each portion of the waveform. Again, this 
requires the use of high speed DAQ to calculate the average instantaneous power, AlP. 

7.1 Electrical Measurements 

A key aspect of the data in this investigation is the quality of electrical measurements. 
As discussed earlier, the VP-GMAW process was characterised using RMS 
measurements for current and voltage. This was required because the process used an 
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alternating polarity waveform. However, RMS measurements of power were found to 
give inaccurate relationships. The root cause of RMS errors is due to the non-linear 
resistive properties of the arc (Ref. 92). Power measured using RMS was always higher 
than AlP. As current increases, the voltage drops at the cathode and in the arc can 
change due to the presence of metal vapour, and the avalanche effect of arc ionisation 
where the rate of voltage change decreases with increasing current. The avalanche 
effect becomes important, above say 50 amps (Ref. 15). Below this current the voltage 
can significantly increase as current is decreased to maintain the potential required for 
arc ionisation. Therefore, the arc does not act like a perfect resistor where power can be 
represented by the product of RMS voltage and current. 

Power calculated using mean measurements also had significant error. This error was a 
result of averaging positive and negative measurements. Absolute mean measurements 
of voltage and current would have given a better measurement of the true average 
voltage and current in the arc. The DAQ system that was developed here did not have 
this measuring capability. These measurements could have been made, but there was no 
benefit of performing absolute mean calculations with the high speed DAQ 
measurements. Absolute mean measurements would have had error too even though the 
measurement might be more accurate than RMS. Prior research (Ref. 92-94) on 
GMA W -P has shown that mean measurements do not capture the true power in a pulsed 
waveform that develops when the voltage and current are in phase. Power measured 
using the product of mean voltage and current was always lower than AlP. 

The ARCWISE data sets provided in Appendix A and B and summarised in Figures 
6.21 to 6.25 provided the functional relationships between the welding parameters with 
respect to the operational window of the lap joint application. For VP-GMAW, RMS 
meters will most likely be used by the operator to evaluate parameter settings so the 
ARCWISE graphs used this current and voltage measurement. Using the ARCWISE 
graphs, operators can determine optimum welding parameters by relating the RMS 
measurements on the power supply to the operational window that was graphically 
determined for each application and pre-set power supply waveform. RMS values are 
considered readings not measurements and should be used for indication only. 

The electrode extension does respond to RMS heating. The melting rate equations 
developed for arc welding processes capture this effect by separating the melting 
contribution of the arc from the electrode extension. The only true way of determining 
the relationship between the electrical measurements and metal transfer is to understand 
the analytical effect of waveform parameters and to know the melting rate coefficients, 
a and p. 

The DBR method characterised the detailed electrode melting behaviour of each 
waveform period. The BDT permitted experimental determination of the arc and 
resistive heating coefficients for each waveform period; EN, EPB, and EPP. This 
provided a method for measuring how waveform affected metal transfer. The current 
and voltage measured for each period was determined by measuring waveform. This 
was the best method for the ACIMIG 200 power supply since the current in each period 
was constant. 
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The actual relationship between arc voltage and current for each polarity at the 16 rnrn 
CTWD and 3 rnrn arc length was determined from the waveforms (Figure 7.2). This 
diagram was for a 13 rnrn electrode extension and 3 rnrn arc length. The voltage -
current relationship based on the line equation was almost the same. Electrode negative 
arcs had a slightly higher slope and lower intercept. The intercept is normally used to 
characterize the voltage drop sum for the anode, cathode and electrode extension. 
Additional tests are required to separate the voltage drop in the electrode extension, 
which is typically near 2 volts, and the anode is 4 to 5 volts. Based on these 
assumptions, the cathode voltage drop was approximately 10 volts. 
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The PC350 used a fuzzy logic control that oscillated the current waveform in each 
period to help assist in metal transfer. The design of this waveform was very advanced 
and could not be simply represented using graphs. This waveform varied the EN and 
EP periods as it lowered the current using a superimposed oscillating wave. Once it 
detected a short circuit, it either switched polarity or repeated the waveform for that 
polarity. The ability to relate these waveforms to melting rate properties is an area for 
future work. 

7.2 Burnoff Diagrams from ARCWISE Characterisation 

The burnoff diagram (Figure 6.7) for the whole waveform (EN and EP) was plotted 
using IRMs assuming constant electrode extension and WFS. This diagram did not 
provide accurate measurements for the melting rate coefficients. This burnoff diagram 
did show the benefit of EN heating on melting rate and can be used to indicate melting 
rate for different %EN using a waveform that is similar to the ACIMIG 200. For Figure 
5.7, the lines for 1.2 mm steel using 16 rnrn CTWD had similar slope, fJ but larger 

differences in the intercept, a. At each wire feed speed the burnoff rate increased and 
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the electrode extension factor (L· I) decreased as the %EN increased. This was 
expected since EN polarity was found to decrease RMS current for a given WFS. 

In theory, the 0% EN tests should provide good correlation with melting rate 
measurements made by other researchers since this was a GMA W -P waveform. The 
melting rate coefficients determined from these lines can be compared to prior research 
since there was no switching of polarity. Richardson (Table 6.2) measured melting rate 
coefficients for GMA W -P where the resistive heating coefficient, p was 3.5 to 3.74 X 

10-4 amps-2sec-1 and the arc heating coefficients, a was 0.55 amps-Isec-I (Ref. 75). For 
the O%EN tests (pendant setting -150), p was 2 x 10-4 amps-2sec -1 and a was 0.01 

amps-Isec-I. These measurements were significantly lower than Richardson's. The 
errors were related to the use of RMS measurements to plot the burnoff diagram and not 
including the effects of waveform and the droplet formation process. Richardson's 
work used an effective current to represent melting rate properties of GMA W -P with the 
BOT. 

The droplet burnoff rate (OBR) method, which was developed here, showed that the 
pre-pulse droplet volume has a significant effect on the arc heating coefficient for the 
GMA W -P process. The work performed by Richardson did not factor the changes at the 
electrode extension. His tests also assumed that the arc and resistive heating 
coefficients were constant for all GMA W -P waveforms. Based on the results in this 
study, this was definitely not the case since the pre-pulse droplet volume and the 
waveform synchronisation with droplet transfer had a significant effect on melting rate. 
The OBR measurements performed here were believed to represent better the true 
melting rate relationship to EP waveforms for the one drop per pulse condition. 

7.3 Burnoff Diagrams from DBR Method 

As shown in Figure 6.18, EP constant voltage welding produced a linear burnoff 
relationship for a wide range of electrode extensions, wire feed speeds, and current 
conditions. The second order melting rate relationship described by Equation (5.7), 
which was developed by Lesnewich and verified by Richardson, was verified here too. 
Based on this data, the burnoff diagram technique (BOT) can be used to measure 
melting rate coefficients for GMA W processes that have a stable mode of transfer; like 
spray transfer. 

The OBR method evaluated the direct relationship between the arc current waveform 
and electrode melting rate by using synchronised HSV and OAQ. Best fit lines were 
used to trend the data on the BOT for EN heating as a function of EN time (Figure 
6.17), and EP background and pulse heating for different pre-pulse droplet volumes 
(Figures 6.19 and 6.20). This was performed to explain the variation in electrode 
melting rate with VP-GMA W. 

A summary of arc and resistive heating coefficients was prepared for comparison, Table 
6.2. Richardson found for EP GMAW-P, the resistive heating coefficient, p equalled 
0.59 x 10-4, A-2s- lfor 1.2 mm steel electrodes. For EP constant voltage spray, Lesnewich 
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found f3 to equal approximately 0.7 x 10-4
, k 2s- 1 for steel at this wire diameter. The 

resistive heating coefficient is dependent on electrode cross section and resistivity so 
different values would be expected if different size and types of electrodes were tested. 
However, it was expected that regardless of polarity, f3 values for EN and EP should be 

constant for a given set of electrode conditions. 

At the very highest EN time group shown in Table 6.2, the f3 values for EN heating 
decreased enough that they were near the values measured by Richardson for GMAW-P 
for smaller electrodes. For the 1.14 nun wire diameter, the EN resistive heating 
coefficients were 3 to 6 times greater than the values reported by Lensewich and 
Halmoy for constant voltage GMAW. 

The data from the bumoff diagram based on the DBR method was not as physically 
linked to arc and resistive heating as the fundamental equation developed by Lesnewich. 
Here, the BDT provided measurement of 2nd order polynomial behaviour of electrode 
melting rate for each period as a function of current. For the EN period, it was not 
believed that the resistive heating was different than constant voltage EP heating. The 
slope of the lines in Figure 6.17, which equalled p, increased since the bumoff rate 

increased and the electrode extension factor decreased when EN time decreased for a 
given EN current. This behaviour was related to the concentrated melting theory that is 
based on the transient behaviour between the forming droplets and the arc. In reality, 
the arc heat used for melting is changing based on the conditions between the forming 
droplet and the arc, but the BDT measures these changes by slope changes. 

The data fit was good except at the lower wire feed speeds and currents as shown in 
Figure 6.17. Linear lines were used to make solving for the melting rate coefficients 
easy. A higher order polynomial may have provided better fit for the lower EN current 
data. Ignoring the low EN current data, the intercept of the lines for the EN bumoff 
diagram varied little. The variation in data line fit was attributed to grouping the EN 
time into 3 msec groups. This data grouping was based on a best fit of the incremental 
pendant setting tests that produced a range of EN times at each wire feed speed. 

The EN arc heating coefficients (intercepts in Figure 6.17) were significant and were 
almost constant for all the EN time groups. Average a was approximately 0.8 mm-kls­
I and ranged from 0.72 to 0.85 nun-kls- I (Table 6.2). For comparison the arc heating 
coefficient for GMAW-P and CV spray were 0.27 and 0.25 mm-kls- I according to 
Richardson and Lesnewich, respectively. The arc heating coefficient was more than 3 
times greater than the measurements made by the prior researchers. 

The EP resistive heating coefficients p + determined from the line slopes in Figure 6.19 

did not vary too much from 0.7 to 1.2 x 10-4
, k 2s- lover the test conditions evaluated. 

As shown in Table 6.2, for CV spray, Lesnewich found f3 to equal approximately 0.7 x 

10-4, k 2s- 1 for steel at this wire diameter. Independent CV spray measurements 
performed in this investigation found p equalled to 0.9 to 1.0. It appeared that the EP 

resistive heating coefficient did increase slightly with decreasing pre-pulse droplet 
volume but the range agreed well with CV steady state measurements. 
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The EP arc heating coefficients (intercepts in Figure 6.19) were significant and were 
both positive and negative; a varied from -0.35 to 0.35 mm_k1s·1 for the different 
conditions. As shown in Table 6.2, the arc heating coefficient for GMA W -P and CV 
spray were 0.27 and 0.25 mm-k1s·1 per Richardson and Lesnewich. respectively for 1.2 
to 1.14 mm electrodes. 

The droplet volumes plotted in Figure 6.20 were calculated from the HSV data just 
before entering the peak pulse period (Table 6.3). These measurements were scaled to 
include the droplet remainder immediately after detachment from the previous pulse. 
As mentioned earlier, the arc was found to climb rapidly as the current was pulsed. 
Concentrated electrode extension melting occurred when the arc covered the solid 
surface. However, large liquid droplets inhibit further melting of the electrode tip. and 
this effect is shown by these data. A logarithmic relationship was used between the arc 
heating coefficient, a and the pre-pulse droplet volume, V pp' Large droplets 
significantly reduced arc melting because the arc was rooted on the droplet bottom; 
especially at low background current. A negative arc heating coefficient indicated that 
the electrode extension was increasing in length and the arc length was decreasing. 
Here, the heat from the arc was focused on the droplet which inhibited electrode 
melting. This resulted in a negative coefficient with large pre-pulse droplets. 

The relationships in Figures 6.19 and 6.20 were for the one drop per pulse condition 
based on the DBR measurements up to drop detachment. The melting rate was 
observed to decrease during the necking process and after drop detachment until the arc 
re-attached to the electrode tip. The arc followed the pulse globular droplet as the neck 
formed. The electrode tip was observed to partially solidify in the absence of the arc 
immediately after neck rupture. 

GMA W -P melting rate measurements have been difficult to make for researchers. 
Limitations in HSV optics and DAQ made metal transfer study difficult. In this project. 
the DBR method was used to study closely the melting on a droplet by droplet basis. 
Advanced HSV and DAQ equipment made this possible. This method was found to 
yield time dependent relationships for melting rate efficiency as a function of EN 
current. The melting process at the electrode tip was strongly related to the transient arc 
behaviour of the EN pulse. Melting was observed to occur quickly once the arc covered 
the electrode and decreased once the droplet formed. The droplet varied in size when 
entering the EP period depending on the EN waveform. The droplet size entering the 
EP peak periods also varied in GMA W -P when using long EP background periods. The 
pre-pulse droplet volume had a significant effect on the EP arc heating coefficient. 
Significant variation in electrode melting rate occurred between the periods using a 
range of GMA W -P and VP-GMA W waveforms. The variation in electrode melting rate 
caused by these complex waveforms was related to the concentrated melting theory. 

7.3.1 Concentrated Melting Theory 

A theory was developed to describe the dependency of electrode melting rate in VP­
GMA W on (1) EN time at constant EN current, and (2) the pre-pulse droplet volume for 
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EP pulsing. The theory was named the "concentrated melting theory" and is defined as 
follows: 

"The melting potency of GMA W current waveforms is strongly dependent on arc 
concentration at the electrode tip above the droplet interface and the droplet size and 
growth process. Virgin electrode metal is consumed rapidly when the arc is 
permitted to climb over and concentrate on the electrode extension. Droplet growth 
is rapid in current transients when the arc climbs the electrode tip causing extension 
burnoff. During a waveform constant current period, the electrode melting rate 
decreases once the burnoff is complete and the droplet size inhibits further arc 
concentration and climb on the electrode. Once the arc is rooted on the droplet 
bottom, the electrode melting rate will continue to decrease as the droplet grows 
until drop detachment." 

The concentrated melting theory applies to open-arc GMA W processes that employ 
current waveform that pulses the current and/or polarity to regulate metal transfer. 

Droplet transfer in VP-GMA W occurred during the EP pulse. Observations made 
during HSV analysis found that the EN arc climbed over the electrode tip, which had a 
small droplet remainder, as soon as the current switched polarity and the EN arc was 
ignited as shown in Figure 6.10. The arc cathode was distributed over a large electrode 
tip area. This was quite different from the CV processes like spray transfer where the 
arc is stable and continuously covers a portion of the electrode tip. This EN arc 
behaviour was also observed by Norrish (Ref. 29). In stea~y state EN welding, Norrish 
observed that the gas metal arc formed a mulit-spot cathode that climbed the electrode 
after drop detachment. Once a droplet formed the arc switch to a single spot cathode 
mode and rooted on the droplet bottom. The observations by Norrish reinforce the 
concentrated melting theory for EN waveforms. 

Higher EN currents promoted larger arc plasmas that covered more of the solid 
electrode extension tip. The electrode extension area that was enveloped by the EN arc 
melted early in the EN period. Once a large droplet formed, the electrode melting rate 
decreased because the arc concentrated the heat on the droplet. Therefore, high current 
waveforms that used low EN time had much larger droplet volume growth rates, V D 

compared to long EN times as shown in Figures 6.15 and 6.16. Droplet growth rate was 
dependent on the concentrated melting based on the size of the arc plasma. Once the 
electrode extension burnoff saturated, the melting rate decreased since the arc was 
concentrated on the droplet instead of solid electrode. Analysis of the high speed image 
data showed that the electrode extension bumback was the greatest at the beginning of 
the EN period (Table 6.1). At EN times up to 20 ms, the change in electrode extension, 
Llx saturated at 9 to 11 msec into the period for EN currents that were 60 amps or 

higher. 

High speed images showed the arc climb and concentrate on electrode extension during 
the EN period; an example can be seen in Figure 7.3. At the midrange WFS of 82 
mm1s, the electrode extension bumoff was 0.276 mm after an EN time of 3.78 msec. 
The droplet was slightly larger than the diameter of the electrode. At high EN time, the 
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electrode extension burnoff increased to 0.546 mm, but this distance was typically 
achieved 10 msec into the 18.6 msec period (Table 6.1). The final droplet size was 
much larger than the diameter of the electrode. The volume melted ranged from 0.615 
to 2.139 mm3 for the low and high EN time tests at 95 amps, respectively. This 
corresponded to theoretical drop diameters melted of 1.04 and 1.35 mm. Obviously the 
droplets in Figure 7.3 appeared bigger than the volume melted since the electrode 
extension tip was molten at the beginning of the EN period. 

0-85,0.051570 s, 
tl =0 

150-85,0.132840 s, 
tl =0 

0-85, 0.053460 s, 
t = 1.89 msec 

150-85,0.142290 s, 
t = 9.45 msec 

0-85, 0.055350 s, 
t2 = 3.78 msec 

150-85,0.151470 s, 
t2 = 18.63 msec 

Figure 7.3 HSV Images of Droplet Growth at 95 amps EN and 85 mmls 
WFS Showing Change in Electrode Extension with EN time 

The minimum and maximum droplet volumes based on EN melting, not the image 
recorded in these tests, were 0.259 and 3.097 mm3 for weld tests 0-42 and 150-127 
(Table 6.1). These droplet volumes correspond to theoretical drop diameters of 0.79 and 
1.8 mm, respectively. These droplet volumes are increased during the EP period by 
approximately 0.9 to 1.0mm3 before drop transfer. 

The concentrated melting theory also applied to EP pulse waveforms. The pre-pulse 
droplet volume had a significant effect on the arc heating coefficient. HSV images were 
taken to show how the pre-pulse droplet affected the electrode extension burn off. When 
the pre-pulse droplet volume was small, the arc was observed to climb rapidly over the 
solid tip behind the droplet as the current increased as shown in Figure 7.4. A column 
of electrode would collapse and mix with the droplet. The arc became eventually rooted 
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on the droplet that grew from electrode melting and extension burn off. Further 
electrode melting was limited when the detachment process started with the formation 
of a neck. The arc followed the droplet through the detachment process. A decrease in 
melting rate was observed during the necking process where the electrode tip was 
observed to solidify after the droplet bridge ruptured, and at the same time the arc length 
shortened. The arc would then jump to the electrode tip after drop detachment to 
maintain the circuit where a new droplet was initiated. 

t\ = 0.029160s 

t3 = 0.031050s 

EP arc follo~ 

~ d,""hio. do 

t4 = 0.031320s 

Figure 7.4 HSV Image Showing Small Pre-Pulse Droplet Volume 
Effect on EPP Arc 
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t\ = 0.033480s 

1.902mm 

t3 = 0.03591Os 4 = 0.037260s 

Figure 7.5 HSV Image Showing Large Pre-Pulse Droplet Volume 
Effect on EPP Arc 

Large pre-pulse droplet volume completely blocked the EP pulse arc from climbing on 
the electrode extension (Figure 7.5). Here, the electrode melting rate was significantly 
reduced as the EP pulsed provided no additional electrode extension burnoff. As the 
neck formed, the arc followed the detaching drop. The tip of the electrode partially 
solidified during the rupture of the neck since the arc heating was removed. 

These visual observations together with the DBR data show that the melting rate of 
GMA W waveforms is strongly dependent on the transient behaviour between the arc in 
each period and the droplet formation process. A new arc that climbs and concentrates 
on solid electrode is more effective in melting than an arc rooted on a liquid droplet, 
hence, the concentrated melting theory. The prediction of VP-GMA W melting rate 
required detailed understanding of these mechanisms. 
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A source of melting rate loss was droplet heating once the droplet fonned and the arc 
rooted on it. Here metal fume may be increasing at long EN times. Overall, VP-GMA W 
was shown by Ushio to reduce fume compared to GMAW-P and CV GMAW (Ref. 112. 
113). His work showed large decreases in fume with VP-GMA W on aluminium alloys. 
Fume losses are probably optimised using the VP variation of the GMA W process since 
the arc climbs and melts the electrode better in the EN mode. 

The DBR electrode melting rate is based on the total wire feed speed measured by the 
DAQ plus electrode extension bumoff. Drop volume losses due to fume were not 
captured and would require precise measurement of the actual drops or the weld weight 
of individual tests compared to consumed electrode weight. True droplet volume cannot 
be measured from the HSV since the droplet profile oscillates during welding and does 
not provide a perfect sphere for video analysis. 

The concentrated melting theory may be used to explain why certain waveforms produce 
more fume than other. Wavefonns that are optimized to minimize droplet heating by 
controlling the duration of the waveform periods relative to the droplet growth and 
detachment process will surely reduce fume. This is an area for future work 

7.3.2 VP-GMA W Prediction 

The melting rate equation for VP-GMA W required separate arc and resistive heating 
coefficients for both EN and EP periods. The arc heating coefficient for the EP pulse 
was dependent on the pre-pulse droplet volume per Figure 6.20. The resistive heating 
coefficient for EN was dependent on EN time (Figure 7.6). A cubic equation was fitted 
to the data for p versus EN time by averaging the time groups used in Figure 6.17. The 

fit was almost perfect but other fits may provide the same result for prediction. The 
equation is only valid for EN times between 3 and 23 ms. At low EN time near 3 ms, 
the bumoff rate in Figure 6.17 was slightly less than at times between 6 to 10 ms based 
on the data in Table 6.1. The EN arc took some time to climb the electrode before 
concentrated melting started to occur. The EN arc provided the most effective bumoff 
between 6 to 10 ms where p equalled approximately 6.0 x 1O.\.IA 2. At the highest EN 

times, p appeared to saturate. 

If Equation (5.23) was to be used with EN times higher than 17 ms, the resistive heating 
coefficient should be considered constant at 3.0 x 1O-

4
s·) A2 even though this was not 

evaluated past 23 ms. The cubic equation predicts higher p values for EN times 

greater than 20 ms. Melting rate saturates with the large droplet that forms making it 
impossible for improved melting at higher EN times. 
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Figure 7.6 Resistive Heating Coefficient versus EN Time for 1.2 mm Steel 
Electrode in 90Ar-l0C02 Shielding Gas 

It should also be noted that Figure 7.6 was for 90Ar-lOC02 shielding gas. The 
oxidation potential of the shielding gas affects the activation of the electrode during EN 
welding. Electrode activation increases as the concentrations of oxygen or CO2 

increases in the shielding gas. The melting rate coefficients can be expected to change 
slightly with the use of different shielding gases, electrodes, and electrodes that have 
surface activation. As the activation of the electrode increases, EN heating should 
decrease since thermionic electron emission promotes reduced cathode heating (Ref. 
12). Some electrode suppliers have incorporated small quantities of surface active 
elements into copper coatings used on steel electrodes; the exact details are kept as a 
trade secret. The electrode used here was a bare steel wire and did not have any surface 
activation. 

The analytical relationship developed in Equation (5.23) that relates melting rate to VP 
waveform parameters was used for prediction. The predicted melting rate used the 
waveform parameters defined in Tables 6.1 and 6.3 for EN and EP heating, respectively. 
Pure GMA W -P waveforms from the -150 pendant setting were also characterized and 
used for predictions even though detailed DBR measurements were not performed on 
waveforms that had no EN heating. The arc and resistive heating coefficients, 
determined here, were used in this equation but since these coefficients were not 
constant, the series of calculations was required to solve for the melting rate of each 
waveform. A spreadsheet in Excel™ was used to perform the calculations using five 

steps: 

Step 1 - Identify waveform parameters, 1_, t ,I", t" I t dl/ 
- , 1" p' ! dt 

Step 2 - Determine p_ based on EN time, Las per Figure 7.6 
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Step 3 - Determine the EP pre-pulse droplet volume, V pp based on 
EN pulse melting rate or (EP background melting rate for GMA W -P) 

Step 4 - Solve for a+ using V pp as per Figure 6.20 

Step 5 - Calculate VP-GMA W melting rate 

The time used for EP pulse, tp and EP background, tb periods included one half of the 
total ramp-up time as per Figure 5.3. The peak time averaged approximately 3 ms 
including one ramp time, which was 1.2 ms. The remaining waveform parameters were 
measured off the high speed DAQ profiles. The actual background time was found to 
vary from wave to wave due to power supply regulation at each setting, so the average 
frequency was used to determine the background time by subtracting the EN and EP 
pulse time from the total period. 

The resistive heating coefficient for EN melting can be determined by using the cubic 
equation from Figure 7.6 as follows. 

fl- = 466.92t~ -18.14t: + 0.19t_ + 2.0xlO-5 (7.1) 

The pre-pulse droplet volume, V pp can be approximated by using the melting rate due to 
EN heating based on the fl- relationship to EN time and using the average resistive 

heating coefficient, f.X_ from Table 6.2 as follows: 

where: f.X_ =0.795mmA-'s-' 

t _ = EN time from 3 to 23 msec 

Aw = wire area, 1.02 mm2 

L = electrode extension, 13 mm 
0.391 mm3 = droplet remainder after detachment 

From Figure 6.20, the EP arc heating coefficient is: 

f.X+ =-o.44741nVpp +0.1292 

(7.2) 

(7.3) 

The pre-pulse droplet volume created by the EN pulse was not affected by the EP 
background period for most tests. The droplets were large enough that the EP 
background arc concentrated on the droplet bottom producing negligible size increase. 
Therefore, the effects of any background time can be ignored for the pre-pulse droplet 
volume calculation on VP waveforms. This observation was supported by Figure 6.19, 
which showed that bum off rate was negative at background for the VP-GMA W 
waveforms. A negative bumoff rate meant the electrode extension is increasing and arc 
length is decreasing during that period. 
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The prediction of GMA W -P melting rates required a pre-pulse droplet volume 
calculation using the EP background period melting rate as follows: 

(7.4) 

where: 

Ph = 1.2xlO-4 

as taken from Figure 6.19 based on the burnoff rate at minimum pre-pulse droplet 
volume. The EP pre-pulse droplet volume made in the EP background period can be 
used to determine the arc heating coefficient for the EP peak period using Equation 7.3 
for GMA W -P predictions. 

For pre-pulse droplet volume calculations, the electrode extension can now be assumed 
constant since the effects of extension burnoffs are less than 7% when L equals 13 mm. 
The largest electrode extension bumoff, & in Table 6.1, was 0.91 mm. The resistive 
heating contribution to the pre-pulse droplet volume was less than half for most EN 
waveforms. The effects of average L was not included into Equations (7.2) and (7.4) 
since it accounted for less than a few percent of the predicted pre-pulse droplet volume, 
which is used solve for a+ . 

Overall, the need to factor the average electrode extension into melting rate equation 
was not required either. The burnoff, & could be determined by developing an 
equation between EN time and current for the EN period, and the pre-pulse droplet 
volume for the EP period. This would just add more complexity with limited 
improvement in melting rate prediction for VP-GMAW. Average LEN.EPB.EPP for each 

period of the melting rate equation could be determined using Equation (5.4). The 
electrode extension bumoff was important for determining the DBR electrode melting 
rates of each period and these effects were captured in the arc and resistive heating 
coefficients. 

The average EP resistive heating coefficient from Table 6.2 was used for VP-GMA W 
predictions where P+ equals 1.0 x 1O-4s-1 A2. This was the average of the 0.8 to 1.2 x 10-
4S-1 A2 range. It decreased slightly with increasing pre-pulse droplet volume. The 
resistive heating coefficient was assumed constant for VP and GMA W -P predictions 
since the range was small. The pre-pulse droplet volume had a larger effect on the arc 
heating coefficient. The melting rate Equation (5.23) developed here in the 
experimental approach was based on the theory created by Allum (Ref. 63) and 
Richardson (Ref. 75) as follows: 

(7.5) 
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This equation assumed the arc heating coefficient was constant in the EP waveform. 
Since a+ was dependent on the pre-pulse droplet volume, separate terms were needed 

for arc heating in the EPB and EPP periods. This results in the following Equation 
(7.6): 

A spreadsheet was set up so the magnitude of each waveform period could be compared 
while summing the melting rate (Table 7.1). Waveform parameters were characterised 
for three wire feed speeds. Pendant settings of -150, ° and 150 were characterised to 
provide the largest range of current and time for each period, EN, EPB, and EPP. 
Additional pendant settings of 30, 60, 90, and 120 were also characterised for the 42 
mmls wire feed speed. Predictions were made and are summarized on the right side of 
the second part of Table 7.1. The terms in Equation (7.6) were separated to evaluate the 
melting rate contribution from each period and slew rate. These terms can be 
summarised as follows: 

Terms 1, 2, and 3 are for arc heating and terms 4, 5, 6, and 7 are for resistive heating. 
For the GMA W pulse, terms 5, 6, and 7 are used to separate the contributions from 
mean current, the pulse resistive heating, and the negative influence of slew rate, 
respectively. 
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Predictions using Equation (7.6) were found to yield acceptable results as shown in 
Table 7.1, which is shown in two parts. The waveform parameters were measured from 
the DAQ and are listed in the first table. The second table shows the melting rate 
coefficients used for calculating the pre-pulse droplet volume and the melting rate for 
each term in Equation (7.6). 

The predicted melting rate, MRr was found to have good agreement with the data 
acquisition wire feed speed, WFSDAQ' For VP-GMA W waveforms, the error ranged 
from -8.14 to 7.53%. For the three GMAW-P waveforms, the error ranged from -13.64 
to 8.07%. No DBR measurements were actually performed on pure GMAW-P 
waveforms. The higher error was attributed to calculating the pre-pulse droplet volume, 
which was not experimentally measured and used to improve the Equation (7.3). The 
results were plotted to show the predicted WFS (melting rate) versus the wire feed speed 
taken from the DAQ (Figure 7.7). The overall prediction was good. 

Other sources of error in this data could be attributed to the pulse frequency used to set 
the test arc length. These predictions were for a 13 mm electrode extension and 3 mm 
arc length. The error in arc length measurement is attributed to the weld pool shape 
which did vary depending on the arc power in each constant deposit area test. 

The relationship between EN time and the resistive heating was not ideal. Experimental 
work using a power supply that permits precise study of EN waveform settings would 
help improve Figure 6.17. This figure, which was used to generate Figure 7.6, used EN 
time ranges at constant current. Close study of the data fit in Figure 6.17 shows that 
better correlation is needed at the lower bumoff rates and currents. 
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Table 7.1 VP·GMAW and GMAW·P Melting Rate Predictions for a Range of Waveforms 

WFSDAQ I. t. Ib tb Ip tp 4 t 1m is dl, 
dt 

Weld Number (mmls) (A) (s) (A) (s) (A) (s) (s) (s) (A) (s) (A/s) 
·150-42 38.85 0.00 0.0000 30.3 0.016~ 365.00 0.00~2 0.0191 0.0191 69.57 0.0011 308880.00 

0·42 39.09 40.43 0.0083 24.9] 0.0133 364.1Jl 0.0023 0.0157 0.0240 75.54 0.0012 294962.32 
30·42 38.9] 39.47 0.0113 24.81 0.0091 363.86 0.0023 0.0114 0.0227 92.38 0.0011 312969.23 
60·42 38.86 39.28 0.0142 25.48 0.0055 361.01 0.0024 0.0078 0.0221 126.81 0.0011 305030.30 
90·42 38.94 39.42 0.0172 24.88 0.0059 365.48 0.0022 0.0081 0.0253 116.90 0.0010 346369.49 
120-42 38.88 39.45 0.0202 47.45 0.0013 361.17 0.0021 0.0034 0.0236 244.29 0.0012 254367.57 
150·42 38.84 39.51 0.0233 46.35 0.0030 365.08 0.0025 0.0055 0.0288 191.18 0.0012 261964.38 
·150·85 80.68 0.00 0.0000 50.05 0.0072 365.00 0.0029 0.0101 0.0101 139.56 0.0014 222317.65 

0·85 81.14 97.00 0.0041 49.55 0.0060 365.00 0.0027 0.0087 0.0128 147.54 0.0014 228038.55 
150·85 81.99 95.00 0.0201 50.8e 0.0012 365.00 0.0026 0.0038 0.0239 266.64 0.0014 227132.53 

·150·127 122.72 0.00 0.0000 81.54 0.0060 412.98 0.0041 0.0101 0.0101 215.48 0.00]9 ]75985.84 

0·127 123.37 ]42.31 0.0030 51.2 0.0011 4]2.61 0.0038 0.005e 0.008] 326.46 0.00]7 212543.14 
150-127 124.0] 140.24 0.0180 52.6 0.0012 4]2.65 0.0038 0.005(] 0.023] 326.81 _0.0018 198]90.83 
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Table 7.1 (Cont.) VP-GMAW and GMAW-P Melting Rate Predictions for a Range of Waveforms 

Pre-Pulse 

Weld Number 
ex- (L 

(mmls A) (sol A01) 
Ob (Jb I Vpp I op 

(mmls A) (sol A01) (mm3) (mmls A) 

150-42 0.549000 0.0001241 0.70 0.28574S 
Q-42 0.7951 0.000612 0.781 0.242980 
1J042 0.7951 0.0005 IS 0.881 0.18729(] 
160-42 0.7951 0.000391 0.96\ 0.14675<1 
190-42 007951 0.OOO3OC 1.051 0.107521 
120-42 0.7951 0.OOO3OC 1.171 0.06021~ 
150-42 0.7951 0.OOO3OC 1.291 0.01616~ 
150-85 0.549000 0.0001241 0.621 0.33986<: 

b-85 0.7951 0.0005231 0.981 0.138431 
150-85 0.7951 0.0003()( 2.671 -0.3\0281 

150-127 0.54900d 0.0001241 0.731 0.26855~ 
kl-127 0.7951 0.000442 1.1 II 0.08446t 

1150-127 0.7951 0.0003OC 3.871 -0.47657~ 

MRT = Total predicted MRvp or MRp 

terml 1 ternt2 1 ternnJ 

(Jp \MR(a-)\ MR(ab) \ MR(aP) 
(sOIA01) (mmls) (mmls) (mm/s) 

0.000 1 00 14.731 12.2'1 
0.000 lOa 11.141 0.00 8.6 
0.000 IOq 15.6cl o.od 6.8C 
O.OOOlOq 20.141 0.00 5.68 
o.ooolod 21.2~ o.od 3.42 
0.000 1 od 26.84\ 0.00 I. g: 
o.ooolod 25.411 0.00 0.51 
0.000100 19.671 35.2( 

0.000 109 24.5~ 0.00 1O.6Q 
O.OOOloq 63.41\ o.od -12.;ij 
o.ooowd 26.6~ 44.81 

0.000 1 00 42.551 o.od 16.5t 

o.ooolod 87.lcl o.od -32.6"ii 
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terDl4 1 terOl5 1 ter~ 

MR(II_)\ MR(II +) \ MR(II+) 
(mmls) (mmls) (mmls) 

0.091 15.05 
4.5Q o.ocl 12.4C 
5.251 O.O~ 11.9<1 
5.ocl O.O~ 10.951 
4.111 0.051 9.57 
5.191 0.051 4.31 
4.931 0.051 6.2~ 

0.181 26.231 
20.3~ 0.131 18.8~ 

29.5~ 0.061 4.40 
0.281 34.3S 

43.7. 0.2~ 19.20 
59.9( 0.091 6.6~ 

term7 

MRs 
(mmls) 

-0.1051 
-0.114 
-0.1079 
-0.10731 
-0.098S 
-0.105~ 

-0.1071 
-0.121f 
-0.11931 
-0.118~ 

-0.179. 
-0.192~ 

-0.2041 

MRT I Error 
(mmls) (%) 

41.981 R.O?";' 

36.6 II -6.35"1c 
39.6 II I. 65 "Ic 

41.781 7.53"1c 
38.3(. -1.660/, 
38.251 -1.620/, 
37.041 -4.630/, 
81.221 0.670/, 
74.541 -8.140/, 
84.851 3.490/, 

105.981 -13.640/, 
122.ISI -0.990/, 
121.011 -2.420/, 
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Figure 7.7 Predicted WFS for VP-GMA Wand GMA W-P 
Waveform Parameters shown in Table 6.1 
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This project sought to compare the relative importance of arc and resistive heating for 
electrode melting rate with different VP-GMAW waveform designs. This analysis can 
be performed by combining the melting rate terms for EP arc and resistive heating 
(Table 7.2). The EN ratio was calculated per Equation (2.32) which is based on the 
ratio of product of current and time for each period to the sum of these products for the 
whole waveform. The EN ratio parameter was used since it is proportional to arc 
heating (aIt) as compared to %EN which is based on the time ratio. The EN ratio 
varied from 0% for GMA W -P to 65% for the 150 pendant setting at 85 mmls wire feed 
speed. 

Bar charts were plotted to evaluate the magnitude of arc and resistive heating for each 
polarity (Figure 7.8). For VP-GMAW waveforms using the 0 setting, the melting 
contribution due to EN arc and resistive heating was over half the melting even though 
the EN ratio was only 21 to 24%. The EN melting contribution increased to 82% for 
test 150-42 which had an EN ratio of 47%. 

The melting due to EP arc heating was negligible for test 150-42. The melting rate due 
to EP arc heating was negative on tests 150-85 and 150-127. Here, the melting rate was 
not actually negative. The electrode extension is increasing and arc length is decreasing 
during the EP periods that calculated a negative melting rate. This was due to the large 
pre-pulse droplet that was formed in the EN period. For these tests, the sum of EN 
melting rate terms was over 100% to balance the melting rate. 

These charts show the importance of the droplet formation process on the melting rate 
potency for EP pulse heating. A large pre-pulse droplet inhibited further melting and 
resulted in a negative melting rate for that EP period. Here, the arc length was 
decreasing as the wire feed speed was greater than the melting rate. For pure GMA W-P 
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waveforms using the -150 setting, the melting rate due to arc heating was almost twice 
the resistive heating. Based on this comparison, it was not possible to simply establish 
the potency of each term. Overall , it was concluded that EN was more potent than EP 
for melting droplets and the contribution from arc heating was greater than resistive 
heating when the pre-pulse droplet volume was small. 

Table 7.2 Relative Importance ofMR Terms for Arc and Resistive Heating 

term 1 terms 2 & 3 term 4 terms 5, 6 & 7 
a _ a+ fl- fl+ 

EN Ratio Contributioll Contribution Contribution Contribution 
Weld No. (%) (%) (%) (%) (%) 

-150-42 0.00% - 64.18% - 35.82% 

0-42 22.11% 30.42% 23.54% 12.30% 33.73% 

150-42 46.67% 68.60% 1.38% 13.30% 16.72% 

-150-85 0.00% - 67.63% - 32.37% 

0-85 23.52% 32.98% 14.35% 27.35% 25.33% 

150-85 65.10% 74.73% -14.71% 34.83% 5.14% 

-150-127 0.00% - 67.46% - 32.54% 

0-127 20.81% 34.84% 13.56% 35.80% 15.80% 

150-127 60.59% 72.03% -27.01 % 49.55% 5.43% 
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Figure 7.8(a) Melting Rate Contribution for Arc and 
Resistive Heating at 42 mm/s 
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7.3.2.1 Summary of DBR Method Predictions 

Overall, the DBR method was used to gain important insight on the effects of advanced 
waveforms on melting rate in VP-GMAW and GMAW-P. The concentrated melting 
theory was used to explain why the melting rate was significantly higher in current 
pulses that had short EN time or small EP pre-pulse droplet volume. The bumoff 
diagram technique (OBT) was found to be an accurate tool for experimentally 
measuring melting rate coefficients with the OBR method. Prior to this study, the OBT 
was only accurately applied on steady-state GMAW processes that had a stable electrode 
tip and arc root, like stream spray transfer. 

This research has shown that the problems with the prior research were based on 
assuming the melting rate coefficients were constant for each polarity. Simply 
integrating the melting rate equation based on current waveform does not yield accurate 
predictions since the transient behaviour between the droplet and arc column was not 
included into the melting rate. Past research that used approaches like the droplet 
detachment parameter had significant scatter because of the complex transient melting 
behaviour at the electrode tip. 

This research yields opportunity to develop accurate analytical models for predicting the 
melting rate behaviour of advanced waveforms. Future work could evaluate the effects 
of different shielding gases, wire types and diameters, and the detailed mechanism at the 
electrode tip. The melting rate equation should be used with analytical models which 
predict the average instantaneous arc power used for h~at input calculations. This 
requires detailed experimental data for the V-I relationship of each polarity using 
different electrode extensions. An arc power model could easily be developed knowing 
these relationships which could then be programmed into a spreadsheet or a waveform 
designer system. Then the effects of waveform design on weld properties could be 
engineered such that for a given weld deposit area a range of heat input is available. 
This will offer opportunities for improved travel speed and precise control of weld 
cooling rate for welding applications. 

The author is sure that future VP-GMA W power supplies will offer the engineer more 
ability to control the detailed waveform parameters. This will enable more detailed 
study of the effects of EN time and current on droplet formation. Power supplies 
already exists that permit complete waveform control for GMAW-P. The relationship 
between the pre-pulse droplet volume and GMA W -P melting rate characteristics can be 
further developed using the DBR method with these power supplies. The effects of EP 
pulse time need to be studied precisely since at drop detachment the melting rate was 
found to decrease rapidly. The slew rate term (7) helped capture some of this decreasing 
melting rate effect, but in theory, it does not represent the change in melting rate since 
the droplet growth and detachment processes are more dominant. The term needs to be 
modified to relate the melting rate coefficients to the droplet formation process as a 
function of time and wave shape. Waveforms that yield multiple drops per pulse offer 
additional complexity as the arc is trying to transition into stream spray at normal EP 

pulse currents. 
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7.4 Process Capability Study 

Two VP-GMA W power supplies were evaluated for welding 1.8 mm lap joints on steel 
and stainless steel with 1 t gap. This evaluation used the ARCWISE method, which 
systematically developed the functional relationships between the welding parameters, 
weld bead quality, and productivity (measured in travel speed) for this application. 
ARCWISE provided a good method for benchmarking the capability of these power 
supplies since each test was made with a constant deposit area and arc length. 
Therefore, the effects of electrode melting rate, arc power, and metal transfer stability 
due to waveform quality that were provided by the VP-GMA W power supplies could be 
compared directly. 

7.4.1 Productivity Analysis Summary 

The VP-GMA W waveforms used in the PC350 used a fuzzy logic short circuit 
anticipation control. The use of short circuiting with these fuzzy VP waveforms 
resulted in lower heat inputs compared to the ACIMIG 200 power supply at each wire 
feed speed. The ACIMIG 200 power supply used a free flight pulsed globular transfer. 
The lowest heat input observed with an ACIMIG 200 test that did not have significant 
short circuiting was 325 J/mm. At the same travel speed of 8.4 mm/s, the PC350 
produced a lower heat input of 225 J/mm. The short circuiting of the PC350 was able to 
reduce the heat input an additional 30% using 100% EN with short circuit controlled 
transfer. Higher travel speeds were required to achieve acceptable fusion at these low 
heat inputs. 

Overall, the PC350 power supply offered higher travel speeds due to its higher current 
capacity. Both power supplies offered an increase in travel speed compared to GMA W­
P. Even higher welds speeds were possible on this application with reduced gap that 
would permit the use of smaller weld deposits. 

For the PC350, a larger range of %EN could be used to make acceptable welds since 
this power supply offered higher currents, 350 amps versus 200 amps. The productivity 
data for the PC350 showed that the maximum travel speed could be increased 300% by 
using the VP-GMA W process compared to GMA W -Po Even higher speeds were 
possible with higher %EN but the metal transfer provided by the PC350 at the higher 
wire feed speeds resulted in spatter. Waveform optimization is needed to improve metal 
transfer stability at higher currents with VP-GMAW. 

The bead shape maps show that for this lap joint thickness the ACIMIG 200 power 
supply did not provide as much improved productivity where the travel speed was 
limited to 12.7 mmls. This was directly related to the current capacity and duty cycle of 
this power supply which was designed for thinner materials. From these results, there 
appeared to be opportunity to further increase travel speed using either power supply by 
optimising the VP-GMA W waveform with higher currents (Le., greater than 350 amps 
at 100% duty cycle). 
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Even though actual penetration and base metal dilution measurements are not presented 
in this report, some visual trends can be observed in Figures 6.21 through 6.25. The 
first trend in that penetration and base metal dilution (or nugget area) increased as the 
travel speed increased for these constant deposit area tests at each %EN setting. This 
occurs since less time was available for heat conduction into the base material even 
when the heat input was decreasing. The weld nugget area clearly gets larger as the 
travel speed increased from 4.3 mmls to the maximum speed tested for each %EN. This 
of course is the driving force to use waveform processes. like VP-GMA W that 
significantly improve melting rate. The higher the melting rate of the process for a 
given amount of current and arc power. the higher the travel speed must be to achieve 
the same fusion quality for a given deposit size. 

7.4.2 Weld Sizing Strategy 

All tests performed on this application used a WFSrrS ratio of 10 which provided a 
deposited area of 10.26 mm2

. This was six times the area of a 1.8 mm fillet weld that is 
1.6 mm2 assuming uniform leg size. The later deposit area would be ideal assuming 
perfect fit-up and process control. Overwelding is required when welding sheet metal to 
account for variation in electrode extension cast and gap in the lap joint. These tests 
used a 1.8 mm gap to simulate a worst case production condition. Higher welding 
speeds could be achieved with either power supply if the fit-up was improved allowing a 
smaller deposit area weld. Smaller welds require less heat input so higher travel speeds 
would be required to achieve the same fusion quality. 

Some backfilling of the gap was observed in the macrosections in Figures 6.21 and 6.25. 
Welding over a gap required enough weld metal to span the gap for proper weld size 
and to permit some gap backfilling. Short arc lengths directed at the top sheet were 
believed to minimize the amount of gap backfilling by focusing the drop stream into the 
weld pool. Wire electrode aimed at the gap and excessive push travel angle in 
preliminary tests appeared to promote gap backfilling. Tests in this investigation were 
performed with 10 degrees push travel angle while aiming the torch at the top piece 
comer of the lap joint. This controlled the backfilling to a minimum. 

Based on the deposit area observed in these tests. a simple geometric relationship was 
determined for sizing welds for lap joints with gap. This equation assumes an equal 
amount of gap back-filling equivalent to the gap opening. G2

• A quarter ellipse deposit 
area (convex weld) was assumed because of the low heat input required to minimize 
bumthrough. For horizontal fillets the resulting equation would be the following: 

where: A = weld deposit area 
t = sheet thickness 
a = vertical leg = t + G 
G=gap 
b = lap leg factor 

A - n:a(bt) G 2 
HF - + 

4 (7.7) 
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The lap leg factor, b, describes how much overwelding was required to assure the 
convex fillet was large enough to bridge the gap and make the weld. It is the only 
unknown based on the form of this equation and knowing the joint geometry. For lap 
joint applications, the lap leg factor would be the variable as a function of joint 
conditions. A small range of b needs to be defined to determine the minimum and 
maximum weld deposit size that could properly fill the joint using a GMA W process. 
The author believes that there is a deposit area range which is a property of arc welded 
sheet metal joint for each set of conditions. The vertical leg, a, was simply assumed to 
be equal to the thickness of the sheet plus the gap. Substitutions can be made resulting 
in the following equation: 

A 
- 7r(t + G)bt G2 

HF - + 
4 (7.8) 

The weld deposit area equalled 10.26 mm2 for the application studied here. Based on 
this deposit area, the lap leg factor could be solved for as follows: 

2 7r(1.8mm + 1.8mm)b ·1.8mm (I 8)2 2 
IO.26mm = + . mm 

4 
(7.9) 

Solving the equation yields a value of 1.4 for b. This was considered a nominal value 
for b and a range exists that would provide good weld fill for 1.8 mm lap joints with 1.8 
mm gap. Future work should be performed to further develop the relationship between 
deposit area requirements and sheet metal joint conditions. Here, the effects of joint 
type, thickness, material type, position and fit-up tolerance (like gap and offset) should 
be related to the weld size range that provides the proper joint fill for the conditions. 
This information would provide for rapid optimisation of sheet metal arc welding 
applications using methods like ARCWISE or statistical design of experiments. 
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8.0 CONCLUSIONS 

1. Melting rate was very dependent on current waveform. polarity, and droplet size, 
and metal transfer events if they occurred. during each waveform period. The 
transient conditions of current waveform and metal transfer produced rapid 
changes in arc behaviour. which strongly influenced the melting rate for each 
period of various VP-GMA W waveforms. 

2. The concentrated melting theory was developed to explain the significant 
increase in electrode extension bumoff and droplet growth rate that occurred at 
short EN time as a function of current. and during EP peak pulse when the pre­
pulse droplet volume was small. The highest electrode extension bumoff and 
droplet growth rate occurred when the arc was permitted to climb over the solid 
electrode tip producing rapid concentrated melting. Likewise. large molten 
droplets were found to promote a negative electrode extension bumoff and a 
decreased droplet growth rate. The arc rooted on large droplets providing 
additional heating but limited additional electrode melting. 

3. The droplet bumoff rate (DBR) method was found to yield good experimental 
measurements for the arc and resistive heating coefficients used in melting rate 
equations for complex waveforms like used in VP-GMAW. The coefficients 
were not as physically linked to arc and resistive heating. like the prior research. 
but provided characterisation of second order behaviour for electrode melting 
rate in each period of the waveform. 

4. EN time affected the melting rate as a function of EN current. The melting rate 
contribution from electrode extension bumoff increased as the EN time 
decreased in a range from 23 to 3 msec. This was measured by the change in the 
resistive heating coefficient. This change was related to the slope of the bumoff 
diagram. which increased when bumoff rate increased as a result of electrode 
extension bumoff. The change in the resistive heating coefficient was due to 
changes in the location of concentrated arc heating not resistive heating in the 
electrode extension. 

5. The melting rate of the EP periods. both background and peak. were related to 
the pre-pulse droplet volume. Large pre-pulse droplets. which formed in the EN 
period. decreased the EP melting rate since the arc concentrated more on the 
droplet than above it on the un-melted electrode extension. The arc was 
observed to follow the droplet during detachment and some solidification of the 
molten tip occurred before the arc re-attached to the tip at drop transfer. This 
reduced the electrode melting rate of EP peak periods that had early or multiple 
drop transfers. 

6. For EP pulse waveforms. the pre-pulse droplet volume effect on melting rate 
was measured by a change in the arc heating coefficient. which was negative for 
some DBR measurements that had large pre-pulse droplet volumes. The 
negative influence was not a result of reduced heating, but a result of preferential 
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heating of the droplet instead of melting the electrode tip. The electrode 
extension increased under these conditions resulting in a shorter arc length. 

7. Overall, it was concluded that EN was more potent than EP for electrode melting 
by comparison of the arc and resistive heating coefficients used in the melting 
rate equation. The contribution from arc heating was greater than resistive 
heating when the pre-pulse droplet volume was small. 

8. VP-GMA W power supplies offered stable operation for welding sheet structures 
on both carbon steel and stainless steel. Higher travel speeds were required as 
the %EN increased to produce the same constant deposit area weld quality. 
Welding speeds were up to 300% higher with VP-GMA W compared to the 
GMA W -P process when welding lap joints on 1.8 mm thick material with 1.8 
mm gap. VP-GMAW heat input was up to 47% less than GMAW-P for the 
same melting rate. 
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9.0 FUTURE WORK 

There is significant opportunity to build off the research developed in this dissertation. 
Future work can be performed to help further the understanding of metal transfer, 
melting rate and arc behaviour for both VP-GMA Wand GMA W -P processes. This will 
help expand the use of these processes in industry and maximise the benefits of better 
metal transfer, lower heat inputs and higher travel speeds on welding applications. The 
following is a list of topic areas for future work; 

1) Waveform Optimisation - VP-GMAW waveform parameters need to be 
developed that minimise spatter, and permit the use of shorter arc lengths, higher 
currents, and higher wire feed speeds. This will provide improved productivity 
on sheet metal and cladding applications that can take advantage of the low heat 
input of VP-GMA W. 

2) Numerical Modelling - Most numerical models that characterise forces on 
droplets, melting rate and metal transfer, assume the electrode extension and the 
interface between the droplet and arc are constant. Future research should factor 
the concentrated melting theory and DBR electrode melting rate properties into 
their models and improve their accuracy. 

3) Welding Fume - The fume reducing benefits of VP-GMAW metal transfer 
needs to be better characterised and related to the concentrated melting theory 
and waveform optimisation. These studies could be performed on a range of 
electrode types and shielding gases used by industry. 

4) Droplet Burnoff Rate (DBR) Method Studies - The DBR method offers the 
ability to better characterise the true melting rate behaviour of advanced 
waveform processes. Future work using this method should evaluate other 
electrode types and sizes, shielding gases, and waveform strategies for both VP­
GMA Wand GMA W -Po A database of DBR melting rate properties will help 
optimize waveform metal transfer stability, melting rate, heat input and fume on 
welding applications using these processes. 
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Appendix A 

ARCWISE Data Sets for 16 mm CTWD 
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Figure A-I RMS Voltage versus Current at 16 mm CTWD for Steel 
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Figure A-3 RMS Current versus WFS at 16 mm CTWD for Steel 
Using the ACIMIG 200 Power Supply 
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Figure A-5 Heat Input versus Deposition Rate at 16 mm CTWD for 
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Figure A-6 Burnoff Rate versus Heating Factor for Steel 
Using the ACIMIG 200 Power Supply 
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Figure A-7 Steel Waveform Data for ACIMIG 200 at 
42.3 mm/sec WFS and 16 nun CTWD 
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Figure A-8 Steel Waveform Data for ACIMIG 200 
at 84.6 mmlsec WFS and 16 mm CTWD 
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Figure A-9 Steel Waveform Data for ACIMIG 200 
at 127 mm/sec WFS and 16 mm CTWD 
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Figure A-lO Macrosection Map for Steel Lap Joint Application 
at 16 mm CTWD Using ACIMIG 200 Power Supply 
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Figure A-ll RMS Voltage versus Current at 16 mm CTWD 
for Stainless Steel Using the ACIMIG 200 Power Supply 

R2 = 0.9999 

R2 = 0.9989 
• 1--~~~~;""---":"----_____ R2 = 0.9617 

~,-_____ """!,,," ___________ R2 = 0.9868 

80 
WFS (mm/s) 

100 
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Figure A-17 Stainless Steel Waveform Data for ACIMIG 200 
at 42.3 mm/sec WFS and 16 mm CTWD 
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Figure A-18 Stainless Steel Waveform Data for ACIMIG 200 
at 84.6 mm/sec WFS and 16 mm CTWD 
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Figure A·19 Stainless Steel Waveform Data for ACIMIG 200 
at 127 mm/sec WFS and 16 mm CTWD 
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Figure A-20 Macrosection Map for Stainless Steel Lap Joint Application 
at 16 mm CTWD Using ACIMIG 200 Power Supply 
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at 253.8 mmlsec WFS and 16 mm CTWD 
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Figure B-9 Steel Waveform Data for ACIMIG 200 
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Figure B-10 Macrosection Map for Steel Lap Joint Application 
at 19 mm CTWD Using ACIMIG 200 Power Supply 
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Figure B-18 Stainless Steel Waveform Data for ACIMIG 200 
at 84.6 mm/sec WFS and 19 mm CTWD 
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Figure B-19 Stainless Steel Waveform Data for ACIMIG 200 
at 127 mmlsec WFS and 19 mm CTWD 
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Figure B-20 Macrosection Map for Stainless Steel Lap Joint Applicati n 
at 19 mm CTWD Using AC/MIG 200 Power Supply 
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Appendix C 

Droplet BurnofT Rate Data for DCEN, DeEP Background, and DCEP Peak Cycles 



Weld Droplet WFSOAQ !1x tEN !1x1tEN MR Vd VI) l EN BR L Ave FL f %EN 
No. No. (mmls) (mm) (s) (mmls) (mmls) (mm3

) (mmJ/s) (A) (mml(s A » (mm) (mm A) (H z) (%) 
0-42 I 39.65 0.000 0.0082 0.000 :W.65 0.334 40.68 39.98 0.992 12.875 51 4.74 4 1.75 34 .24% 
0-42 2 39.69 -0.1 02 0.0082 -1 2.390 27.30 0.230 28 .0 1 39.9 1 0.684 12.824 5 11.81 4 1.75 34.24% 
0-42 3 38.66 0.000 0.0082 0.000 38.66 0.325 39.67 39.88 0.969 12.875 5 13.46 4 1.75 34.24% 
0-42 4 39.57 -0.076 0.0085 -8.965 30.60 0.267 31.40 39.78 0.769 12.837 5 10.65 4 1.75 35.49% 
0-42 5 39.42 0.000 0.0083 0.000 39.42 0.336 40.45 39.97 0.986 12.875 5 14.6 1 4 1.75 34.65 % 
0-42 6 38.68 -0.152 0.0082 -1 8.585 20.09 0.169 20.62 40. 16 0.500 12.799 5 14.00 4 1.75 34.24% 
0-42 7 39.67 -0. 178 OJJ083 -2 1.422 18.25 0. 155 18.72 40.04 0.456 12.786 5 11.96 4 1.75 34.65 % 
0-42 8 39.34 -0.1 52 0.0084 -18.143 21.20 0. 183 21.75 40.8 1 0 .51 9 12.799 522.32 4 1.75 35.07% 
0-42 9 39.32 0.000 0.0083 0.000 39.32 0.335 40.35 39.63 0.992 12.875 5 10.24 4 1.75 34.65 % 
0-42 10 39. 16 -0.076 0.0082 -9.293 29.87 0.25 1 30.64 40. 15 0.744 12.8:n 5 15.40 41.75 34.24% 

0-42 AVG 39.32 -0.074 0.0083 -8.896 30.42 0.258 3 1.21 40.03 0.76 1 12.838 5 13.92 4 1.75 34.57% 
0-42 STDEV 0.38 0.07 1 0.000 1 8.597 8.58 0.072 8.8 1 0.32 0.218 0.016 3.44 0.00 0.43% 

30-42 I 38.09 0.076 0.0 11 2 6.804 44.89 0.5 16 46.06 39.96 1.123 12.913 5 16.0 1 44 .04 49. :12% 
30-42 2 38.43 -0.076 0.0 11 4 -6.684 31.75 0.371 32.58 39.7 1 0.800 12.8:n 509.75 44 .04 50.21%' 
30-42 3 38.63 -0.076 0.0 11 2 -6.804 31.83 0.366 32.66 39.72 0.80 1 12.8:n 509.88 44 .04 49.32% 
30-42 4 40.96 0.076 0.0 113 6.743 47 .70 0.553 48.95 39.70 1.202 12.913 5 12.65 44.04 49.77 % 
30-42 5 39.96 -0.076 0.0 113 -6.743 33.22 0.385 34.08 39.87 0.833 12.8:n 51 1.8 1 44.04 49.77 % 
30-42 6 36.80 0.076 0.0113 6.743 43 .55 0.505 44.68 39.93 1.09 1 12.9 13 515 .62 44 .04 49.77 % 
30-42 7 37.33 -0.178 0.0 11 2 - 15.875 21.46 0.247 22.0 1 39.94 0.537 12.786 5 10.68 45.04 50.44% 
30-42 8 39.35 0. 127 0.0 113 11 .239 50.59 0.587 5 1.9 1 39.90 1.268 12.9:19 5 16.25 46.04 52.<n % 
30-42 9 40.55 0.000 0.0 113 0.000 40.55 0.470 41.61 39.72 1.02 1 12.875 5 11 .40 44 .04 49.77 % 
30-42 10 40.04 0.000 0.0 11 2 0.000 40.04 0.460 4 1.09 39.67 1.009 12.875 510.75 44 .04 49.32% 

30-42 AVG 39.0 1 -0.005 0.0 113 -0.45 1 38.56 0.446 39.57 39.8 1 0.968 12.872 5 12.48 44.34 49.97(~, 

30-42 STDEV 1.38486 0.09564 0.00007 8.498 8.89564 0.103 9.13 0.11708 0.223 0.048 2.55 108 0.67495 0.008 1 I 

60-42 I 38.22 -0. 127 0.0 143 -8 .88 1 29.34 0.43 1 30. 11 39.95 0.734 12.8 12 5 11.82 45.3 1 M.79% 
60-42 2 37.66 -0. 102 0.0 142 -7.155 30.50 0.444 3UO 39.74 0.768 12.824 509.63 45 .31 64 .34% 
60-42 3 38.40 0.05 1 0.0 143 3.552 41.95 0.6 16 43 .05 39.:n 1.067 12.900 507.37 45 .3 1 64 .79% 
60-42 4 37.03 -0.076 0.0 145 -5 .255 31.78 0.473 32.61 39.55 0.803 12.837 507.70 45 .3 1 65 .70% 
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I 

Weld Droplet WFSOAQ 
/)x tEN /)xitEN MR Vd Vo l EN BR L AVG F" f % EN 

No. No. (mmls) (mm) (s) (mmls) (mmls) (mm3) (mm3/s) (A) (mml(s A» (mm) (mmA) (Hz) (% ) 
60-42 5 37.77 0 .025 0.0143 1.776 39.55 0.580 40.58 39.71 0.996 12.888 511.77 45.31 64 .79% 
60-42 6 37.91 -0.076 0.0143 -5.329 32.58 0.478 33.43 39.66 0.821 12.837 509.11 45 .31 64 .79% 
60-42 7 39.67 0.127 0.0142 8.944 48.62 0.708 49.89 39.85 1.220 12.939 515 .60 45.31 64.34% 
60-42 8 38.54 0.102 0.0143 7.105 45 .65 0.670 46.84 39.65 1.151 12.926 512.51 45 .31 64 .79% 
60-42 9 37.73 0.229 0.0142 16'()99 53.83 0.784 55 .23 39.64 1.358 12.989 514.90 46.31 65 .76% 
60-42 10 39.65 0.051 0.0142 3.577 43 .23 0.630 44.36 39.70 1.089 12.900 512.15 45.31 64.34% 

60-42 AVG 38.26 0.020 0.0143 1.423 39.68 0.581 40.72 39.68 1.001 12.885 511.26 45.41 64 .84% 
60-42 STDEV 0.85 0.115 0.0001 8.052 8.42 0.121 8.64 0.17 0.213 0.057 2.79 0.32 0 .51 % 

90-42 I 39.56 -0. 127 0.0174 -7 .299 32.26 0.576 33.10 39.65 0.814 12.812 507.98 39.51 68 .75 % 
90-42 2 38. 15 0.025 0.0173 1.468 39.62 0.703 40.65 39.42 1.005 12.888 508.03 39.51 68 .35% 
90-42 3 38.15 -0.229 0.0173 -13.214 24.94 0.443 25.59 39.42 0.633 12.761 503.03 39.51 68.35% 
90-42 4 39.47 0 .025 0.0172 1.477 40.95 0.723 42.02 39.59 1.034 12.888 510.22 39.51 67.96% 
90-42 5 39.67 0 .025 0.0172 1.477 41.15 0.726 42.22 39.71 1.036 12.888 511.77 39.51 67 .96% 
90-42 6 38.52 0.000 0.0173 0.000 38.52 0.684 39.53 39.49 0.976 12.875 508.43 39.51 68.35% 
90-42 7 37.72 -0.102 0.0173 -5.873 31.85 0.565 32.68 39.54 0.806 12.824 507.07 39.51 68 .35% 
90-42 8 37.78 -0.127 0.0174 -7 .299 30.48 0.544 31.27 39.61 0.769 12.812 507.46 39.51 68 .75% 
90-42 9 37.81 -0.432 0.0173 -24.960 12.85 0.228 13.19 39.55 0.325 12.659 500.67 40.51 70.08% 
90-42 IO 38.34 -0.025 0.0172 -1.477 36.86 0.651 37.83 39.64 0.930 12.862 509.86 39.51 67.96% 

90-42 AVG 38.52 -0.097 0.0173 -5 .582 32.94 0.584 33.79 39.56 0.833 12.827 507.45 39.61 68.49% 
90-42 STDEV 0.77 0.146 0.0001 8.413 8.81 0.155 9.04 0.10 0.222 0.073 3.32 0.32 0.63% 

120-42 I 38.96 -0.025 0.0198 -1 .283 37.67 0.765 38.65 39.55 0.953 12.862 508.70 39.01 77 .24% 
120-42 2 38.96 -0.102 0.0201 -5.055 33.90 0.699 34.78 39.55 0.857 12.824 507.20 39.01 78.41 % 
120-42 3 38.96 0.051 0.0203 2.502 41.46 0.864 42.54 39.55 1.048 12.900 5\0.21 39.01 79. 19% 
120-42 4 38.96 0.051 0.0202 2.515 41.47 0.860 42.55 39.55 1.049 12.900 510.21 39.01 78.80% 
120-42 5 38.96 -0.051 0.0202 -2.515 36.44 0.755 37.39 39.55 0.921 12.850 508.20 :W.OI 78.80% 
120-42 6 38.96 0.203 0.0203 10.010 48.96 1.020 50.24 39.55 1.238 12.977 513.22 39.0 I 79.19% 
120-42 7 38.96 -0.203 0.0202 -10.059 28.90 0.599 29.65 39.55 0.731 12.773 505.19 39.01 78.80% 
120-42 8 38.96 -0.051 0.0203 -2.502 36.45 0.759 37.40 39.55 0.922 12.850 508.20 39.0 I 79.19% 
120-42 9 38.96 0.000 0.0202 0.000 38.96 0.807 39.97 39.55 0.985 12.875 509.21 39.0 I 78.80% 

------ -
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Weld Droplet WFSI>AQ I:!.x tEN I:!. x1t EN MR Vd VI> lEN BR L AVG FL f %EN 
No. No. (mmls) (mm) (s) (mmls) (mmls) (mm") (mm"/s) (A) (mml(s A» (mm) (mmA) (Hz) (%) 

120-42 10 38.96 0.025 0.0203 1.251 40.21 0.837 41.26 39.55 1.017 12.888 509 .71 39.01 79.19% 

120-42 AVG 38.96 -0.010 0.0202 -0.503 38.45 0.797 39.45 39.55 0.972 12.870 509.01 39.01 78.76('" 
120-42 STDEV 0.00 0.107 0.0002 5.299 5.30 0.112 5.44 0.00 0.134 0.054 2. 12 0.00 0 .59% 

150-42 I 38.95 0.025 0.0231 1.100 40.05 0.949 41.10 39.55 I.on 12.888 509.71 34.72 80.20% 
150-42 2 38.95 -0.127 0.0233 -5A5 I 33.50 0.801 34.37 39.55 0.847 12.812 506.69 34.72 80.90% 
150-42 3 38.95 -0.05 I 0.0232 -2 .190 36.76 0.875 37.72 39.55 0.929 12.850 508.20 34.72 80.55% 
150-42 4 38.95 -0.076 0.0231 -3.299 35.65 0.845 36.58 39.55 0.901 12.837 507.70 34.72 80.20% 

150-42 5 38.95 0.076 0.0232 3.284 42.24 1.005 43.34 39.55 1.068 12.9\3 510.71 34.72 80.55 % 
150-42 6 38.95 0.025 0.0233 1.090 40.04 0.957 41.09 39.55 1.012 12.888 509.71 34.72 80.90% 
150-42 7 38.95 -0.229 0.0232 -9.853 29.10 0.693 29.86 39.55 0.736 12.761 504.69 34.72 80.55 % 
150-42 8 38.95 -0.025 0.0232 -1 .095 37.86 0.901 38.84 39.55 0.957 12.862 508.70 34.72 80.55% 

150-42 9 38.95 0.025 0.0232 1.095 40.05 0.953 41 .09 39.55 I.on 12.888 509.71 34.72 80.55 % 
150-42 10 38.95 -0.051 0.0231 -2.199 36.75 0.871 37.71 39.55 0.929 12.850 508.20 34.72 80.20% 

150-42 AVG 38.95 -0.041 0.0232 -1.752 37.20 0.885 38.17 39.55 0.941 12.855 508AO 34.72 80.52% 
150-42 STDEV 0.00 0.089 0.0001 3.833 3.83 0.091 3.93 0.00 0.097 0.044 1.76 0.00 0.26% 

0-63 I 59.28 0.102 0.0056 18. 143 77A2 OA45 79A4 60.72 1.275 12.926 784.85 66.94 37A9% 

0-63 2 59.28 0.076 0.0055 \3 .855 73.13 OAI3 75.04 60.72 1.204 12.913 784.08 66.94 36.82% 

0-63 3 59.28 0.076 0.0056 \3.607 72.88 OAI9 74.78 60.72 1.200 12.913 784.08 66.94 37A9% 

0-63 4 59.28 -0.051 0.0058 -8 .759 50.52 0.301 51.84 60.72 0.832 12.850 780.23 67 .94 39AI % 

0-63 5 59.28 0.051 0.0056 9.071 68.35 0.393 70. \3 60.72 1.126 12.900 783.31 68.94 38.61 % 
0-63 6 59.28 0.025 0.0057 4A56 63 .74 0.373 65AO 60.72 1.050 12.888 782.54 69.94 39.87% 
0-63 7 59.28 0.152 0.0056 27 .214 86A9 0.497 88 .75 60.72 1.424 12.951 786AO 66.94 :nA9(j{, 

0-63 8 59.28 0.127 0.0056 22.679 81.95 OA71 84.09 60.72 1.350 12.939 785 .63 66.94 37A9% 

0-63 9 59.28 0.127 0.0056 22.679 81.95 OA71 84 .09 60.72 1.350 12.939 785 .63 66.94 37A9% 

0-63 AVG 59.28 0.076 0.0056 13.553 72.83 0.420 74.73 60.72 1.201 12.913 784.08 67 .61 38.01 % 

0-63 STDEV 0.00 0.062 0.0001 11 .039 11.04 0.060 17.58 0.00 0.182 0.031 1.89 1.12 1.03% 

30-63 I 59.28 0.127 0.0086 14.767 74.04 0.653 75.97 62.30 1.188 12.939 806.07 66.07 56.82% 

30-63 2 59.28 0.178 0.0086 20.674 79.95 0.705 82.03 62.30 1.283 12.964 807 .65 66.07 56.82% 

30-63 3 59.28 0.203 0.0086 23.628 82.90 0.732 85.07 62.30 1.331 12.977 808A4 66.07 56.82% 
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Weld Droplet WFSI>AQ f::.x tEN f::.x1tEN MR Vd VI> lEN BR LAve FL f %EN 
No. No. (mmls) (mm) (s) (mmls) (mmls) (mm3

) (mm3/s) (A) (mml(s A» (mm) (mmA) (Hz) (%) 
30-63 4 59.28 0.203 0.0085 23 .906 83.18 0.725 85.35 62.30 1.335 12.977 808.44 66.07 56.16% 
30-63 5 59.28 0.000 0.0087 0.000 59.28 0.529 60.83 62.30 0.952 12.875 802. 11 67.07 58.35% 
30-63 6 59.28 0.051 0.0086 5.907 65 .19 0.575 66.89 62.30 1.046 12.900 803 .69 68 .07 58.54% 
30-63 7 59.28 -0.178 0.0086 -20.674 38.61 0.341 39.61 62.30 0.620 12.786 796.57 69.07 59.40% 
30-63 8 59.28 0.229 0.0086 26.581 85 .86 0.758 88.10 62.30 1.378 12.989 809.23 66.07 56.82% 
30-63 9 59.28 0.178 0.0086 20.674 79.95 0.705 82.03 62.30 1.283 12.964 807.65 66.07 56.82% 
30-63 10 59.28 0.279 0.0086 32.488 91.76 0.8\0 94.16 62.30 1.473 13.015 810.82 66.07 56.82% 

30-63 AVG 59.28 0.127 0.0086 14.767 74.04 0.653 75.98 62.30 1.189 12.939 806.07 66.67 57.34% 
30-63 STDEV 0.00 0.135 0.0000 15 .770 15.77 0.138 16.18 0.00 0.253 0.068 4.22 1.07 1.04% 

60-63 I 59.28 0.152 0.0115 13 .252 72.53 0.856 74.42 62.33 1.164 12.951 807.25 57 .80 66.47% 
60-63 2 59.28 0.229 0.0116 19.707 78.98 0.940 81 .04 62.33 1.267 12.989 !W9.62 57.80 67.05 % 
60-63 3 59.28 0.279 0.0116 24.086 83.36 0.992 85.54 62.33 1.337 13.015 811.21 57.80 67.05 % 
60-63 4 59.28 0.127 0.0115 11 .043 70.32 0.830 72.15 62.33 1.128 12.939 806.46 57.80 66.47 % 
60-63 5 59.28 0.229 0.0116 19.707 78 .98 0.940 81'()4 62.:n 1.267 12.989 809.62 57.80 67 .05 % 
60-63 6 59.28 0.178 0.0116 15.328 74 .60 0.888 76.55 62.33 1.197 12.964 808.04 57.80 67 .05% 
60-63 7 59.28 0.279 0.0116 24 .086 83.36 0.992 85.54 62.33 1.337 13.015 811.21 57.80 67'()5 % 

60-63 8 59.28 0.000 0.0116 0.000 59.28 0.706 60.83 62.33 0.951 12.875 802.50 58.80 68.21 % 
60-63 9 59.28 -0.025 0.0115 -2 .209 57 .07 0.673 58.56 62.33 0.916 12.862 801.71 59.80 68.77% 
60-63 10 59.28 0.127 0.0115 11 .043 70.32 0.830 72.15 62.33 1.128 12.939 806.46 57.80 66.47 % 

60-63 AVG 59.28 0.157 0.0116 13.623 72.90 0.865 74.80 62.33 1.169 12.954 807.41 58.10 67.16% 
60-63 STDEV 0.00 0.106 0.0001 9.102 9.10 0.110 9.34 0.00 0.146 0.053 3.29 0.67 0.76% 

90-63 I 59.28 0.254 0.0145 17.517 76.79 1.143 78.80 62.39 1.231 13 .002 811.19 50.03 72.54% 
90-63 2 59.28 0.178 0.0146 12.178 71.45 1.070 73.32 62.39 1.145 12.964 808.82 50.03 73 .04% 
90-63 3 59.28 0.229 0.0145 15.766 75 .04 1.116 77.00 62.39 1.203 12.989 810.40 50.03 72 .54% 
90-63 4 59.28 0.051 0.0146 3.479 62.75 0.940 64.39 62.39 1.006 12.900 804.86 50.03 73.04% 
90-63 5 59.28 0.203 0.0145 14.014 73.29 1.090 75 .20 62.39 1.175 12.977 809.61 50.03 72.54% 
90-63 6 59.28 0.152 0.0145 10.510 69.79 1.038 71.61 62.39 1.119 12.951 808.03 50.cn 72.54% 
90-63 7 59.28 0.203 0.0144 14.111 73.39 1.084 75.30 62.39 1.176 12.977 809.61 50.03 72.04% 
90-63 8 59.28 0.102 0.0145 7.007 66.28 0.986 68.01 62.39 1.062 12.926 806.44 50.03 72.54% 

C-4 



Weld Droplet WFSOAQ t1x tEN t1xJtEN MR Vd Vo lEN BR L AVG FL r %EN I 
No. No. (mmls) (mm) (s) (mmls) (mmls) (mm") (mmJ/s) (A) (mml(s A)) (mm) (mmA) (Hz) (%) 

90-63 9 59.28 -0.025 0.0146 -1.740 57.54 0.862 59.04 62 .39 0.922 12.862 802.48 51 .03 74 .50% 
90-63 10 59.28 0.203 0.0146 13.918 73.19 1.096 75.10 62.39 1.173 12.977 809.6 1 5tUn 73 .(W',f, 

90-63 AVG 59.28 0.155 0.0145 10.663 69.94 1.043 71.76 62.39 1.121 12.952 808.10 50.13 72.84% 
90-63 STDEV 0.00 0.088 0.0001 6.035 6.03 0.088 6.19 0.00 0.097 0.044 2.73 0.32 0.66% 

120-63 I 59.28 0.406 0.0174 23.356 82.63 1.475 84.79 62.49 1.322 13.078 817.26 42.98 74 .79% 

120-63 2 59.28 0.432 0.0175 24.674 83.95 1.507 86.14 62.49 1.343 13.091 818.05 42.98 75 .21 % 

120-63 3 59.28 0.305 0.0176 17.318 76.59 1.383 78.59 62.49 1.226 13.027 814.08 42.98 75 .64% 

120-63 4 59.28 0.229 0.0176 12.989 72.26 1.305 74.15 62.49 1.156 12.989 8 11.70 42 .98 75 .64 % 

120-63 5 59.28 0.406 0.0175 23.223 82.50 1.481 84 .65 62.49 1.320 13.078 817.26 42 .98 75.21 % 

120-63 6 59.28 0.356 0.0176 20.205 79.48 1.435 81.55 62.49 1.272 13.053 815.67 42.98 75.64% 

120-63 7 59.28 0.305 0.0174 17.517 76.79 1.371 78.80 62.49 1.229 13.027 814.08 42.98 74 .79% 

120-63 8 59.28 0.330 0.0175 18.869 78.14 1.403 80.18 62.49 1.250 13.040 814.88 42.98 75 .21 % 

120-63 9 59.28 0.610 0.0175 34.834 94.11 1.690 96.57 62.49 1.506 13. 180 823.61 43 .98 76.97% 

120-63 10 59.28 0.279 0.0176 15 .875 75 .15 1.357 77 .11 62.49 1.203 13.015 813.29 42.98 75 .64% 

120-63 AVG 59.28 0.366 0.0175 20.877 80. 15 1.441 82.24 62.49 1.283 13.058 815 .99 43.08 75.48% 

120-63 STDEV 0.00 0.107 0.0001 6.115 6.12 0.108 6.28 0.00 0.098 0.053 3.33 0.32 0.62% 

150-63 I 59.28 0.051 0.0205 2.478 61.75 1.299 63.36 62 .33 0.991 12.900 804.08 36.90 75 .65 % 

150-63 2 59.28 0.102 0.0207 4.908 64.18 1.363 65.86 62.33 1.030 12.926 805.67 36.90 76.38% 

150-63 3 59.28 0.152 0.0205 7.434 66.71 1.403 68.45 62.33 1.070 12.951 807.25 36.90 75 .65 % 

150-63 4 59.28 0.102 0.0205 4.956 64.23 1.351 65 .91 62.33 1.031 12.926 805.67 36.90 75 .65% 

150-63 5 59.28 0.178 0.0205 8.673 67.95 1.429 69.72 62.33 1.090 12.964 808.04 36.90 75 .65% 

150-63 6 59.28 0.102 0.0205 4.956 64.23 1.351 65 .91 62.33 1.031 12.926 805 .67 36.90 75 .64(Yn 

150-63 7 59.28 0.305 0.0204 14.941 74.22 1.554 76.16 62.33 1.191 13.027 812.00 37.90 77.32% 

150-63 8 59.28 0.076 0.0206 3.699 62 .98 1.331 64.62 62 .33 1.010 12.913 804.87 38.90 80.13% 

150-63 9 59.28 0.279 0.0205 13.629 72.90 1.534 74.8 1 62.:n 1.170 LtOl5 811.21 36.90 75 .64% 

150-63 10 59.28 0.178 0.0206 8.631 67.91 1.435 69.68 62.33 1.089 12.964 808.04 36.90 76.01 % 

150-63 AVG 59.28 0.152 0.0205 7.423 66.70 1.405 68.44 62.33 1.070 12.951 807.25 37.20 76.37% 

150-63 STDEV 0.00 0.085 0.0001 4.148 4.15 0.085 4.26 0.00 0.067 0.042 2.64 0.67 1.43% 

0-85 I 80.34 0.381 0.0041 92.927 173.27 0.729 177.79 97.20 1.783 13.066 1270.0 I 74.03 30.35% 
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Weld Droplet WFSDAQ !1x tEN !1x1tEN MR Vd Vo lEN BR L AVG FI- r %EN 
No. No. (mmls) (mm) (s) (mmls) (mmls) (mmJ) (mmJ/s) (A) (mml(s A» (mm) (mmA) (Hz) (%) 

0-85 2 80.34 0.305 0.0040 76.200 156.54 0.643 160.63 97.20 1.610 \3 .027 1266.31 74.03 29 .61 % 
0-85 3 80.34 0.330 0.0040 82.550 162.89 0.669 167.14 97 .20 1.676 \3 .040 1267.54 74 .03 29.61 % 
0-85 4 80.34 0.356 0.0041 86.732 167.08 0.703 171.43 97.20 1.719 13.053 1268.78 74.03 30.35 °A, 
0-85 5 80.34 0.406 0.004 1 99.122 179.47 0.755 184.15 97.20 1.846 13.078 1271.25 74 .03 30.35% 
0-85 6 80.34 0.203 0.0040 50.800 131.14 0.538 \34.56 97.20 1.349 12.977 1261.37 75 .03 30.01 % 
0-85 7 80.34 0.127 0.0040 31.750 112.09 0.460 115 .01 97.20 1.153 12.939 1257.67 76.03 30.41 % 

0-85 8 80.34 0.102 0.0040 25.400 105 .74 0.434 108.50 97 .20 1.088 12.926 1256.43 77 .03 30.81 %1 

0-85 AVG 80.34 0.276 0.0040 68.415 148.76 0.616 152.64 97.20 1.528 \3.013 1264.92 74 .78 30.19% 
0-85 STDEV 0.00 0.117 0.0001 28.395 28.40 0.123 34.88 0.00 0.292 0.059 5.69 1.16 0.42% 

30-85 I 81.10 0.508 0.0069 73.623 154.73 1.095 158.76 96.36 1.606 13.129 1265.11 71.78 49.5YY,,, 
30-85 2 81.53 0.305 0.0069 44.174 125.70 0.890 128.98 95.45 1.317 13.027 1243.47 71.78 49.53% 
30-85 3 81.95 0.584 0.0070 83.457 165.41 1.188 169.72 96.65 1.711 \3 .167 1272.60 71.78 50.25%, 
30-"85 4 83.64 0.356 0.0070 50.800 134.44 0.966 137.95 96.33 1.396 13.053 1257 .38 71.78 50.25% 
30-85 5 84.07 0.635 0.0071 89.437 173.50 1.264 178.03 95.95 1.808 13.193 1265.82 71.78 50.96% 
30-85 6 84.49 0.381 0.0071 53.662 138.15 1.006 141.75 95 .64 1.444 13.066 1249.58 71.78 50.96% 
30-85 7 82.37 0.737 0.0071 \03 .746 186.12 1.356 190.97 97.44 1.910 13.243 1290.43 72.78 51 .67% 
30-85 8 84.91 0.508 0.0071 71.549 156.46 1.140 160.54 96.12 1.628 \3 .129 1261.96 71.78 50.96% 

30-85 AVG 83.01 0 .502 0.0070 71.409 154.42 1.1 \3 158.44 96.24 1.603 \3.126 1263.26 71.91 50.51 % 
30-85 STDEV 1.45 0.149 0.0001 20.709 20.64 0.156 44.33 0.62 0.207 0.074 14.39 0.35 0.76% 

60-85 I 81.65 0.457 0.0100 45.720 127.37 1.307 130.69 95 .62 1.332 \3.104 1252.97 61.51 61.51 % 
60-85 2 81.65 0.533 0.0101 52.812 134.46 1.394 137.97 95.49 1.408 \3 .142 1254.90 61.51 62. I3'Yo 
60-85 3 81.65 0.686 0.0100 68.580 150.23 1.542 154.15 95 .19 1.578 \3 .218 1258.21 61.51 61.51 %1 
60-85 4 81.65 0.432 0.0101 42.752 124.41 1.289 127.65 95.44 1.303 13 .091 1249.40 61 .51 62.13% 
60-85 5 81.65 0.533 0.0100 53.340 134.99 1.385 138.5 1 95.63 1.412 \3.142 1256.74 61 .51 61.51 % 
60-85 6 81.65 0.533 0.0101 52.812 134.46 1.394 137.97 95.08 1.414 13.142 1249.51 61 .51 62.13%, 

60-85 7 81.65 0.533 0.0100 53.340 134.99 1.385 138.51 95.06 1.420 13.142 1249.25 61.51 61.51 %1 
60-85 8 81 .65 0.737 0.0101 72.931 154.58 1.602 158.62 95.38 1.621 13.243 1263.15 61.51 62.13% 
60-85 9 81 .65 0.914 0.0100 91.440 173.09 1.776 177.61 95.79 1.807 \3.332 1277.09 61 .51 61.51 % 
60-85 10 81.65 0.559 0.0100 55 .880 137.53 1.411 141.12 94.91 1.449 13. 154 1248.48 61 .51 61.51 % 
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Weld Droplet WFSDAQ b.x tEN b.xJtEN MR Vd VD lEN BR LAve; FI. f % EN 
No. No. (mmls) (mm) (s) (mmls) (mmls) (mm") (mmJ/s) (A) (mml(s A» (mm) (mmA) (Hz) (% ) 

60-85 AVG 81.65 0.592 0.0100 58.946 140.60 1.448 144.27 95.36 1.474 13.171 1255.96 61 .51 61.76(},0 

60-85 STDEV 0.00 0.146 0.0001 14.640 14.64 0.149 15.02 0.29 0.152 0.073 8.82 0.00 0.32% 

90-85 I 81.83 0.508 0.0130 39.077 120.91 1.613 124.07 95.21 1.270 13.129 1250.01 51 .00 66.30% 
90-85 2 81.83 0.610 0.0130 46.892 128.73 1.717 132.08 94.90 1.356 13.180 1250.76 51 .00 66.30% 
90-85 3 81.83 0.559 0.0130 42.985 124.82 1.665 128.07 94.96 1.314 13.154 1249.14 51.00 66.30% 
90-85 4 81 .83 0.356 0.0130 27.354 109.19 1.456 112.04 9S .28 1.146 13.0S3 1243.67 SI .OO 66.3<yy(1 

90-85 5 81.83 0.508 0.0131 38.779 120.61 1.621 123.76 94.94 1.270 13.129 1246.47 51 .00 66.81 % 
90-85 6 81 .83 0.483 0.0131 36.840 118.67 1.595 121.77 94.97 1.250 13.116 1245 .66 51 .00 66.81 % 

90-85 7 81.83 0.559 0.0130 42.985 124.82 1.665 128.07 95 .15 1.312 13.154 1251.64 51 .00 66.30% 
90-85 8 81 .83 0.584 0.0129 45.287 127.12 1.683 130.44 94.80 1.341 13.167 1248.24 51 .00 65.79% 
90-85 9 81 .83 0.610 0.0128 47.625 129.46 1.700 132.84 94.95 1.363 13. ISO 1251 .42 51 .00 65 .28% 
90-85 10 81 .83 0.508 0.0129 39.380 121.21 1.604 124.38 95.56 1.268 13 .129 1254.61 51 .00 65 .79% 

90-85 AVG 81 .83 0.528 0.0130 40.703 122.54 1.632 125.73 95 .07 1.289 13.139 1249.17 51 .00 66.20% 
90-85 STDEV 0.00 0.076 0.0001 5.952 5.95 0.075 6.11 0.23 0.064 0.038 3.24 0.00 0.47 % 

120-85 I 81.96 0.660 0.0160 41.275 123 .24 2.023 126.45 94.92 1.298 13.205 1253.44 43 .99 70.38% 
120-85 2 81 .96 0.483 O.01S8 30.544 112.51 1.824 IIS.44 95.11 1.183 13.116 1247.49 43 .99 69.50% 
120-85 3 81.96 0.457 0.0159 28.755 110.72 1.806 113.60 94.93 1.166 13.104 1243.92 43 .99 69.94% 
120-85 4 81 .96 0.508 0.0158 32.152 114. 11 1.850 117.09 94.98 1.201 13.129 1246.99 43 .99 69.50% 
120-85 5 81 .96 0.305 0.0160 19.050 101.01 1.658 103.65 95 .23 1.061 13.027 1240.60 43 .99 70.38% 
120-85 6 81.96 0.432 0.0158 27 .329 109.29 1.772 112.14 95 .32 1.147 13.091 1247.82 43 .99 fi9 .50%, 

120-85 7 81 .96 0.508 0.0160 31.750 I LUI 1.867 116.68 94.91 1.198 13.129 1246.07 43 .99 70.38%1 
120-85 8 81.96 0.457 0.0160 28.575 110.54 1.8 15 113.42 94.87 1.165 13.104 1243. 14 43 .99 70.38%1 
120-85 9 81.96 0.508 0.0158 32.152 114.11 1.850 117.09 95.36 1.197 13.129 1251.98 43 .99 69 .50%1 
120-85 10 81.96 0.457 0.0160 28.575 110.54 1.815 113.42 94.88 1.165 13.104 1243.27 43.99 70.38%1 

120-85 AVG 81.96 0.478 0.0159 30.014 111.98 1.828 114.90 95.05 1.178 13.114 1246.48 43 .99 69.99% 
120-85 STDEV 0.00 0.088 0.0001 5.501 5.50 0.090 5.64 0.19 0.059 0.044 4.01 (l.OO 0.44% 

150-85 I 81 .25 0.584 0.0189 30.910 112. 16 2.175 115.09 94.91 1. 182 13.167 1249.69 3S.90 73.52% 

150-S5 2 81.25 0.813 0.0189 43 .005 124.26 2.410 127.50 95.31 1.304 13.281 1265.85 38.90 73 .52(},0 

150-85 3 81 .25 0.406 0.0189 21 .503 102.75 1.993 105.43 94.99 1.082 13.078 1242.30 38.90 73 .52(10 
.-
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Weld Droplet WFSDAQ 
t::,x tEN t::,xltEN MR Vd VI) lEN BR L AVG FL r %EN 

No. No. (mmls) (mm) (s) (mmls) (mmls) (mmJ) (mm"/s) (A) (mml(s A» (mm) (mmA) (Hz) (%) 
150-85 4 81.25 0.483 0.0190 25.400 106.65 2.079 109.43 94.95 1.123 13.116 1245.39 38.90 73 .9 1% 
150-85 5 81.25 0.533 0.0190 28 .074 109.32 2.131 112.18 94.80 1.153 13.142 1245.83 38.90 73 .9 1% 
150-85 6 81.25 0.533 0.0189 28.222 109.47 2.123 112.33 94.74 1.156 13.142 1245.04 38.90 73.52% 
150-85 7 81 .25 0.406 0.0189 21.503 102.75 1.993 105.43 95.00 1.082 13.078 1242.43 38.90 73 .52% 
150-85 8 81.25 0.660 0.0189 34.942 116.19 2.253 119.22 94.92 1.224 13.205 1253.44 38.90 73.52% 
150-85 9 81.25 0.533 0.0190 28.074 109.32 2.131 112.18 94.84 1.153 13.142 1246.36 38.90 73 .91 % 
150-85 10 81.25 0.508 0.0190 26.737 107.99 2.105 110.80 94.60 1.142 13 .129 1242.00 38.90 73 .9 1% 

150-85 AVG 81.25 0.546 0.0189 28.833 110.08 2.139 112.95 94.91 1.160 13.148 1247.83 38.90 73 .68% 

150-85 STDEV 0.00 0.120 0.0001 6.391 6.39 0.123 6.56 0.19 0.066 0.060 7.25 0.00 0.20% 

0-106 I 102.24 0.229 0.0031 73 .742 175.98 0.560 180.57 114.84 1.532 12.989 1491.69 91.04 28.22% 
0-106 2 102.24 0.254 0.0032 79.375 nH.61 0.596 186.35 106.43 1.706 13.002 1383.80 91.04 29. 13% 

0-106 3 102.24 0.229 0.0032 71.437 173.68 0.570 178.21 110.88 1.566 12.989 1440.25 91.04 29. 13% 
0-106 4 102.24 0.178 0.0032 55.563 157.80 0.518 161.92 110.88 1.423 12.964 1437.44 91 .04 29. 13% 
0-106 5 102.24 0 .279 0.0032 87.313 189.55 0.622 194.50 109.53 1.731 13.015 1425.50 91.04 29. 13% 

0-106 6 102.24 0.203 o.oo:n 63.500 165.74 0.544 170.06 111.78 1.483 12.977 1450.52 91 .04 29. I l'Yn 

0-106 7 102.24 0 .127 0.0032 39.688 141.93 0.466 145 .63 110.76 1.28 1 12.939 1433.07 92.04 29.45 % 

0-106 8 102.24 0.051 0.0032 15.875 118.12 0.388 121.20 111.22 1.062 12.900 1434.78 93 .04 29 .77% 
0-106 9 102.24 0.254 0.0032 79.375 181.61 0.596 186.35 111.89 1.623 13.002 1454.79 91.04 29 .13% 

0-106 10 102.24 0.381 0.0032 119.063 221.30 0.727 227.07 107.89 2.051 13.066 1409.64 91 .04 29. 13% 

0-106 AVG 102.24 0.218 0.0032 68.476 170.72 0.559 175.17 110.61 1.546 12.984 1436.18 91.34 29. 141J?, 

0-106 STDEV 0.00 0.089 0.0000 27.839 27.84 0.091 28.56 2.30 0.268 0.044 28.33 0.67 0.39% 

30-106 1 102.24 0.737 0.0062 118.806 221.05 1.406 226.81 112.90 1.958 13.243 1495.17 74.98 46.49% 

30-106 2 102.24 0.635 0.006 1 104.098 206.34 1.291 211.72 112.90 1.828 13.193 1489.43 74.98 45 .74% 

30-106 3 102.24 0.660 0.0061 108.262 210.50 1.318 215.99 112.90 1.864 13.205 1490.87 74.98 45 .74% 
30-106 4 102.24 0.737 0.0062 118.806 221.05 1.406 226.81 112.90 1.958 13.243 1495. 17 74.98 46.49% 
30-106 5 102.24 0.635 0.0062 102.419 204.66 1.302 210.00 112.90 1.813 13. 193 1489.43 74.98 46.49% 

30-106 6 102.24 0.711 0.0062 114.710 216.95 1.380 222.61 112.90 1.922 13.231 1493.73 74.98 46.49% 

30-106 7 102.24 0.864 0.0062 139.290 241 .53 1.537 247.83 112.90 2.139 13.307 1502.34 75.98 47.11 % 

30-106 8 102.24 0.356 0.0061 58.295 160.54 1.005 164.72 112.90 1.422 13.053 1473.66 76.98 46.96% 
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Weld Droplet WFSDAQ 
/lx tEN /lx/tEN MR V" VII lEN BR L AVG FL f %EN 

No. No. (mmls) (mm) (s) (mmls) (mmls) (mm~) (mm~/s) (A) (mml(s A» (mm) (mmA) (Hz) (%) 
30-106 9 102.24 0.533 0.0062 86.032 188.27 1.198 193.18 112.90 1.668 13.142 1483.70 74.98 46.49% 
30-106 10 102.24 0.635 OJX)63 100.794 2m.03 1.312 208.33 112.90 1.798 13.193 1489.43 74.98 47.24% 

30- 106 AVG 102.24 0.650 0.0062 \05.217 207.46 UI6 212.87 112.90 1.837 13.200 1490.29 75 .28 46.52% 

30-106 STDEV 0.00 0.136 0.0001 21.674 21 .67 0.142 22.24 0.00 0.192 0.068 7.65 0.67 0.50% 

60-\06 I 102.24 0.584 0.0093 62.817 165.06 1.575 169.36 115.19 1.433 13.167 1516.72 60.99 56.72% 

60-106 2 102.24 0.660 0.0092 71.783 174.02 1.643 178.56 115.19 1.511 13.205 1521.11 60.99 56. 11 % 

60-106 3 102.24 0.787 0.0091 86.527 188.77 1.763 193.69 115.19 1.639 13.269 1528.42 60.99 55.50% 

60-106 4 102.24 0.864 0.0091 94 .901 197.14 1.841 202.28 115.19 1.711 13.307 1532.81 60.99 55.50% 

60-\06 5 102.24 0.711 0.0092 77 .304 179.54 1.695 184.23 115.19 1.559 13.231 1524.03 60.99 56.11 % 

60-106 6 102.24 0.711 0.0092 77 .304 179.54 1.695 184.23 115.19 1.559 13.231 1524.03 60.99 56.11 % 

60-106 7 102.24 0.584 0.0091 64.198 166.44 1.554 170.78 115.19 1.445 13.167 1516.72 60.99 55 .50% 

60-106 8 102.24 0.940 0.0092 102.152 204.39 1.929 209.72 115.19 1.774 13.345 1537.20 60.99 56.11 % 

60-106 9 102.24 0.838 0.0091 92. 110 194.35 1.815 199.42 115. 19 1.687 13.294 153U5 60.99 55.5Ql.Vo 

60-106 10 102.24 0 .686 0.0090 76.200 178.44 1.648 183.09 115.19 1.549 13.218 1522.57 60.99 54.89% 

60-106 AVG 102.24 0.737 0.0092 80.503 182.74 1.716 187.51 115.19 1.587 13.243 1525 .50 60.99 55 .81 % 

60-106 STDEV 0.00 0.119 0.0001 13.084 13.08 0.120 13.43 0.00 0.114 0.059 6.83 0.00 0.52% 

90-106 I 102.24 0.864 0.0120 71.967 174.21 2.145 178.75 115.64 1.506 13.307 1538.80 51 .00 61.20(10 

90-106 2 102.24 0 .737 0.0121 60.876 163.12 2.025 167.37 115.64 1.411 13.243 1531.46 51.00 61.71 % 

90-106 3 102.24 0.889 0.0121 73.471 175.71 2.182 180.29 115.64 1.519 13.320 1540.27 51.00 61.71 % 

90-106 4 102.24 0.635 0.0122 52.049 154.29 1.931 158.31 115.64 1.334 13.193 1525.58 51.00 62.22% 

90-106 5 102.24 0.940 0.0121 77 .669 179.91 2.234 184.60 115.64 1.556 13.345 1543.20 51 .00 61.71 % 

90-\06 6 102.24 0.762 0.0120 63.500 165.74 2.041 170.06 115.64 1.433 13.256 1532.92 51 .00 61.20% 

90-106 7 102.24 0.737 0.0122 60.377 162.62 2.036 166.86 115.64 1.406 13.243 1531.46 51 .00 62.22% 

90-106 8 102.24 0.737 0.0121 60.876 163.12 2.025 167.37 115.64 1.411 13.243 1531.46 51.00 61.71 % 

90-106 9 102.24 0.813 0.0120 67.733 169.97 2.093 174.41 115.64 1.470 13.281 1535.86 51 .00 61 .20% 

90-106 10 102.24 0.737 0.0122 60.377 162.62 2.036 166.86 115.64 1.406 13.243 1531.46 51 .00 62 .22% 

90-106 AVG 102.24 0.785 0.0121 64.864 167.10 2.075 171.46 115.64 1.445 13.267 1534.25 51.00 61.71 % 

90-106 STDEV 0.00 0.091 0.0001 7.709 7.71 0.089 7.91 0.00 0.067 0.045 5.25 0.00 0.42% 

120-106 I 102.24 0.914 0.0151 60.556 162.80 2.522 167.04 115.60 1.408 13.332 1541.20 42.19 63 .71 % 
~-- - ------
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Weld Droplet WFSOAQ b.x tEN b.x/tEN MR Vd VI) lEN BR L AVG FL f %EN I 
No. No. (mmls) (mm) (s) (mmls) (mmls) (mm3

) (mm"/s) (A) (mml(s A)) (mm) (mmA) (Hz) ( % ) 
120-106 2 \02.24 1.067 0.0151 70.649 172.89 2.679 177.40 115.60 1.496 13.408 1550.01 42.19 63 .71 % 
120-106 3 102.24 0.660 0.0151 43 .735 145.97 2.262 149.78 115.60 1.263 13.205 1526.52 42.19 63 .71 % 
120-106 4 102.24 1. 168 0.0151 77.377 179.62 2.783 184.30 115 .60 1.554 13.459 1555 .88 42.19 63 .71 % 

120-\06 5 102.24 0.940 0.0151 62.238 164.48 2.548 168.77 115 .60 1.423 13.345 1542.67 42. 19 63.71 % 
120-106 6 102.24 0.864 0.0152 56.816 159.06 2.481 163.20 115.60 1.376 13.307 1538.27 42 .19 64 .13% 

120-106 7 102.24 0.889 0.0152 58.487 160.73 2.507 164.92 115.60 1.390 13 .320 1539.73 42 .19 64 .13% 

120- \06 8 102.24 0.940 0.0151 62.238 164.48 2.548 168.77 115 .60 1.423 13.345 1542.67 42. 1 t) 63 .71 % 

120-106 9 102.24 0.711 0.0151 47 .099 149.34 2.314 153.23 115 .60 1.292 13.231 1529.46 42. 1 t) 63 .71 % 

120-\06 10 102.24 0.813 0.0151 53.828 156.07 2.418 160.14 115 .60 1.350 13 .281 1535.33 42. 1 t) 63 .71 % 

120-106 AVG 102.24 0.897 0.0151 59.300 161.54 2.506 165.75 115.60 1.397 13.323 1540.17 42. 19 63 .79% 
120-\06 STDEV 0.00 0.151 0.0000 10.013 10.01 0.155 10.27 0.00 0.087 0.076 8.73 O.O() 0.18 % 

150-106 I 102.24 0.813 0.0181 44.906 147.15 2.733 150.98 115 .67 1.272 13.281 1536.26 37.1 2 67 .19% 

150-106 2 102.24 0.889 0.0180 49.389 151.63 2.800 155 .58 115.67 1.311 13.320 1540.67 37.12 66.82(}}, 

150-106 3 102.24 0.787 0.0181 43 .503 145.74 2.707 149.54 115.67 1.260 13.269 1534.79 37.12 67.19% 

150-106 4 102.24 1.041 0.0183 56.907 159.15 2.988 163.30 115.67 1.376 13.396 1549.48 37.12 67 .93 % 

150-\06 5 102.24 0.940 0.0180 52.211 154.45 2.853 158.48 115.67 1.335 13.345 1543.60 37.12 66.82% 

150-\06 6 102.24 0.940 0.0181 51 .923 154.16 2.863 158.18 115.67 1.333 13.345 1543.60 :n . 12 67.19% 

150-106 7 102.24 1.067 0.0181 58.939 161.18 2.993 165.38 115.67 1.393 13.408 1550.95 37.12 67 . 19% 

150-106 8 102.24 0 .914 0.0181 50.519 152.76 2.837 156.74 115.67 1.321 13.332 1542.14 37 . 12 67. 19(jf, 

150-106 9 102.24 1.168 0.0180 64.911 167.15 3.087 171.51 115.67 1.445 13.459 1556.83 37.12 66.82% 
150-106 10 102.24 1.143 0.0180 63.500 165.74 3.061 170.06 115.67 1.433 13.447 1555.36 37.12 66.82% 

150-106 AVG 102.24 0.970 0.0181 53 .666 155.91 2.892 159.97 115.67 1.348 13.360 1545.37 37.12 67. 11 % 

150-106 STDEV 0.00 0.131 0.0001 7.264 7.26 0.133 7.45 0.00 0.063 0.065 7.55 0.00 0.34% 

0-127 I 123.28 0.457 0.0031 147.484 270.77 0.861 277.83 135.00 2.006 13. \04 1768.99 91J)9 2!U4% 

0-127 2 123.28 0.330 0.0031 \06.516 229.80 0.731 235 .79 133.47 1.722 13.040 1740.46 91.09 28 .24% 

0-127 3 123.28 0.330 0.0031 106.516 229.80 0.731 235.79 133.53 1.721 13.040 1741.24 91 .09 28 .24% 

0-127 4 123.28 0.279 0.0031 90.129 213.41 0.679 218.98 134.:'1 1.588 13.015 1748.79 91.09 28.24% 

0-127 5 123.28 0.432 0.0032 134.938 258.22 0.848 264.96 131.91 1.958 13.091 1726.82 91Jl9 29 .15% 

0-127 6 123.28 0.533 0.0031 172.065 295 .35 0.939 303.05 133.30 2.216 13.142 1751.79 91Jl9 28.24% 
- --
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Weld Droplet WFSDAQ 6.x tEN 6.xJtEN MR Vd Vo lEN BR L AVG FL f %EN 
No. No. (mm/s) (mm) (s) (mm/s) (mm/s) (mm]) (mm"/s) (A) (mm/(s A» (mm) (mmA) (Hz) (%) 

0-127 7 123.28 0.559 0.0031 180.258 303.54 0.966 311.46 133.62 2.272 13.154 1757 .69 91.09 28.24% 
0-127 8 123.28 0.508 0.0031 163.871 287.15 0.913 294.64 133.62 2.149 13. 129 1754.30 91 .09 28 .24% 
0-127 9 123.28 0.406 0.0031 131.097 254.38 0.809 261.01 133.62 1.904 13.078 1747 .5 1 91.09 28.24% 
0-127 AVG 123.28 0.426 0.0031 136.979 260.26 0.831 267.05 133.60 1.948 13.088 1748.63 91.el9 28.34% 
0-127 STDEV 0.00 0.098 0.0000 31.677 31 .68 0.101 62.28 0.83 0.238 0'()49 11.92 0.00 0.30% 

30-127 I 123.49 0.787 0.0061 129.082 252.58 1.581 259.16 133.30 1.895 13.269 1768.72 71 .83 43 .82% 
30-127 2 123.49 0.813 0.0060 135.467 258 .96 1.594 265.72 133.30 1.943 13.281 1770.41 71 .83 43 . 10% 
30-127 3 123.49 0.584 0.0061 95 .770 219.27 1.372 224.98 133.30 1.645 13.167 1755.17 71 .83 43 .82% 
30-127 4 123.49 0.533 0.0061 87.443 210.94 1.320 216.44 133.30 1.582 13.142 1751.79 71 .83 43.82% 
30-127 5 123.49 0 .864 0.0062 139.290 262.79 1.672 269.64 133.30 1.971 13.307 1773.80 71.83 44.53 % 
30-127 6 123.49 0.787 0.0061 129.082 252.58 1.58 1 259.16 133.30 1.895 13.269 1768.72 71 .83 43 .82% 
30-127 7 123.49 0 .787 0 .0062 127.000 250.49 1.594 257.03 133.30 1.879 13.269 1768.72 71 .83 44.53 % 
30-127 8 123.49 0.864 0.0062 139.290 262.79 1.672 269.64 133.30 1.971 13.307 1773.80 71.83 44.53% 
30-127 9 123.49 0.813 0.0061 133.246 256.74 1.607 263.44 133.30 1.926 13.281 1770.41 71.83 43.lQ% 
30-127 10 123.49 0.711 0.0061 116.590 240.08 1.503 246.35 133.30 1.801 13.231 1763.64 71 .83 43.82% 

30-127 AVG 123.49 0.754 0.0061 123.265 246.76 1.550 253 .20 133.30 1.851 13.252 1766.52 71 .83 43 .96% 
30-127 STDEV 0.00 0.112 0.0001 18.035 18.04 0.118 18.51 0.00 0.135 0.056 7.49 0.00 0.45% 

60-127 I 123.55 0.762 0.0091 83 .736 207.29 1.936 212.70 132.00 1.570 13.256 1749.79 58.06 52 .83% 
60-127 2 123.55 0.889 0.0090 98.778 222.33 2.053 228.13 132.00 1.684 13.320 1758.17 58.06 52 .25% 
60-127 3 123.55 0.762 0.0090 84.667 208.22 1.923 213 .65 132.00 1.577 13.256 1749.79 58.06 52.25% 
60-127 4 123.55 0.762 0.0092 82.826 206.38 1.948 2 11.76 132.00 1.563 13.256 1749.79 58.06 53.42(}h 
60-127 5 123.55 1.016 0.0092 110.435 233 .99 2.209 240.09 132.00 1.773 13.383 1766.56 58.06 53.42% 
60-127 6 123.55 0.813 0.0091 89.319 212.87 1.988 218.43 132.00 1.613 13.281 1753.14 58Jl6 52.83% 
60-127 7 123.55 0.737 0.0091 80.945 204.50 1.909 209.83 132.00 1.549 13.243 1748. 12 58 .06 52.83% 
60-127 8 123.55 0.914 0.0091 100.484 224.04 2.092 229.88 132.00 1.697 13.332 1759.85 58.06 52.83% 
60-127 9 123.55 0.610 0.0091 66.989 190.54 1.779 195.51 132.00 1.444 13.180 1739.73 58.06 52.83% 
60-127 10 123.55 0.864 0.0091 94.901 218.46 2.040 224. 15 132.00 1.655 13.307 1756.50 58 .06 52 .83(70 

60-127 AVG 123.55 0.813 0.0091 89.319 212.87 1.988 218.43 132.00 1.613 13.281 1753.14 58.06 52.81'7'0 
60-127 STDEV 0.00 0.113 0.0001 12.270 12.27 0.118 12.59 0.00 0.093 0.056 7.46 0.00 0.39% 
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Weld Droplet WFSDAQ b.x tEN b.x1tEN MR Vd VI) lEN BR L AVG FL f %EN I 
No. No. (mmls) (mm) (s) (mmls) (mmls) (mm.!) (mm"/s) (A) (mml(s A» (mm) (mmA) (Hz) (%) 

90-127 I 123.31 0.864 0.0120 71.967 195.28 2.404 200.37 131.37 1.486 13.307 1748.11 49.68 59 .62% 

90-127 2 123.31 0.864 0.0121 71.372 194.68 2.417 199.76 131.37 1.482 13.307 1748. 11 49.68 60.11 % 
90-127 3 123.31 0.991 0.0120 82.550 205.86 2.535 211.23 131.37 1.567 13.370 1756.46 49.68 59.62% 

90-127 4 123.31 1.041 0.0121 86.066 209.38 2.600 214 .84 131.37 1.594 13.396 1759.79 49.68 60. 11 % 

90-127 5 123.31 0.965 0.0121 79 .769 203.08 2.521 208.38 131.37 1.546 13.358 1754.79 49.6X 60.11 % 

90-127 6 123.31 0.889 0.0121 73 .471 196.78 2.443 201 .92 131.37 1.498 13.320 1749.78 49.68 60.11 % 

90-127 7 123.31 0.965 0.0120 80.433 203 .75 2.509 209.06 131.37 1.551 13.358 1754.79 49.68 59.62% 

90-127 8 123.3 1 0.533 0.0121 44.083 167.40 2.078 171.76 131.37 1.274 13 .142 1726.43 49.68 60. 11 % 

90-127 9 123.3 1 0.864 0.0121 71 .372 194.68 2.417 199.76 131.37 1.482 13.307 1748. 11 49.68 60.11 % 

90-127 10 123.3 1 1.168 0.0122 95 .770 219.08 2.743 224.80 131.37 1.668 13.459 1768.14 49.68 60.61 % 

90-127 AVG 123.31 0.914 0.0121 75 .695 199.01 2.467 204.20 131.37 1.515 13.332 1751.45 49.6X 60.01 % 

90-127 STDEV 0.00 0.165 0.0001 13.549 13.55 0.171 13.90 0.00 0.103 0.083 10.84 0.00 0.31 % 

120-127 I 123.2 1 0.965 0.0150 64.347 187.55 2.887 192.45 131.88 1.422 13.358 1761.60 43 .60 65.40% 

120-127 2 123.21 0.457 0.0151 30.278 153.49 2.378 157.49 131.88 1.164 13.104 1728.10 44 .60 67 .35% 

120-127 3 123.21 0.305 0.0149 20.456 143.67 2.196 147.41 131.88 1.089 13.027 1718.05 45.60 67.94% 

120-127 4 123.21 0.533 0.0150 35.560 158.77 2.444 162.91 131.88 1.204 13.142 1733.13 43 .60 65.40% 

120-127 5 123.21 0.508 0.0149 34.094 157.30 2.405 161.40 131.88 1.193 13 .129 1731.45 43 .60 64.96% 

120-127 AVG 123.21 0.554 0.0150 36.964 160.17 2.462 164.35 131.88 1.214 13.152 1734.47 44.20 66.21 % 

120- 127 STDEV 0.00 0.247 0.0001 16.411 16.41 0.256 16.84 0.00 0.124 0.123 16.26 0.89 1.34% 

150-127 I 123.94 0 .686 0.0181 37.890 161.83 3.006 166.05 131.63 1.229 13.218 1739.87 38.06 68 .89% 

150-127 2 123.94 0 .305 0.0181 16.840 140.78 2.615 144.45 131.63 1.070 13.027 1714.80 39.06 70.70% 

150-127 3 123.94 1.346 0.0180 74.789 198.73 3.670 203.91 131.63 1.510 13.548 1783.34 40.06 72 . 11 % 

150-127 4 123.94 0.813 0.0181 44.906 168.85 3. 136 173.25 131.63 1.283 13.281 1748.23 38.06 68.89% 

150-127 5 123.94 0.737 0.0181 40.696 164.64 3.058 168.93 131.63 1.251 13.243 1743.22 38.00 68.89% 

150-127 AVG 123.94 0.777 0.0181 42.989 166.93 3.097 171.29 131.63 1.268 13.264 1745.89 38.60 69.89% 

150-127 STDEV 0.00 0.374 0.0000 20.796 20.80 0.378 21.34 0.00 0.158 0.187 24.59 0.89 1.46% 

C-12 



Weld Droplet WFS"AQ tJ.x tp or tb tJ.x1tp or tJ.x1tb MR Vd Vo Ib or Ip BR LA ve F ... f %por %b 
No. No. (mmls) (mm) (s) (mmls) (mmls) (mm3

) (mm-'/s) (A) (mml(s A» (mm) (mmA) (Hz) (%) 
B-0-42 I 39.09 -0.13f 0.01674 -8.1 30.96 0.531 31.77 25 . 1 ~ 1 .22~ 12.807 322.61 41.75 69.87 % 
B-0-42 2 39.09 -0.397 0.01647 -24.1 14.98 0.25. 15.37 25.1~ 0.595 12.677 319.31 41.75 68.75 % 
B-0-42 1 39.09 -0.149 0.01566 -22.1 16.80 0.270 17.24 25 .1 ~ 0.66 12.701 119.91 41.75 65.%% 
B-0-42 4 39.0<J -0.329 0.00756 -43.5 -4.44 -0.014 -4.55 25.19 -0.176 12.711 120. 18 41.75 31.56% 
B-0-42 5 39.09 -0.32<J 0.00675 -48.8 -9.6f -0.067 -9.91 25 . 19 -0.384 12.711 :nO. 18 41.75 28.17 % 
B-0-42 6 39.09 -0.3IC 0.00675 -45.<J -6.85 -0.047 -7.01 25.19 -0.272 12.720 320.42 41.75 28. 17% 
B-0-42 7 39.09 -0.145 0.0156f -9.3 29.83 0.47<J 10.61 25.1<J 1.184 12.803 322.4<J 41.75 65.36%· 
B-0-42 8 39.09 -0.242 0.00621 -39,( 0.11 0.001 0.11 25 . 19 0.004 12.754 321.27 41.75 25 .92 % 

~-0-42 9 39.09 -0.184 0.01755 -10.5 28.60 29.35fl 29.35 25 . 19 1.116 12.783 322.0fl 41.75 73.25 % 

B-0-42 10 39.0<J -0.310 0.00999 -31.( 8.05 8.262 8.26 25. 19 0.32C 12.72C 320.42 41.75 41.7()'f< , 

~-0-42 AVG 39.09 -0.273 0.0119~ -22.9 16.20 0.20 16.62 25.19 0.43C 12.73E 120.88 41.75 49.81 % 

B-0-42 STDEV O.OC 0.091 0.00486 15.7 15.71 9.299 16. 13 o.()( 0.624 0.045 1.14 0.00 20.28% 

P-0-42 I 39.09 0.378 0.00216 175.0 214 . 13 0.474 219.72 162.08 0.591 13.064 4730.21 41.75 9.02% 
P-0-42 1 19.0<J 0.881 0.00162 544.6 583.67 0.97C 598.89 162.08 1.612 13.116 4821.46 41.75 6.76% 
P-0-42 3 19.09 0.24 0.00189 128.1 167. 16 0.324 171.5_2 362.08 0.462 12.996 4705.59 41.75 7.89% 
P-0-42 4 39.09 0.755 0.00135 559.4 598.49 0.82<; 614. 10 362.08 1.65. 13.253 4798.47 41.75 5.63% 
P-0-42 5 39.09 0.649 0.00189 343.5 382.56 0.74L 392.54 362.08 1.05 13.200 4779.27 41.75 7.89% 
P-0-42 f 39.09 0.504 0.00135 373.4 412.52 0.571 423.28 362.08 1.13~ 13.127 4753.02 41.75 5.63% 
P-0-42 "1 39.09 0.126 0.00135 93.4 132.45 0.183 135.90 362.08 0.36t 12.938 4684.59 41.75 5.63 o/t 
P-0-42 8 39.0<) 0.561 0.00216 260.2 299.34 0.66. 307.15 362.08 0 .82 13.156 4763.5L 41.75 9.02 o/t 
P-0-42 9 39.09 0.494 0.00162 305.0 344.IC 353.079 353.08 362.08 0.95C 13.122 4751.21 41.75 6.76o/t 

P-0-42 10 39.09 0.40f 0.00108 376.0 415.11 425.93f 425 .94 362.08 1.14f 13.078 4735 .28 41.75 4.51 o/t 

P-0-42 AVG 39.0<) 0.5OC 0.00165 303.5 342.6. 0.58 351.56 362.08 0.98( 13.125 4752.26 41.75 6.87 o/t 

P-0-42 STDEV O.OC 0.228 0.0003 158.9 158.86 164.877 163.00 0.00 0.439 0. 114 41 .25 0.00 1.54'lf 

B-90-42 I 38.94 -0.040 0.00108 -37.0 1.90 0.002 1.95 24.81 0 .07(i 12.855 318.93 39.51 4.27 o/t 
B-90-42 2 38.94 -0.049 0.00162 -30 .. 8.6~ 0.014 8.91 24.81 0.35C 12.851 318.82 39.51 6.40o/t 

B-90-42 38.94 -0.098 0.0024 -40 .. -1.4C -0.003 -1.43 24.81 -0.056 12.826 318.21 39.51 9.60rx 

B-90-42 4 38.94 -0.039 0.00135 -28.<J 10.05 0.014 10.31 24.81 0.405 12.85f 318.94 39.51 5.33o/t 

C-13 



Weld Droplet WFSOAQ 6.x tp or tb 6.xltp or 6.xltb MR Vd Vo Ib or Ip BR LAve FL r %por %bi 
No. No. (mmls) (mm) (s) (mmls) (mmls) (mmJ) (mmJ/s) (A) (mml(s A» (mm) (mmA) (Hz) (%) I 

8-90-42 5 38.94 -0.05S 0.00108 -54.6 -15 .7C -0.017 -16.11 24.81 -0.63: 12.846 318.70 39.51 4.27% 

8-90-42 AVG 38.94 -0.057 0.00151 -37.7 1.23 0.002 1.27 24 .81 0 .028 12.847 318.72 39.51 5.97 % 

8-90-42 STDEV O.OC 0.024 0.0005~ 10.3 10.3' 0.0\3 10.59 0.00 0.4 Itj 0.01' 0 .3( O.OC 2.21 % 

P-90-42 I 38.94 0.315 0.0029 106.1 145.03 0.442 148.81 365 .32 0 .39' 13.033 4761.03 39.51 11.73% 

P-90-42 2 38.94 0.315 0.00297 106.1 145.03 0.442 148.81 365.32 0 .39 \3.o:n 4761 .03 39.51 11.73% 

P-90-42 3 38.94 0.758 0.00297 255.3 294.22 0.89~ 301.90 365.32 0 .805 \3.254 4841.95 39.51 11.73% 

P-90-42 4 38.94 0.385 0.00297 129.7 168.60 0.514 173.00 365 .3L 0.462 \3 .068 4773.82 39.51 11.73% 

P-90-42 5 38.94 0.345 0.00297 116.2 155.13 0.473 159.18 365.32 0.425 \3.048 4766.51 39.51 11.73% 

P-90-42 AVG 38.94 0.424 0.00297 142.7 181.6C 0 .553 186.34 365.3 0.497 13.087 4780.87 39.51 11.73% 

P-90-42 STDEV O.OC 0.189 O.OOOOC 63.7 63.7C 0.194 65 .36 0.00 0 . 174 0.095 34 .55 0.00 0.00% 

Ip-150-42 I 38.84 0.346 0.00216 160.2 199.07 0.441 204.26 365.39 0.545 \3.048 4767 .61 34.72 7.50% 

P-150-42 2 38.84 0.317 0.00135 234.9 273.71 0.379 280.85 365.39 0.749 13.034 4762.31 34.72 4.69% 

P-150-42 3 38.84 0.231 0.0016L 142.6 181.47 0.302 186.2C 365.39 0.497 12.991 4746.60 34.72 5.62% 

P-150-42 4 38.84 0.019 0.00189 10.1 48.90 0.095 50.17 365.39 0.134 12.885 4707 .87 34.72 6.56% 

P-150-42 5 38.84 O.OOj 0.00431 2.1 40.92 0. 181 41 .99 %5.39 0 . 111 12.88C 4706.04 34.72 15.00% 

P-150-42 AVG 38.84 0.184 0.00227 81.3 120. 17 0 .28 123.3C 365.39 0.40' 12.967 4738 .09 34.72 7.87 % 

P-150-42 ~TDEV 0.00 0. 161 0.00119 10l.C 101.01 0.141 103.65 0.00 0 .276 0.081 29.46 0.00 4.12% 

8-0-127 1 123.28 -0.125 0.00081 -154.4 -31.08 -0.026 -31 .89 46.46 -0.669 12.813 595 .27 91.09 7.38% 

8-0-127 L 123.28 -0.077 0.00081 -95.1 28.20 0.023 28.93 46.46 0.60 12.837 596.38 91.09 7.38% 

8-0-127 3 123.28 -0. 144 0.00108 -133.4 -10.08 -0.011 -10.35 46.4(j -0.21 12.80? 594 .83 91.09 9.84 % 

8-0-127 4 123.28 -0.105 0.00081 -129.7 -6.38 -0.005 -6.54 46.46 -0.13 12.823 595.73 91.09 7.38% 

8-0-127 5 123.28 -0.125 0.00108 -115.8 7.51 0.008 7.71 46.46 0 . 16L 12.813 595 .27 91 .09 9.84% 

18-0-127 ~VG 123.28 -0. 115 0.00092 -125 .5 -2.24 O.OC -2.30 46.46 -0.051 12.817 595.5C 91 .09 8.36% 

B-O-I27 STDEV 0.00 0.025 0.00015 22.0 21.98 0.01 9 22.55 0.00 0.47. 0.01 . 0.59 0.00 1.35 (.*, 

P-0-127 I 123.28 0.010 0.0054C 1.<; 125.14 0.693 I 28.4C 373.14 0.335 12.88C 4806.04 91.0Y 49. 18% 

P-O-I27 2 123.28 -0.058 0.00486 -11.9 111.35 0.555 114.25 373. 14 0 .298 12.84f 4793.36 91.09 44.26% 

P-0-127 ~ 123.28 -0.260 0.0056 -45 .9 77.42 0.450 79.44 373.14 0.20' 12.745 4755 .67 91.09 51 .64% 

P-O-I27 4 123.28 -0.211 0.OO54C -39.1 84.20 0.466 86.4C 373.14 0 .226 12.77( 4764.81 91 .09 49.18% 

C-14 



Weld Droplet WFSDAQ !1x tp or tb !1x1tp or !1x1tb MR Vd VD Ib or Ip BR L AVG FL f % por %bl 
No. No. (mmls) (mm) (s) (mmls) (mmls) (mmJ) (mmJ/s) (A) (mml(s A» (mm) (mmA) (Hz) (%) 

P-O-I27 ~va 123.2E -0.130 0.0053: -24.3 98.95 0.54 101.53 373.14 0.267 12.810 4779.97 91.09 48.56% 

f-0-127 STDEV 0.00 0.127 0.0003~ 22.5 22.5C 0.1 I I 23 .09 O.OC 0.060 0.063 23 .66 O.OU 3.09% 

B-90-127 I 123.31 -0.188 0.00189 -99.5 23.82 0.04f 24.44 46.1..: 0.516 12.781 589.46 49 .68 9.39% 
B-90-127 1 123.31 -0.099 0.00\08 -9\.7 31.62 0.035 32.45 46.12 0.68(; 12.82f 591.51 49.68 5.36% 
B-90-127 3 123.31 -0.227 0.00135 -168.2 -44.88 -0.062 -46.05 46. 12 -0.97. 12.762 588 .56 49.68 6.71 % 

B-90-127 4 123.31 -0.188 0.00161 -116.1 7.23 0 .012 7.42 46. 12 0.15 12.781 589.46 49.68 8.05 % 

B-90-127 5 123.31 -0.404 0.00 189 -213.8 -90.5C -0.175 -92.8<: 46. 12 -1.96 12.673 584.48 49.68 9.39% 

B-90-127 ~va 123.31 -0.221 0.00 15 -14 \.3 -17.97 -0.029 -18.44 46.12 -0.315 12.764 588 .69 49.68 7.78% 

B-90-127 STDEV O.OC 0.112 0.00035 5 \.9 5 \.88 0.092 53.23 0.00 1.125 0.05f 2.59 OJ)( \.75 o/r 

P-90-127 I 123.31 -0.631 0.00405 -155.8 -32.53 -0.135 -33.38 381.48 -0.085 12.56C 479 \.2C 49.68 20. 12o/r 

P-90-127 2 123.31 -0.591 0.00432 -136.8 -13.53 -0.06( -13.88 381.48 -0.035 12.580 4798 .83 49.68 21.46o/r 

P-90-127 3 123.31 -0.572 0.00486 -117.1 5.59 0.028 5.73 381.48 0 .015 12.589 4802.45 49.68 24. 14% 
P-90-127 4 123.31 -0.523 0.00432 -121.1 2.22 O.OIC 2.28 381.48 0.006 12.614 481 \.80 49.68 21.46l7c: 

P-90-127 5 123.31 -0.463 0.00459 -100.<; 22.41 O. IOf 23.00 381.~8 0.059 12.644 4823 .24 49.68 22.80l7c: 

P-90-127 lAva 123.31 -0.556 0.00443 - 125.6 -2.28 -O.OIC -2.34 381.48 -0.008 12.597 4805.50 49.68 21.99o/r 

P-90-127 IsTDEV O.OC 0.065 0.00031 20.8 20.7<; 0.091 21.34 O.OC 0 .055 0.032 12.38 O.OC 1.53% 

Ip-150-127 I 123.94 -0.451 0.00351 -128 .5 -4.5J -0.016 -4.7C 382.2t -0.012 12.650 4835.40 38.2( 13.40% 

P-150-127 2 123.94 -0.855 0.00567 -150.8 -26.8~ -0.156 -27.59 382.2t -0.070 12.448 4758.18 38.2C 2 \.65 o/r 

P-150-127 3 123.94 -0.605 0.00540 -112.1 I \.8~ 0.066 12.19 382.2t 0.031 12.573 4805.96 38.20 20.62% 

P-150-127 4 123.94 -0.557 0.00405 -137 .6 -13.6 ..: -0.057 -13.98 382.2<: -0.036 12.597 4815.14 38.20 15.47% 

P-150-127 lAva 123.94 -0.61" 0.00466 -132.5 -8.5t -0.04 -8.79 382.26 -0.022 12.567 4803.67 38.20 17.79(k 

P-150-127 IsTDEV 0.0(] 0. 171 0.00104 16.3 16.28 0.092 16.7C 0.0(] 0 .04: 0.08(; 32.72 0.0<.: 3.98(fI 
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