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ABSTRACT

In any arc welding process, it is important to know the current density 

distribution around the arc as this is primarily responsible for the energy needed to 

melt the metal. Numerous studies have been performed on gas tungsten arcs to 

determine the current density distribution around the arc under various conditions 

but similar studies have not been made on a variable polarity plasma arc.

The split anode method was used to study DCEN arcs and variable polarity 

plasma arcs to determine how the arc widths change as functions of welding mode, 

welding current and shield gas composition. Photographs of the arc were made to 

visualize the changes in the arc. For the current range studied, an electromagnetic 

"pinch effect" was found to influence the arc unless a counterbalancing kinetic force 

was present. DCEN arcs are larger than comparable VPPA arcs. Shield gas 

composition effects on the arc were not distinct.
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CHAPTER 1: INTRODUCTION

1.1 WELDING ALUMINUM

Aluminum is the most common metal in the earth’s crust, is cosmetically 

attractive, is lightweight, offers inherent corrosion resistance to many environments, 

and can be engineered to several specific applications. The methods used to join 

aluminum are mechanical means, adhesives, brazing and welding to mention a few. 

Of these, welding is most important in the aerospace industry. Aluminum’s high 

thermal conductivity does not lend itself easily to many welding processes however, 

which means welding processes have to be carried out at relatively high heat inputs 

and fast weld travel rates [1]. In addition, welding aluminum and its alloys is 

made difficult because of its strong affinity for oxygen. This tenacious oxide layer is 

virtually impenetrable by usual thermal welding processes. Previous thermal welding 

processes relied on the use of corrosive fluxes to chemically combine with the 

aluminum oxide and form a fusible slag that was easily removed.

The melting temperature of aluminum oxide is 2310 K~more than two times 

the melting temperature of pure aluminum. Aluminum has a typical oxide layer of 

roughly 50-100 A (even freshly scraped aluminum quickly forms a — 15A oxide 

layer) [2]. The presence of aluminum oxide during the welding sequence tends 

to disrupt the solidification process thus rendering the weld pool susceptible to gas

1
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contamination which in turn leads to such discontinuities as porosity and hot cracking 

[3-6,10]. Solid aluminum oxide in the weld pool also leads to decreased ductility, 

lack of fusion, undercutting and irregular welds [6]. Hydrocarbons in particular are 

a problem because they are easily adsorbed on the porous oxide and later break 

down during the welding process to provide a source of hydrogen. Though hydrogen 

is only slightly soluble in solid aluminum, it is extremely soluble in molten aluminum 

and upon solidification, becomes entrapped in the weld bead.
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3

1.2 Gas Tungsten Arc Welding

Gas tungsten arc welding (GTAW) is presently used to join most aluminum 

alloys. GTAW is used to weld many types of alloys in all positions and weld complex 

shapes as well. GTAW uses a nonconsumable, 2% thoriated tungsten electrode. 

Thoria in the tungsten electrode gives rise to greater resistance to contamination, 

better current carrying capacity and easier arc starting [7]. Unlike other thermal 

welding processes, there is no need to use slag to protect the weld pool from 

atmospheric contamination since welding is performed in an inert environment of a 

shielding gas (usually argon) [8].

The disadvantage of GTAW when welding aluminum was that it required 

multiple passes to weld thick sections which meant increased time and cost. 

Workpiece distortion (i.e. waviness in elevation of the weldment and the surrounding 

metal called peaking) was evident because of the slow welding speeds used and 

therefore required corrective measures. The process was subject to slow deposition 

rates when welding with filler material. The welding event also had to be followed 

by costly, radiography testing to ensure 100% defect-free welds when welding critical 

parts. To obtain welds of good quality, it was essential that all surfaces to be welded 

and adjacent areas be clean.
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1.3 Plasma Arc Welding

Plasma arc welding (PAW) is similar to GTAW in that they both use a 

nonconsumable tungsten electrode and both use a shielding gas to protect the 

electrode and weld pool from contamination. A schematic diagram comparing the 

two welding processes is shown in fig. 1.

PAW and GTAW differ in some important aspects. PAW uses a constricting 

orifice tip to concentrate the plasma arc into a more narrow column. The orifice tip 

covers the electrode and prevents it from contacting the surface of the workpiece 

whereas GTAW was subject to electrode contamination due to the small separation 

between it and the workpiece [7],

Aside from the shield gas, the plasma arc process also includes a second gas 

(usually argon) exclusively for the creation of the plasma. As the plasma gas is 

directed through the orifice tip, it is collimated into a narrow, concentrated plasma 

arc column. High temperatures are achieved that can not be achieved through 

GTAW. Several advantages over GTAW arise from this:

1.) an arc column has a small "footprint" radius,

2 .) greater arc stability, less arc "wandering",

3.) higher heat concentration, less workpiece distortion, and

4.) greater workpiece penetration is achieved so keyhole mode welding is 

possible.
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5

Due to the high power density created with the PAW process, PAW is 

especially useful for welding thick sections of aluminum up to 5/8 inch thick in a 

single pass whereas the GTAW process can only sufficiently weld aluminum sections 

3/8 inch thick in a single pass.
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GTAW VPPAW
Figure 1: Diagram showing the dimensional differences between GTAW and PAW.
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1.4 VARIABLEPOLARITY PLASMA ARC WELDING

Variable polarity plasma arc welding (VPPAW) dates back to the plasma arc 

torch originally introduced by Linde Air Products in 1955. Ensuing efforts (notably 

by Bernard Van Cleave of the Boeing Co. [9]) sought to combine variable polarity 

with the successful plasma arc process. That is, to switch the polarity of the cathode 

and anode at a rapid rate. The technology of the time limited the success of the 

VPPAW process.

VPPAW is a very complex process and only the more pertinent components 

will be discussed here. The VPPAW process incorporates an asymmetric current 

waveform which consists of a positive cycle and a negative cycle as illustrated in fig.

2. During the positive cycle, the electrode is negative and the workpiece (the anode) 

is positive. This is known as Direct Current Electrode Negative or DCEN. During 

the negative cycle, the electrode is made positive and the workpiece is negative. This 

is known as Direct Current Electrode Positive or DCEP. The waveform is typically 

20 milliseconds (msec) in the DCEN mode and 4 msec in the DCEP mode in order 

to achieve a balance between the high heating capability of the DCEN cycle and the 

cleaning feature of the DCEP cycle [10].

During the DCEN cycle, the electrons in the plasma arc accelerate and 

transfer their kinetic energy and work function to the workpiece and cause heating. 

The electrons carry most of the energy since they are quickly accelerated within the 

plasma arc column. During the DCEP cycle, the much larger plasma ions move
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more slowly in the arc and do not contribute very much to heating the workpiece. 

Schoeck [11] calculated mobilities of electrons and argon ions in a plasma taking 

into account motion due to drift, diffusion and hydrodynamic flow and found that the 

mobility of the electron was 100 times higher than the argon ion.

During the DCEP cycle, the positively charged gas ions are accelerated

towards the workpiece where they take part in a "cleaning" operation that is not fully 

understood and will be discussed in more detail later in the chapter. The result of 

the DCEP cycle is quite convincing—the removal of the tough aluminum oxide film 

is realized thus exposing the aluminum metal to the heat source. A photo of the 

cleaned area around a VPPA aluminum weld is shown in fig. 3. Note the "cleaned" 

areas in the vicinity ahead and to the sides of the weld bead. This is very important 

because the performance and reliability of the process is enhanced due to the 

insensitivity to the cleanliness of the workpiece surface. Pang [12] performed 

spectroscopic studies on contamination levels of hydrogen and oxygen during 

VPPAW of aluminum 2219 and 6061 and found contaminant amounts were not 

significantly altered by different levels of initial workpiece cleanliness. Nunes et al. 

[10] found that the procedures of cleaning surfaces by scraping and draw filing could 

be eliminated by using VPPAW instead of GTAW.

The VPPAW process is capable of welding in either cover pass mode or

keyhole mode. In cover pass mode, there is an incomplete penetration of the 

workpiece whereas in keyhole mode welding there is a complete penetration of the
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workpiece. Welding in the coverpass mode is usually reserved for second passes in 

which filler material is used to complete the joining process. When welding in 

keyhole mode, contaminant gases in the arc and weld pool are allowed to escape 

through the backside of the workpiece thus preventing entrapment of contaminants 

during the weld pool solidification process [13]. Welding in keyhole mode also 

prevents heat buildup in the workpiece because a portion of the energy is lost 

through the backside of the keyhole. Nunes et al. [10] found a significant reduction 

in peaking when using VPPAW as opposed to GTAW. Depeaking costs were reduce 

appropriately.

NASA uses VPPAW on the Space Shuttle External Tank and welds over 

36,000 inches 2219 aluminum alloy up to 1 in thick on each tank without a single 

internal defect. No other welding process approaches this success.
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Figure 2: Diagram showing DCEN and DCEP cycles in VPPAW.
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Figure 3: Photo of VPPA aluminum weld. Note the cleaned area around 
the weld bead.
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