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Abstract: This study investigated the influence of technological parameters of plasma arc welding 
using a bipolar asymmetric current with a rectangular waveform on weld-pool formation in Al–Mg–Mn 
alloys, using alloy 1560 containing 6% magnesium as the primary alloying element as the model 
material. This work established the relative significance of these parameters in governing weld penetration 
depth. It has been determined that, in addition to the well-known welding parameters (current 
amplitude and welding speed), weld formation during plasma arc welding with an asymmetric current 
of reverse polarity is also affected by the frequency of the asymmetric variable-polarity current, the 
duration of current flow in straight polarity (balance), and the flow rate of the plasma gas. Increasing 
the plasma gas flow rate (at constant current amplitude, plasma-nozzle orifice diameter, asymmetric 
variable-polarity current frequency, and balance) leads to an increase in plasma arc voltage of up    
to 18%, as well as to a corresponding increase in penetration depth. As the frequency of the asymmetric 
variable-polarity current increases from 50 to 200 Hz, the penetration depth increases by more than a 
factor of two. Shifting the polarity balance of the asymmetric variable-polarity current toward reverse 
polarity (from 85% to 50% straight polarity) results in an increase in the average plasma arc voltage, 
leading to an increase in weld width and an approximately twofold decrease in penetration depth. The 
use of pure helium as a shielding gas in plasma arc welding with variable-polarity current of aluminum 
alloys increases the penetration depth by 45%–90% compared with pure argon. Overall, variations in 
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process parameters during plasma arc welding with asymmetric variable-polarity current exert a 
significantly stronger influence on weld penetration depth than on weld width. 

Keywords: aluminum alloy; plasma arc welding; shielding gas composition; frequency of the 
variable-polarity current; magnitude of the direct polarity fraction; flow rate of the plasma-forming 
current; welding speed; current strength 
 

1. Introduction 

Plasma-arc welding, in comparison with other arc welding methods such as tungsten inert     
gas (TIG) and metal inert gas (MIG), presents significant advantages, namely the high temperature in 
the plasma column (up to 50,000 °C), an energy concentration in the heating spot on the surface of the 
part that is 5–6 times higher than with TIG, the ability to regulate the value of the welding current 
independently of the amount of additional metal supplied to the welding zone (in comparison with 
MIG), and the capability to obtain welds with smaller geometric dimensions and with higher 
mechanical-strength characteristics [1–3]. The study of the influence of the energy and current-voltage 
characteristics of the plasma arc, as a concentrated heat source, represents a pertinent task for the 
development of a broad range of plasma-arc technologies for processing and joining metallic 
materials, 3D printing of volumetric products, and coating deposition [4,5]. Among the processes for 
joining metallic alloys, fusion welding of aluminum alloys deserves special attention. This is due to 
their high thermal conductivity and the rapid formation of an oxide film on their surface, whose melting 
temperature exceeds that of the base metal [6–9]. Therefore, plasma arc welding, as a concentrated 
energy source, is particularly suitable for welding these alloys [10,11]. This enables the reduction of 
residual stresses induced by the overheating of the welded components [12–14]. Welding deformations 
and residual stresses are among the most complex thermal phenomena arising during the fusion 
welding process [15–18]. To enhance the efficiency of oxide film removal on the surface of welds in 
aluminum alloys, it is advisable to employ plasma arc welding with opposite polarity current [19,20]. 
In this regard, the half-period of straight polarity ensures increased metal melting, while the half-period 
of reverse polarity facilitates the disruption of the oxide film and cathodic cleaning of the welding  
zone [21,22]. 

The application of plasma arc welding enhances both the manufacturing efficiency [23,24] and 
the strength of welded structures fabricated from aluminum alloys [25–28]. To improve the quality of 
welded joints, it is possible to optimize welding parameters [29,30], select shielding gases and their 
mixtures [31,32], modify the weld microstructure [33,34], apply additional technological measures 
such as welding with current modulation [35–38], and use combined heat sources [39]. 

The main drawbacks of plasma arc welding of aluminum alloys are the susceptibility to undercut 
formation in the fusion zone at the upper part of the weld and a somewhat increased likelihood of gas 
pore formation in the weld metal [40–43]. For example, at identical welding speeds, aluminum   
alloys alloyed with copper exhibit a greater tendency to form undercuts than alloys alloyed with 
magnesium [40,44]. To eliminate this defect, welding can be performed with a reduced consumption 
of plasma-forming gas, which decreases the plasma arc pressure on the weld pool [45]. Horizontal 
welding, as opposed to vertical welding, helps to prevent undercut at the lower part of the weld [46,47]. 
Concerning internal pores, they may originate from the presence of non-metallic inclusions [48,49], 
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evaporation of low-melting-point elements [50,51], and the ingress of hydrogen into the weld pool due 
to inadequately broken oxide film on the surface [52,53]. Another source of gas porosity is hydrogen 
dissolved in the base metal during its production. During weld solidification, hydrogen is released and 
forms gas pores [54,55]. 

An effective method for eliminating these defects is to analyze the influence of key technological 
parameters of plasma arc welding on the formation of welded joints in aluminum alloys [56–59]. 

Asymmetric variable-polarity current (AVPC) holds significant potential for fusion welding of 
alloys whose surfaces form refractory films (notably aluminum, magnesium, and other light metal 
alloys) [60–63]. AVPC can be employed both in plasma arc welding (with filler material in the form 
of wire or granules) and in hybrid processes (arc or laser-arc), sharing a common weld pool. The key 
advantage of AVPC lies in the flexibility of waveform selection (sine, triangle, or rectangular). The 
waveform can be independently selected for both the straight polarity (DCEN–direct current electrode 
negative) and reverse polarity (DCEP–direct current electrode positive) half-cycles. The rectangular 
waveform is the most effective for breaking the oxide film. Moreover, AVPC with a rectangular 
waveform, unlike the previously used sinusoidal current at 50 Hz, enables a wide range of continuous 
frequency variation of the variable-polarity current and smooth adjustment of half-cycle durations 
during current flow under both DCEN and DCEP polarities. To increase the metal penetration depth 
and the stability of the tungsten electrode, a longer current flow duration with DCEN is selected, while 
a longer current flow duration with DCEP is necessary to enhance the efficiency of oxide film removal.  

Furthermore, the effective arc length also influences the formation of welded joints. It differs 
from the actual arc length by the size of the bore channel in the plasma nozzle, as well as by the distance 
from the inner edge of the plasma nozzle to the tip of the tungsten electrode. 

Another parameter influencing the geometry of weld formation in plasma arc welding is the 
plasma gas flow rate. Furthermore, previous studies have not clarified the relationship between the 
welding current amplitude and the maximum permissible plasma gas flow rates. 

Numerous studies have been conducted on plasma arc welding of aluminum alloys; however, 
each has addressed only a specific case and focused on investigating an individual phenomenon. In the 
mid-1980s, the plasma arc welding process was widely employed in the fabrication of structures for 
the U.S. Space Shuttle program. Plasma arc welding of aluminum alloys was predominantly used in 
the full-penetration mode of the plasma jet, with the formation of a “keyhole”. Most researchers, 
including contemporary authors, consider the influence of process parameters in variable-polarity 
plasma arc welding as factors that affect the stability of keyhole formation, its maintenance during 
welding, and the production of welded joints without evident formation defects such as undercutting, 
excessive penetration, and other weld-bead discontinuities. Previous studies [58,64] demonstrated that 
the amplitude of the current and the DCEN/DCEP ratio influence the stability of the keyhole and weld 
pool, and therefore the penetration depth and weld-bead geometry. A number of authors have 
investigated the effects of welding current, welding speed, and arc balance during keyhole plasma arc 
welding performed in the vertical position [65]. The authors of [66,67] examined the influence of 
welding current and arc length during the process of plasma powder deposition. 

All previous studies addressed specific aspects of weld-pool stability in plasma arc welding with 
full penetration of the plasma jet (keyhole), or investigated issues related to plasma surfacing using 
either powder or wire feedstock. A comprehensive investigation of the influence of process parameters 
under physical modeling of flat-position plasma arc welding of aluminum alloys with bipolar 
asymmetric (variable polarity) current has not been conducted. Consequently, the relationship between 
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plasma arc welding parameters and their combined influence on weld geometry during welding of 
model specimens remains insufficiently understood. The influence of numerous welding process 
parameters and the mechanisms underlying their effect on the formation and geometric characteristics 
of the weld have not been addressed at all. 

The aim of this study is to establish patterns and elucidate the mechanisms by which the 
parameters of asymmetric current with a rectangular waveform affect the formation characteristics and 
geometry of welds during plasma arc welding of the Al–Mg–Mn aluminum alloy. To achieve the stated 
objective, the following tasks were undertaken: 

1. Investigate the current-voltage characteristics of the plasma arc under bipolar current with a 
rectangular waveform, establish the dependencies of voltage drop on current magnitude and temporal 
parameters of polarity oscillations, and determine the differences in energy characteristics during  
half-periods of current flow at DCEN and DCEP polarities. 

2. Determine the influence of the effective arc length on arc power, energy concentration in the 
heating spot, and the geometrical parameters of the welds. 

3. Analyze the influence of plasma gas flow rate on the geometrical parameters of welds at 
different plasma arc current levels. 

4. Determine the influence of the frequency of asymmetric variable-polarity current on plasma 
arc power and weld geometry.  

5. Evaluate the effect of current flow duration under straight and reverse polarity on the 
penetration depth and weld seam width during plasma arc welding of model specimens. 

6. Determine the influence of the helium fraction in the shielding atmosphere on the penetration 
depth and weld width and establish the mechanism underlying this effect. 

7. Analyze the effect of welding current amplitude on the penetration depth and weld seam width. 
8. To establish the patterns of the effect of welding speed variation on the geometric parameters 

of the weld seam. 

2. Materials and methods 

Technological studies of plasma arc welding were conducted on flat specimens of the Al–Mg–Mn 
aluminum alloy system measuring 200 × 100 × 7 mm (Table 1) [68–71].  

Table 1. Chemical composition (wt.%) of the 1560 alloy specimens of the Al–Mg–Mn 
system used in the investigations. 

Al Mg Mn Si Fe Cu Zn Zr Cr Ti 

Base 5.8–6.8 0.5–0.8 ≤0.4 ≤0.4 ≤0.1 ≤0.2 0.02–0.12 – 0.02–0.1 

Aluminum alloys with a magnesium content of 4.5%–6.5% are among the most commonly used 
structural alloys. They are extensively utilized in various branches of mechanical engineering and 
transportation. Alloys in the Al–Mg–Mn system can be strengthened solely by plastic deformation of 
semi-finished products during fabrication. Depending on the magnesium content and the degree of 
plastic deformation, the strength of these alloys (with 4.5%–6.5% magnesium) can range from 300  
to 410 MPa. A second advantage of aluminum–magnesium alloys is their high corrosion resistance, 
not only to fresh water but also to seawater. Moreover, corrosion resistance increases with the 
magnesium content in the alloy. 
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This study was conducted using a robotic plasma arc welding system (Figure 1) with asymmetric 
alternating current [72–76], equipped with an anthropomorphic robot for positioning the welding 
plasma torch relative to the specimens fixed in the assembly-welding fixture [77–80]. 

 

Figure 1. (a) General view of the robotic equipment complex for plasma arc welding of 
long seam joints with asymmetric variable-polarity current (robot arm reaches up to 
2000 mm, robot travel system up to 3000 mm), stands with power supplies for the robot, 
plasma torch, command adaptation cabinet for the robot; and (b) an intelligent automatic 
monitoring system for welding equipment. 1: welding robot; 2: welding plasma torch;    
3: intelligent process control system for robotic welding; 4: plasma module; 5: plasma arc 
welding power supply; 6: welding table with assembly-welding fixture; 7: robot linear 
movement system on rails; 8: two-axis rotator-manipulator; 9: filler wire feeding mechanism. 

For the investigation of the weldability of selected aluminum alloys across wide ranges of 
asymmetric alternating current, a PD-174m2 plasma torch (Figure 2) was utilized [81]. This plasma 
torch is equipped with a set of interchangeable plasma nozzles with orifice diameters ranging from 2.0 
to 4.5 mm in 0.5 mm increments. For welding alloys with increased fluidity of liquid metal, plasma 
nozzles equipped with two or four additional holes of 1.0 mm diameter were utilized. These holes are 
designed to reduce excessive gas pressure along the nozzle axis and to promote additional elongation 
of the plasma arc along the weld axis. Furthermore, for efficient operation of the plasma torch within 
the specified current range, tungsten electrodes with diameters ranging from 3.2 to 6.0 mm were 
employed. This was achieved by replacing the collet and the washer for supplying electric current to 
the electrode assembly, as well as the ceramic insulator-centering device made from special heat-resistant 
ceramic. For welding at high speeds (above 120 cm/min), an additional shielding gas nozzle with a 
length of 300 mm and a width of 50 mm was attached to the plasma torch. 
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Figure 2. (a) External appearance and (b) 3D model cross-section of the PD-174m2 
welding plasma torch for welding aluminum alloys with asymmetric opposite polarity 
current in the welding current range from 80 to 350 A at 100% duty cycle. 

Welding was performed without the use of filler wire. The maximum welding current and welding 
speed were selected to prevent complete penetration of the test specimen. The weld penetration depth 
and weld width were determined as the average value from a series of five specimens welded under 
identical parameters. Measurements of the weld geometric characteristics were carried out using a 
microscope equipped with a digital camera, followed by image processing of the weld cross-sections 
using specialized software. 

Welding was conducted without clamping the specimen. To ensure standardized heat dissipation 
conditions beneath the specimen, an air gap of at least 20 mm was established. Welds were made along 
the center of the specimen, following its longitudinal axis. Only one weld bead was made on each 
specimen. Welding was initiated and terminated at the same distance (15 mm) from each edge of the 
specimen. After welding, metallographic cross-sections were cut at a distance of 50 mm from the edge 
of the specimen. The specimen width was 20 mm. Following grinding of the specimens for 
metallographic examination, chemical etching was performed to reveal the weld structure: etching  
for 10 min in a 10% aqueous KOH solution, rinsing in running water, brightening in a 30% HNO3 
solution, rinsing in running water, and drying the specimens with hot air. 

In plasma arc welding with asymmetric variable-polarity current, two primary types of asymmetry 
are employed: temporal and amplitude, or solely temporal asymmetry. Temporal asymmetry refers to 
the difference in the duration of current flow during DCEN and DCEP. Amplitude asymmetry refers 
to differing amplitude values of current during DCEN and DCEP, with the current amplitude in the 
reverse polarity typically 30–40 A higher than in the straight polarity. Previous studies conducted at 
the E.O. Paton Electric Welding Institute have demonstrated that for the high-quality formation of 
welds in plasma arc welding with variable-polarity current, temporal asymmetry alone is sufficient, 
provided that the amplitude values of current in both straight and reverse polarities are equal. 

All plasma arc welding experiments with variable-polarity current on 7 mm thick Al–Mg samples 
were conducted using solely the time asymmetry of the variable-polarity current. The current amplitude 
in straight and reverse polarity was equal. 

When investigating the influence of plasma gas flow rates on the geometrical parameters of welds, 
these increased from a minimum value of 0.2 L/min to the maximum permissible for each current 
setting in increments of 0.2 L/min. The criterion for halting the increase in gas flow was the formation 
of surface defects during plasma arc welding, such as deep gas pores, cavities open to the surface, and 
deep undercuts in the upper portion of the weld. These defects were visually detected either during the 
welding process or after its completion. Additionally, the maximum permissible gas flow rate was limited 
by the occurrence of large cavities in the lower sections of the welds, caused by excessive gas pressure. 
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Before welding, all samples were cleaned of organic contaminants using acetone. Subsequently, 
chemical etching was performed in an aqueous alkaline solution, followed by brightening in an 
aqueous nitric acid solution. Mechanical scraping of the sample surfaces was not employed. 

Welding was performed using argon (purity 99.998%), pure helium, and argon–helium mixtures 
as shielding gases. Pure argon 4.8 (99.998% Ar) was used as the plasma-forming gas. Welding was 
conducted using argon (purity 99.993%) and argon–helium mixtures as plasma and shielding gases. 

To investigate the influence of welding parameters on weld formation, welded samples were 
mechanically sectioned transverse to the weld axis. The current-voltage characteristics of the plasma 
arc with asymmetric variable-polarity current (rectangular waveform) were examined using a digital 
oscilloscope that recorded the voltage in both straight and reverse polarity. In subsequent experiments, 
the average voltage value measured by a voltmeter was employed.  

Measurements were conducted using an instrumental microscope with an accuracy of 0.01 mm [82]. 
Weld quality was assessed according to the ISO 10042 standard (level B) [83]. For other investigations, 
comprehensive material analysis techniques were applied. 

In the course of the investigations presented in this article, no examinations of weld structure or 
weld mechanical properties were performed. 

3. Results and discussion 

3.1. Current-voltage characteristics of the plasma arc under asymmetric variable-polarity current 

The process of plasma arc welding with an asymmetric variable-polarity current, as well as argon 
arc welding with a non-consumable tungsten electrode, is carried out using power sources with a falling 
voltage-current characteristic. A change in the amplitude of the welding current causes a directly 
proportional change in the arc voltage. Furthermore, this characteristic also depends on the arc length.  

Previously, due to the complexity of arc ignition during the transition of current from straight to 
reverse polarity, an additional pulse voltage of several hundred volts was required. Moreover, there 
was no control over the duration of these pulses. Currently, the rectangular waveform allows the 
current and voltage curves to cross the zero point almost instantaneously. This reduces the need for 
additional pulse voltage to just a few volts. The oscillogram of the current and voltage waveforms for 
this process is shown in Figure 3. 

The relationship between the current and the voltage of the plasma arc under asymmetric 
variable-polarity current is positive: as the welding current increases, the arc voltage also increases. In 
the range of 100–200 A, an increase in current by 50 A causes the voltage to rise by 1.3 V. In the range 
of 200–300 A, a comparable increase in current results in a voltage increase of 2.3 V. These values are 
applicable to both polarities. 

As the current increases, the arc voltage rises more rapidly in straight polarity than in reverse 
polarity. Simultaneously, the difference between these voltages decreases. At a current of 100 A, it  
is 6.2 V, and at 350 A, it decreases to 4.7 V. 
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Figure 3. Oscillogram of the current and arc voltage curves for a 150 A amplitude 
rectangular asymmetric variable-polarity current at a frequency of 150 Hz. 

Figure 4 shows the current-voltage relationship of the plasma arc welding process with asymmetric 
variable-polarity current and rectangular waveform under the following conditions: arc length 4.0 mm, 
argon plasma-forming gas flow rate of 0.4 L/min, and plasma-forming nozzle channel diameter of 4.0 mm. 

 

Figure 4. Current-voltage characteristics of the plasma arc with asymmetric variable-polarity 
current for straight and reverse polarity. 

The current-voltage characteristics obtained from different plasma torches may exhibit slight 
variations, specifically differing arc voltages at identical current values. This may be due to differences  
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in the length of the plasma nozzle channel, which vary among manufacturers despite identical nozzle 
channel diameters. 

The current-voltage characteristic of the plasma arc can be used to calculate plasma arc welding 
parameters, such as welding speed and welding current amplitude. The methodology for calculating 
plasma arc welding parameters with asymmetric variable-polarity current is not addressed in this study. 

3.2. Influence of effective arc length on its energy parameters and metal penetration 

In argon arc welding with a tungsten electrode, the arc length is a key parameter. It influences the 
arc voltage and power, as well as the energy concentration in the heating zone. By adjusting the arc 
length, the penetration depth can be effectively controlled, which is particularly important when 
working with thin metal (0.5–1.0 mm). 

In plasma arc welding of aluminum alloys with asymmetric variable-polarity current, the actual 
arc length comprises three components: the distance from the tip of the plasma nozzle to the workpiece, 
the length of the channel within the plasma nozzle, and the distance from the beginning of the channel 
inside the plasma nozzle to the tip of the electrode. From a technological perspective, when selecting 
the mode of plasma arc welding, the primary consideration is the distance between the tip of the plasma 
nozzle and the workpiece. This distance will be designated as the effective arc length. This parameter 
may vary autonomously during welding due to the deformation of the surfaces of the welded sheets. 
During the welding process, the length of the plasma nozzle channel and the distance from the 
electrode to the beginning of the channel within the plasma nozzle remain constant. These parameters 
are selected based on the design of the plasma torch and the need to ensure stable excitation and 
maintenance of the plasma arc during welding. 

Typically, the length of the plasma nozzle channel is less than or equal to its diameter. The 
distance between the start of the nozzle channel and the electrode tip may be positive (a gap between 
the electrode and the plasma nozzle) or negative (the electrode tip is recessed within the plasma  
nozzle channel). 

An investigation of the influence of nominal arc length during plasma arc powder surfacing has 
been conducted previously [67]. Nevertheless, that study considered a specific case of applying plasma 
for metal processing, and the use of powder introduced an additional error into the analysis. Our 
research is aimed at determining the influence of nominal arc length in interaction with other 
parameters of plasma arc welding using an asymmetric variable-polarity current. 

Within the given current range (up to 260 A) and with a tungsten electrode diameter of 4.8 mm, 
the reduction in the electrode length caused by melting under arc heating is sufficiently small that it 
can be neglected when measuring the absolute arc length. Therefore, with a constant channel length of 
the plasma-forming nozzle and a constant distance from the inner surface of the plasma-forming nozzle 
to the electrode tip, the variable parameter in the experiments is the distance from the electrode tip to 
the workpiece, i.e., the nominal arc length. 

The investigations established that an increase in nominal arc length during plasma arc welding 
leads to an increase in arc voltage. Figure 5 shows the graph of the change in the average arc voltage (the 
arithmetic mean of the voltages in straight and reverse polarity) of the plasma arc when welding      
a 7-mm-thick 1560 aluminum alloy. The experiments were carried out under the following conditions: 
welding current 260 A, plasma-forming gas flow rate 0.6 L/min, variable-polarity current with 85% 
straight-polarity duration, and a plasma-forming nozzle channel diameter of 4.0 mm. 
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Figure 5. Plasma arc voltage variation during welding of aluminum alloy 1560 (δ = 7 mm) 
as a function of the frequency of asymmetric variable-polarity current and the effective arc 
length at 85% straight polarity duration. 

The average voltage of the plasma arc increases not only with changes in the nominal arc length, 
but also with variations in the duration of the straight polarity, assuming a constant current frequency, 
as shown in Figure 6. 

 
Figure 6. Plasma arc voltage variation during welding of aluminum alloy 1560 (δ = 7 mm) 
depending on the balance of asymmetric variable-polarity current and nominal arc length 
at a current frequency of 100 Hz. 
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The experiments demonstrated a clear trend of an increase in the average plasma arc voltage    
by 1 V for every 2 mm change in the nominal arc length. Increasing the arc length from 4 to 8 mm 
during welding of alloy 1560 (Al–Mg–Mn) with a thickness of 7 mm at a current of 180 A does not 
result in an increase in weld penetration depth (the weld depth remains at approximately 1.5–1.6 mm) 
(Table 2). Therefore, under these conditions of material thickness, plasma gas flow rate, and welding 
speed, the arc length does not influence the penetration depth. 

When increasing the welding current to 260 A, changes in arc length have virtually no effect on 
the penetration depth of the welds, provided the plasma gas flow rate remains constant (Table 2). The 
penetration depth is 3.4–3.5 mm in all trials. 

Table 2. Appearance of plasma arc penetrations in 1560 alloy plates ( = 7 mm) at varying 
arc lengths larc and current amplitude I (Vweld = 20 cm/min, Q = 0.2 L/min). 

Welding current I, A Arc length larc, mm 

4 6 8 

180 

   
260 

   

Increasing the arc length by 100% increases the arc voltage by only 7%. Furthermore, the heating 
spot enlarges geometrically, with its area increasing by 23%. Simultaneously, the increase in arc  
power (resulting from the voltage rise) is distributed across a larger heating spot area. This balances 
the energy concentration in the heating zone per unit area, ensuring that the energy concentration 
remains almost unchanged, and the weld penetration parameters stay constant. Therefore, within the 
arc length range of 4–8 mm and at a current between 180 and 260 A, the arc length can be disregarded 
when selecting parameters for plasma arc welding of aluminum alloys. 

3.3.Investigation of the influence of plasma gas flow rates on the geometrical parameters of welds at 
various plasma arc current values 

The authors of [84] investigated the influence of plasma-forming gas flow rate on the stability of 
bead formation during plasma powder surfacing. They established that there exists a certain limit to 
increasing the plasma-forming gas flow rate, at which problems in bead shape quality start to occur. 
Nevertheless, no studies have been carried out to determine the influence of the plasma-forming gas 
on weld penetration depth and weld width in plasma arc welding of aluminum alloys using an 
asymmetric variable-polarity current. Therefore, the investigations presented in this section provide an  
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answer regarding the effect of plasma-forming gas flow rate on changes in the geometric dimensions 
of the weld, including its combined interaction with other welding parameters. 

The primary condition for the increase in plasma arc voltage is the enhancement of gas insulation 
around the plasma column, which restricts its expansion. Figure 7 presents the variation of arc voltage 
during plasma arc welding with a current of 220 A, an asymmetric variable-polarity current frequency 
of 100 Hz, a nominal arc length of 6 mm, and a plasma nozzle channel diameter of 3.2 mm. It has been 
established that with an increase in plasma gas flow rate from 0.2 to 3.0 L/min, the voltage increases 
by 18%. 

High-quality weld formation is achieved only within a specific range of plasma gas flow rates. 
This range depends on the thickness of the welded metal, the plasma torch travel speed, and the 
amplitude of the welding current. The conducted studies established the adjustable limits of the plasma 
gas flow, within which high-quality welds can be obtained, and quantified the influence of changes in 
these flow rates on the weld penetration depth. 

 

Figure 7. Variation of plasma arc voltage during plasma arc welding with asymmetric 
variable-polarity current depending on plasma gas flow rate. 

During welding of alloy 1560 (Al–Mg–Mn) with a thickness of 7 mm at a speed of 60 cm/min, 
the maximum permissible plasma gas flow rates were determined without compromising weld  
quality (penetration). Process stability was maintained at the following gas flow rates: at a current   
of 180 A, from 0.2 to 2.0 L/min; at a current of 220 A, up to 2.6 L/min; and at a current of 260 A, up 
to 1.8 L/min (Figure 8). 
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Figure 8. Effect of plasma gas flow rate on the weld penetration depth during plasma arc 
welding of alloy 1560 ( = 7 mm, Vweld = 60 cm/min; larc = 6 mm). 

A significant increase in plasma gas flow from 0.2 to 1.8 L/min (an 800% increase) using a 
welding current of 260 A resulted in only a 19% increase in penetration depth (Table 3). Increasing 
the plasma gas flow rate during plasma arc welding with asymmetric variable-polarity current results 
in greater immersion of the plasma jet into the molten metal (Figure 9). 

Table 3. Appearance of weld penetrations obtained during plasma arc welding of alloy 
1560 ( = 7 mm) at varying plasma gas flow rates (Vweld = 60 cm/min; larc = 6 mm). 

Welding current, A 180 220 260 

Gas flow rate, L/min 0.2 0.2 0.2 

Penetration 

appearance 

   

Gas flow rate, L/min 2.0 2.6 1.8 

Penetration 

appearance 

   

 



1278 

AIMS Materials Science  Volume 12, Issue 6, 1265–1295. 

 

Figure 9. Longitudinal macrosections of weld craters obtained by plasma arc welding of 
alloy 1560 ( = 7 mm) at plasma gas flow rates of (a) 0.2 L/min and (b) 1.8 L/min. 

Thus, the increase in penetration depth at higher plasma gas flow rates can be attributed to two 
factors: the increase in plasma arc power due to the rise in arc voltage, and the deeper penetration of 
the plasma arc into the molten metal of the weld pool. This reduces the thickness of the molten metal 
layer beneath the arc and enhances the efficiency of heat transfer from the arc to the solid metal. 

During plasma arc welding, the molten pool is simultaneously influenced by both the electric arc 
and the plasma-forming gas. The pressure exerted by the electric arc is proportional to the square of 
the welding current. Taking this into account, the arc pressure in the current range from 180 to 220 A 
is 18.8% lower than the arc pressure in the current range from 220 to 260 A. This means that the molten 
metal pool at a current of 220 A can withstand an additional influence of plasma-forming gas flow rate 
amounting to 30% more compared with a current of 180 A, and more than 63% compared with a 
current of 260 A. The increase in the maximum permissible plasma-forming gas flow rate at 220 A 
compared with 180 A can be explained by the increase in the volume of molten metal; therefore, the 
pool is capable of withstanding a higher combined pressure of the arc and the plasma-forming gas than 
a pool of smaller volume, even at a lower welding-current value. Thus, a 1% change in the plasma gas 
flow rate resulted in a 0.024% change in the sample penetration depth. An 800% increase in the plasma 
gas flow rate led to the weld width increasing from 8.9 to 9.2 mm during welding at a current of 260 
A, representing a 3% increase. Therefore, a 1% change in the plasma gas flow rate corresponds to a 0.004% 
change in the weld width. 

3.4.Determination of the influence of asymmetric variable-polarity current frequency on surface 
formation quality and weld geometry 

In a previous study [85], the authors presented results on the influence of variable-polarity current 
frequency during plasma arc welding of aluminum alloys in the keyhole mode. The study showed that 
the frequency of the variable-polarity current affects the stability of the keyhole during the welding 
process, in which full penetration through the entire thickness of the welded component was always 
ensured. Therefore, investigating the influence of variable-polarity current frequency on penetration 
depth in plasma arc welding is of practical relevance. 

Tungsten electrodes of identical diameter were used for the study, along with constant values of 
frequency and ratio of straight/reverse polarity current duration. The results demonstrated that increasing 
the frequency of the asymmetric variable-polarity current during plasma welding results in greater 
penetration depth and reduced weld width. Thus, when performing penetration on alloy 1560, 7 mm 
thick, using a plasma arc at a speed of 40 cm/min and a current of 260 A, increasing the frequency 
from 50 to 200 Hz increased the penetration depth from 2.5 to 5.5 mm. Cross-sectional micrographs 
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of the penetrations illustrating these changes are shown in Figure 10. A further increase in frequency 
to 240 Hz resulted in complete burn-through of the sample. 

 

Figure 10. Cross-sectional macrostructures of penetrations obtained on alloy 1560 (Al–
Mg–Mn) with a thickness of 7 mm by plasma arc welding at a speed of 40 cm/min and a 
current of 260 A at different frequencies of asymmetric variable-polarity current: (a) 50 Hz, 
τpr = 15.6 ms, τweld = 4.4 ms; (b) 200 Hz, τpr = 3.9 ms, τweld = 1.1 ms. 

Changes in current frequency influence both the width and the depth of the weld seam (Figure 11). 
For example, as the frequency of the asymmetric variable-polarity current increases from 50 to 200 Hz, 
the weld width decreases from 9.4 to 8.2 mm. Plasma arc welding with asymmetric variable-polarity 
current is characterized by an increase in arc voltage as the frequency of the asymmetric variable-polarity 
current increases (Figure 12). 

 

Figure 11. Variation of (a) weld width and (b) penetration depth during plasma arc welding 
of aluminum alloy 1560 (δ = 7 mm) as a function of the frequency of asymmetric variable-
polarity current (Iweld = 260 A; Vweld = 40 cm/min). 

When the frequency of plasma arc welding increases from 50 to 100 Hz, the voltage increases  
by 0.5–0.6 V (i.e., by 1.7%–1.8%), and the penetration depth of a 7 mm aluminum plate increases    

 



1280 

AIMS Materials Science  Volume 12, Issue 6, 1265–1295. 

by 20%. Thus, the increase in penetration depth cannot be explained solely by the increase in arc power 
resulting from the rise in voltage. Simultaneously, a decrease in the weld width is observed. 

The reduction in weld width, coupled with the simultaneous increase in penetration depth, 
indicates enhanced efficiency of energy transfer from the plasma arc to the base metal as the frequency 
of the asymmetric variable-polarity current increases. This phenomenon can be attributed to the 
reduction in transition time between the direct and reverse current polarities. Since the arc pressure 
under straight polarity is somewhat higher compared to reverse polarity, the cumulative force exerted 
by the arc on the weld pool increases with rising frequency. This results in deeper penetration of the 
arc into the melt and displacement of the liquid metal, thereby reducing the molten layer beneath the 
arc. Consequently, heat from the arc is transferred more effectively to the base metal, leading to 
increased penetration. 

 

Figure 12. Dependence of plasma arc voltage on the frequency of asymmetric variable-
polarity current with varying durations of straight polarity current flow during welding 
(Iweld = 250 A; Vweld = 40 cm/min; nominal arc length 4 mm). 

Another factor contributing to increased welding efficiency with rising frequency is the reduction 
in the diameter of the active spot on the weld pool surface. Consequently, the energy concentration in 
the heating spot increases, facilitating its penetration into the molten metal and, subsequently, an 
increase in penetration depth. 

The increase in arc voltage with rising welding current frequency (at a constant effective arc 
length) is attributed to the penetration of the plasma arc into the molten metal of the weld pool. This 
increases the arc length between the electrode and the weld pool surface, resulting in an increase in arc 
voltage. An increase in the frequency of asymmetric variable-polarity current by 300% leads to a 120% 
increase in penetration depth. Thus, a 1% change in frequency causes a 0.4% change in penetration depth. 

Therefore, increasing the frequency of asymmetric variable-polarity current provides an additional 
means to enhance weld penetration depth without increasing the current. With a 300% increase in the 
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frequency of the asymmetric variable-polarity current, the weld width decreased from 9.4 to 8.0 mm, 
representing a 17.5% reduction. Accordingly, a 1% change in frequency results in a 0.06% change in 
weld width. Changes in the frequency of the asymmetric variable-polarity current primarily affect the 
penetration depth of the welds. 

3.5.Assessment of the influence of current flow duration under straight and reverse polarity on weld 
formation quality and geometrical parameters 

Destruction of the oxide film occurs due to current flow with reverse polarity. At this moment, 
the workpiece acts as the cathode, and the torch electrode (plasma torch) acts as the anode. Since most of 
the heat is generated at the anode, excessive heating can cause premature failure of the tungsten electrode. 

To reduce thermal impact on the tungsten electrode and prolong its service life without failure, 
the use of temporal asymmetry—favoring plasma arc burning in direct polarity—was proposed. 
During the flow of straight polarity current, penetration of the base metal occurs. The majority of heat 
is generated at the anode, which is the welded metal. To ensure effective disruption of the oxide film 
and reduce thermal loading on the electrode, the duration of current flow at reverse polarity is 
minimized (for example, to 3–4 ms). 

The arc voltage at reverse polarity is higher than at straight polarity under identical current 
intensity and plasma gas flow conditions. By adjusting the balance (the ratio of current flow duration 
between straight and reverse polarity), the plasma arc power can be modified due to the higher voltage 
at reverse polarity (Figure 13). 

 

Figure 13. Variation of plasma arc voltage depending on the polarity balance of 
asymmetric variable-polarity current and nominal arc length during plasma arc welding of 
aluminum alloy 1530 ( = 7 mm) at an asymmetric variable-polarity current frequency   
of 50 Hz. 
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It was established that increasing the fraction of straight polarity during the welding cycle reduces 
the average arc voltage. This trend is observed not only at an asymmetric variable-polarity current 
frequency of 100 Hz (Figure 14) but also at 150 Hz (Figure 15) and other higher frequencies. 

 

Figure 14. Variation of plasma arc voltage depending on the polarity balance of the 
asymmetric variable-polarity current and the effective arc length during plasma arc 
welding of aluminum alloy 1560 ( = 7 mm) at a frequency of 100 Hz. 

 

Figure 15. Variation of plasma arc voltage depending on the polarity balance of the 
asymmetric variable-polarity current and the effective arc length during plasma arc 
welding of aluminum alloy 1530 ( = 7 mm) at a frequency of 150 Hz. 
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The influence of the polarity balance of the asymmetric variable-polarity current on the geometric 
dimensions of the welds was also investigated. The welds were produced by plasma welding with 
asymmetric variable-polarity current at a constant current of 260 A, a plasma gas flow rate of 0.6 L/min, 
an arc length of 6 mm, and a welding speed of 40 cm/min. The frequency of the asymmetric   
variable-polarity current was constant at 200 Hz. 

The study established that the maximum penetration depth occurs at an asymmetric variable-polarity 
current balance of 85% straight polarity (Figure 16a). As the proportion of reverse polarity increases 
toward 65% straight polarity, the penetration depth decreases, while the weld width slightly   
increases (Figure 16b). When the durations of direct and reverse polarity are equal, the penetration 
depth decreases compared to the 65% straight polarity balance and reaches only 50% of the penetration 
depth observed at the 85% straight polarity balance (Figure 16c). 

   

Figure 16. Cross-sections of penetration profiles obtained in a 1530 alloy plate by plasma 
arc welding with asymmetric variable-polarity current at different durations of straight 
polarity current flow: (a) 85%, (b) 65%, and (c) 50%. 

With reversed polarity, noticeably larger geometric dimensions of the arc column are observed 
compared to those with straight polarity. This leads to a reduction in penetration depth during plasma 
arc welding as the proportion of reverse polarity increases. Such a reduction in penetration depth may 
indicate a decrease in the pressure exerted by the plasma jet on the molten metal of the weld pool. This 
results in a decreased impingement of the jet into the molten metal of the weld pool, an increased 
layering of liquid metal beneath the plasma jet, and, consequently, a reduction in the efficiency of heat 
transfer from the plasma jet to the unmelted metal. Thus, the reduction of plasma jet pressure on the 
molten pool under reverse polarity results in a decrease in weld penetration depth. At the same time, 
the increase in weld width is attributed to the rise in arc power caused by an increase in the average 
voltage under reverse polarity. 

Therefore, to increase the penetration depth while maintaining other plasma arc welding 
parameters constant, an additional approach is to shift the balance of the asymmetric alternating current 
toward current flow under direct polarity. A 35% reduction in the duration of current flow under direct 
polarity results in a decrease in penetration depth from 5.5 to 2.4 mm (a reduction of 3.1 mm), which 
corresponds to 129% relative to the final value. A 1% change in the duration of current flow under 
direct polarity causes a 2.58% change in penetration depth. 

The weld width increases from 8.0 to 9.35 mm with a reduction in the duration of current flow 
under straight polarity, representing a 17% increase. A 1% change in the duration of current flow under 
straight polarity results in a 0.34% change in weld width. 

Changes in the duration of current flow under straight polarity have a greater impact on 
penetration depth than on weld width. 
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3.6. Influence of helium content in the shielding atmosphere on weld formation 

Helium as a shielding gas has been widely used in TIG welding, including the welding of 
aluminum alloys. Thus, in [86], the authors investigated the effect of helium used as a shielding gas 
on weld formation, including its influence on penetration depth. Therefore, the investigation of the 
influence of pure helium, as well as mixtures of argon and helium, on weld penetration depth and weld 
width during plasma arc welding with an asymmetric variable-polarity current is relevant. 

Using helium as a shielding gas instead of argon increases the arc’s penetration capability. Thus, 
for the 1560 alloy with a thickness of 7 mm, the weld width increased from 9.7 to 12.4 mm, and the 
penetration depth increased from 2.8 to 4.8 mm at a welding speed of 60 cm/min and a welding current 
of 220 A (Figure 17). Helium possesses a higher ionization potential, resulting in an increase in arc 
voltage by 1.5–2 times compared to welding in argon at identical welding current values. 

 

Figure 17. Transverse macrosections of penetration welds in alloy 1560 (δ = 7 mm) 
obtained by plasma arc welding at a travel speed of 60 cm/min and a current of 220 A with 
shielding by (a) argon and (b) helium. 

Thus, the use of 100% argon (Ar) as the shielding gas resulted in a 71% increase in penetration 
depth when employing a plasma arc with asymmetric variable-polarity current, while all other welding 
parameters remained constant. Figure 18 shows the cross-sections of welds in the aluminum–magnesium 
alloy 1560 ( = 7 mm), produced by plasma arc welding at a speed of 60 cm/min with current under 
shielding gases of 25% Ar + 75% He (Figure 18a), 50% Ar + 50% He (Figure 18b), and 75% Ar + 25% 
He (Figure 18c). 

 

Figure 18. Cross-sectional macrographs of penetrations in the 7 mm thick 1560 alloy (Al–
Mg–Mn), produced by plasma arc welding at a speed of 60 cm/min using various shielding 
gas compositions: (a) 25% Ar + 75% He, (b) 50% Ar + 50% He, and (c) 75% Ar + 25% He. 

The use of various argon–helium mixtures for shielding the welding zone (75% Ar + 25%     
He, 50% Ar + 50% He, and 25% Ar + 75% He) leads to an increase in weld penetration depth     
from 3.0 to 4.0 mm, representing a 0.66% increase in penetration depth with the increase in helium 
content in the argon–helium mixture (Figure 18). 
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Despite the fact that helium improves the spreading behavior of the filler metal and increases the 
penetration depth without the need to raise the welding current, it presents disadvantages, such as its 
significantly higher cost and a much shorter electrode service life (compared with argon, by at least a 
factor of 3–5). 

To reduce the costs associated with expensive helium, the authors of [72] investigated the 
efficiency of employing a helium–neon mixture as a shielding gas. This mixture constitutes an 
intermediate product in the process of obtaining pure helium and neon, and its cost is considerably lower. 

3.7.Determination of the influence of welding current amplitude variation on the geometrical 
parameters of welds 

An increase in the amplitude of the welding current results in a significant increase in the 
penetration depth of welds (Table 4). 

Table 4. Appearance of penetrations obtained during plasma arc welding of alloy 1560 
(Al–Mg–Mn) ( = 7 mm) with different values of welding current (Vweld = 60 cm/min;  
larc = 6 mm). 

Welding current, A 180 220 260 

Gas flow rate, L/min 0.2 

Penetration appearance 

   

During welding of alloy 1560 (Al–Mg–Mn) with a thickness of 7 mm, under identical arc length, 
plasma-forming gas flow rate, frequency and polarity balance of asymmetric variable-polarity current, 
and welding speed, the penetration depth increases from 1.9 to 3.7 mm (by 95%) with a 44% increase 
in welding current amplitude. Thus, a 1% change in welding current results in a 2.14% change in 
penetration depth. 

The weld width increased from 4.19 to 7.20 mm (by 73%) as the current rose from 180 to 260 A. 
In percentage terms, the increase in current caused a greater increase in penetration depth (95%) than 
in weld width (73%). A 1% change in welding current causes a 1.67% change in weld width. 

3.8. Determination of the effect of welding speed variation on the geometrical parameters of welds  

Welding speed is an important parameter to the plasma arc welding process using an asymmetric 
variable-polarity current for aluminum alloys. Nevertheless, in previous studies by other authors, no 
analysis was presented regarding the influence of welding speed specifically on weld penetration  
depth; instead, the influence of welding speed on weld width was evaluated, because the assessment 
involved not a model specimen but a finished welded joint that was always fully penetrated through 
its entire thickness [87]. To determine the nature of the effect of changes in welding speed, expressed 
numerically, on penetration depth, penetration welds were produced on 7-mm-thick sheets of the 
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aluminum–magnesium alloy 1560 (Al–Mg–Mn) at a welding current of 260 A and at three different 
welding speeds (50, 60, and 70 cm/min), while keeping all other welding parameters constant. Table 5 
shows cross-sectional micrographs obtained by plasma arc welding of sheets made from this alloy at 
a current of 260 A and the specified welding speeds. 

Reducing the plasma torch travel speed from 60 to 50 cm/min (by 20%) during welding of   
alloy 1560 (Al–Mg–Mn) with a thickness of 7 mm at a current of 260 A resulted in an increase in 
penetration depth from 3.7 to 5.0 mm (by 35%). The same tendency of decreasing weld width and 
penetration depth is observed when the welding speed is reduced from 70 to 60 cm/min. An inverse 
relationship is observed: an increase in welding speed, with all other welding parameters remaining 
constant, leads to a decrease in weld width and penetration depth. Thus, a 1% change in welding speed 
results in a 1.75% change in penetration depth. When decreasing the welding speed from 60        
to 50 cm/min, the weld width increased from 6.8 to 7.2 mm, representing a 5.9% increase. Therefore, 
a 1% change in welding speed leads to only a 0.3% change in weld width. 

Table 5. Appearance of penetration welds obtained by plasma arc welding of alloy 1560 
(δ = 7 mm) at the same welding current of 260 A and at different welding speeds (Vweld = 
50 and 60 cm/min). 

Welding speed, cm/min 50 60 

Penetration appearance 

  

Hence, the analysis of the research results demonstrated that during plasma arc welding with 
asymmetric variable-polarity current, exemplified by the studied Al–Mg–Mn alloy system, variations 
in welding process parameters such as welding current amplitude, variable-polarity current frequency, 
welding speed, variable-polarity current balance, and plasma gas flow rate influence penetration depth 
more significantly than weld width. 

In terms of their influence on the penetration depth, the parameters of plasma arc welding with 
asymmetric variable-polarity current can be prioritized in the following sequence: 

1. The duration of current flow under straight polarity: a 1% change in this parameter results in  
a 2.58% change in penetration depth. 

2. The amplitude of the welding current: a 1% change in this parameter results in a 2.14% change 
in penetration depth. 

3. Welding speed: a 1% change in welding speed results in a 1.75% change in penetration depth. 
4. Frequency of variable-polarity current with opposite polarity: a 1% change in this parameter 

causes a 0.4% change in penetration depth. 
5. Consumption of plasma gas: a 1% change in plasma gas consumption results in a 0.024% 

change in penetration depth. 
The above sections presented the maximum possible values of welding parameters that ensure 

the greatest penetration of the specimen; however, when welding an actual joint, their mutual 
interaction must be taken into account, and the recommendations regarding the selection of welding 
parameters will take the following form: 
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1. The welding current will depend on the thermophysical properties of the material and the 
desired welding speed; under real conditions, it will be limited by the technical capabilities of the 
power source and the maximum power of the plasma torch (for alloy 1560 with a thickness of 7 mm 
at a welding speed of 80 cm/min, the welding current will be 460–465 A). 

2. The welding speed for each alloy will be limited by the maximum possible welding current, 
and in some cases, the welding speed will also be limited by the risk of undercut formation in the upper 
part of the weld bead. Such a risk may occur when welding alloys containing 6% magnesium at speeds 
above 60 cm/min. For alloy 1560 with a thickness of 7 mm, a welding speed of 80 cm/min is attainable 
at currents up to 465 A. 

3. The current balance (the ratio between the duration of the electrode-negative and electrode-positive 
polarities) should not be less than 75% in order to improve the stability of the tungsten electrode and 
ensure effective disruption of the oxide film on the surface of the welded components. 

4. When selecting the variable-polarity current frequency, it is also necessary to consider the 
technical capabilities of the welding power source, as well as the fact that at frequencies above 150 Hz, 
the constricted arc becomes so highly concentrated in energy that a sharp transition from the weld to 
the base metal is observed in the upper part of the weld, which adversely affects joint stability under 
cyclic loading. Therefore, a variable-polarity current frequency of 150 Hz is recommended. 

5. The nominal arc length, although it does not significantly influence penetration depth or weld 
width (as opposed to the TIG process), does affect the formation of the upper part of the weld when 
welding with a filler wire. Thus, for welding alloy 1560 with a thickness of 7 mm, the recommended 
nominal arc length is 6 mm. 

6. The plasma-forming gas flow rate is closely dependent on the welding current. To reduce the 
total pressure on the molten metal in the weld pool, it is recommended to decrease the plasma-forming 
gas flow rate as the welding current increases to 460–465 A. If at welding currents up to 300 A, the 
recommended plasma-forming gas flow rate is 0.5–0.6 L/min, then at currents in the range of 450–475 A, 
the recommended flow rate is 0.3–0.4 L/min. 

These recommendations for the preliminary selection of parameters for plasma arc welding with 
an asymmetric variable-polarity current are provided for the case of welding in the flat position with 
filler-wire feeding and with root-bead formation using a backing plate with a forming groove. 

4. Conclusions 

1. In plasma arc welding with asymmetric variable-polarity current in the range of 100–350 A, 
the arc voltage exhibits an increasing current-voltage characteristic. This indicates that, with constant 
parameters (nominal arc length, current frequency, ratio of straight to reverse polarity duration, plasma 
gas flow rate), an increase in welding current results in a proportional increase in arc voltage. Therefore, 
the increase in penetration with rising current is attributable not only to the enhanced plasma arc power 
due to the increased current but also to an additional increase resulting from the rise in arc voltage. 

2. It was established that varying the nominal arc length from 4 to 8 mm during plasma arc 
welding with asymmetric variable-polarity current at current values between 180 and 260 A practically 
does not affect the weld penetration depth. Therefore, variations in the nominal arc length within this 
range during welding at the specified current values can be disregarded.  

3. It was established that increasing the flow rate of the plasma gas during plasma arc welding 
with asymmetric variable-polarity current of aluminum alloys, while maintaining constant current 
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intensity, plasma nozzle channel diameter, and frequency and balance of the variable-polarity current, 
results in an increase in the plasma arc voltage by up to 18% and a corresponding increase in 
penetration depth. The latter is determined by two factors: an increase in plasma arc power due to the 
rise in voltage and an intensified mechanical effect on the molten metal in the weld pool exerted 
specifically by the gas component. A higher-velocity gas flow immerses the plasma jet into the molten 
metal, reducing the layer of molten metal beneath the plasma flow and thus enhancing the efficiency 
of heat transfer to the unmelted metal. The maximum permissible plasma gas flow rates that ensure 
the high-quality formation of the weld seam depend on the amplitude of the welding current and the 
volume of molten metal in the weld pool; with an increase in current amplitude, the maximum 
permissible plasma gas flow rates decrease. Specifically, a 1% change in the plasma gas flow rate 
results in a 0.024% change in the specimen’s penetration depth, whereas the weld width changes    
by 0.004%. 

4. It has been established that during plasma arc welding of aluminum alloys, the penetration 
depth increases by more than twofold as the frequency of asymmetric variable-polarity current rises 
from 50 to 200 Hz. This increase occurs most rapidly within the range of 100 to 150 Hz. 
Simultaneously, the weld width decreases. Therefore, a 1% change in the frequency of asymmetric 
variable-polarity current results in a 0.4% change in penetration depth, while the change in weld width 
is 0.06%. 

5. When the balance of asymmetric variable-polarity current shifts toward reverse polarity (changing 
from 85% to 50% straight polarity), the average voltage value of the plasma arc increases. This occurs 
due to an increased proportion of reverse polarity current, which exhibits a higher voltage value than 
the straight polarity current. The trends in weld penetration depth and width relative to the balance of 
asymmetric variable-polarity current are observed throughout the investigated frequency range     
of 50–200 Hz. A 1% change in the duration of current flow at straight polarity results in a 2.58% 
change in penetration depth, while the change in weld width is 0.34%. 

6. The use of pure helium as a shielding gas in plasma arc welding of aluminum alloys with 
opposite polarity current enables an increase in penetration depth by 45%–90% compared to the use 
of pure argon. This enables an increase in the technological capabilities of the plasma arc without 
raising the current load on the plasma nozzle and the tungsten electrode of the plasma torch.  

7. It has been established that during plasma arc welding with asymmetric variable-polarity 
current, increasing the current intensity within the range of 180–260 A leads to an increase in both 
weld width and penetration depth. A 1% variation in welding current results in a 2.14% variation in 
penetration depth, while the weld width varies by 1.67%. 

8. Reducing the welding speed, while keeping all other parameters of plasma arc welding with 
asymmetric variable-polarity current unchanged, leads to an increase in the geometric dimensions of 
the weld. A 1% change in welding speed results in a 1.75% change in penetration depth, while the 
weld width varies by 0.34%. 
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