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A B S T R A C T

Introduction. Plasma cutting of various metals and alloys is one of the most productive processes for obtaining 
workpieces, especially when using reverse polarity plasmatrons. The use of plasma cutting in the production of 
workpieces of large thicknesses potentially allows to increase the productivity of the process. In the domestic industry 
plasma cutting equipment of foreign production is widely used, which poses the problem of import substitution of 
manufactured products and equipment with the corresponding parts of Russian companies. For this reason, at present 
the Institute of Strength Physics and Materials Science together with the company “ITS Siberia” develops plasma 
cutting equipment on reverse polarity currents. At the same time, in order to determine the peculiarities of influence 
of parameters and modes of plasma cutting process on the structure of metal in the cutting zone, it is necessary 
to conduct comparative studies on different metals and alloys. Aim of the work: is to identify the characteristics 
of the influence of high energy impact on the structure and properties of surface layers of aluminum and titanium 
alloys during plasma cutting using a plasma torch operating with reverse polarity currents. The research methods 
are optical metallography, microhardness measurement and laser scanning microscopy of the surface after plasma 
cutting. Results and discussions. The conducted researches show a wide range of possibilities to adjust the process 
parameters of plasma cutting of aluminum alloys AA5056 and AA2124, and titanium alloy Grade2. For the alloys 
used in this work there are optimal values of process parameters, deviations from which lead to various violations of 
cut quality. Aluminum alloys show a tendency to significant de-strengthening in the cutting zone, which is associated 
with the formation of a large crystalline structure and large incoherent secondary phases with simultaneous depletion 
of the solid solution with alloying elements. Titanium alloys are characterized by quenching effects in the cutting 
zone with increasing microhardness values. Oxides are also formed in the surface layers despite the use of nitrogen 
shielding gas. In the alloy Ti-4Al-1Mn, in the previously conducted works, the formation of oxide films with high 
hardness is not noted, while in the Grade2 alloy at cutting in the surface layers oxides are formed sharply increasing 
the values of microhardness of the material up to values of about 15 GPa. This situation can complicate mechanical 
processing of titanium alloys after plasma cutting. The obtained results indicate a rather low value of the allowance 
for further machining after plasma cutting of aluminum and titanium alloys.
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Introduction

Technologies based on the use of plasma effects on the material are widely used for product processing 
[1], surface modification and coating formation [2], spray coating [3] and many other areas of industrial 
production of products from metals, alloys, ceramics, polymers and others. The high energy density of the 
plasma jet allows it to be used both for materials with a high melting point and to increase the productivity 
of processes associated with it. In particular, the high power of the plasma jet allows it to be used to obtain 
cut-pieces for subsequent industrial production.

In modern industrial production, plasma cutting, along with laser and waterjet cutting, is one of the 
most widely used methods for producing metal and alloy cut-pieces [4]. Plasma cutting has the advantage 
of high productivity and the ability to cut thick sheets [5]. However, despite the widespread use of plasma 
technology, there are still a number of aspects that require further research. These include reducing the 
roughness of the cutting surface [6–8], reducing the influence of the cutting process on the structure of 
the material [9–11], and increasing the productivity and accuracy of the cutting process. In the domestic 
industry, another task is to obtain analogues of the currently used foreign equipment.

The cut quality can be achieved by optimizing the cutting process parameters [12–14], the most important 
being the current and the arc voltage [15–17]. The thickness of the sheet used also has a significant influence 
on the cutting process and the quality of the cut surface [18]. Plasma cutting of heavy plates using direct 
polarity plasmatrons is potentially difficult due to cathode insert run-out or temperature operation [19, 20], 
which is especially important in the growing need for import substitution of components. Plasma cutting of 
rolled sheet using reverse polarity currents is of great importance and potentially allows for a better quality 
cut surface. In connection with the above, at present “ITS-Siberia” and ISPMS SB RAS jointly develop 
modern equipment for plasma cutting at reverse polarity currents. In this case it is important to determine 
the influence of energy impact during plasma cutting, determined by process parameters, on morphology, 
structure and mechanical properties of surface layers of billets. Such studies in relation to rolled aluminum 
and titanium alloy sheets are the purpose of this work.

Materials and methods

Experimental studies were carried out at the production site of LLC ITS-Siberia and on the experimental 
equipment of ISPMS SB RAS. The cutting was carried out on a plasmatron with reverse polarity. The scheme 
of the plasma cutting process is shown in fig. 1, a. The general view of the plasma cutting unit is shown in 
fig. 1, b. The unit consists of a worktable, a plasmatron, a gas treatment unit, a moving carriage and guides. 
In the experiment, the unit with a reverse-polarity plasmatron was used. The cutting of aluminum alloys 
was performed using plasma gas in the form of air. Nitrogen was used as a shielding and plasma forming 
gas when cutting titanium alloy.

The cutting of the specimen 1 was performed by a plasma jet 2 formed by an arc between a water-cooled 
electrode 3 and the inner body of the plasmatron, in which a flow of plasma-forming gas 4 was constantly 
flowing. For cutting titanium alloy, a shielding gas in the form of nitrogen 5 was used, which was supplied 
in the outer circuit of the plasmatron. The molten metal 6 was blown out of the cutting zone by the gas flow. 
As a result of cutting, an area of thermally degraded material (or heat affected zone) 7 and a layer of molten 
metal (or fusion zone) 8 were formed on the surface of the specimens.

As an experimental material, rolled aluminum alloy AA2024, AA5056 and titanium Grade2 alloy 
sheets with a thickness of 10 mm were used. The cutting process parameters used in the study were 
adjusted to achieve different linear energy of the process. The main cutting parameters were arc current 
and arc voltage, which were 170 A and 125 V, respectively. The adjustable parameter was mainly the 
cutting speed (table). 

Metallographic sections were cut from the obtained experimental specimens using the electric discharge 
sawing (DK7750 machine) to study the structure and to identify features of changes in the mechanical 
properties of the near-surface zone. Structural studies were carried out using an Altami MET 1C optical 



OBRABOTKA METALLOVMATERIAL SCIENCE

Vol. 25 No. 4 2023

microscope and an Olympus LEXT 4100 laser scanning microscope. Microhardness was determined from 
the cut surface into the depth of the specimens on metallographic sections using a Duramin-500 hardness 
tester.

Results and discussions
Plasma cutting of specimens of aluminum and titanium alloys leads to the formation of a specific relief 

on the surface, outlining the flow of molten metal displaced by the gas flow from the cutting cavity [18]. 

                                           c                                                                                              d

                                           a                                                                                              b

                                           e                                                                                              f
Fig. 1. Plasma cutting of experimental specimens: 

plasma cutting flow diagram (a); general view of developed setup for plasma cutting (b); general view of the cut surface of 
aluminum alloy AA2124 (c); general view of the cut surface of Grade2 titanium alloy (d); image of the cutting process of 
aluminum alloy AA2024 (e);image of the cutting process of Grade2 titanium alloy (f): 1 – blank; 2 – plasma jet; 3 – water-
cooled electrode; 4 – plasma-supporting gas; 5 – shielding gas; 6 – material displaced from the cutting zone; 7 – heat affected 

zone; 8 – surface melting zone
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Plasma cutting modes for sheet metal

Alloy S, mm Mode No. I, А U, V V, m/min E, kJ/m

AA5056 10 1 170 125 3.4 6.3
AA5056 10 2 170 125 3.0 7.1
AA5056 10 3 170 125 2.7 7.9
AA5056 10 4 170 125 3.7 5.7
AA5056 10 5 170 125 4.1 5.2
AA2024 10 1 170 125 4.2 5.1
AA2024 10 2 170 125 3.8 5.6
AA2024 10 3 170 125 3.3 6.4
AA2024 10 4 170 125 4.6 4.6
AA2024 10 5 170 125 5.0 4.3
Grade2 10 1 170 125 4.1 5.2
Grade2 10 2 170 125 3.4 6.3
Grade2 10 3 170 125 3.0 7.1
Grade2 10 4 170 125 2.7 7.9
Grade2 10 5 170 125 2.4 8.9

When cutting specimens of A5056 alloy with a thickness of 10 mm, such feature led to the formation of a 
characteristic relief in the lower part of the cut (fig. 2 c, f). The distance between the projections above the 
cut surface is about 200 μm, the size of the projections is up to 180–200 μm. In the central and upper parts 
of the cutting area, the relief is more chaotic and characterized by a large size of irregularities.

The size of projections above the surface reaches more than 450–500 μm. Significant differences in 
the structure of the cutting surface at different modes were not revealed, for the majority of specimens 
the features of the structure of the cutting surface shown in fig. 2 are preserved. When the A2024 alloy 
specimens are cut according to the modes used, no regular relief formation is observed on the surface 
(fig. 3).

The structure of the cut surface in the upper, central and lower parts of the cut is quite close. The size 
of the projections above the cut surface is up to 400–450 μm. This structure is also characteristic of most 
modes and does not change significantly from one specimen to another.

When the Grade2 alloy specimens are cut, a smoother relief is formed on the cut surface (fig. 4). The 
average size of the irregularities above the cut surface is up to 200 μm. Although there are differences in 
the morphology of the cut surface in the upper, lower, and central parts of the cut, it is related more to the 
orientation of the relief elements than to the size of the irregularities.

The structure of A5056 alloy specimens (fig. 5) in the surface layers after cutting is mainly represented 
by the fusion zone (FZ) and the heat affected zone (HAZ), gradually transitioning to the base metal zone 
(BM). The magnitude of macro distortion of the cut surface varies depends on the mode. The smallest dis-
tortion (up to 1,000–1,200 μm) is characteristic of specimens obtained by mode No. 2 at a relatively low 
(3.0 m/min) cutting speed and above average (7.1 kJ/m) heat input during cutting (fig. 5 a–d). An increase 
in the cutting speed from these values results in a significant decrease in cut quality, and a decrease in the 
cutting speed does not result in an increase in cutting accuracy. The depth of the fusion zone is rather small 
and does not exceed 150 µm from the cutting surface (fig. 5 g, h). The structure in this area is represented 
by a dendritic structure typical of cast metal, formed during crystallization from the melt. The size of the 
heat affected zone on the surface of metallographic sections is not revealed, the structure in it is practically 
identical to the base metal (fig. 5 f–h). This is due to the sufficiently high resistance of the non-heat-treatable 
ductile aluminum alloy A5056 to structural changes with increasing temperature.

The structure of the A2024 alloy specimens after plasma cutting differs significantly from that described 
above (fig. 6). In this case, the value of macro distortions of the cutting zone reaches a rather significant 
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Fig. 2. Surface morphology of AA5056 alloy specimen after cutting: the upper part of the cut (a, b); 
the central part of the cut (c, d); the lower part of the cut (e, f); optical images of the surface (a, b, c); 

3D images obtained by confocal microscope (d, e, f)

                          a                                                                                                   b

                          c                                                                                                   d

                          e                                                                                                   f

value at high cutting speed in mode No. 5 (fig. 6, a–d). For other modes, the distortions of the specimen 
geometry are not so significant. The smallest distortions of the cutting zone (400–450 μm) are characteristic 
of the specimens obtained by mode No. 4 at a cutting speed of 4.6 m/min and energy input of 4.6 kJ/m.

The size of the fusion zone ranges from 100–150 μm when cutting according to mode No. 4 to 800–1,000 
μm when cutting according to mode No. 5. The size of the heat affected zone does not exceed 200–300 μm, 
which is demonstrated by its increased etchability on metallographic sections. The structure in the fusion 
zone is represented by a dendritic structure formed during crystallization from the molten state (fig. 6, g, h).  
The heat affected zone gradually turns into the base metal with an unchanged structure (fig. 6, f, g).  



OBRABOTKA METALLOV MATERIAL SCIENCE

Vol. 25 No. 4 2023

Fig. 3. Surface morphology of AA2024 alloy specimen after cutting: the upper part of the cut (a, b); the 
central part of the cut (c, d); the lower part of the cut (e, f); optical images of the surface (a, b, c); 3D images 

obtained by confocal microscope (d, e, f)

                               a                                                                                                    b

                               c                                                                                                    d

                               e                                                                                                    f
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Fig. 4. Surface morphology of Grade2 titanium alloy specimen after cutting: the upper part of the cut 
(a, b); the central part of the cut (c, d); the lower part of the cut (e, f); optical images of the surface  

(a, b, c); 3D images obtained by confocal microscope (d, e, f)

                              a                                                                                                            b

                              с                                                                                                            d

                              e                                                                                                            f
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Fig 5. The structure in the cutting zone of the AA5056 alloy: 
the macrostructure of the cut (a–d); the initial structure of the base material (f); 

the fusion zones and the heat affected zone (g, h)

          a                    b                    c                     d                        e

                f                                     g                                        h

Fig 6. The structure in the cutting zone of the AA2024 alloy: 
the macrostructure of the cut (a–d); the initial structure of the base material (f);  

the fusion zones and the heat affected zone (g, h)

          a                    b                    c                     d                        e

                f                                     g                                        h
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The etchability of the heat affected zone increases as a result of overaging of the material caused by excessive 
precipitation of alloying elements from the solid solution. This behavior is characteristic of heat treatable 
alloy A2024 that is subjected to excessive heat treatment, such as welding.

When cutting specimens of titanium Grade2 alloy, the structure of the cutting zone is characterized 
by low values of macro distortions, except for modes No. 1 and No. 5, characterized by the maximum 
and minimum cutting speed (fig. 7, a–d). At an average cutting speed of 3.0 m/min and an energy input of  
7.1 kJ/m in mode No. 3, specimens with the smallest deviation of the cut geometry, which is about  
450–500 μm, are formed.

Fig. 7. The structure in the cutting zone of the Grade2 titanium alloy: 
the macrostructure of the cut (a–d); the initial structure of the base material (f);  

the fusion zones and the heat affected zone (g, h)

            a                       b                       c                       d                      e

                    f                                      g                                         h

The fusion zone for Grade2 alloy specimens is represented by a dendritic structure (fig. 7, g, h); its 
thickness can reach 150–200 μm. The heat affected zone tends to form a needle-like structure (fig. 7, g), 
which significantly differs from the base metal (fig. 7, f). However, the heat affected zone for this alloy is 
rather thin. Closer to the cutting surface of the Grade2 alloy specimens, thin layers (up to 10 μm thick) are 
formed (fig. 7, h), presumably containing titanium oxides, which, as will be shown later, leads to a sharp 
increase in the microhardness of the surface layers of the specimens.

Mechanical properties in the cutting zone of the specimens are consistent with structural changes  
(fig. 8). The A5056 alloy specimens are characterized by a decrease in microhardness from an average in 
the base metal of 0.83–0.84 GPa to 0.70–0.75 GPa near the surface in the fusion zone. In the heat affected 
zone, the microhardness values are intermediate and close enough to the microhardness of the base metal. 
The total size of the heat affected zone and the fusion zone is about 500–1,000 µm, depending on the 
cutting mode. For the specimens obtained in optimal mode No. 2, the total value of macro-distortion of 
the geometry and heat affected zone and fusion zone is about 1,400 µm (1.4 mm), which determines the 
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value of the necessary allowance for machining. In the cutting zone of A2024 alloy specimens, the 
decrease in microhardness is more significant. With the average microhardness in the base metal zone 
of 1.52–1.53 GPa, the microhardness in the fusion zone decreases to 0.95–1.05 GPa. At the same time, the 
total size of the heat affected zone and the fusion zone basically does not exceed 500 µm. For the specimens 
obtained in optimal mode No. 4, the total size of the heat affected zone and the fusion zone, summarized 
with the value of the macro distortion of the cutting geometry, is 600 µm (0.6 mm). The Grade2 alloy is 
characterized by a sharp increase in microhardness values on average from 1.23–1.24 GPa in the base 
metal to 7.0–16.5 GPa in the surface layers, indicating the formation of high-hardness titanium oxides. The 

                                           a                                                                          b

                                           c                                                                          d

                                           e                                                                          f

Fig. 8. Changes in microhardness of typical specimens after plasma cutting: 
AA5056 alloy (a, b); AA2024 alloy (c, d); Grade2 titanium alloy (e, f)
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increase in hardness of the Ti-2Al-1.5Mn alloy in the surface layers during cutting [18], which was observed 
in previous work, is at a much lower level and is due to quenching effects (1.5-fold increase compared to 
the base metal). The size of the fusion zone and the heat affected zone are at a rather low level. In total, the 
values of macrogeometric distortion, fusion zone and heat affected zone are about 500 µm (0.5 mm) for 
Grade2 alloy when cutting according to the optimum mode No. 3, which determines the smallest of the 
required allowances for subsequent machining of this alloy.

Conclusion

The influence of high-energy plasma jet impact on the structure and properties of A5056, A2024, 
and Grade2 alloys is expressed in different ways due to its different structure and response to thermal 
effects. While aluminum alloys are characterized by a decrease in hardness due to thermal degradation of 
the structure, titanium alloy is characterized by the formation of surface layers with high hardness. The 
conducted studies show that for the selected alloys, under relatively equal cutting conditions, different 
cutting parameters and modes are preferable. For alloy A2024, modes with minimum heat input are more 
preferable, while for alloys A5056 and Grade2, modes with average or above average heat input are more 
suitable. Aluminum alloys are characterized by softening of the near-surface layers of the material during 
cutting, while titanium alloys are not. In addition, when cutting Grade2 titanium alloy, oxide layers with 
hardness significantly (more than 10 times) higher than the hardness of the base metal are formed in the 
surface layers, which may lead to increased intensity of tool wear during subsequent machining. The 
A5056 alloy is characterized by a decrease in microhardness up to 10 % in comparison with the base metal 
during machining. In the heat affected zone of alloy A2024, hardening is significantly higher and is up to  
50 % relative to the initial structure of the sheet. Also for these alloys different features of macrogeometry 
distortion in the cutting zone are observed. A5056 alloy specimens have the most significant deviations, 
A2024 and Grade2 alloys are characterized by smaller and relatively close values of deviations. Moreover, 
under the experimental conditions, even with optimal values of cutting parameters, there are still quite 
significant distortions of the cutting geometry in the A5056 alloy specimens, which requires further research 
to improve the quality of the cut. In general, the cutting modes used made it possible to produce billets 
from A5056, A2024 and Grade2 alloys with a thickness of 10 mm and with an allowance for subsequent 
machining of 1.4; 0.6 and 0.5 mm, respectively.
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