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A B S T R A C T

Introduction. An important area of research in the field of plasma metal cutting is obtaining a metal cut face
characterized by minimal roughness and geometric deviations. It is also important to minimize changes in the struc-
ture of the metal under the cutting surface caused by the temperature effects of the plasma jet, including the forma-
tion of dross. The solution to the problem of obtaining a quality cut is to optimize the parameters of the cutting pro-
cess. The plasma arc current and voltage, cutting height and cutting speed are considered to be the main parameters 
that determine cut quality. However, insufficient attention has been paid to the processes of plasma metal cutting 
of thicknesses above 20 mm due to the limitations associated with the operation conditions of plasma torches with 
direct polarity currents. Accordingly, for cutting large thicknesses, the use of a plasma torch operating on currents 
of reverse polarity seems promising. The aim of this work is to develop the technique of plasma cutting of copper, 
titanium and aluminum alloy sheets up to 40 mm thick using a plasma torch operating on currents of reverse polar-
ity. Results and discussion. Investigations show that for cutting aluminum alloy (Al 90.9–94.7 %; Cu 3.8–4.9 %; 
Mg 1.2-1.8 %; Mn 0.3–0.9 %) and titanium alloy (Ti 94.33–97.5 %; Al 1.5–2.5 %; Mn 0.7–2.0 %) it is possible to 
regulate the cutting speed in a wide range, while for rolled copper (Cu ≥99.96 %) and aluminum alloy with thickness 
of 40 mm the range of cutting speed regulation is rather narrow. While for aluminum alloy due to excessive precipi-
tation of alloying elements from the solid solution in the heat-affected zone decrease of microhardness is observed, 
for titanium alloy the microhardness growth due to material hardening is characteristic. Changing the cutting mode 
parameters allows receiving more homogeneous macrogeometry of a cutting surface, smaller depth of a zone of 
melting of a material and a heat-affected zone and smaller changes of mechanical properties of a material in a zone 
of a cut. For the titanium alloy, almost all of the cutting modes used are close to optimum. For alloy aluminum and 
copper the modes providing the best cutting quality in the considered range of parameters are determined. According 
to the results of the work it can be concluded that plasma cutting on reverse polarity currents is effective for cutting 
rolled products of large thicknesses, but the technique requires further development in order to improve the quality 
of the resulting cut.
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Introduction

Plasma cutting of metals is an integral part of production processes in various engineering industries. 
Although the cut quality of plasma cutting may be inferior to, for example, waterjet or laser cutting [1], but 
its advantage is the optimal combination of technological capabilities, simplicity of equipment setup and 
productivity, also when cutting metal with a thickness of more than 100 mm [2].

To date, a number of research in the field of plasma metal cutting are being conducted. An important area 
of research is to obtain a metal cut surface characterized by minimal roughness and geometric variations 
[3–6]. Also, minimizing changes in metal structure under cut surface caused by temperature effects of 
plasma jet, including dross formation, is important as well [7–10]. These trends form the main task of 
research: obtaining a quality cut, as geometric and structural changes in material are usually removed by 
further processing, the minimization of allowances for which determines the effectiveness of the plasma 
cutting process.

To solve this problem, researchers have proposed a number of methods related both to changes in 
equipment realization of a cutting process, and to optimization of its parameters [11–14]. Methods of cutting 
parameters optimization involve the application of various methods of mathematical modeling, establishing 
a relationship between geometric and structural parameters of a material in the area of cutting and a range 
of parameters of a cutting process. Among the main parameters that determine the quality of the cut, plasma 
arc current and voltage, cutting height, and cutting speed are considered [15–17].

However, all studies are carried out, mainly, with consideration of cut metals with a thickness of up to 20 
mm and insufficient attention is paid to cutting of metals with greater thicknesses. According to the authors, 
this is due, primarily, to the limitations associated with the operating conditions of cutting plasmatrons. The 
most widely used plasmatrons with thermochemical cathodes and operating at direct current polarity have 
limitations in terms of capacity and the number of switchings, which is associated with the temperature 
mode of operation, as well as the wear of cathode inserts made of relatively expensive and rare metals [18–
20]. For cutting metals of large thicknesses the method of cutting with currents of reversed polarity seems 
promising, in which the supporting spot of the cutting arc is significantly deepened in the cutting cavity, and 
the distribution of heat input to the cutting front edge along the height of it is more uniform. Due to this, it 
becomes possible to cut metals of large thicknesses, a better quality of cut along the bevel of edges, and a 
smaller width of the cutting cavity [21–22].

Considering the above, the main purpose of the present work is to develop methods of plasma cutting 
of copper, titanium and aluminum alloy sheets with thickness up to 40 mm using plasmatron, working with 
currents of reverse polarity. An additional task is to determine the influence of sheet thickness and non-
standard arrangement of the plates on the structure of the cutting edge.

Research methodology
Experimental research was carried out on the production site in LLC “ITS-Siberia”. Cutting was carried 

out on a plasmatron with reverse polarity. The exterior of the plasma cutter is shown in Fig. 1. The machine 
consists of a work table for placing workpieces, a plasmatron, a moving carriage and guides to move a 
plasmatron. It also includes a gas preparation unit and a power unit. Nitrogen is used as protective gas.

Rolled sheets of copper C1220 (Cu ≥99.96 %) with thickness of 40 mm, aluminum alloy AA2024  
(Al 90.9–94.7 %; Cu 3.8–4.9 %; Mg 1.2–1.8 %; Mn 0.3–0.9 %) with thickness of 12 and 40 mm, and 
titanium alloy Ti-1.5Al-1.0Mn (Ti 94.33–97.5 %; Al 1.5–2.5 %; Mn 0.7–2.0 %) with thickness of 5 and  
10 mm were used as experimental material. In order to form specimens from a 10 mm thick titanium alloy, 
two 5 mm thick sheets stacked together were used. This was done to further reveal the specifics of cutting 
packages of sheets, which change significantly in the presence of the interface between the sheets being cut. 
The cutting process parameters used in the research are given in Table 1.

Plasma cutting process parameters were determined empirically based on typical parameters used for 
cutting metals and alloys on conventional equipment. Length of a cutting cut was varied from 100 to 
300 mm. Parameters were adjusted until a relatively uniform cut was achieved, which was determined 
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Fig. 1. Plasma cutter: 
a – plasma cutter appearance; b – an image of the cutting process; c – plasmatron 
appearance; 1 – work table; 2 – plasmatron; 3 – carriage; 4 – linear guides  

for transverse movement; 5 – linear guides for longitudinal movement

T a b l e  1
Plasma cutting modes

Alloy S, mm Mode 
No. 

Delay of 
pierce, s

Height of 
pierce, mm

Cutting 
height, mm I, А U, V V,  

mm/min
Ti-1.5Al-1.0Mn 5 1 0.4 6.07 2.54 130 154 2,400
Ti-1.5Al-1.0Mn 5 2 0.4 6.07 2.54 130 154 2,000
Ti-1.5Al-1.0Mn 5 3 0.4 6.07 2.54 130 154 1,600
Ti-1.5Al-1.0Mn 10 1 0.5 6.07 2.54 130 171 1,600
Ti-1.5Al-1.0Mn 10 2 0.5 6.07 2.54 130 171 1,200
Ti-1.5Al-1.0Mn 10 3 0.5 6.07 2.54 130 171 1,400
AA2024 12 1 0.4 – 3.81 300 170 4,542
AA2024 12 2 0.4 – 3.81 300 170 3,000
AA2024 12 3 0.4 – 3.81 300 170 2,000
AA2024 12 4 0.4 – 3.81 300 170 6,000
AA2024 12 5 0.4 – 3.81 300 170 8,000
AA2024 40 1 0.6 – 6.35 300 205 559
AA2024 40 2 0.4 – 6.35 300 205 559
AA2024 40 3 0.6 – 6.35 300 205 450
AA2024 40 4 0.6 – 6.35 300 205 400
AA2024 40 5 0.6 – 6.35 300 205 300
AA2024 40 6 0.6 – 4.0 300 205 300
AA2024 40 7 0.4 – 4.0 300 205 300
AA2024 40 8 0.6 – 4.0 300 205 650
AA2024 40 9 0.6 – 4.0 300 205 750
AA2024 40 10 0.6 – 4.0 300 205 800
C1220 40 1 0.5 6.35 6.35 300 205 450
C1220 40 2 2.0 6.35 4.35 300 205 450
C1220 40 3 2.0 6.35 4.35 300 205 300
C1220 40 4 4.0 6.35 4.35 300 205 250
C1220 40 5 6.0 6.35 4.35 300 205 150
C1220 40 6 6.0 4.0 4.35 300 205 150
C1220 40 7 6.0 4.0 4.35 300 205 100
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using visual and dimensional control. Methodologically, the work was structured so that during the tests 
an optimal cutting speed, required for the fastest obtaining of a high-quality cutting with the smallest 
distortions of macrogeometry, the zone of thermal influence and the most uniform cutting surface were 
determined. For this purpose, different parameters of current and cutting speed were initially used. Then, if 
the cutting quality was acceptable, the cutting speed was increased. If the cutting quality was unsatisfactory, 
the cutting speed was reduced. Additionally, the parameters of piercing time and height, cutting height, etc. 
were determined. 

After carrying out the experiments on plasma cutting, analysis of specimens’ cut surface by means 
of visual measuring control with taking a picture of a surface by camera Pentax K-3 with focal distance 
of objective 100 mm was made. An optical microscope Altami MET 1C was used for metallographic 
examination of specimens. Microhardness was determined using a Duramin 5 microhardness tester. 
Measurements of microhardness were carried out on metallographic thin sections starting from a distance 
of 10 µm from the cutting surfaces. A depth, to which changes in microhardness were determined, 
was chosen from the size of a heat-affected zone. Cutting out samples for research was carried out 
by the method of electrical discharge on wire cut EDM machine DK7750 transverse to a plane of the 
cut. In addition, using a confocal microscope Olympus LEXT 4100 the cut surfaces were evaluated by 
determining the height of roughness above the cut surface. General conclusions about the quality of 
the cutting were formulated based on the evaluation of all the main factors and depended on the total 
depth of microroughness from the cut surface, macrogeometry disturbance and the heat-affected zone. 
Additionally, a location of these defects was taken into account; since the macrogeometric disturbances 
of the cut surface and the heat-affected zone are partially overlap.

Results and discussion

During the process of plasma cutting of specimens of metals and alloys a specific relief with different 
structure for different alloys is formed on the cut surface. For example, the cut surface of titanium alloy for 
most samples is characterized by the presence of a regular relief that differs in the upper and lower parts 
(1, 2 in Fig. 2, a). Moreover, the appearance of the sample surface in the upper and lower parts of the cut 
differs clearly enough, which may be related to different features of blowing of molten metal by the gas jet 
from the cutting zone.

Fig. 2. Appearance of the cut face of the titanium alloy samples: 
a – the plate is 5 mm thick; b – two plates are 5 mm thick; 1 – bottom of the cut 
face; 2 – top of the cut face; 3 – bottom of the cut face of upper plate; 4 – top of 
the cut face of upper plate; 5 – top of the cut face of lower plate; 6 – bottom of 

the cut face of lower plate
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In the upper part of the specimen the height of roughness peaks above the cut surface is 70–75 µm in 
average, while in the lower part it is more than 245–275 µm depending on the cutting mode (the lowest 
values are characteristic for the mode with the cutting speed of 2,000 mm/min according to Table 1). These 
peaks are formed by flows of molten metal blown by the gas jet from the cutting zone, quickly solidifying 
when the plasmatron withdraws from the cutting point. As can be seen from the optical photographs and 
from the results of laser scanning microscopy, the peaks in the upper part of the cut, in addition to its smaller 
size, can be characterized by a smaller distance between it in comparison with the peaks in the lower part 
of the specimen. On the cut surface in both the upper and lower parts of the specimen, it is possible to see 
quite obvious features of oxidation (Fig. 2, a), despite the use of shielding gas in the cutting process. In the 
lower part of the cut, it is possible to distinguish an irregularity of the edge, which is formed during cutting 
as a result of blowing of metal from the area of the cut, and its crystallization with formation of a small 
amount of flowed metal.

During plasma cutting of 10 mm thick specimens of titanium alloy Ti-1.5Al-1.0Mn, due to the increased 
material thickness and superimposed sheets, displacement of molten metal from the cutting zone was dif-
ficult. For this reason, the differences in the features of the structure of the upper and lower parts of the cut 
become even more significant. Figure 2, b shows images of the cut surface of the upper and lower plate after 
cutting under mode No. 1 (Table 1).

The surface of the top plate after cutting is quite close to that previously observed on specimens with 
a thickness of 5 mm. In the upper part of the upper plate, the height of irregularities above the cut surface 
is not more than 110–150 µm, while at the bottom of the plate it can reach 205–215 µm and more. Signifi-
cantly larger irregularities and heterogeneity of the surface structure are characteristic for the lower plate. 
In the upper part of the lower plate, the size of irregularities is up to 200–305 µm, and in the lower part it 
is up to 330–680 µm. The smallest sizes of peaks and valleys are characteristic for the specimens obtained 
by the mode No. 1. Periodicity of the formed peaks on the cut surface changes from the upper to the lower 
part of the plates. The smallest distance between the peaks can be observed in the upper part of the upper 
plate. Further towards the lower part of the cut there is an increase in the distance between irregularities, 
which reaches a maximum in the lower plate. In spite of the largest size of irregularities on the cut surface 
in the lower plate, the cut with the most homogeneous distribution of peaks and valleys is formed on it. In 
the lower plate, the cut is almost unchanged in height or along the length of the plate. The direction of the 
formed peaks on the cut surface of the lower plate also does not change, while in the upper plate it signifi-
cantly changes from the top to the bottom. On the cutting surfaces of both the upper and lower plates, it is 
possible to identify marks of oxidation of the material (Fig. 2, b). Moreover, oxidation, according to the ap-
pearance of the surface, varying degrees occurs at the top and bottom plate. In the lower part of the plates, 
formation of small amount of flowed metal in both plates is detected, but in the lower plate the overlap is 
significantly smaller and the lower edge of the cut is more uniform along the length of the plate.

Parameters of plasma cutting modes of AA2024 aluminum alloy with thickness of 12 mm were deter-
mined using the parameters given in Table 1. Low cutting speed (mode No. 3) of AA2024 alloy specimens 
with thickness of 12 mm causes low quality of the cut surface (Fig. 3, a). In this case, there are drastic dif-
ferences between the upper and lower cutting zones, with the presence of small and quasi-periodic relief 
elements in the upper part and large elements in the lower part. At higher cutting speeds (mode No. 4) a 
rather homogeneous cut surface is obtained (Fig. 3, b). The size of irregularities above the cut surface was 
50–150 µm in the upper part of the cut and 80–260 µm in the lower part. The smallest irregularities are 
characteristic for the specimens obtained according to mode No. 4. No clearly visible oxides or any inclu-
sions of other character were identified on the cut surfaces as well.

During plasma cutting of specimens of aluminum alloy AA2024 with thickness of 40 mm a number of 
specific features were detected. In this case, the heating of the material of the cutting zone is of great im-
portance, as a result of which at the beginning of the cut almost all samples have a deviation of the cutting 
axis location from the preset position (Fig. 4). There are a large number of relief elements on the cut sur-
face, and its arrangement in the upper part is more ordered than in the lower one of the sample. In the lower 
part of the cutting zone, a small amount of metal is noted, which forms local areas of flowed metal, which 
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shows a better removal of the molten metal from the cut cavity. Significant heterogeneity of the cut surface, 
including macroscopic size, is characteristic for the specimens obtained according to non-optimal modes  
(mode No. 9, Fig. 4, a). The specimens obtained using more optimal modes are characterized by a more 
uniform structure of the cut surface (mode No. 7, Fig. 4, b). The size of peaks above the cutting surface is 
200–470 μm in the upper part and 230–600 μm in the lower part.

During plasma cutting of C1220 copper specimens, the formation of the largest amounts of flowed metal 
are observed in the lower part of the cutting (Fig. 5). This is due to the high thermal conductivity of copper 
and indicates that the molten metal, blown by the gas jet from the cut cavity, solidified at a fairly high rate. 
In many areas of the cut, the amounts of flowed metal are almost missing, but by adjusting the parameters 
of the cutting mode it was not possible to achieve its complete absence. The size of irregularities on the cut 
surface is 25–80 µm at the top and 65–200 µm at the bottom of the cut. The lowest values of irregularities 
heights are characteristic for the specimens obtained by the mode No. 5.

Studies of the structure of Ti-1.5Al-1.0Mn alloy samples with a thickness of 5 mm in cross-section to the 
cutting plane showed that in the specimens there is quite a significant distortion of the macrogeometry of the 
cut, especially in the upper part of the specimen (Fig. 6, a, b). Also the size of a heat-affected zone differs sig-
nificantly (Fig. 6, b, c), having 415–520 µm in the upper part of the cut and 800–1,820 µm in the lower part. 
Smaller sizes are characteristic for the mode No. 2. At the bottom of the cutting zone amounts of flowed metal 
with dendritic structure are clearly distinguished (Fig. 6, c). This is caused by displacement of molten metal 
from the cut zone, its flowing down to the lower part of the cut and solidification as a flowed metal. 

Studies of regularities of structure organization at higher magnification show that structural changes 
during cutting under different modes are typical for this type of alloys. In the bulk metal zone (Fig. 6, d)  
a typical structure with grains elongated in the direction of rolling is characteristic.

Fig. 3. Cut faces appearance of specimens of aluminum alloy with a thickness of 12 mm: 
a – specimen after cutting in non-optimal mode; b – specimen after cutting in optimal mode; 1 – bottom  

of the cut face; 2 – top of the cut face

Fig. 4. Cut faces appearance of specimens of aluminum alloy with a thickness of 40 mm: 
а – specimen after cutting in non-optimal mode; b – specimen after cutting in optimal mode; 1 – bottom  
of the cut face; 2 – top of the cut face; 3 – macrodefects of the cut face; 4, 5 – defects in the initial part  

of the cut face
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Fig. 5. Cut faces appearance of specimens of copper with  
a thickness of 40 mm: 

1 – bottom of the cut face; 2 – top of the cut face; 3 – a flowed metal

In the heat-affected zone, a heating above the temperature of polymorphic transformation and subse-
quent hardening occurs with the formation of a needle-like structure, which is close for all three cutting 
modes (Fig. 6, e). The zone of metal melting which is mainly located in the area of flowed metal is repre-
sented by a dendritic structure (Fig. 6, f) formed with sufficiently rapid crystallization from the liquid state, 
which leads to formation of rather fine dendrites. The described changes in the cut zone structure inevitably 
lead to changes in the mechanical properties of the material, which can be unacceptable in various condi-
tions. To investigate changes of mechanical properties of a cut surface further in the work, measurements 
of microhardness of a near-surface zone were carried out. The results of measurements of microhardness 
in specimens show, that in the heat-affected zone there is an increase in microhardness of the material (Fig. 
6, g, h) both in the top, and in the bottom parts of the specimen. At distance of up to 2,000 µm from the cut 
surface, the microhardness values are at a level close to the base metal. In general, all of the three selected 
modes are quite well suited for obtaining parts by plasma cutting. From the viewpoint of the smallest values 
of the allowance for the further processing, mode No. 2 can be considered more optimal, characterized by 
an average cutting speed and the smallest depth of the heat-affected zone (up to 880 μm). It should be noted 
that during cutting of titanium alloy a metal hardening occurs in the heat-affected zone with an increase in 
microhardness, which can reduce the machinability of the material during further edge milling.

The structure of the cutting zone of the titanium alloy Ti-1.5Al-1.0Mn specimens consisting of two 
plates with thickness of 5 mm, stacked in a package, is similar enough to that described earlier (Fig. 7, a). In 
the upper part of the upper plate a significant distortion of macrogeometry is observed, and the heat affected 
zone increases to the bottom of both plates (Fig. 7, a–d). At the same time, the lower plate is characterized 
by a rather uniform shape of the cut edge. In this case, only a small amount of remelted material is located 
on the cut surface of the upper plate, while the cut surface of the lower plate may have a rather thick layer 
with a dendritic structure (Fig. 7, a, d, e). The size of the heat-affected zone in the upper part of the upper 
plate is 550–700 µm, in the bottom part – 1,150–1,300 µm, in the upper part of the lower plate – 800–950 
µm, in its bottom part – 1,900–2,300 µm. The smallest sizes of the heat-affected zone are characteristic 
for the cutting mode No. 1. The melted zone metal is fairly unevenly distributed over the cut surface. Be-
tween the molten metal and the base metal of the specimen, the formation of defects in the form of pores 
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Fig. 6. Macro- and microstructure of typical specimen of titanium alloy with a thickness of 
5 mm after plasma cutting: 

a – macrostructure; b, c – enlarged images of the upper and lower parts of cut zone; d, e, f – micro-
structure of specific zones; g, h – microhardness variation; 1 – base metal; 2 – heat-affected zone;  
3 – melting zone; 4 – zone boundary; 5 – macrogeometry failure; 6, 7 – areas of microhardness testing

or discontinuities occurs. These regions should be removed during further machining of the material. The 
organization of the structure within the typical structural zones of the specimens is similar to that observed 
when cutting specimens with a thickness of 5 mm. Microhardness measurements (Fig. 7, e–i) also show 
that in the boundary area there is a drastic increase in the microhardness of the material compared to the 
base metal. The research shows a fairly high degree of applicability of all three modes of plasma cutting of 
specimens with a total thickness of 10 mm, similarly to the cutting of specimens with a thickness of 5 mm. 
Mode No. 1 is the most optimal, since it is characterized by a shallower depth of the heat-affected zone.

Structural changes in the plasma cutting zone of AA2024 alloy specimens with a thickness of 12 mm 
differ from those previously described for titanium alloy (Fig. 8). All samples under study are characterized 
by the presence of a metal melting zone, a heat-affected zone, and a base metal with an unchanged structure. 
For the most of the specimens, it is possible to identify macrogeometric distortions and the flowed metal 
formation from the material remelted in the cutting cavity and accumulated in the lower part of the cut.
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Fig. 7. Macro- and microstructure of typical package specimen of two sheets of titanium alloy with  
a thickness of 5 mm after plasma cutting: 

a – macrostructure; b–e – microstructure of specific zones; f–i – microhardness variation; 1 – base metal;  
2 – heat-affected zone; 3 – melting zone; 4 – zone boundary; 5–8 – areas of microhardness testing

The heat-affected zone in specimens is represented by an almost undeformed structure of the base  
metal with enhanced etchability relative to it (Fig. 8, a–c). The size of the heat-affected zone is about 
100–200 µm in the upper part and 600–2,000 µm in the bottom part, with the lowest values for mode No. 2. 
All specimens are characterized by an identical structure in the initial state (Fig. 8, d). In the melting zone a 
typical structure with dendritic texture is formed when molten metal flows down the cut surface (Fig. 8, g). 
Due to the high rate of crystallization of the metal on the cut surface, formation of a fine dendritic texture 
and defects in the form of cracks occurs (Fig. 8, e). 
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Fig. 8. Macro- and microstructure of typical specimen of aluminum alloy with  
a thickness of 12 mm after plasma cutting: 

a – macrostructure; b, c – enlarged images of the upper and lower parts of cut zone; d–g –  
microstructure of specific zones; h, i – microhardness variation; 1 – base metal; 2 – heat- 

affected zone; 3 – melting zone; 4 – zone boundary; 5, 6 – areas of microhardness testing

The changes in mechanical properties in the cutting zone were observed on the specimens by measuring 
its microhardness (Fig. 8, h, i). The average value of the microhardness of the base metal of the specimens 
ranges from 1.35 to 1.45 GPa. In heat-affected zone and melting zone there is a sharp decrease of 
microhardness to the values 0.95–1.2 GPa which shows fairly significant decrease of mechanical properties 
in these zones. The boundary between the heat-affected zone and the base metal zone in the upper part of 
the sample is sharper than in the bottom part.

Macrostructure of AA2024 alloy specimens with a thickness of 40 mm obtained by different modes of 
plasma cutting is quite different from that described above (Fig. 9, a–c). The size of the heat-affected zone 
is significantly higher and amounts to 12–15 mm for most of the cutting modes. The smallest values of the 
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Fig. 9. Macro- and microstructure of typical specimen of aluminum alloy with  
a thickness of 40 mm after plasma cutting: 

a – macrostructure; b, c – enlarged images of the upper and lower parts of cut zone; d–f – micro-
structure of specific zones; g, h – microhardness variation; 1 – base metal; 2 – heat-affected zone;  

3 – melting zone; 4 – defects; 5, 6 – areas of microhardness testing

size of the heat-affected zone are characteristic for the mode No. 8, for which the size of the heat-affected 
zone is 4.0 mm in the upper part of the cut and 8.0 mm in the bottom part. For these specimens the deviation 
of cut geometry in the upper part, which is from 0.7 to 5.2 mm, is very important. 

Studies of the structure of the specimens under higher magnification show that the structure of the ma-
terial in different parts of the cutting zone is represented by structures quite similar to those identified for  
12 mm thick specimens (Fig. 9, d–e). In the melting zone, the structure is represented by dendritic structure with 
a large number of pores and discontinuities. The heat-affected zone is characterized by increased etchability com-
pared to the base metal; it can be further divided into two parts, also different in the degree of etching.

With the initial value of the microhardness of the material in 1.25–1.35 GPa, in the heat-affected zone, 
it is possible to reduce the microhardness to values of the order of 0.85–1.15 GPa (Fig. 9, g, h). According 
to changes in microhardness the heat-affected zone is also divided into two separate parts.
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During cutting of C1220 copper specimens with thickness of 40 mm it was found that, despite the large 
thickness of sheet, the size of heat-affected zone in the specimens is at a sufficiently low level (Fig. 10, a–c). 
The magnitude of deviation of macrogeometry of specimens cut is less than 0.7 mm. The size of the melting 
zone is up to 0.15 mm. The heat-affected zone is practically not visible on metallographic thin sections. Its 
grain structure is similar to that of the base metal (Fig. 10, b–d). There are a large number of pores, discon-
tinuities and laminations in the melting zone (Fig. 10, e, f). The heat-affected zone was detected only when 
analyzing changes in the microhardness of the material in the cutting zone (Fig. 10, g, h). The size of the 
heat-affected zone is 0.5–3.0 mm, depending on the cutting mode. The smallest size is characteristic for the 
mode No. 7, which can be considered optimal from the viewpoint of the allowance for further machining.

Fig. 10. Macro- and microstructure of typical specimen of copper with  
a thickness of 40 mm after plasma cutting: 

a – macrostructure; b, c – enlarged images of the upper and lower parts of cut zone; d–f – microstructure 
of specific zones; g, h – microhardness variation; 1 – base metal; 2 – heat-affected zone; 3 – pores;  

4, 5 – lamination; 6, 7 – areas of microhardness testing
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Conclusion

The research shows that for the cutting of AA2024 aluminum alloy and Ti-1.5Al-1.0Mn titanium alloy 
with thickness up to 12 mm it is possible to regulate the cutting speed within a wide range, while for rolled 
C1220 copper and AA2024 aluminum alloy with thickness of 40 mm the range of regulation of the cutting 
speed is quite narrow. Intensive heat removal of copper rolled products allows obtaining a cut with minimal 
values of a partial or complete melting zone, although it is possible to obtain rather large amounts of flowed 
metal in the cutting zone, consisting of melted metal pushed out of the cutting zone. Studies of the cutting 
processes of aluminum alloy AA2024 and titanium alloy Ti-1.5Al-1.0Mn revealed the depth of thermal 
effect of cutting, changing from the top to the bottom of the cut. While for aluminum alloy AA2024 due to 
excessive precipitation of alloying elements from a solid solution in a zone of thermal influence a decrease 
in microhardness was noted, for alloy titanium alloy Ti-1.5Al-1.0Mn microhardness growth caused by 
material hardening was characteristic.

The analysis of cut surface morphology, macro- and microstructure of the material in the cutting 
zone, as well as the study of microhardness changes allowed determining the most optimal combination 
of cutting mode parameters to obtain the most quality cuts. Changing the parameters of the cutting 
mode allows obtaining a more homogeneous macrogeometry of the cut surface, a smaller depth of the 
material remelting zone and the heat-affected zone, and smaller changes in the mechanical properties of 
the material in the cutting zone. For titanium alloy Ti-1.5Al-1.0Mn almost all used modes of cutting were 
close to optimum, though some of it provides a slightly better cut quality. (mode No. 2 when cutting 
specimens with thickness of 5 mm and mode No. 1 when cutting specimens with thickness of 10 mm). 
For aluminum alloy AA2024 specimens with a thickness of 12 mm the best cutting mode was No. 2, and 
for the specimens with a thickness of 40 mm – mode No. 8. When cutting C1220 copper specimens with 
a thickness of 40 mm, the best quality of the cut was achieved with the mode No. 7. The obtained results 
are summarized in Table 2. 

T a b l e  2
Change in cut quality indicators depending on plasma cutting modes

Alloy S, mm Mode No. Roughnesses, µm Macrogeometry  
distortion, mm

Depth of the heat-affected 
zone, mm**

Ti-1.5Al-1.0Mn 5 1 75–275 0.5–0.6 0.5–1.8
Ti-1.5Al-1.0Mn 5 2* 65–210 0.5–0.6 0.4–0.9
Ti-1.5Al-1.0Mn 5 3 70–245 0.4–0.6 0.5–1.5
Ti-1.5Al-1.0Mn 10 1* 150–330 0.6–1.9 0.3–0.4
Ti-1.5Al-1.0Mn 10 2 110–450 0.6–2.3 0.3–0.4
Ti-1.5Al-1.0Mn 10 3 110–680 0.7–1.9 0.4–0.6
AA2024 12 1 50–80 1.3–1.5 0.5–0.8
AA2024 12 2* 130–150 0.4–0.5 0.5–0.9
AA2024 12 3 100–260 1.3–1.4 0.3–0.8
AA2024 12 4 50–80 2.0–2.3 0.4–0.9
AA2024 12 5 55–240 3.1–3.2 1.6–3.5
AA2024 40 1 210–510 0.9–1.0 12.6–15.6
AA2024 40 2 205–230 2.5–2.6 12.7–15.7
AA2024 40 3 350–460 2.7–2.9 1.7–15.7
AA2024 40 4 260–300 4.5–5.0 12.3–15.3
AA2024 40 5 200–470 0.6–0.7 12.5–12.75
AA2024 40 6 330–600 0.9–1.1 4.0–15.0
AA2024 40 7 320–550 5.0–5.2 5.0–15.0
AA2024 40 8* 470–570 2.8–3.0 4.5–8.5
AA2024 40 9 470–570 1.3–1.5 12.0–13.0
AA2024 40 10 125–520 1.1–1.3 13–16
C1220 40 1 – – 1.3–1.5
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T h e  e n d  T a b l e  2
Change in cut quality indicators depending on plasma cutting modes

Alloy S, mm Mode No. Roughnesses, µm Macrogeometry  
distortion, mm

Depth of the heat-affected 
zone, mm**

C1220 40 2 – – 0.8–0.9
C1220 40 3 – – 0.65–0.75
C1220 40 4 80–180 1.2–1.4 2.8–3.0
C1220 40 5 25–75 0.5–0.7 1.9–2.0
C1220 40 6 7–65 1.0–1.2 2.7–3.0
C1220 40 7* 45–200 0.9–1.0 1.8–1.9

* The most optimal plasma cutting modes
** In this case, the depth of the thermal influence zone and the melting zone are included

Based on the results of the work, it can be concluded that plasma cutting at reverse polarity currents is 
effective for cutting rolled products of large thicknesses; however, the method requires further development 
in order to improve the quality of the resulting cut. In the future, it is planned to conduct comparative studies 
in the field of plasma cutting of rolled sheets of large thicknesses using plasma torches with forward and 
reverse polarity.
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