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Oo0rpynmosano nepcnexmuenicms 2i0puodnozo aa-
3epHO-NNA3M06020 PIi3AHHA Memaie, 3anponoHosa-
HO KOHCMPYKUil0 iHMe2po6amnozo niasmMompoHa Ons
2i0pu0noi pizanns, a maKoxNc CnPozHo308aH0 Pe3yib-
mamu 1a3epHo-naamMo6020 Pi3aHHa JUCMOBUX 8Y2-
Jleuesux KOHCMPYKYItiHUX cmaeil 3 6UKOPUCMAHHIM
maxoezo inmeezpoganozo naazmompona. Iloxazano,
wWo 0ns MiHiMizauii empam na3epHO20 GUNPOMIHIO-
B8AHHA | OMPUMAHHA MAKCUMATLHOZO0 NPONIABTEHHS
inmezposanuil NAAIMOMPOH 0OUIILHO KOMNOHYEA-
mu 3a KOaxKciaabHol0 CXeMot0 3 0CbOBUM POIMAULY-
BAHHAM J1A3EePHOH020 BUNPOMIHIOBAHHS 1 MIHIMATb-
HUM HAXUTIOM HEeNJA6Kux enekmpodie (00nozo abo
Oinrvwe), eidcmanv 6i0 po601020 KiHys axux 00 oci
lazeproz0 nyuka noeuxHHa Jexcamu 6 inmepea-
i 2.3 mm liamemp nnazmoymeoproronozo conaa
noeumnen aexcamu 6 mexcax 2-5mm, a 3azaubnen-
HA oxyca nid noeepxmio aucma, wo po3pizaemo-
ca, npu 2iopuonomy pizanni cmanoeumu 1-2 mm.
s modentoganns npoyecis 1aseprnozo, naamo6020
ma 2i0pu0H020 PizanHs 3aCMOCO8YEANU NPOPAMHULL
xomnaexc SYSWELD, w0 cmano mMoycaueum 3a60s-
KU 8PAXYBAHHIO XAPAKMEPHO20 0I5 Pizanns edexmy
suodanenns 0iIAHOK PO3NNABIEH020 Mamepiany 6 30Hi
Pi3anns, saKe GUKOHYBANLOCA WIAAXOM 3AMIHU 6 X001
iX po3paxynKy MmaxcumaioHOi memnepamypu nepe-
epiey na nouamxoesy (20 °C). Bcmanoeneni ocnoeni
napamempu pejicumis nazepHo-naazmos020 pizam-
HSl, W0 00360J110Mb OMPUMAMU MIHIMATGHUT POIMID
3TB npu axocmi pizy, axa nabauxcaemocs 00 aazep-
noi. Ilpu uyvomy 0Oasn 2ibpudnozo pisanns nompio-
HO enepzo6KNadenns npubau3Ho 606iui meHwe, HidHC
05 nogimpano-naa3moeozo. Iliosuwenns weuoxocmi
2i0pu0H020 pizanHs 3a paxyHox 30LNbUEHHS MUCKY
i sumpamu po6ouux 2a3ie 00360J€ 1020 eHeP2OBKIA-
0anHI0 3PIBHAMUCA 3 AHANOZIUHUM NOKASHUKOM 2430~
1A3epHO20 PizanHs npu Oinvul HIHC MPUKPAMHOMY
niosuuenHio npooyKmueHoCcmi npouecy

Kmouoei cnosa: 2i6puone naseprno-naazmoee pi-
3anns, iHmezposanuli NAAIMOMpPoOH, Gyeieueea KoH-
CmMpyKuyitina cmasio, mepmivHuil YUK, 30Ha mepmiu-
Hozo eénauey (3TB), napamempu pexcumy

| 0

Received date 09.02.2020
Accepted date 23.03.2020
Published date 27.04.2020

1. Introduction

Industrial cutting processes are used to produce blanks
or finished parts that are subsequently assembled in struc-
tures by one method or another, for example, welding. To
reduce cost and improve structure manufacturability, it is
necessary to apply such a cutting process that will make it
possible to produce parts ready for further assembly in the
most simple and high-performance way. At the same time,
the dimensional accuracy of such parts, as well as quality of
their manufacture, should be as high as possible. Plasma can
be considered one of these industrial cutting processes. How-
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ever, the parts cut by this method have certain disadvantages:
relatively low accuracy, relatively large size of the heat-af-
fected zone (HAZ), a saturation of its edges with oxygen and
nitrogen. To eliminate these disadvantages, laser cutting can
be used. In this case, the disadvantages include increased
cost per cut meter and restrictions on the thickness of the cut
sheet (usually up to 20 mm for carbon steel). It is advisable to
combine these two processes into one hybrid process which
eliminates these shortcomings due to the interaction of laser
and plasma components. In the case of such combining two
processes into one, an issue arises of preliminary choice of
cutting modes for certain materials.



2. Literature review and problem statement

Today, plasma cutting is one of the most widespread
processes for producing flat parts (blanks) from sheet mate-
rials. Typically, such parts are made of carbon steel and used
for subsequent assembly (welding) in structures (products
of engineering, automotive, shipbuilding industries, etc.).
It was shown in [1] that one of the main disadvantages of
plasma cutting consists of a significant amount of aerosols
and solid particles released during the process. Aerosol cha-
racteristics are largely related to cutting parameters such as
metal type, cut length and plasma arc current. It was shown
that an increase in plasma power significantly contributes to
an increase in the total mass and size of released particles.
This negatively affects the working conditions of operators
and pollutes the environment, especially if it is necessary
to cut steel thicker than 10 mm. In addition, as shown
in [2], the choice of parameters of the plasma steel cutting
process affects:

— edge roughness;

— cutting angle (taper);

— burr formation;

— HAZ size;

— material removal rate;

— cut surface quality;

— metallurgical effects of cutting.

At the same time, proper choice of parameters such as
cutting power and speed, torch height and orifice gas pres-
sure improve some quality indicators while degrading others.

Replacement of plasma cutting for laser-plasma cutting
can be one of the ways to eliminate these drawbacks of the
flat blank cutting process. It was shown in [3] that high effi-
ciency, quality, and reliability have made it possible to obtain
better results with a fiber laser than with CO, or Nd:YAG
lasers conventionally used in metal cutting.

An increase in the length of the caustic throat in the focus
zone eliminates the problem of proper radiation focusing,
enables the formation of a uniform melt pool throughout pro-
cessing length and a particularly narrow cut. As shown in [4],
the reduction of hydrogen embrittlement is another advan-
tage of laser cutting. However, the laser cutting process has
several disadvantages, too. For example, it was shown in [5]
that the edges cut by the laser method have a rather high
roughness Ra and Rz. It was proposed to reduce it by cen-
trifugal shot-blasting. It is noted in [6] that operating costs
depend on laser power, cutting speed, auxiliary gas pressure,
nozzle diameter, the position of the focus point and the blank
material. The studies are aimed at reducing sufficiently high
operating costs of the process.

The studies conducted in recent decades are aimed at
eliminating the main disadvantages of thermal cutting pro-
cesses by combining them. For example, the use of equipment
consisting of a set of cells for processing small-batch products
in a wide and diverse assortment is proposed in [7]. Such
cells represent a new combination of cutting technologies
and contain laser, plasma-arc, water-jet (water-abrasive),
stamping and punching processes. A general model was
proposed in [8] to solve the problem of optimizing the tool
path of CNC laser-plasma-gas-water jet cutting machines.
The use of hybrid laser-plasma cutting was proposed in [9].
Such a process makes it possible to achieve high accuracy
and quality of cut edges characteristic of laser welding. At
the same time, the equipment cost is significantly reduced
by replacing approximately half of the laser power with

a relatively cheap plasma. In addition, the appearance of
a synergistic effect during laser-plasma cutting will make
it possible to surpass the performance of both the laser and
plasma components [10].

The main problems of using the hybrid laser-plasma
cutting process include lack of design solutions for creating
an integrated plasmatron and difficulty of choosing ranges
of varying the cutting mode parameters. The issue of de-
signing an integrated plasmatron requires a separate study.
Substantial attention has been paid in relevant literature
to the issue of modeling the cutting processes. For example,
an experimental study was carried out in [11] to study the
quality of plasma cutting of 309 stainless steel in terms of
cut width, roughness Ra and HAZ size. The results were
used to develop three intelligent forecast models based on
genetic algorithm (GA), artificial neural network (ANN) and
a hybrid technique of genetically optimized neural network
systems (GONN). Laser cutting parameters were simulated
in [12] based on variance analysis (ANOVA) followed by
optimization using the MATLAB environment.

Based on the approaches proposed in these studies, simu-
lation of hybrid laser-plasma cutting of structural steels can
be performed. At the same time, it is advisable to evaluate
the results according to the performance criteria (primarily
the processing speed) and the cut quality of (for example,
according to the HAZ size). In contrast to [11, 12], to analyze
the processes of gas-laser, air-plasma, and hybrid laser-plasma
cutting, the SYSWELD software package (developed by
ESI Group) was chosen as one professionally oriented on
welding processes.

Thus, today there is no approach to determining pa-
rameters of modes and forecasting results of the process of
laser-plasma cutting sheet metal materials, in particular,
carbon structural steels.

3. The aim and objectives of the study

The study objective is to forecast the results of laser-plas-
ma cutting sheets of carbon structural steel for improving the
efficiency of this process.

To achieve the objective, the following tasks were set:

— to determine the fundamental possibility and prospects
of using the hybrid laser-plasma process for cutting sheet
metal materials;

— to develop design patterns and determine the main pa-
rameters of integrated plasmatron for hybrid cutting;

— to conduct computer simulation of the processes of la-
ser, plasma, and laser-plasma cutting carbon steels using the
designed integrated plasmatron.

4. Determining the fundamental possibility and prospects
of using a hybrid laser-plasma process for cutting sheet
metal materials

When developing the process of laser-plasma cutting
sheet metal materials, it is desirable to implement the process
in such a way that the results obtained (that is, the roughness
of the cut edges, their parallelism, cutting width, HAZ size)
are closest to the results of laser cutting. To this end, it is ne-
cessary to analyze the combined effect of laser radiation and
the arc plasma formed in the plasma forming nozzle on the
metal being cut. According to [13], state of the plasma column



through which laser radiation passes almost non-interacting
with it [14] can be described by a system of equations:
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where 7 is the radial coordinate; T(r) is the temperature; u(r) is
the axial velocity of plasma; x(7) is the thermal conductivity;
o(T7) is the electrical conductivity; u(7) is the coefficient of
laser radiation absorption; U(T) is the volumetric density
of radiation power; n(7) is the coefficient of dynamic viscosity
of plasma; E is the electric field strength; dp/dz is the gra-
dient of gas-static pressure in the channel; P(r) is the power
distribution in the laser beam. The values of E and dp/dz are
determined from the conditions of total current conservation:

R
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0
and total gas flow through the channel:

R
G= 2n_|.purdr, (4)
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where [ is the arc current; G is the gas flow rate; p(7) is the
plasma density; R is the radius of the channel of the plasma
forming nozzle through which plasma and laser radiation
pass. Moreover, boundary conditions for equations (1), (2)
are as follows:

du
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where Ty, is the temperature of the cooled channel walls.

Numerical study of the interaction of a laser beam and
plasma of the arc discharge column in the channel of the
plasma-forming nozzle with inner diameter d was carried
out using dependences (1)—(5) indicates its effectiveness
at I/d<30. In strongly compressed arcs (I/d>40 A/mm), the
axial temperature of plasma exceeds 20,000 K and its further
increase caused by the action of laser radiation results in
a drop of plasma conductivity. Therefore, 1/d<30...40 A/mm
was chosen as the most suitable range of I/d values. Thus, the
inner diameter of the nozzle should be 2—5 mm for currents of
the order of 80-200 A.

The study shows that when implementing a hybrid
laser-plasma process, the laser beam can be considered not
only as one of the blank heating sources but also as a tool for
controlling the technological characteristics of the arc plas-
ma. Interaction of laser radiation and arc plasma produces
a synergistic effect. It consists of additional compression of
a direct-acting plasma arc by improving the breakdown con-
dition in a narrow plasmatron that occurs when laser radia-
tion acts on metal. In addition, the anode region of the plas-
ma arc is «attached» to the zone of action of the focused laser
beam acting on the cut front while the effect of anode spot
wandering is eliminated. The resulting combined effect of
two energy sources on the processed material is non-additive,
that is, its effect is greater than the sum of effects of each of
these sources taken separately. This synergistic effect makes
it possible to use the laser-plasma process as an innovative

controlled source with a high energy density for welding,
cutting and various types of heat treatment of metals.

5. Developing the design diagram and determining
the main parameters of the integrated plasmatron
for hybrid cutting

When choosing the basic scheme of integrated plasmatron
for laser-plasma cutting, several options were considered. For
example, the coaxial or paraxial arrangement of laser radiation
axis relative to the plasmatron axis, use of an arc of direct
or indirect action. To take into account the advantages and
disadvantages of these options, some well-known prototypes
were considered. For example, focused radiation from a solid-
state Nd:YAG laser with a power of up to 200 W and an in-
direct plasma arc with the power of up to 1.0 kW were used
for hybrid cutting of stainless steel up to 2 mm thick [15].
In this case, the plasmatron in which argon was fed into the
nozzle-anode was placed vertically under the cut plate and the
laser head in which air was supplied into the nozzle was set at
an angle of 60° to the plate surface. Such hybrid cutting has
made it possible to double speed compared to the laser cutting
speed while keeping the cut width and the HAZ size close to
it. It was found that the optimal ratio of power inputs from the
plasma jet and the laser beam in the metal being cut should
not exceed 3:1. For combined cutting using a direct-action
arc, it was recommended in [16] to choose an approximately
equal power ratio. The best result was shown by the integra-
ted plasmatron design in which both components of the hy-
brid process were located on one side of the cut sheet [15, 16].

Proceeding from the principles of standardization and
unification, it is advisable to use a standard tungsten pin
cathode in the developed design of the integrated cutting
plasmatron. For currents of the order of 100—-200 A, a 4.0 mm
diameter non-consumable electrode is commonly used. Ac-
cording to the data of [17, 18], to obtain maximum penetra-
tion, distance from the working end of the non-consumable
electrode to the axis of the laser beam should lie in the
range of 2..3 mm. At smaller distances, there is a danger of
electrode destruction under the impact of laser radiation. At
larger distances, a decrease in penetration depth is observed.
It is caused by the disappearance of the effect of the «link-
age» of the anode region of the arc with the laser heating
spot. The beam focus should be deepened relative to the
product surface and be adjustable within certain limits.

Review of published data and the authors’ studies have
allowed us to develop a design diagram for a unique inte-
grated plasmatron for laser-plasma cutting (Fig. 1). Such
a scheme features continuous protection of non-consumable
tungsten electrode (cathode) with inert plasma-forming
gas (argon). In this case, the active cutting gas (oxygen) is
supplied directly to the cutting plasma-forming nozzle. In
order to prevent the active cutting gas from contacting the
tungsten electrode, its flow rate should be taken less than or
equal to the flow rate of the plasma-forming gas. To improve
the quality of the cut and increase the service life of the
electrodes, the laser radiation is fed coaxially along the axis
of the plasma forming nozzle. On both sides of it, two 4.0 mm
diameter electrodes are installed at an angle of up to 35°
and their sharpening angles may differ. Usually, these angles
must be close to 60° for cutting. According to the proposed
scheme, an integrated plasmatron was built. It implements
the process of laser-plasma cutting (Fig. 2, a, b).



6

Fig. 1. Design diagram of an integrated plasmatron
for laser-plasma cutting: 1 — laser radiation;
2 — tungsten cathode; 3 — plasma-forming gas (argon);
4 — cutting gas (oxygen); 5 — cutting nozzle; 6 — part

Fig. 2. Integrated plasmatron for laser-plasma cutting:
a — three-dimensional model; b — physical appearance

Based on [15—18], it can be assumed that the main pa-
rameters of the developed integrated plasmatron should be
as follows: laser radiation power up to 5.0 kW and cutting
current up to 200 A (at a voltage of up to about 100 V).
With the help of such a plasmatron, a series of technological
experiments were carried out. This has made it possible to

verify the accuracy of forecast results obtained by computer
simulation that are given below.

6. Computer simulation of processes of laser, plasma
and laser-plasma cutting of carbon steels

For reasons of widest application in industry, two types
of steels were chosen for simulation of laser-plasma cutting:
St. 3sp (analog Q235) and 09G2S (analog SB49) (Table 1).
To simplify the process of computer simulation, generalized
thermophysical characteristics of structural carbon steels
given in Table 2 were used. Based on[1-4], conventional
technological schemes and modes (Table 3) for plasma and
laser cutting 5- and 10-mm steel sheets were chosen.

To simulate the heat source of thermal cutting, the J. Gol-
dak model was used [19] (Fig. 3). According to this model,
the heat source was represented as a double ellipsoid. To
calculate each of the three thermal cutting processes under
consideration, the SYSWELD software package, a finite
element model (Fig. 4) of a steel sheet with dimensions of
at least 400x200x3 mm cut linearly (the cut zone is shown
in red in Fig. 4) was constructed. Since the finite element
method is an approximate method with accuracy depending
on grid pitch, a grid with a smaller pitch was used in the area
of the heat source and that with a larger pitch was used in
other zones (Fig. 4).

The finite element method used in the calculations is
based on the assumption that the body can be represented
as a set of elements connected to each other only in nodes.
The relationship of nodal changes in temperature over
time is set using the temperature matrix of the element.
At the stage of preprocessing preparation of the model, the
database necessary for calculation is created, a coordinate
system is set, geometric models are constructed, material
properties, type, and analysis, boundary conditions are set,
a finite element grid is built and the element type is as-
signed. Next, thermal analysis is performed with an analysis
time of 600 seconds until complete cooling. The design was
modeled by a voluminous 8-node element. The number of
elements was 42,000. The SYSWELD software package was
used for modeling.

Table 1
Chemical composition of steels St. 3sp (analog Q235) and 09G2S (analog SB49), wt. %
Steel grade C Si Mn Ni S P Cr \Y% N Cu As
St. 3sp (Q235) | 0.14-0.22 | 0.15-0.30 | 0.40-0.65 <0.3 <0.050 <0.040 <0.3 - <0.010 | 0.3 | <0.08
09G2S (SB49) <0.12 0.5-0.8 1.3-1.7 <0.3 <0.035 <0.03 <0.3 <0.12 | <£0.008 | <0.3 | <0.08
Table 2
Generalized thermophysical characteristics of structural carbon (low-carbon) steel
under normal conditions
Densitv . | Specific heat ¢ Heat conductivity | Thermal Specific heat of Melting The temperature
Material K /m};’ | P J/(kg-°C) ’ factor A, diffusivity a, | evaporation E, | temperature | of the start of phase
8 8 W /(m-°C) m?/s k] /kg T, K transitions Tacs, K
Carbon steel 7830 494 42 15106 6,088 1,833 1,123




Fig. 3. Diagram of the model of a distributed volumetric
heating source having the shape of a double ellipsoid (heat
input is opposite to the z axis direction and welding direction
coincides with the x axis) [19]

Fig. 4. A finite-element model of distribution of temperature
fields in a linearly cut steel sheet with a thickness of $=5
and 10 mm in the SYSWELD software package

Combination of temperature matrices of individual ele-
ments in the global temperature matrix of the body necessary
for performing calculations makes it possible to write down
conditions of thermal equilibrium of the body:

T

c(rp(r)2r =

-2 (12 a2 )+ 2 (1)),

0<2<8,t>0, (6)

where C(T), p(T), MT) is the effective heat capacity of the
metal (taking into account the latent heat of fusion), density
and thermal conductivity, respectively; x, y, z are the Carte-
sian coordinates (the heat source moves along the x coordi-
nate with speed V); 8 is the thickness of the cut metal plate;
t is the time coordinate.

At given temperatures, the action of which varies over time,
and with the known global temperature matrix, solution of the
system of equations of thermal equilibrium (balance) allows
one to find all the nodal values of temperature depending on the
time of action of the heat source, and hence, temporary changes
in temperature within each element. Thus, the spatiotemporal
distribution of body temperatures was determined [20].

Over the entire height of the cut plate heated by a laser,
plasma, or hybrid laser-plasma heat flux ¢(¢) for a time ¢,

a linear heat source with a radius Ry, Ry or R, and Ry, re-
spectively, is formed. In the case of hybrid cutting, the surface
will be heated first by the plasma source, then by the sum of
the laser and plasma sources and, finally, again by the plasma
source. The time constant (exposure time) in each of these
three cases will equal:

_R,-R

t “3't=t+2R””'t
1 V » "2 1 V ’ 3

=t,+t,. )

Then the heat flow will act on the cut plate:

9> O<t<t,
QZ(t) Qo+ Qs L <U<Lyp, (8)
4 L, <t<t,
where
P
=A T las
ql{l& ( )TERZ

las

is the heat flux introduced by laser radiation,

P
qp = A(T)TET?IZI
»
is the heat flux introduced by the arc plasma. Such heat
fluxes create a volumetric heating source in the cut plate the
shape of which is shown in Fig. 3.

In the course of computer simulation, according to the
recommendations of [1-4], the modes of cutting processes
were selected (Table 3), according to which the temperature
distribution in the edges of the cut and the thermal cycles of
the studied processes were determined using the SYSWELD
software package (Fig. 5-10). These calculations were per-
formed according to the regime parameters selected sepa-
rately for laser (Fig. 5,7) and for plasma (Fig. 6, 8) cutting,
and then the obtained results were integrated to obtain the
forecasted results of laser-plasma cutting (Fig. 9, 10).

When performing such a simulation, the characteristic
for cutting effect of removing sections of molten material
in the cut zone was taken into account by replacing, during
the calculation, their maximum superheat temperature with
the initial temperature (20 °C). The heat source operating
during the cutting process was considered linear, cylindri-
cal, uniformly distributed over the height of the cut plate.
The main criteria by which the parameters of the regimes of
laser-plasma cutting were chosen were obtaining a guaran-
teed through a cut (parallelism of the cutting edges) in com-
bination with the minimum HAZ size at the cutting edges.

The forecasted parameters of the hybrid laser-plasma
cutting modes obtained as a result of the finite element
modeling are listed in Table 3. In the process of calculations,
these parameters were chosen according to the criteria for
minimizing the HAZ (HAZ size up to 0.2 mm for §=5 mm and
about 0.2-0.3 mm for §=10 mm) and obtaining the highest
speed for the given power of the heat source process (about
240 m/h for 6=5 mm and about 120 m/h for =10 mm). As
a plasma-forming gas in hybrid cutting, it is advisable to use
one that does not harm the operation of the non-consumable
electrode. This is usually argon. However, such a gas is not
suitable for cutting carbon steel. Therefore, argon can be
recommended as additive oxygen (for example, up to 50 %)
introduced into the cutting head so that it does not come into
contact with a non-consumable tungsten electrode.
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Fig. 5. Laser cutting of steel =5 mm (isotherms are taken at a distance of 1.25, 5.0, 12.5 and 30 mm
from the edge of the cut): @ — model of the process; b — thermal cycles
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Fig. 6. Plasma cutting of steel =5 mm (isotherms are taken at a distance of 1.25, 5.0, 12.5 and 30 mm
from the edge of the cut): @ — model of the process; b — thermal cycles
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Fig. 7. Laser cutting of steel =10 mm (isotherms are taken at a distance of 1.25, 5.0, 12.5 and 30 mm
from the edge of the cut): a — model of the process; b — thermal cycles
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Fig. 8. Plasma cutting of steel =10 mm (isotherms are taken at a distance of 1.25, 5.0, 12.5 and 30 mm
from the edge of the cut): @ — model of the process; b — thermal cycles
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Fig. 9. Laser-plasma cutting of steel =5 mm (isotherms are taken at a distance of 1.25, 5.0, 12.5 and 30 mm
from the edge of the cut): a — model of the process; b — thermal cycles
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Fig. 10. Laser-plasma cutting of steel =10 mm (isotherms are taken at a distance of 1.25, 5.0, 12.5 and 30 mm
from the edge of the cut): a — model of the process; b — thermal cycles




Table 3

Forecasted results of the parameters of the regimes of laser (with oxygen), air-plasma and hybrid laser-plasma cutting,
ensuring parallel cutting edges with a minimum size of HAZ

.Steel sheet Cutting He'ating spot | Cutting speed | Current Heat source power, W Heat input
thickness 8, mm | method dia. d, mm V, mm/s LA Es=Ejys+Ep;, J/mm
Laser 0.4 35,0 1,700 Ejus=50
5 Plasma ~3.0 33.33 100...120 8,000...10,000 E,;=240...300
Hybrid ~2.5 66.67 100...120 | 10,000...12,000 (1,700+8,000...10,000) Es=150...180
Laser 0.4 18.33 2,000 Ej=110
10 Plasma ~3.0 13.33 140...160 10,000...12,000 E,=750..900
Hybrid ~2.5 33.33 140...160 | 12,000...14,000 (2,000+10,000...12,000) E5=360...420

7. Discussion of results of forecasting the laser-plasma
cutting of structural carbon sheet steels

As can be seen from a comparison of the obtained linear
energies of the laser, plasma, and hybrid processes (Table 3),
the selected parameters of the laser-plasma cutting mode pro-
vide approximately half the energy input than the air-plasma
cutting process. This, accordingly, makes the process under
consideration more promising. At the same time, this indicator
of laser-plasma cutting is approximately three times higher
than the energy input of the gas-laser cutting process which
casts doubt on the possibility of replacing laser cutting with
a hybrid one. However, literature data, for example [15], argue
that laser-plasma cutting can significantly increase the pro-
cessing speed compared to laser cutting without compromising
the quality of the cut. In all likelihood, with an increase in the
speed of hybrid cutting by about 2—3 times, its energy input is
equal to that of gas laser cutting. Moreover, the performance of
the first is no less than 3 times higher than the performance of
the second. It can be suggested that to improve the results of
hybrid cutting including further reducing the size of the HAZ
by increasing the cutting speed, it is advisable to increase the
flow rate and pressure of the working gases (argon and oxygen).

The fundamental possibility and prospects of using a hy-
brid laser-plasma process for cutting sheet metal materials
are associated with the emergence of a synergistic effect,
which consists of three main aspects:

— additional compression of the direct-acting plasma arc
by improving the breakdown conditions in a narrow plasma
plume arising from the action of laser radiation on the metal
and consisting of ionized vapors of the base metal and plas-
ma-forming gas;

— elimination of the effect of wandering of the anode spot
due to the «binding» of the anode region of the plasma arc to
the zone of action of the focused laser beam;

— improving the absorption of laser radiation by the base
metal due to its heating by a direct-acting plasma arc.

Moreover, according to dependences (1) to (5), the most
suitable range of I/d values is I/d<30...40 A/mm which for
currents of the order of I=80-200 A corresponds to the inner
diameter of the nozzle d=2-5 mm.

To implement the laser-plasma cutting process, an origi-
nal design of an integrated plasmatron was proposed based
on the coaxial arrangement of the laser radiation axis and the
lateral placement of @4.0 mm tungsten cathodes at angles
of up to 35° (Fig. 1). Operability of this design is based on
continuous protection of a non-consumable tungsten elec-
trode (cathode) with an inert plasma-forming gas (argon).
In this case, cutting becomes possible due to the supply of

active cutting gas (oxygen) directly into the plasma forming
nozzle. The main parameters of this plasmatron are as follows:
laser radiation power: up to 5.0 kW, cutting current: up to
200 A (at a voltage of up to about 100 V).

For computer simulation of the processes of laser, plasma
and laser-plasma cutting of carbon steels performed using the
designed integrated plasmatron, the finite element method was
used. For this, the heat source was presented in the form of
a double ellipsoid (Fig.3). The condition of thermal equilib-
rium (6) allows us to determine temporary changes in tempera-
ture within each element. The cut is modeled as a linear heat
source created by the heat flux (8) acting for a period of time (7)
on the corresponding point on the surface of the cut plate.

As a result of calculations using the SYSWELD software
package, temperature distribution in the edges of the cut and
the thermal cycles of the processes of laser (Fig. 5, 7) and plas-
ma (Fig. 6,8) cutting were determined. The results obtained
were compared with published data [1-6, 11-12]. It was found
that the data obtained coincide with the literature with an accu-
racy of 10 %, which is acceptable in technological calculations.

Then, similar calculations were performed for the laser-
plasma cutting process (Fig. 9, 10) which has made it possible
to forecast parameters of cutting regimes for 5- and 10-mm
thick carbon steel (Table3). To verify the results of the
forecast, corresponding experiments were carried out using
the integrated plasmatron shown in Fig. 2. As a result, it was
found that the data forecasted coincide with the experimental
data with an accuracy of 10 %. This allows us to recommend
them as a guide when choosing technological modes.

The results obtained are valid in conditions of using laser
radiation with a power of up to 2.0 kW in combination with
a direct current plasma current of up to 200 A. Moreover, the
design of the integrated plasmatron proposed in the work al-
lows the use of radiation with a power of up to 5.0 kW. With
further development of this study, the question of the feasibi-
lity of increasing the power of laser radiation will be studied.

This study is primarily a scientific forecast. The expe-
riments, in general, confirm the correctness of the results
obtained. However, to clarify the impact of parameters of the
laser-plasma cutting mode on the results obtained, a signifi-
cant amount of technological research is required.

8. Conclusions

1. The manifestation of the synergistic effect in the hybrid
cutting of carbon steel sheets with a thickness of 5 mm or more
with a ratio of laser and plasma powers from 1:1 to 1:3 provides
an increase in productivity (2—3 times compared with plasma



cutting) which makes it promising for industrial applications.
Laser-plasma cutting makes it possible to minimize heat input
into the metal being cut and at the same time obtain a sufficient-
ly accurate high-quality cut at a relatively low cost per meter.

2. The designed integrated plasmatron is calculated for
radiation power up to 5.0 kW and current up to 200 A. Mini-
mization of laser radiation losses and maximum penetration
in it are achieved through the use of a coaxial configuration.
In this case, the axial arrangement of laser radiation is com-
bined with the minimum inclination of non-consumable
electrodes with distance from the working end of which to
the axis of the laser beam lies in the range of 2—3 mm. The
diameter of the plasma-forming nozzle lies in the range of
2-5 mm and the focus deepening under the surface of the cut
sheet during hybrid cutting is 1-2 mm.

3. A computer simulation was performed using the
SYSWELD software package. The regime parameters were
selected according to the criteria for minimizing the HAZ
value and approximating the cut quality to the laser one.
It was found that hybrid laser-plasma cutting of structural
carbon steels with a thickness of 5 and 10 mm is advisable
to carry out at speeds of 240 and 120 m/h, respectively, with
a radiation power of up to 2kW and currents from 100
to 160 A (power ratio approximately 1:1). The use of the

SYSWELD software package was made possible by taking
into account the characteristic of the cutting effect of remov-
ing sections of molten material in the cutting zone performed
by replacing the maximum superheat temperature with an ini-
tial one (20 °C) during the calculation. In this case, the heat
source acting during the cutting process was considered li-
near, cylindrical, uniformly distributed over the height of the
cut plate with a diameter corresponding to the diameter of
the heating spot of the corresponding type of thermal cutting.
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Hocnioxcerno Mo}caAu80Cmi BUKOPUCMAHHS eHEPZEMUUHOZ20 MEMO-
0y 0151 PO3PAXYHKY eHePZOCUTIOBUX NAPAMEMPIE NPOUECi8 X000HO-
20 sudasosania demaneil ckaaonoi xonizypauii. 3anpononosaro
Mamemamuuny Mooenb NPouecy KoMOIHO8AH020 NOCII006H020 pa-
0ianbHO-NPAMO20 6UOABHIOBAHHS 3 O0MUCHEHHAM 3 HASBHICMIO Mpu-
KYymHux Kinemamuunux mooyuie. Buxopucmanns rinemamuunux
MOOYi6 MpuKymuoi Popmu 3 KPUSOIHIIHUMU MA NPAMOTEHITHU-
MU Medcamu 00360JUN0 OnUCAMU OCepedKU iHmeHcueHoi dedop-
Mauii, wo eidnogidatomv cmaniii cmadii npouecy oepopmysanns.
3anpononoeano GUKOPUCMOBYEAMU GEPXHIO OUIHKY NOMYNCHOCHI
cun 0epopmysanns Kinemamuuozo Mooy mpuxymuoi popmu 3onu
nepexoou 6i0 padianvioi meuii memany 00 NPAMO20 6U0ABIIOEAH-
#sa. Ie dozeoauno ompumamu eenununy npusedernozo mucky degop-
MYGAHHA 8 AHATIMUMHOMY GU2NA0L AK PYHKUIIO 610 2eoMempPUHUX
ma mexHoJ0zZiuHUX napamempie npouecy eudasniosanns. Ioxuorka
Y NOPIGHAHHI 13 HUCETLHUMU POIPAXYHKAMU (€3 3ACMOCYBAHHS 6ePX -
nvoi oyinku ne nepesuwye 0,2—1 %. Ponv napamempy onmumizauii
gidiepae ac (0,1), wo 6ionosioae 3a opmy Kpusoninitinoi epanuui
SHYMPIWHL020 MPUKYMHO20 KiHEMAMUuH020 MO0Yas. Ompumano
ananimuuHuil 6UPAa3 ONMUMANLHO20 3HAYMEHHS napamempa o. ma
npoananizoearo IMiHEHHs 6eIUMUHU NPUBEOCH020 MUCKY dedopmy-
8aNHA 3a PI3HUX CNIBBIOHOUWEHD 2e0MEMPUMHUX NAPAMemPie npoue-
cy. Bcmanosneno, wo onmumanvie 3HaueHHs Kyma HAXUIY Meip-
Hoi onpaenenns B 3naxooumvcs ¢ mexcax 6io 20° 0o 30° ons piznux
cniegionouens npoyecy dedopmyeannsi.

O0TpyHMOBAHO, WO BUKOPUCMAHHS KOMOIHOBAH020 NOCHI006H020
6U0aA6II06AHHS NPU 6UZOMOBIEHHI NOPOXCHUCMUX Oemadeil 3 aan-
ueM, Yy NOPIBHAHHI 3 BUKOPUCMAHHAM NPOCMUX cXem Oedpopmyean-
Ha, nideuwye mexnonoziuni moxcaueocmi npoyecy. Iliomeepocero
HE0OCMAmHIO0 6UBHEHICMb CXeM NPouecy KOMOTHO8AH020 PadiaibHO-
npAM020 6U0ABNIO6AHHS 3 OOMUCHEHHAM Oemanei muny 6myJjKa
ma Opax pexomenoauiil w000 PO3IPAXYHKY eHePZOCUNOBUX napame-
mpie npouecy. Po3pobaena na ocnosi enepzemuunozo memooy po3-
PAXYHK08a CXeMA 0aH020 NPOUecy 00360.I5€ NPOZHO3YEAMU CUNOBUI
pesicum 0 cmanoi cmaodii 0 PisHUX MEXHOT0ZIMHUX napamempie
npouecy dedpopmyeanns. Ompumani oani wo00 OUIHKU ONMUMATL-
Hux napamempie Kouizypauii incmpymenmy cnpusmume po3pooui
810106IOHUX KOHCMPYKMOPCHKO-MEXHON0LIUHUX PeKoMendauill

Kniouosi cnosa: xomoinosamne 6uoasiiosanis, 6epxusa ouinka,
KiHeMamu1Huii MoOY b, eHepzemuvHUL Memod, npouec depopmyean-
Ha, demani 3 paanyem
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1. Introduction

Cold extrusion processes provide high surface quality
and precise sizes of stamped blanks and components. This, in

turn, reduces or eliminates the need for additional machining
by cutting [1, 2]. The most common conventional extrusion
techniques are the longitudinal (inverse and direct) extru-
sion methods, which are characterized by the flow of the



