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PLASMA TECHNOLOGIES 

PLASMA TECHNOLOGIES AT THE 
TRANSITION OF THE CENTURIES 

At the transition to the XXI century we try to summarize 
results and define prospects for further development of the 
advanced areas of welding science and technology of interest 
for a wide circle of readers of our Journal. This issue of the 
Journal is dedicated to one of such advanced areas - the 
plasma technology in welding and related industries. 
Plasma, i.e. an ionized gas generated by plasmatrons, finds 
wide practical application in various fields of modern sci­
ence and technology, in particular in new technologies for 
high-efficiency production of chemical products (plas­
machemistry), as well as aerodynamic and space research. 
The use of plasmatrons in welding engineering (cutting, 
welding, surfacing and spraying) and related industries 
(melting, remelting of metals and spheroidization of fine 
particles) gained an intensive development in the second 
half of the XX century. In its power density, a plasma heat 
source holds the intermediate but most advantageous place 
between electric-arc and beam (electron beam and laser) 
heat sources. It allows achieving an increased temperature 
and density of the heat flow on a workpiece, as compared 
with the arc sources. And even if inferior to the beam sources 

in power concentration, it is much less expensive and more open for technical implementation. 
In fact, the plasma equipment is comparable with the electric-arc one in cost and complexity of 
fabrication. Like the electric-arc equipment, it can be used under shop conditions, in manual and 
mechanized processes, in open sites, under any climatic conditions, as well as under water and in 
space. 
In volumes of industrial application the plasma welding technology is inferior to the oxygen and 
electric-arc ones, but the rates of its progression are growing and fields of its application are 
increasingly widening. 
If in electric-arc welding processes the major heat is transferred from the arc to a workpiece through 
the near-electrode regions, in plasma processes heating of the metal treated is done primarily by 
the convective mechanism of heat transfer from the arc column. In t his sense the term %plasma 
arc>.> is correct. 
In comparison with the electric-arc technologies, the plasma technologies are characterized by 
wider capabilities in terms of regulation of parameters o:' the piasma a.'"Cs. Formation of the plasma 
arc depends to a large degree upon the geometry of the ;piasma~;-m: arc chamber, flow rate and 
direction of the plasma gas, its chemical composition. lerrgr:;;, :f t:f.e exposed portion of the arc 
column (or jet), composition and direction of the secom:ia.·~y .fSas (if used) . point of introduction 
of a filler material to the arc, etc. 
Volt-ampere characteristics of the plasma a..'"Cs <L 

regulated parameters indicated abo,·e and p:rc.p-e::-:i€5 
In general , characteristic features d the pia.-• 
t emperature. gas-dynamic pressure and C;.f'2~ra­
technological processes is characte~zeci 
arc: 
• plasma cutting is characterized 
which determines its !J.icil hea<: 11 

2 

~""'-;e:y. v-hich is associated with the 
s;na.t:ron power supplies. 
.·er. heat flow density, mean-mass 

errect on a workpiece. Each of the 
eters of formation of the plasma 

f t he arc column by the gas flow, 
ssure and, hence, cutting properties; 
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PLASMA TECHNOLOGIES 

• microplasma welding is characterized by constriction of the anode region of the arc column by 
a heat-conducting hydrogen-containing secondary gas flow, which provides the «jewelry»-like 
process of welding metals of small thickness, the so-called «needle-shaped» plasma; 
• as compared with electric-arc surfacing, plasma surfacing offers the possibility of introducing 
the metal to be deposited (wire or powder) into the anode region of the plasma arc column and, 
therefore, separately regulating heat input into the filler and base metals, which provides shallow 
penetration of the base metal and desirable chemical composition of the deposited layer; 
• in plasma spraying the introduction of powder or wire into the high-velocity extended plasma 
jet provides an intensive heating of fine particles, their acceleration to high velocities and, therefore, 
high adhesion properties of coatings of the most refractory materials; 
• plasma arc remelting offers a unique possibility of refining the metal treated through its interaction 
with high-power extended plasma arcs at almost any chemical composition of the plasma gas within 
a wide range of high temperatures. 
Owing to characteristic configurations and parameters of the plasma arcs used, all the above 
technologies have found high-efficiency commercial application and have been intensively upgraded 
for many years since their emergence by the E.O. Paton Electric Welding Institute. Particularly 
wide are the volumes of manufacture and application of microplasma welding units (over 7,000) 
and air-plasma cutting units (over 5,000) built by the PWI. 
We hope that the plasma technology - a creation of the XX century - will fully demonstrate 
its advancement and maturity in the XXI century. Not getting ahead into the distant future, we 
can outline the following prospects for its development in the next decade: 
• under conditions of the market economy, first of all it is the use of inexpensive plasma gases: 
air, water vapours, commercial-purity nitrogen, natural hydrocarbon and carbon dioxide gases; 
• application fields of the plasma technologies will be further extended, e.g. in medicine - the 
surgery instruments such as scalpels and coagulators. Of high promise are the works on development 
of methods and equipment for robotized plasma cutting under water and under conditions of 
increased radiation; 
• the key-hole penetration effect on the weld edges ~n plasma welding of metals of medium thickness 
is similar to that obtained in electron beam and argon-arc welding using activating flux; 
• scopes of application of the plasma technologies for surface heating intended for flame scarfing 
or thermal hardening of pieces, accompanying preheating methods and heat treatment of the welds 
produced by traditional arc and resistance welding methods will further increase; 
• the search will go on for further extension of life of heat-loaded components of the plasmatrons 
(cathodes, nozzles and anodes) and development of more efficient cooling systems based on the 
latest achievements of heat engineering; 
• in view of high power of the plasmatrons, building of small-sized and cost-effective electric 
current sources based on the inverter-type converters is more pressing for the plasma technology 
than for electric-arc welding. 
The hottest challenge for the immediate period of transition to the m9-rket economy is to attract 
young specialists to R&D activity in the field of plasma technology, as well as to other priority 
areas of science and technology. It is the task of the young specialists to take the baton from the 
older generation of scientists and practical engineers. 
Wide popularization of advances in the plasma technology in welding periodicals will undoubtedly 
help overcome the old-fashioned stereotypes concerning the seeming difficulties associated with 
utilization of the plasma processes and equipment. We do hope that reading the articles contained 
in this issue of the Journal, written by leading specialists involved in the plasma technologies, 
will also be helpful in this respect. 

Prof. B.E. Pate 
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AIR-PLASMA CUTTING: STATE-OF-THE-ART 
AND PROSPECTS 

E.M. ESIBY AN 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 
Analysis of the current status of air-plasma cutting, its technological capabilities and cost-effectiveness is given 
and the prospects for development of this method of processing metals and their alloys are shown. Thermal and 
electrophysical properties of air-plasma arc, various design solutions and schematics, used in development of 
plasmatrons and power sources are described . The technical characteristics of the currently available locally made 
and foreign air-plasma units are given. 

Key w or d s: plasmatron, air-plasma cutting unit, ther­
mochemical cathode, active insert, energy-heat balance of 
the arc, plasmatron power source, arc column concentration 

Background. Thirty-five years ago the E.O. Paton 
Electric Welding Institute developed the first in 
the world unit for air-plasma cutting (APC) which 
passed production trials in the Leninskaya Kuznitsa 
Ship-building Yard. The small team of the labora­
tory led by the author of this paper, which was 
part of academician K.K. Khrenov's department, 
in a short period developed a number of units 
(AVPR-1, AVPR-2, AVPR-3) and organised their 
batch production. Several years later , in co-opera­
tion with the Institute of Electrodynamics we de­
veloped and put into batch production the widely 
known Kiev-4 unit, whose modifications are still 

~ j j 
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Figure 1. Schemat ic of APC process: 1 - cathode unit of the 
plasmatron; 2 - cathode with a captive nut swirler ; 3 -
insulation casing of the plasmatron; 4 - nozzle unit; 5 - item 
being cut up; E - current source; BI - block of spark ignition 
of the pilot arc; R - resistance; K - contactor; C - capacitor 
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used with success in the enterprises of the CIS 
countries and are in demand. PWI priority in de­
velopment and improvement of APC is confirmed 
by a number of publications, author's certificates 
and foreign patents [ 1 - 11]. 

Later on, at the start of 1970s, APC units de­
veloped in VNIIESO, TsNIITS (Leningrad), VNII­
avtogenmash (Moscow) were accepted by industry. 
In 1980s APC began to be widely used in all the 
developed countries of the world, while the earlier 
applied plasma cutting with special gases (argon­
hydrogen, nitrogen-hydrogen mixtures) became 
rare. 

NPMGP ~Plasmatron1> Science-Production 
Small State Business of the PWI Science-Techno­
logy Complex set up on the base of the laboratory, 
where the first local APC units were created, carries 
on their development and has established its own 
production of new models and provides their tech­
nological support to meet the demands of the new 
times. As to their scientific-technical level Duplex-
1, Duplex-2, Kiev-5 and Kiev-8U units currently 
manufactured by NPMGP <<Plasmatron>>, are not 
inferior to the best analogs available in the CIS 
countries and abroad , and are even superior to them 
by some parameters . 

This paper is an attempt at generalising the 
gained experience of research and development 
work on creation of APC units and technologies . 

Thermal and electrophysical features of the 
process. APC is characterised by complex pheno­
mena of conversion of the electric energy of the 
power source into the thermal energy of the plasma 
arc, intensive constriction of its column in the form­
ing chamber of the plasmatron and through pene­
tration of the cut metal by the plasma arc with the 
melt blowing out of the cut gap (Figure 1). 

Air as the cutting gas is the natural mixture of 
molecular gases (78 % nitrogen and 21 % oxygen) 
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Figure 2. Dependencies of gas heat conductivity on temperature: 
1 - air; 2 - hydrogen; 3 - nitrogen; 4 - argon 

and, in addition to the obvious cost advantages, 
when compared to the earlier used special gases, it 
has the highest thermophysical parameters. When 
thermodynamic functions of the gases are consi­
dered [12], the high (comparable to that of hydro­
gen) heat content of the air in the arc column 
plasma should be noted, which is associated with 
absorption of a considerable amount of electric 
power applied to the arc at the expense of disso­
ciation of oxygen and nitrogen molecules. On the 
other hand, the column of the air-plasma arc pro­
vides a higher intensity of convective heat transfer 
into the metal being cut due to a higher temperature 
(about 7000 K) of the heat conductivity maximum 
Amax of air, while in hydrogen Amax is observed at 
the temperature of about 4000 K, and Amax level of 
nitrogen is three times lower than that of the air 
(Figure 2). Oxygen presence in the air plasma in 
cutting of steels provides an additional heat effect 
due to the exothermal reaction of iron oxidation. 
Oxygen additions to air, as shown by studies [ 13], 
even though they result in a certain increase in the 
cutting speed, do not, however, make it so signifi­
cant as to be cost-effective. 

The ability to create the APC process was pre­
determined by development of a special kind of 
thermochemical (film) cathodes resistant to an ag­
gressive oxidising medium. Their designs were pro­
tected by a number of inventions - foreign patents 
or author's certificates [8, 9] which formed the 
basis of further developments of APC units and 
technologies. The mechanism of operation of ther­
mochemical cathodes is due to formation, in zirco­
nium interaction with air during arcing, of a re­
fractory film (Figure 3) of zirconium nitride (ZrN) 
and its dioxide (Zr02) at the edge of the cylindrical 
zirconium insert pressed into the copper yoke. Haf­
nium insert is also used instead of the zirconium, 
which forms hafnium nitride (HfN) and its dioxide 
(Hf02) in interaction with air. 

Compared to tungsten used as the arc cathode 
in the inert and neutral atmosphere, zirconium and 
hafnium proper, have lower melting temperature 
and heat conductivity and are more active adsor­
bents of oxygen and nitrogen. Therefore, applica­
tion of these materials as electrodes (in the form 

PLASMA TECHNOLOGIES 

a 

Figure 3. Microsections of a worn thermochemical cathode (a) 
(x10) (reduced by 2/ 3) and its emitting protective film (b) 
(x100) (reduced by 1/2) 

of rods similar to those of tungsten) leads to their 
fast failure. The cathode design shown in Figure 3, 
a is exactly the one that provides the conditions 
for a long-term operation of the cathode. 

The arc is initially excited between the copper 
yoke of the cathode and the nozzle, and then is 
moved to the yoke edge by the eddy air flow and 
heats the nitride-dioxide film formed there above 
its melting temperature. The film which was not 
electrically conducting in the cold state, acquires 
high emission properties and, due to that, as well 
as the high values of melting and boiling tempera­
ture, provides a long-time and stable running of 
the air-plasma arc in the cathode spot. 

As shown by metallographic, chemical and X­
ray investigations of transverse microsections of a 
copper-zirconium cathode (Figure 3, b), the thick­
ness of the protective film is 180 - 200 ~-tm at the 
working current of 150 - 200 A, its intermediate 
layer adjacent to zirconium consisting mainly of 
zirconium nitride ( 150 ~-tm thickness), while the 
thin surface layer (30 ~-tm) is zirconium dioxide. 

Such a structure of the film is quite justified 
by the fact that in zirconium dioxide the boiling 
temperature (5025 K) is higher, while the electron 
work function (3.1 eV) is lower than those of zir­
conium nitride (3700 K and 3.9 eV, respectively). 
This to some extent suggests the presence of the 
mechanism of thermoelectronic emission from the 
molten and partially evaporating film surface [ 4]. 

V.I. Lakomsky is his work [14] devoted to de­
tailed investigations of the oxide powdered ca­
thodes developed by him, and containing zirconium 
with activating additives, showed that the film un­
der consideration, consists of a non-stoichiometric 
zirconium oxide. 

In case of the arc extinction, this film quickly 
solidifies, shrinks and cracks, and with the arc re­
striking is comes off partially or completely because 
of thermal shock. As a result, the service life of 
the thermochemical cathode essentially depends on 

12/2000 The·~'~tWW 5 
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a 
Uarc• V; dcond· mm; T·10-3, K 

1801- 15 

1201- 10 

60 

b 0 10 20 

r n = (0.9-2.2) dn 

r,= (0.9-1.2) dn 

de= (4.0-5.0) dn 

~I 8 = (0.2-0.4) dn 
:3' 

he-n= (3.5-4.5) q, 

In= (1.5-2.0) dn 

Ia, mm 

Figure 4. Parameters of the cutting air-plasma arc in the forming 
chamber (a) and depending on Ia (b): Ua.c (1), dcond at! a = 300 A 
(2) , Tat I . = 300 A, dn = 3 mm (3) for free ly expanding arc 
and d w nd at Ia = 100 (4) , 200 (5) , 300 A (6) , Tat Ia = 300 A, 
d" = 3 mm (7) for a constricted arc 

the number of the arc excitations, as well as on a 
variety of other factors. Among them are: insert 
material (zirconium or hafnium), purity of the yoke 
copper, quality of contact between them, cathode 
design, arc current I a and its density on the cathode 
fc, air purity and its flow rate, temperature and 
flow rate of the water or air for cooling the cathode. 
The results of experimental investigations of the 
service life of the cathodes can be represented in 
the form of dependencies of the depth of the erosion 
crater on the number of arc ignitions and duration 
of arcing at its cyclic striking, characteristic for 
plasma cutting. Many of these studies served as 
the basis for development of the commercial ca­
thode designs for certain types of APC plasmatrons, 
while the technological details of their manufac­
turing constitute our khow. 

The optimal density of current on the cathode 
fc, equal to 90- 100 A/ mm2 , was established ex­
perimentally by varying the ratio of the values of 
the arc current and diameter of the active insert. 
This was done proceeding from minimal erosion of 
the cathode, higher emmissivity and melting tem­
perature of the cathode film compared to the copper 

yoke, as well as the assumption that the cathode 
spot is limited by the area of the cathode insert. 
For cathodes of the plasmatrons designed for arc 
current of 100, 200 and 300 A, active inserts of 
1.2, 1.6 and 2 mm diameter are recommended, re­
spectively. 

The cutting properties of APC plasmatrons es­
sentially depend on the configuration of their form­
ing system (cathode-nozzle chamber and swirler). 
Its optimal design parameters [ 1 0] shown in Fi­
gure 4, a, provide the maximal concentration of 
the cutting section of the arc column with a long 
service life of the cathode and the nozzle. 

The initial dimensional parameter of the plas­
matron chamber is nozzle diameter dn which is se­
lected proceeding from the optimal current density 
in the nozzle channel fn = 4 Ia/rtd~. The latter is 
equal to 40- 70 A/ mm2 for Ia = 300- 100 A in 
plasmatrons with water cooling and 40 -
45 A/ mm2 for Ia::; 150 A in plasmatrons with air 
cooling_ 

The concentration of the air-plasma arc column 
was determined by measurement of its electrically 
conducting diameter dcond and potential Uarc when 
the open part of the arc column was crossed by 
cathode-connected probes. Their distance from the 
cathode was determined by distance la [6]. Uarc 
distribution, shown in Figure 4, a, can be expressed 
in the form of a sum of voltage drop in the cha­
racteristic sections of the arc column: 

Uarc = Uc + Uc·n + Un + Un-a+ Ua. (1) 

Graphoanalytical processing of Uarc = f(la) and 
dcond = f(la) functions for the open part of arc co­
lumn (Figure 4, b) allowed calculation of the de­
pendence of j, E and 0 parameters on la from the 
following formulas : 

4 Ia 
j = -2 ' 

n;dcond 
E=tJ.U 

11la' 
0 = jE, (2) 

where j is the current density, A/ mm2 ; E is the 
electrical intensity, V / mm2; 0 is the electrical con­
ductivity, Ohm-1-mm -l_ 

Thermodynamic functions Tair = f(0) known for 
air [ 12], were used to calculate the .temperature 
averaged over the electrically conducting section 
of the arc column: T = f(la). The results of these 
calculations are given in Figure 4, b. 

Coefficients £ and ll expressing the degree of 
the arc column constriction and exspansion were 
proposed [6] for evaluation of the effectiveness of 
the arc column formation by the results of probe 
measurements: 

6 :f'dillq&&RNAL 12/2000 



£ = dexp 
dcon' 

11la 
J..L=--= ctg a 

11dcon ' (3) 

where dexp and dcon are the electrically conducting 
diameters of the freely expanding and constricted 
arcs at the same values of la and Ia, respectively; 
a is the angle of divergence of the electrically con­
ducting channel of the constricted arc column. 

The high degree of constriction and the low 
angle of divergence of the arc column are indicative 
of the high effectiveness of the forming system and 
the cutting ability of the plasmatron. 

Solving the problem of heat transfer by the 
plasma arc into the metal being cut by calculation 
methods involves a number of assumptions which 
make the exact quantitative evaluation of the re-
sults impossible. In general terms it can be noted 
that the vector of the cutting heat flow of the arc 
coincides with the vector of cutting speed, while 
an intensive melting out of the metal is due to heat 
transfer from the leading front of the arc column 
immersed into the almost entire thickness of the 
metal. At the expense of the effect of the arc column 
shunting, the anode spot moves abruptly from the 
upper plane of the cut to the lower plane, which 
is indicated by the high-frequency oscillations of 
the cutting arc voltage recorded in the oscillograms 
[15]. A certain lack of parallelism of the cut edges 
with their widening upwards is found because of 
the drop in the concentration and temperature of 
the arc column with its immersion into the thickness 
of the metal being cut (Figure 1). 

The thermal effectiveness of APC process was 
evaluated proceeding from the energy-heat balance 
of the arc (Figure 5, a), calculated by the results 
of calorimetric measurements of power losses in the 
cathode (Pc) and nozzle (Pn) units of a plasmatron, 
moved along the water-cooled copper anode. The 
power loss in the open section of the arc column 
Pcol was found proceeding from it being equal to 
Pn (per a unit of the column length). In order to 
eliminate the impact of convective flows of plasma 
on the anode [6], power Pa evolved by the electronic 
current on the arc anode, was determined by ca­
lorimetric measurements of the anode with local 
matching of the anode spot to it and aiming the 
plasma jet upwards (from the plasmatron turned 
upside down) . The data of calorimetric studies in 
the form of dependencies of power losses P 0 , Pc 
and Pa on the arc current, are given in Figure 5, 
b. A small percentage of scatter in the balance 
components is related to the increase of Pc due to 
power losses arising in the arc column with its 
lowering into the crater hollow formed during the 
cathode erosion. Power Pcol.-i was calculated by 

~ ~ 
0 0 
0 (j) 

I 

II ~ 
e II 

Q 0 
o:' 

a 
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Pc = 3-8 % Pn = 3 % R:ol = 6 % 

P, kW 

2 

0 

b 

f'col.·i = 76-81 % 

200 Ia, A 

Figure 5. Energy-heat balance of the air-plasma arc (a) and 
dependencies of thermal power losses on I , (b) in the nozzle Pn 
(1) , in the cathode Pc (2) and by electronic current in the anode 
Pa (3) 

detracting from the arc power all the measured 
consumption items of the balance. 

Analysis of the energy-heat balance shows that 
the thermal power evolved in the item being pro­
cessed, Pi = Pa + Pcol.-i = 83 - 88 %. Part of it is 
properly used for melting out the metal from the 
cut cavity (P cut), while the remaining part (P m) 
is transferred to the cut edge . 

By the estimate of K.V. Vasiliev [13] in high­
speed APC, thermal efficiency of the process 11 = 

= Pcutl Pi can be up to 0.80 - 0.85. Therefore, Pcut 
is equal to (66- 75) % Pare• Pm - (13- 17) % 
Pare· 

Thus, the process of APC is characterised by a 
high thermal efficiency, which is to a greater extent 
due to the plasma flow of an extended column of 
the constricted arc. In this case the terms ~plasma 
cutting» and <<plasma arc» can be regarded as jus­
tified - unlike the regular electric arc processes 
in which the main part of the heat evolved in the 
item being processed is found in the near-electrode 
areas. 

The vector of heat removal into the cut edges, 
normal to the vector of cutting speed, can be cal­
culated by N.N. Rykalin's theory proceeding from 
the model of the limiting state of heat propagation 
from a linear powerful quickly-moving source in a 
plate (without heat removal). Using the results of 
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Figure 6. Equivalent circuit of the electric circuit of the source­
arc system (a) and a family of static volt-ampere characteristics 
(b): VAC. (1- 3) and VAC, (4- 9) 

such calculations and investigating the transverse 
microsections of the cut edges, K.V. Vasiliev [13], 
generalised extensive data on the surface structure 
of the cut edges, consisting of a partially-melted 
layer (cast area measured by fractions of a milli­
meter) and a region of the HAZ, whose depth at 
the high speeds characteristic of APC, does not 
exceed 1 mm. 

The electrical parameters of the current source­
arc system have an essential influence on the pro­
cesses proceeding at APC. The equivalent circuit 
of the source-arc circuit is given in Figure 6, a, 
while the static volt-ampere characteristics of the 
arc (VACa) and the source (VAC5 ) - in Figure 
6, b. The family of V ACa (curves 1 - 3) can be 
conditionally divided into three characteristic sec­
tions: sloping Ua::; SO A), independent Ua =SO-
400 A) and rising Ua ~ 400 A). 

The equation of electric equilibrium of the 
source-arc system can be represented as 

"R L di E "R erec = Z I + I d t + a + Z a, 
(4) 

where erec, i are the instantaneous values of the 
rectifier open-circuit voltage and current in the 
source-arc circuit, respectively; Ea is the arc vol­
tage in an independent section of V ACa, repre­
sented in the equivalent circuit as anti-emf; Ra is 
the non-linear ohmic resistance of the arc (positive 
in the rising section of V ACa and negative in the 
drooping section); Rr., Lr. are the reduced to the 
rectified current circuit total ohmic resistance and 
inductance of the source. 

For a three-phase full-wave rectifier 

erec = ~ Uap.-c sin (rot+~) (5) 

where Uap.-c is the effective value of the rectifier 
open-circuit voltage. 

The VACa slope depends on the degree of con­
striction of arc column E, while Ea value is deter­
mined by the dimensions of the plasmatron chamber 
and parameters of its operational mode (length of 
the open and cutting sections of the arc column, 
plasma gas flow rate, cutting speed). 

Depending on the circuit designs of an uncon­
trolled rectifier, the natural VACs (Figure 6, b) 
can be steep-falling (curve 4) or drooping (curves 
5, 6), while with the addition of feedbacks to the 
controllable rectifier, it is represented by curves 
7-9. 

The key problem of the source-arc system is the 
issue of its stability. Within the limited scope of 
this paper, we will try to describe some of its aspects 
just in general terms. 

When the arc stability is considered, let us as­
sume as its disturbing parameter, the deviation of 
arc voltage I!!.Uarc arising with the change of the 
values determining it: arc length, gas flow rate, 
etc. The reaction to this disturbance is the change 
of current l!ii which is determined by the arc tran­
sition to another VA Ca. The speed of the transition 
process is determined by the speed of change of 
Uarc and inertia of the source-arc system charac­
terised by its electromagnetic time constant 'te = 

= Lr./(Rr. + + Ra). 
In addition to the generally known condition 

of static stability of arcing (V ACs should be 
steeper than V ACa), the dynamic stability of the 
system is determined from equation (4) and is dic­
tated by the following conditions: 

• continuity of arc current at pulsed voltage at 
the rectifier output, provided by the optimal value 
of inductance of the power transformer and the 
smoothing throttle. Design should take into ac­
count that the thermal inertia of the air-plasma arc 
column defined by us in [S] as the duration of 
existence of the plasma without energy supply from 
the outside, at I a = 200 A is equal to 4·1 o-4 s. 
Therefore, the thermal constant of arcing time 'ta 
is incommensurably small compared to 'te, and it 
can be neglected in calculations; 

• absence of self-excited oscillations of arc cur-
rent arising under certain conditions in resonance 
(inductive-capacitive) sources or in sources with 
feedbacks. In case of appearance of self-excited os­
cillations, the arc is not always extinguished, so 
that this condition can also be called dynamic sta­
bility of current of the source-arc system. It is due 
to a greater 'te, compared to the time constant of 
the control circuit of the source 'tcontn and is cal-
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culated with application of the criteria of stability 
of t he theory of automatic regulation. 

The critical conditions of static and dynamic 
stability of the system are especially important in 
the sloping region of V ACa, for instance , in ignition 
of the pilot arc, where the current is limited by 
admissible load on the nozzle, while the possibili­
ties of increasing Uop -c are limited by electrical 
safety conditions. 

With a higher density of current in the channel 
of the plasmatron nozzle, there is the risk of dis­
turbance of the spatial stability of the arc, i.e. 
development of a breakdown of the gas interlayer 
that insulates the nozzle channel inner surface from 
the arc column, and, as a result - division of the 
cutting arc into two parts, namely cathode-nozzle 
and nozzle-item being cut . In this case the condi­
tion of spatial stability of the arc is expressed as 

(6) 

where En is the intensity in the nozzle channel, 
V /mm; ln is the length of the nozzle channel, mm; 
Ubr is the breakdown voltage of the above gas in-
terlayer. -

With optimal current density fn and ln/ dn ratio, 
the spatial stability is provided by a smooth or 
stepwise rise of I a at the start of the cutting process. 
This is especially necessary at working currents 
which exceed 100 A, as alternatively the stepwise 
surge of current causes a peak of En and interlayer 
breakdown. The procedure of determination of the 
optimal curve of the working current rise is pro­
tected by an author's certificate for invention [11] . 

Finally, introduction of the notion of techno­
logical stability of the source- arc system by us in 
APC is dictated by an essential deterioration of its 
cutting properties in the case of an extremely low 
slope of VACs (curve 6 in Figure 6, b). Then: 

• in manual cutting extreme variations of Ia 
leading to a marked deterioration of the quality of 
the cut edge surface (formation of scratches) are 
found as a result of variation of the values of la 
and respective Uarc; 

• manual and machine cutting of thick metals 
with the arc immersion into the depth of the metal 
is characterised by a drop of I a and of its cutting 
ability, respectively . 

In uncontrollable rectifiers with Uop -c limita­
tion by not more that 300 V (as required by GOST 
12221-79 for plasma cutting equipment), in the 
region of currents above 150 A the VACs slope 
becomes too low and by the above reasons, the 
technological stability of the arc becomes a critical 
value. In controlled thyristor rectifiers, introduc­
tion of a negative current feedback (deviation feed­
back) provides a VACs shown in Figure 6, b, by 
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curve 7, i.e. stability of the arc current is provided 
with variation of its length, working gas flow rate 
and mains voltage. Still higher performance of the 
cutting arc is observed with introduction of an ad­
ditional positive feedback by Uarc (disturbance 
feedback) . In this case, VACs (curve 8) differs in 
Ia rising with the greater length of the cutting 
section of the arc column, thus providing a high 
quality of t he cut edges and improvement of the 
cutting ability of the arc. 

Curve 9 shown in Figure 6, b is an ideal VAC5 , 

allowing for the requirements of all the factors of 
the system stability and high efficiency of the 
source. Such a characteristic is provided by a com­
bination of two rectifiers - one with the V ACs 
working section described by curve 8 and low­
power volt-adding one with V ACs section corre­
sponding to curve 4. 

The electrical and thermophysical regularities 
of APC process presented in a concise form, were 
the basis for development of various production 
designs of air-p lasma cutters and power sources. 

Circuit and structural principles of designing 
the plasmatrons and power sources for APC. The 
requirements to designs of plasmatrons for APC 
are determined by their applications and opera­
tional conditions. Plasmatrons for machine and 
manual cutting, operating in a shop or in open sites 
under different climatic conditions, have their spe­
cial design features. The general requirements are 
as follows : 

• high quality of formation of the plasma arc 
which is provided by the geometry of the cathode­
nozzle chamber of the plasmatron; 

• maximal operational life of plasmatron ele­
ments exposed to high temperatures (cathode and 
nozzle), ability to quickly replace them, low cost; 

• small weight, reliability in operation, air­
tightness of the plasmatron and its cable-hose lines; 

• manoeuvrability of manual cutters, ability to 
perform the cutting in difficult-of-access places 
with different configuration of the items . 

Figure 7 shows the most commonly used in pro­
duction cathode designs and block diagrams of the 
plasmatrons . Cathode with a conical fastening to 
the cathode unit and hafnium insert (Figure 7, a) 
is characterised by a high metal content and com­
plexity of its replacement. Cathodes with captive 
nut fastening and heat-removing tail part (Fi­
gure 7, b) and with threaded fastening to the ca­
thode unit (Figure 7, c) feature a much smaller 
metal content and rather long operational life even 
provided the hafnium insert is replaced by a less 
expensive zirconium insert. Application of a haf­
nium insert in the design (Figure 7, c) provides a 

9 



PLASMA TECHNOLOGIES 

Air 
~ 

Water 

------

a Hf b 

~Ht 

Zr(Hf) c Zr(Hf) 

~ 
f 

Figure 7. Block diagrams of the cathodes and plasmatrons (for nomenclature see the text) 

long operational life of the water-cooled cathode 
at the arc current of 140- 160 A. 

Plasmatron cooling circuits are the main design 
factor that determines their purpose. So, the plas­
matrons with water cooling of the cathode and the 
nozzle units (Figure 7, d) are designed for machine 
cutting in shop conditions in the range of currents 
of 50 to 300 A. Their starting is only possible with 
a pilot (auxiliary) arc excited by a spark breakdown 
of the cathode-nozzle gap. 

Plasmatrons (Figure 7, e) with air cooling of 
the cathode-nozzle pair (with re-routing part of the 
air for plasmaforming), are used, as a rule, for 
manual cutting. In the case of low requirements to 
air-tightness, they can be designed to be simpler 
without sealing rubber gaskets and with a mobile 
nozzle which provides a simpler contact ignition of 
the arc without limiting the length of the cable-hose 
lines. In small-sized water-cooled manual cutters 
designed for up to 80 A current, and cutting of 
thin metal (up to 15 mm), there is no need for 
current supply to the nozzle. The positive potential 
applied from the power source to the item being 
cut is transferred to the nozzle when it contacts 
the item. An intermediate arc, automatically trans­
ferred to the main arc, is ignited by lightly pressing 
the nozzle. Operation with the nozzle resting 
against the item being cut, is rather convenient for 
the cutting operator. 

In manual cutting of medium-thick metals at 
the current of 80 - 160 A it is rational to apply the 

10 
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pilot arc with its contact or spark ignition in the 
cutters with air cooling (Figure 7, e), while at 
higher currents (up to 200 - 250 A) - in those 
with water-air cooling (Figure 7, f). 

Circuit solutions of the plasmatron power 
sources evolved from simple (using batch-produced 
welding transformers and rectifiers) up to sophis­
ticated thyristor-controlled rectifiers with feed­
backs and a smooth adjustment of current or in­
ductive-capacitive rectifiers with stepwise regula­
tion of current [ 1, 7]. The high weight and dimen­
sions limited their application. 

At present new possibilities are opened up when 
inverted converters are used as the sources. Inver­
sion of rectified mains voltage of 20 to 50 kHz 
frequency using powerful transistors allows a many 
times reduction of the weight and dimensional cha­
racteristics and material content of rectifiers in a 
wide power range, and providing in them any VAC, 
a smooth current regulation and a high efficiency. 
A somewhat high cost of the high-frequency power 
transistors and diodes still limits wide application 
of inverted converters in welding equipment. In 
the units for plasma cutting and for other kinds of 
plasma processing, however, their application can 
already be considered to be justified. 

The sources for machine APC are designed to 
have a remote control panel incorporating pneu­
matic and water service lines, a block for spark 
ignition of the pilot arc, instruments for monitoring 
and adjustment of the plasmatron parameters. Such 
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a remote panel is usually combined with the control 
panel of the plasma-cutting machines. The sources 
for manual APC are, as a rule, made as one module. 

Technological capabilities of APC. This pro­
cess is indispensable in thermal cutting of stainless 
steels and non-ferrous metals . Considering, how­
ever, that today the actual APC capabilities are 
limited by metal thickness of up to 80 mm, an 
intensive search for the methods to increase the cut 
metal thickness should be carried on for the above 
materials. 

An alternative to APC of carbon and low-al­
loyed steels still remains to be gas-oxygen cutting 
(GOC), which, as can be seen from Figure 8, b, is 
markedly inferior to APC as to achievable speeds 
for small and medium thicknesses, while at steel 
thickness above 60 mm, the speeds of both welding 
processes become practically the same. 

In the existing complicated economic situation, 
the main share of APC unit users is made up by 
enterprises which apply them for scrapping obso­
lete equipment. With the absence of any require­
ments to the quality of the cut edges, the main 
requirements to such units are simplicity, reliabi­
lity and air cooling of the cutter with its minimal 
weight and convenience of manoeuvring. All these 
requirements are met by Kiev-S and Kiev-8U units 
produced by NPMGP «Plasmatron>>, which can cut 
metals up to SO and 70 mm, respectively, and also 
provide comparatively high cutting speeds at a rela­
tively low cost and minimal power consumption. 
Kiev-8U unit, in addition to the air-cooled cutter, 

v , mfmin 

3 

4 

2 

0 

a 
30 40 50 60 

6 

5 

4 

3 

2 

0 

b 

PLASMA TECHNOLOGIES 

is also fitted with a water-cooled one, which under 
the shop conditions, in combination with the tracers 
or other mechanisation means, provides high-quali­
ty cutting in blanking production. 

The quality of thermal cutting of metals (APC 
and GOC) is evaluated by a common system de­
veloped by VNIIavtogenmash (GOST 14792-80). 
The system is based on four groups of indices cha­
racterised by quality classes. 

The first group of quality indices, namely the 
accuracy of the dimensions of the cut out blanks, 
is determined, in addition to the precision of the 
mechanism of the cutter displacement, also by the 
absence of the processed sheet displacement under 
the impact of thermal deformations and the con­
stant axially symmetric position of the cutting arc 
column relative to the plasmatron - the so-called 
jet accuracy of the cutting arc. The dimensional 
accuracy is largely dependent also on the degree of 
concentration of the cutting arc column, i .e. on £ 

and )..l coefficients. 
The second group of characteristics includes the 

allowances for the cut edge macrogeometry, i.e. 
angle of its bevel, which is largely determined by 
the cutting speed (it becomes greater with the in­
crease of the latter). 

The third group is made up by the allowable 
values of microgeometry of the cut surface (scratch 
depth, surface roughness), and the fourth one -
by the allowable width of the HAZ and its cast 
region. 

6 

7 

10 20 30 40 50 8, mm 

Figure 8. Speed characteristics of APC by air-cooled plasmatrons (a) using Kiev-5 units with dn = 2.2 mm at /a = 100 - 120 
(1 ) , 120- 140 A (2) and Kiev-8U units with dn = 2.2 mm at /a= 140 - 160 A (3) and by water-cooled plasmatrons (b): sound 
cutting at /a= 200 A, d" = 2 mm (4) and /a= 300 A, dn = 3 mm (5); high-speed severing at /a= 400 A, dn = 4 mm (6); GOC 
is shown for comparison (7) 
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According to GOST 14792-80, 1st class corre­
sponds to the highest requirements to the charac­
teristics, 2nd - to those really achievable in pro­
duction, 3rd - to minimal requirements to the 
limit values of the characteristics. 

In machine APC in the thickness range of S -
SO mm, the 2nd class can be achieved for all the 
quality characteristics. In manual APC, with ap­
plication of tracers, additional machining of the 
edges is required (most often with a grinder), in 
order to provide the required quality of the edges 
during production of parts and blanks for sub­
sequent welding. In this case a 0.1 - 0.2 mm layer 
of the cast region, is removed, which is saturated 
with nitrogen detrimental for welding steels. 

There are methods to improve the quality of the 
edge surface by adding oxygen to the plasma air, 
or introducing thin turbulent water jets into the 
arc column in the nozzle area [16]. All these tech­
niques, however, significantly complicate APC and 
increase its cost, and, therefore, in practice they 
are used in special cases, for instance, in ship-build­
ing when cutting out sheet structures of hull steels 
6- 14 mm thick, which are to be further welded 
by automatic submerged-arc process (in order to 
avoid the formation of pores, caused by edge ni­
triding) . 

The distance from the nozzle edge to the item 
being treated, has an essential influence on the 
quality and effectiveness of APC. In manual cutting 
the optimal distance is maintained by fastening 
support rollers, pins or ceramic extensions to the 
nozzle unit of the cutter, and in machine cutting -
with capacitive sensors. 

Correction of the cutting speed (its lowering in 
the case of small rounding-off radii) is required in 
high-quality machine cutting of complex-shaped 
parts around a curvilinear contour. Therefore, pre­
cise cutting out of parts around a complex contour, 
is performed in two-axis machines with numerical 
programmed control and automatic regulation of 
the cutting speed, height and angle of rotation of 
the plasmatron axis relative to the item being pro­
cessed. In the technology developed by us, together 

Table 1. Operating costs per 1 lin. m of the cut on low-car­
bon steels, hrvn. (as of 01.04.99) 

Processing 
method 

10 

Thickness of the steel being cut, mm 

20 40 60 100 200 

GOC 1.00 1.30 1.60 1.80 2.80 4.50 

APC when 
the following 
units are used: 

Kiev-5 0.10 0.20 0.56 1.30 

Kiev-8U 0.07 0.17 0.48 1.20 

with Kyiv Politechnical Institute «<ZPh [ 17], pre­
cise APC of the cutting edges (blades of fodder 
choppers, harrow teeth, etc.) is performed with 
their simultaneous quenching by the same plasma 
arc, thus eliminating the operations of stamping, 
milling or heat treatment earlier used in manufac­
ture of these parts. 

The urgency of application of APC for repair 
purposes, gave rise to the idea of creating all-pur­
pose Duplex-1, Duplex-2 units, which have no ana­
logs by their technological capabilities. They per­
form both plasma cutting, and electric arc welding 
with consumable stick electrodes and nonconsu­
mable tungsten-electrode argon-arc welding at 
straight and reverse polarity direct current, with­
out any change of connections or complicated 
switching. The low weight and the high efficiency 
of the inverter power sources allow these units to 
be used in case of time deficit in mobile emergency 
means with self-sufficient power supply, in par­
ticular, in repair of heating and water-supply sys­
tems of the city public utilities. Cutting can be 
performed with success in the flooded and water­
filled pipelines, which is impossible with GOC. 

Economic effectiveness of APC. As applied to 
alloyed steels and non-ferrous metals, APC is a 
no-alternative cutting process, which is everywhere 
and effectively used both in metal scrapping and 
for high-quality cutting in all the modern indus­
tries. 

Evaluation of the effectiveness of APC of widely 
used carbon and low-alloyed steels, is usually per­
formed in comparison with GOC. Important in this 
case are the specific conditions of the particular 
productions, including the scope of cutting, range 
of thickness of the metals being severed, terms of 
work performance (APC has considerable advan­
tages as to the achievable speeds), requirements to 
surface finish and geometry of edge preparation for 
welding, etc. 

Common characteristics for evaluation in all 
the cases are operational costs per 1 lin. m of the 
cut: in APC - for consumable parts of the plasma 
cutter and power, in GOC - for consumable parts 
of the gas cutter, combustible gases and their feed­
ing. 

These costs, calculated by us in [ 18], are shown 
in Table. 1. 

In general terms evaluation of effectiveness is 
performed allowing for all the above factors by the 
period of return-on-investment into the equipment 
for one and the other process. 

As shown by production experience, in scrap­
ping metal S to 40 mm thick, allowing for the 
cutting operator salary and operating costs, the 
return-on-investment for one Kiev-S unit with its 
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continuous two-shift operation is not more than 3 
months, and further on the profit from GOC re­
placement by APC is calculated proceeding only 
from the operating costs (see Table 1). When these 
cutting processes are compared, it is also necessary 
to take into account such difficult-to-evaluate fac­
tors as an almost complete absence of deformations 
in APC, versatility of this process in relation to 
various kinds of metals, almost instantaneous start 
(in GOC a lot of time and combustible materials 
are consumed in the metal preheating at the start 
of cutting), ability of the cutter immersion into 
the water in APC (gas flame dies out in the water), 
as well as performance of welding operations with 
the Duplex units using one and the same power 
source. 

Safety measures in operation of APC units. 
According to GOST 12221- 79, admissible voltage 
Uop. -c of the power source for semi-automatic 
plasma cutting should not exceed 300 V, while that 
for machine cutting - 500 V. To meet these re­
quirements our units were designed to additionally 
incorporate automatic switching off of rectifier 
voltage in the case of the arc extinction, as well as 
protective insulation of the outer surface of the 
metal body and the nozzle unit. 

APC processes generate gas and dust evolutions, 
noise and light radiation of the arc to varying de­
grees . In manual cutting of up to 15 mm metal at 
small currents with the nozzle resting against the 
item being cut, the arc does not blind the eyes, and 
the gas and dust evolution and noise are almost not 
noticeable. Nonetheless, under these conditions, in­
dividual protective means used by gas cutting ope­
rator (special clothes and goggles with light filters) 
can be recommended . 

In cutting at the currents of 1 SO A and higher 
of more than 20 mm thick metals, the noise and 
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gas and dust evolution are increased. In order to 
protect the plasma cutter in cutting 20 - 40 mm 
metal, protective means for electric arc welding 
operator (special clothes, and helmet with light 
filters) and above 40 mm - also noise-protecting 
earphones should be used . When working under 
the shop conditions, use of effective local exhaust 
and general shop ventilation by dilution, is man­
datory . A detailed evaluation of the hazardous fac­
tors and the norms for protection from them is 
given in [ 1]. 

With the increase of the arc current and thick­
nesses of the metals being cut, the arc column con­
centration is decreased and the cut becomes wider, 
in addition to the hazardous factors becoming more 
pronounced. Here, the efficiency of the cutting 
process drops, accordingly, and the operational life 
of the cathode and the nozzle is reduced. Therefore, 
it is necessary to try to achieve the maximal cutting 
ability of the air-plasma arc at up to 150 A currents 
in manual cutting with air cooling of the cutter 
and at up to 200 A currents in machine and manual 
cutting with its water cooling. 

Comparative analysis of the modern units for 
APC. Parameters of the currently available locally­
made and foreign APC units are given in Tables 2 
and 3. 

Analysing the parameters of the units shown in 
Table 2, it should be noted that in the majority of 
them the main characteristic - the maximal thick­
ness of the metals being cut - is achieved at in­
creased currents and a short operational period 
(35 - 40 % duty cycle at 10 min working cycle), 
this practically not allowing an effective use of 
these units for cutting metals of the indicated maxi­
mal thicknesses. 

The locally-produced Duplex-1 and Duplex-2 
units at 60 % duty cycle, in addition to rather 

Table 2. Parameters of the units with air cooling of the cutters for APC of metals up to 30 mm thick 

UPVR- UPVR - Karat- Karat- Airjet- Airjet- LPE- LPE-
Duplex- I Duplex-2 

0401 0901 60 lOOM 60 too 50 100 

Parameter 
OAO «Firm 

Enagro-Torets NPMGP 

SELMA» 
Company Castolin Compan.1J ESAB Company «Plasmatron» 

( Sim(eropo/) 
(Konstantinovka, (Switzerland) (Sweden) o(PWI 

Donetsk d istr.) STC (Kyiv) 

Consumed power, k W 9 16 8 32 9 16 10 30 2-S 3 - 10 

Rated current, A 40 90 60 100 60 100 so 100 30 90 

Duty cycle, % 40 40 3S 100 3S 3S 3S 60 60 60 

Maximal thickness of s 30 10 2S 1S 30 1S 30 10 30 
cut steel and aluminium, 
mm 

Weight, kg 40 12S 80 200 18 28 90 18S 2S 110 

Air flow rate at the pres- 120 1SO 200 210 180 180 130 180 40 so 
sure of 0.4 - 0.6 MPa, 
1 min 
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Table 3. Parameters of the units for APC of up to 60 mm thick metal. 

Consumed power, k W 

Rated current, A 

Duty cycle, % 

Parmneter 

Maximal thickness of cut steel and aluminium, mm 

Weight, kg 

Air flow rate at t he pressure of 0.4- 0.6 MPa, I/ min 

Cutter cooling 

effective severing of the thicknesses indicated in 
Table 2, are also superior to all the local and foreign 
analogs by being versatile (the same unit can per­
form both cutting and electric arc welding). 

The advantages of the local Kiev-5 and Kiev-8U 
units are obvious among APC units of medium 
power (Table 3). At smaller consumed power, up 
to 1 SO A current, 100 % duty cycle and air cooling 
of the cutters, they provide the same maximal thick­
ness of metal cutting, as their analogs with water 
cooling of the cutters. 

Higher power APC units with water cooling of 
the plasmatrons (Kiev-4M, Kiev-6, APR-404), the 
fabrication of which is not cost-effective under the 
present conditions, in view of the high consumption 
of reactive materials and weight and dimensional 
characteristics, are still used in many enterprises 
where their service life is not yet over. 

Prospects for development of APC and allied 
technologies with application of inexpensive oxy­
gen-containing plasma-forming media. Further 
development of APC as a highly efficient and cost­
effective cutting process is anticipated in the fol­
lowing areas: 

• cutting thick metal (up to 200 mm and more). 
Progress in this area is based on a number of original 
ideas that require further investigations for their 
implementation; 

• underwater APC, the practicability of which 
at down to 30 m depth, was confirmed by our 
experimental work as far back as in 1980s; 

• robotic cutting at increased radiation level 
that we believe will be required in the near future; 

• high-quality automatic cutting of thin and 
medium-thick metals, based on developments of 

Karat -200-802 PPR-200 Kieu-5 Kieu-8U 

Enagro-Torets 
PWI Pilot 

Company 
Plant of 

NPMGP 4Plasmatron» of PWJ 
( Konstantinovha, 

Welding 
STC (Kyiv) 

Donetsk distr.) Equipment 
(Kyiv) 

4S 4S 23 30 

200 200 120 140 

100 60 100 100 

so 60 so 70 

300 300 190 2SO 

100 so 200 200 

Water Water Air Air 

terials as plasma-forming media (carbon dioxide 
gas, water and commercial purity nitrogen). 

Encouraging experimental work has been per­
formed on C02 plasma welding of low-carbon and 
low-alloyed steels, also in a tandem with sub­
merged-arc welding. 

We can see good prospects for application of 
commercial purity nitrogen for plasma welding of 
copper and plasma surfacing in a number of pro­
cesses where nitriding of the deposited layer pro­
vides its higher wear resistance. 

Application of water vapours as a plasma-form­
ing medium, tried out by us, showed that use of 
vapour-plasma cutting and welding under special 
conditions, is promising. 

In our opinion, application of surface treatment 
of the welds to remove their reinforcement and 
thermal stresses, can be of interest. 

Effectiveness of application of air with a small 
addition of propane-butane for plasma spraying, 
confirmed by our joint work with VNIIavtogen­
mash and the Institute of Gas of the NAS of Ukraine 
[19], resulted in development of Kiev-7 production 
unit , which was put into batch production in Bar­
naul Mechanical Engineering Plant in co-operation 
with PWI Pilot Plant of Welding Equipment. 
Kiev-7 units are being used with success in many 
enterprises of the CIS countries, they still attract 
a lot of interest and we hope that their manufacture 
will be resumed at a new quality level. 

The described prospects make us feel confident 
that plasma technologies with application of inex­
pensive working gases will become advanced and 
competitive exported products in the near future. 
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ACTIVITY OF THE RUSSIAN INSTITUTE OF WELDING 
IN THE FIELD OF PLASMA EQUIPMENT 

AND TECHNOLOGY (REVIEW) 

V.V. SMIRNOV, M.D. ROGOVOJ and V.I. POVSTYAN 
Russian Institute of Welding, St.-Petersburg , Russia 

ABSTRACT 

Developments of the Russian Institute of \Vel ding in the field of plasma treatment of materials: spraying , surfacing 
and welding, as well as air-p lasma cutting and plasma recycling of wastes , are described. They include technologies 
for air-plasma cutting of ferrous metals and -stainless steels up to 40 mm thick, aluminium and copper up to 50 
and 20 mm thick, respectively, lines for automatic welding of super thin-walled (0.17 - 0.50 mm) small-diameter 
(4 - 8 mm) tubes and ecological plasma arc reactor which can be installed into any gas line. 

Key words: plasma surfacing and welding, air-plasma 
unit, tube welding line, plasmatron, recycling of wastes 

The Russian Institute of Welding pays special con­
sideration to development of technologies and 
equipment for various types of plasma treatment 
of materials. 

Manufacture of parts by plasma spraying. The 
Institute has developed the technology for the 
manufacture of parts by the method of plasma 
spraying involving deposition of materials on the 
mandrel (master pattern) . 

Owing to its high productivity, relatively low 
running costs (cheap and readily available air is 
used as the working gas), this method can find 
application in the manufacture of pressing dies for 
plastic materials. With this method the time needed 
to make a pressing die is shorter by a factor of more 
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than a hundred, as compared with other known 
electrochemical methods. The normal practice in 
this case is to deposit first a layer 0.5 - 1.0 mm 
thick using powders of self-fluxing alloys, which 
provide hardness of more than HRC 45, and then 
a filling layer of a material that has good mechani­
cal workability. 

Roughness of the working surface of a part made 
by this method depends upon roughness of the sur­
face of the master pattern and size of particles of 
the spraying powder, and normally it is not higher 
than Ra = 0.63 ~m. It can be improved by using a 
combined method which involves deposition of a 
thin layer (0.05- 0.10 mm thick) by electrochemi­
cal methods or by condensation of a nickel coating 
after dissociation of nickel tetracarbony 1. 

Another application of this method is for manu­
facture of ceramic parts of the type of tubes, cru-
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cibles, etc. The resulting parts are thin-walled, hav­
ing very precise geometrical dimensions. 

In the next years the progress in plasma spraying 
should be targeted on development of the plasma 
technology and package of equipment with a supe­
rior quality and productivity, as compared to those 
currently applied. 

Air-plasma cutting. Today this is the most ef­
ficient method for cutting low-alloy and alloyed 
steels, non-ferrous metals and alloys. Plasma cut­
ting is much superior to oxygen cutting in the pro­
cess speed on metals up to 30 mm thick, while in 
combination with the CNC high-speed machines it 
becomes the basic method for cropping metal in 
ship and machine building. Semi-automatic (ma­
nual) plasma severing has also gained a wide ac­
ceptance. 

The Institute has developed and manufactures 
plasma cutting machines operating at currents of 
SO, 100, 200 and 400 A, which provide high-quality 
cutting of metals with thickness ranging from 2 to 
100 mm. 

The use of power supplies equipped with the 
microprocessor-based control systems leads to a 
substantial improvement of the quality of cutting 
and decrease of not less than 2 times in consumption 
of fast wearing components of the plasmatrons. 

Analysis of the market of plasma equipment 
shows that foreign companies widely practice re­
placement of thyristorized power supplies by the 
inverter-type ones. 

The Institute has also developed and makes self­
contained units for air-plasma cutting and electric 
arc welding of metals under field conditions, i.e . 
where no power lines are available. In this case a 
unit is located on the MAZ-S22 trailer chassis in a 
body encased for warmth-keeping (KUNG-P10). 
The body also houses a power-generating unit with 
a capacity of 100 kW, one heating-ventilation and 
two compressor units, two storage batteries, a con­
verter and a kit of spares. The body with a load 
carrying capacity of 1 0. S t can be transported by 
any vehicle (car, tractor or prime mover). The 
power-generating unit consists of a diesel engine 
and generator connected via a board flange into 
one unit. 

The air-plasma machine with a rated current of 
200 A is intended for cutting ferrous metals and 
stainless steels up to 40, aluminium - up to SO 
and copper - up to 20 mm thick. It can be em­
ployed for cropping of ships , aircraft and other 
large-sized structures under any climatic condi­
tions, i.e. from the Extreme North to the south of 
the country . Availability of a separate room makes 
it possible to provide suitable conditions of life for 

the attending personnel. As an option, an electric 
welding equipment can be located in the KUNG­
Pi 0 body, which enables the machine to be used 
as a base for arrangement of a repair shop. 

In the next years development of the plasma 
cutting process will be towards building of a pack­
age of equipment for cutting ferrous and non-fer­
rous metals 100 - 300 mm thick. 

Plasma surfacing. Surfacing can be used to 
make the most diverse items with the desirable 
surface properties, i.e. corrosion-, heat-, wear-re­
sistant, anti friction, etc., as well as to repair worn­
out pieces. 

Plasma surfacing can be performed at a direct 
current of reverse or straight polarity, using wire 
or powder consumables. 

Owing to minimum penetration of the base me­
tal and its minimum dilution with the deposited 
metal, the process of plasma surfacing at a DCRP 
provides the preset properties of the metal even in 
the first of the deposited layers , as compared with 
the third or fourth layer in the case of arc surfacing. 
This leads to metal saving and raises labour pro­
ductivity. 

Powder materials, such as Co-based alloys of 
the type of stellites, and Ni-based alloys of the type 
of Calmolloys, Fe-based powders, stainless steel 
and bronze wire, can be used as the coating mate­
rials. 

Plasma surfacing gains wide acceptance in 
manufacture and repair of valves of various-appli­
cation internal combustion engines, rolling mill 
shafts and other parts. 

Developments of the Institute include also 
plasma surfacing machines operating at currents of 
300, SOO and 800 A. 

In the next years developments in the field of 
plasma surfacing will be targeted on the following: 

-• devising of the integrated process control sys­
tems to ensure continuous correction of the surfac­
ing parameters to provide desirable properties of 
the deposited layer; 

• using combined plasma and arc surfacing 
methods. 

Plasma welding. Plasma welding provides the 
highest effect when used for joining metals with a 
high thermal conductivity, such as copper, alu­
minium and their alloys. This method allows avoid­
ance of preheating and performance of single-pass 
welding on a wide range of thicknesses of materials. 
Thus, the straight-polarity plasma arc can weld 
copper up to SO mm thick in a single pass without 
groove preparation. Plasma welding of aluminium 
and its alloys at a DCRP provides a high quality 
of welded structures up to 20 mm thick. Strength 
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characteristics of the weld metal containing no 
tungsten inclusions and no oxide films are at a level 
of 95 % of those of the base metal. 

The Institute has developed a range of the 
plasma welding machines. Available are machines 
operating at currents of SO, 100, 300, 500 and 
800 A. The technology and optimal layout of the 
microplasma equipment have been devised for all 
types of welding of parts of thin-sheet metals (bel­
lows, casings of instruments, magnetic cores, trans­
formers, components of thermoelectric transducers 
and many others). 

An important property of microplasma welding 
is a high degree of constriction of the arc and low 
sensitivity of sizes of the weld being formed (its 
width and depth) to variations in the arc length. 

The use of this welding method instead of ar­
gon-arc welding leads to a substantial increase in 
productivity and quality of welding of thin metals 
(0.1 - 2.0 mm) and improves vendibility of pro­
ducts . 

Modern electronics allows a contactless ignition 
of the arc, regulation of the current drop at the 
end of welding and fast and precise setting of the 
process parameters. 

Microplasma welding units (Alfa-T, UPS-0401, 
UPS-0401M and UMS-0801) manufactured by the 
Institute passed industrial validation and are in 
operation at enterprises of the north-western region 
of the country, the Urals and Siberia. 

In the next years developments in the field of 
plasma welding will be done in the following areas: 

• optimization of the technology of welding us­
ing a penetrating plasma arc; 

• development and mastering of production of 
new power sources equipped with the micropro­
cessor-based control systems. 

Plasma recycling of wastes. This area is one 
of the most promising , as the environment control 
becomes an increasingly pressing and global prob­
lem that affects all spheres of the human activity. 

Specialists of the Joint-Stock Company 
«Plasma-Trust>-> (Moscow) and the Russian Insti­
tute of Welding have developed, manufactured and 
tested an installation for recycling of medical, in­
dustrial and other wastes. Recycling of these wastes 
is done in an electric-arc plasma furnace at a tem­
perature of 2000 - 5000 oc without prior separation 
and disinfection. This provides sterility of the pro­
ducts of recycling and protection of the personnel 
and equipment from contamination and the envi­
ronment from harmful components of gases ejected 
into the atmosphere during operation of the instal­
lation. The products of recycling are slag and metal 
suitable for further use. 
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Experimental-technological works conducted 
using the pilot installation proved feasibility of 
utilizing such facilities at enterprises of chemical, 
metallurgical, fuel -energy and pharmaceutical in­
dustries, as well as at enterprises of the Ministry 
of Defence for the following purposes: 

• neutralization of chemical and biological 
weapons; 

• recycling of galvanic slime and other toxic 
wastes, including wastes of power generating ob­
jects (power and heating plants, nuclear power 
stations, etc.); 

• disposal at customs points of hazardous, in­
fected, substandard products and products banned 
for import; 

• sanitary decontamination of territories after 
accidents, epidemics, etc. 

Current environmental condition of the air ba­
sin of many industrialized cities is coming to a 
catastrophe. The situation with pollution of the 
atmosphere with toxic products of gas ejected from 
industrial enterprises, large heat-power and boiler 
stations grows progressively worse. Benzopyrene is 
the most carcinogenic of such products. 

This gave rise to development of the experimen­
tal sample of the ecological plasma arc reactor 
which can be built-in into any industrial gas line. 
Decomposition of benzopyrene occurs under the 
effect of an intensive ultraviolet radiation of the 
high-current plasma arc of the plasmatron. 

The prototype of the ecological plasma arc re­
actor was tested to advantage at the Research Cen­
tre for Engineering Ecology of the Donetsk Branch 
of the All-Russian Research Institute for Ferrous 
Metals and Energy Treatment. 

This ecological reactor can be used at metallur­
gical and power generation plants, at chemical fac­
tories, heat and power stations and at large city 
boiler stations. 

Production of tubes. Production of welded 
tubes with super thin walls, which are not inferior 
in their quality to cold-drawn tubes is more cost 
effective. 

To manufacture the super thin-walled (0 .17 -
0.50 mm) welded tubes of a small diameter (4 -
8 mm) from corrosion-resistant steels, the Institute 
has developed the LDG-43 tube welding line. It 
provides automatic high-speed welding of the 
formed tubes and their coiling into bundles, the 
total length of a tube being 1000 m. 

The tube welding line consists of a decoiling 
device, unit for forming a tubular billet, welding 
unit (shielding chamber, arc torch with a precision 
displacement mechanism, power supply and control 
panel), drawing and coiling devices. Productivity 
of the LDG-43 line is up to 9- 12 m/min. The 
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LDG-43 tube welding lines are now in operation 
at nine factories of Russian Federation. 

Plasma machining. One of the advanced pro­
cesses that leads to a dramatic rise in labour pro­
ductivity of the forming process is machining using 
plasma preheating. In this case the metal to be 
removed by a cutter is heated by the arc stabilized 
by vortex and walls of the plasmatron nozzle. Good 
controllability of the process, high specific power 
of the arc, long life of the cathode and nozzle of 
the plasmatron make this process advantageous 
over other processes of metal working with pre­
heating, e.g. electric-resistance, electric-arc, high­
frequency, etc. 

This process is especially efficient in rough ma­
chining of large parts, e.g. in removal of casting 
edges, etc. The promising future of this process is 
proved by the fact that it has already found com­
mercial application at a number of leading enter­
prises of Russian Federation. 

Application of this process for treatment of man­
ganese steels of the type of 11 OG13L ( C - 1.1; 
Mn - 13.0 wt.%) provides an increase of 8- 10 
times in labour productivity, as compared with 
those traditionally used, and a decrease by half in 
consumption of hard-alloy cutting tools. 

This method is applied for treatment of liners 
of cone crushers at the Joint-Stock Company« Ural­
mash». More than a dozen of units for plasma ma­
chining of such parts are in operation at the mining 
plants and granite quarries. Productivity of the 
process increases 3 times. 

In the next years development of the plasma 
machining process will be done in the following 
areas: 

• development of the technology for half-finish 
and finish machining; 

• widening of its application in mining and me­
tallurgical industries. 

Associates of the Institute continue working in 
all of the above areas. 

FEATURES OF PLASMA ARC CUTTING 
IN NITROGEN-OXYGEN MIXTURES (REVIEW) 

K. V. V ASILIEV 
VNIIavtogenmash, Moscow, Russia 

ABSTRACT 

Published data on the influence of nitrogen and oxygen in the plasma on cutting speed have been analyzed. 
Influence of the composition of the plasma and cutting modes on the composition of the combustion products 
has been investigated. New concepts of the mechanism of iron burning in steel cutting in the nitrogen-oxygen 
plasma are substantiated . Development of a combined autogenous-plasma machine is described. 

Key words: plasma arc cutting, carbon steels, nitro­
gen-oxygen plasma, cathode, cutting speed 

In the second half of XX century the technology 
for preparatory operations in metal structure fab­
rication was augmented by introduction of a new 
advanced process, namely plasma arc cutting [ 1, 
2]. Our Institute carried out the basic research, 
technology and equipment development [3] that 
ensured a fast introduction of the technology in 
processing of aluminium, copper, and alloys based 
on these and other metals, as well as stainless and 
other alloyed steels. By the end of 1960s the scope 
of its application had reached 5 % of the total 
volume of application of thermal cutting in the 
country. Considering the relative scope of process­
ing the above metals, this was an acceptable level. 

© K.V. VASILIEV, 2000 

18------

Carbon steels, however, became the most 
widely accepted in metal structure fabrication, the 
blanks from them being produced by a simple and 
inexpensive method of oxygen cutting. Nonethe­
less, the research forecasts made at that time [ 4] 
and the experience of plasma arc cutting of alloyed 
steels indicated that the new technology can offer 
a significant advantage of high cutting speeds in 
the range of small and medium thicknesses, pro­
viding a higher cost-effectiveness and minimal ther­
mal deformations, especially in the oxygen plasma 
at the expense of the possible exoergic reactions. 
The low wear resistance of tungsten in such a 
plasma was improved by its gas shielding [5, 6]. 

By varying the ratio of oxygen and the cath­
ode-shielding inexpensive nitrogen, Browning es­
tablished the dependence of the cutting speed on 
oxygen content in the plasma (Figure 1) which 
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demonstrated that even its small additives to ni­
trogen, increase the cutting speed. Compared to 
nitrogen plasma, at 25 %oxygen, the cutting speed 
is increased by SO % or more. According to his data, 
further increase of oxygen content (up to 1 00 %) , 
is accompanied by just a 10 - 15 % increase of 
speed. This allowed considering air plasma to be a 
rational working medium for steel cutting, and pro­
vided an impetus for searching for a wear-resistant 
cathode material for working in it. Studies per­
formed by PWI [7], TsNII TS [8], Linde Company, 
USA [9], etc. promoted creation of zirconium and 
later on also hafnium (VNIIESO) cathodes. 

O'Brien also checked the influence of oxygen 
concentration and derived a similar dependence. 
However, the nature of increase (significant with 
a small oxygen content and negligible at more than 
30 % oxygen) of the cutting speed defies theory 
and practical experience of oxygen (autogenous) 
cutting. They demonstrate the absence of exoergic 
reaction, if the cutting medium has more than 75 % 
nitrogen [ 1 0], ability to cut with an oxygen jet, 
starting from 85 % and quick increase of cutting 
speed at its higher purity. Air-plasma cutting be­
came widely accepted, but with the rise in the cost 
of power and equipment, its application began to 
shrink. 

The above contradictions made us more thor­
oughly study the dependence of the steel cutting 
speed on the content of oxygen and nitrogen in the 
plasma. As in the US publications the cutting speed 
in working media with 30 to 1 00 % oxygen was 
demonstrated to rise slowly, we paid special atten­
tion to studying the change of speed in this range 
[ 11], and have revealed a peculiar nature of this 
dependence, not described earlier, namely first ri­
sing up to concentrations of 65 - 70 %, and then 
dropping by 10 to 12 %. The maximal speed was 
by 35 to 40 % higher than with air plasma. Such 
a nature indicated that in terms of cost it is optimal 

Table 1 

Plasma Steel thick· Working Cutting speed. 
composition ness, mm current, A m/ min 

Nitrogen 20 300 1.00 

N2 + 10% 0 2 20 300 1.00 

Air 20 210 3.00 

Same 20 300 2.10 

>> 35 220 0.30 

N2 + 30% 0 2 20 280 2.75 

N2 + 40% 0 2 20 280 3.00 

N2 +50% 0 2 20 300 2.75 

N2 + 70% 0 2 20 300 3.00 

Oxygen 20 300 3.00 
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Figure 1. Speed of steel cutting with oxygen depending on 
nitrogen content by the data of Browning ( 1); Vasiliev, Isa­
chenko (2); Severens, Anderson (3); calculated-experimental 
values (in the plasma) (4); Wells calculated values (5); prac­
tical data of Guzov (oxygen jet) (6) 

to cut steels in the medium with 70 % 01 and 
30% N, but this was not clear. Our additional veri­
fication, and then repeating these experiments at 
VNIIESO [ 12], and by foreign researchers [ 13, 14], 
confirmed the nature of the dependence earlier es­
tablished by us. 

Chemical analysis of the cutting products under 
various conditions has also been performed (Ta­
ble 1). In air-plasma cutting they contained up to 
40 % of oxides. With the increase of current, cut­
ting speed and reduction of the cut thickness, their 
amount decreases. The oxides were recorded in oxy­
gen-depleted mixtures (10 %), while their traces 
were found even in cutting in nitrogen plasma. 
With increase (up to 70 %) of oxygen concentration 
in the plasma, the amount of the oxides in the 
cutting products increases and then does not grow 
any more, and F30 4 content is even decreased. In-

Composition of cutting products, % 

Fe FeO Fe30 4 + Fe203 Oxides (sum) 

99.9 Traces 0.1 

87.0 11.0 1.0 12.0 

88.0 8.0 4.0 12.0 

87.0 8.0 5.0 13.0 

59.0 35.0 6.0 41.0 

86.0 13.5 0.5 14.0 

83.0 15.0 2.0 17.0 

83.0 16.0 2.0 18.0 

80.0 18.0 2.0 20.0 

80.0 19.9 0.1 20.0 
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Steel thick- Cutting speed, Arc power Reaction power Total power, 
ness, em cmj s 

Current, A 
x4.186, W 

1.0 1.67 205 6888 

1.0 5.00 220 7234 

2.0 1.33 210 6048 

2.0 1.67 200 5760 

3.5 0.45 220 8448 

dividual digressions from this tendency are due to 
the possibility of further oxidation of the cutting 
products in the flash on the cut lower edges, in the 
two-phase flame of the arc and in the slag collec­
tors. Therefore, an attempt was made to evaluate 
their composition at different concentrations of 
oxygen by X-ray diffraction analysis. Study of air­
plasma cutting slags demonstrated that they consist 
of a-Fe with the initial steel parameters and of 
oxides. The increase of oxygen in the plasma in­
creases the share of oxides and oxygen in wustite 
from 23 .21 up to 24.28 %. Flowing out of the cut 
cavity, the melt is enriched in oxygen and nitrogen, 
thus forming y-phase. It then decomposes into Fe3C 
and a-Fe, oxidized by the plasma flame and the 
oxygen from the air. At the temperature below 
570 'C FeO decomposes into a-Fe and Fe304 . Thus, 
a-Fe, oxides and carbides are found in the slag 
composition. The oxygen, with its high content in 
the plasma, greatly enriches the melt. A lot of oxi­
des of all the three types precipitate from it, while 
the y-phase is almost absent. 

The flash differs in its composition from the 
slag, by the presence of a much larger amount of 
FeO and Fe30 4 , as well as the absence of Fe203 
andy-phase, i.e. oxidation proceeds at T > 570 'C. 
A lot of manganese and carbon are lost in the flash. 

The layer of scale on the cut surface can consist 
of oxides of all the three types and of a-Fe. With 
the increase of oxygen content in the plasma, the 
amount of FeO and of the dissolved oxygen is in­
creased in the scale layer, while the fraction of 
a-Fe decreases. With feeding 100 % nitrogen into 
the plasma, scale forms in small amounts, obvi­
ously, at the expense of air in-take from the atmos­
phere. Fe30 4 prevails in it. 

Both analyses indicate that in our case the cut 
steel, unlike other oxygen processes, reacts with 
the nitrogen-oxygen plasma of different composi­
tion in the cut cavity, thus contributing to the arc 
energy the appropriate amount of heat of the exo­
ergic reaction of iron oxidation. The causes for its 
specific nature in the nitrogen-oxygen plasma lie 
in the features of the cutting process, which consist 
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% x4.186, W % 
x4. 186, W 

82.6 1447 17.4 8335 

78.5 1979 21.5 9213 

78.2 1683 21.8 7731 

75.6 1858 24.4 7618 

81.8 1876 18.2 10324 

in the simultaneous melting action of the arc, par­
ticularly high temperature and speed of the cutting 
jet, presence of charged particles connected to the 
arc, electric field and plasma composition. 

Calorimetric investigations showed (Table 2), 
that the cutting arc is the main factor in metal 
penetration and cut formation. Washing the melt 
off, reveals the steel surface prepared for exoergic 
oxidation by plasma. The experts give different 
opinions on the influence of the high temperature 
of oxygen. Some of them believe that oxidation 
proceeds faster with the increase of temperature. 
I. Boshnakov [15], contrarily, assesses its influence 
as negative, noting that at oxygen heating up to 
200- 300 'C, the cutting speed drops by 20- 40%, 
while at the temperatures of 500 - 1200 'C - by 
40 - 60 %. In his opinion, the process speed is in­
creased in cutting with the cold or even liquid 
oxygen. Probably, the high plasma temperatures 
proper do not increase the cutting speed, as in keep­
ing with the temperature fields of the condition of 
iron and oxides, the equilibrium of equation Fe+ 

+ 0.502 ~ FeO sh ifts to the left, and oxygen den­
sity is also decreased. 

The thickness of the swept-off melt film in cut­
ting, which influences its speed, depends on the 
plasma speed We 

L\5 = ~20Wc !lCe, 
aeWe 

where 8 is the thickness; fl. is the dynamic viscosity 
of the melt; We is the cutting speed; ae is the 
coefficient of heat removal from the cutting arc; 
Ce is the plasma heat content. The difference in 
the speeds of the plasma flow and the oxygen jet, 
however, is not so great and cannot account for the 
specific dependence of the cutting speed on oxygen 
concentration in the plasma. 

The Vagner oxidation theory [16] is based on 
electrolytic dissolution of metals. The cutting arc 
creates an electric field that affects particle migra­
tion through a layer of oxides, which can speed up, 
slow down or even change the polarity and value 
of external potential during the reaction. However, 
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test cutting at straight and reverse polarity did not 
reveal any great differences between them, or any 
significant influence of the external field. 

Under the impact of high temperatures and the 
electric field of the arc, however, clusters of 
charged particles in the form of ozone can appear 
in oxygen-containing plasma. Inducing oxygen to 
form ozone in autogenous cutting [ 17], allowed its 
speed to be increased by 15 %. With the ozone 
concentrations found by the hygienists in the 
plasma, a certain increase in the cutting speeds is 
possible, but this does not account for the change 
in the cutting speed with a typical plasma compo­
sition (N2-02), either. 

In the author's opinion, in nitrogen-oxygen 
plasma interaction with steel in its cutting, a special 
process of iron burning is possible, which is related 
to the high-temperature gas reactions proceeding 
in the plasma. 

It is known that introduction of external source 
energy into a reacting system st imulates the reac­
tions which proceed with energy absorption. 
Among the exoergic reactions in the plasma arc, 
the chief place is taken by the reaction of oxidation 
proceeding in the mixture of nitrogen with oxygen, 

0.5N2 + 0.502 ~NO- 21.6·4.1868·103 J / mol, 
running at high temperatures with equilibrium con-

p2 
stant Keq = p F with the yield of nitrogen oxide 

N 0 2 

NO, which increases with temperature, pressure 
and nitrogen to oxygen ratio in the initial mixture. 
V.V. Frolov [18] gives data on the composition of 
gas atmosphere at temperatures of 2000 - 5000 K 
in the case of nitrogen oxidation by oxygen in the 
mixture of 1:1 composition. From his data, nitrogen 
oxide content is as follows: 5.3 % at T = 3000 K; 
13.0% at T = 4000 K; 9.4% at T = 3500_ K; 20_6% 
at T = 5000 K. These data practically correspond 
to the results of thermodynamic calculations of 
LS. Polak [19] for the same temperature interval, 
allowing for dissociation of oxygen and nitrogen 
into atoms. The greatest amount and highest con­
centration of nitrogen oxide in the plasma reactor 
are achieved at oxygen content in the initial mix­
ture of 60 - 70 % [20]. Under the conditions of 
cutting the nitrogen-oxygen plasma flow with such 
a content of NO interacts with the iron melt by 
2Fe + 2NO = 2Fe0 + N2 reaction. 

p 
Equilibrium constant Keq = p NO depends on 

NaFeO 

the degree of metal saturation with iron oxide, 
whose solubility rises with temperature. If the melt 

t t . "th th . .d % FeO t sa ura IOn Wl e 1ron ox1 e aFeo = o/ F n a 
/ o e'""sat 
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a given temperature tends to zero, then the ratio 
of partial pressures PNo l PN should also tend to 
zero, i.e. even very small concentrations of NO 
already cause iron oxidation. V. V. Frolov states 
that nitrogen oxide is an active oxidant in relation 
to metals, even stronger than pure oxygen. 

Thus, unlike oxygen cutting (in which oxygen 
dilution with nitrogen greatly reduces the number 
of oxygen and iron particle collisions, required for 
the reaction, while with a significant dilution it 
almost or completely eliminates them), in plasma 
arc cutting in nitrogen-oxygen mixtures, collisions 
of not only the oxygen particles, but (to a greater 
extent) also of nitrogen particles with iron particles 
are effective, thus intensifying iron oxidation even 
with a small content of oxygen in the plasma. 

The proposed concept of the mechanism of iron 
burning in cutting of steel in nitrogen-oxygen 
plasma, which can be conditionally called a nitro­
oxide effect of oxidation, provides an explanation 
for all the features of cutting in N2-02 plasma, 
unlike other ones. Indeed, even small additions of 
oxygen to the plasma result in a replacement of the 
neutral particles of nitrogen by active particles of 
NO and start of exoergic oxidation of iron. Increase 
of oxygen concentration in the plasma enhances 
this effect. At plasma enrichment with oxygen, the 
content of actively oxidizing particles increases and 
the exoergic reaction develops, until NO yield has 
reached a maximum at oxygen content of 60 -
70 %. As was already mentioned, further on, the 
amount of NO is not increased because of the Jack 
of nitrogen in the plasma; nitro-oxide effect is re­
placed by a traditional oxygen mechanism of oxi­
dation. This adversely affects the intensity of steel 
burning and the cutting speed. In addition, the arc 

N,% 
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Figure 2. Relative cost of 1 m of cut N and specific power 
consumption in plasma arc cutting in nitrogen-oxygen mixtures; 
1 - total cost; 2 - power cost 
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voltage in oxygen is reduced from 170 - 160 to 
1 SO V. Both factors limit the cutting speed at oxy­
gen concentration above 70 %. 

The results of chemical analyses allow determi­
nation of the intensity of steel melting out 9c and 
of cutting speed We. Iron burning in oxygen-con­
taining plasma complements the effective thermal 
power of the arc Q9, , by effective thermal power 
Ox, of exoergic reaction, which can be conditionally 
evaluated as the thermal effect of formation of a­
and~-FeO and Fe304 fractions in the forming melt: 

Qg+Qx 
9e = S ' = Weoby, Qx, = 9e(aqFeO + ~qFe3o4), melt 

9e Smelt- 9e(aqFeO + ~qF6J04) = Qg, = 0.24IU11;- Qm, 

0.24TU11;- Qm 

9e = Weoby = Smelt - (aqFeO + ~qF6JO)' 

0.24IU11; - Qm 
We = . 

ybo[Smelt- (aqFeO + ~qFe3o)J 

The calculated curve of cutting speed, depend­
ing on oxygen concentration correlates well with 
the measured actual speeds (Figure 1, curve 4). It 
is seen that the optimal speed of cutting is reached 
at oxygen concentration of 60 - 70% in the plasma. 
The highest speeds also provide a saving of power 
and money, compared to cutting in air and in oxy­
gen (Figure 2). As regards the quality of cutting 
carbon steels in nitrogen-oxygen plasma, in this 
case it is important to take into account the prone­
ness of the formed cut surfaces to nitrogen satura-

hHAZ, hJ., hc.z• h,, mm CN2'% 

0.8 0.20 

0.6 ........ , 0.15 
........ 

........ 
........ 

........ 

0.4 
........ 

' 0.10 

0.2 0 .05 

0 
0 20 40 60 80 02,% 

Figure 3. Quality characteristics of the cuts with the change 
of oxygen content in the mixture: 1 - HAZ depth (hHAz); 2 -
non-perpendicularity of the cut surfaces (hJ.); 3 - nitrogen 
content on the cut surface (CN ); 4 - depth of the cast zone 
of the HAZ (h0 ,); 5 - roughness (h,) 

tion and formation of an anomalous porosity in the 
welds in subsequent welding. Our investigations 
[ 21] showed that this is caused by an abrupt (up 
to SO times relative to the initial value) increase 
in the content of nitrogen in the cast zone of the 
HAZ metal in air-plasma cutting and coincidence 
of this cast region in welding with the boundary 
layer of the weld pool. Measures were determined 
that limit nitriding of the cut edges and formation 
of anomalous porosity in the welds after welding 
such edges, namely selection of the speed parame­
ters, applying rigid stabilization of the arc, pro­
ducing «reversed!> welds and selection of the least 
gas-saturated cut edges for -them opposite to the 
direction of the stabilizing eddy flow vector. The 
results of these investigations became used in our 
country and abroad [22, 23], thus promoting per­
formance of sound welding after air-plasma cutting 
of the blanks. However, in order to prevent anoma­
lous porosity, cutting with the oxygen-plasma arc 
is preferable in the most critical cases. 

On the other hand, investigations by William­
son [24] showed that oxygen cutting with a high 
content of oxygen (70 - 7S %) yield similar results 
both in terms of porosity prevention and the least 
non-perpendicularity and roughness of the cut sur­
faces (Figure 3). Thus, cutting in the optimal ni­
trogen-oxygen mixtures with 70% oxygen is greatly 
superior to air-plasma cutting in efficiency and 
quality. 

The restraining factors in application of the de­
veloped technology can be the need to use two gas 
sources (air and oxygen), as well as a certain in­
crease of the intensity of the nozzle and cathode 
consumption. When this problem was solved, com­
pressed air was used as the working gas, which was 
fed through a unit of diffusion enrichment with 
oxygen with diffusion membranes selective to it. 
This solution was verified in the pilot plants [2S] 
and yielded positive results. However, oxymethyl­
triethylsilane membranes required supplying com­
pressed air to them at the pressure of 1.S MPa, 
which was only possible in individual enterprises, 
as well as a very thorough filtering and drying of 
air to extend the membrane service life, which was 
still limited. Their improvement will make this so­
lution promising. 

The simplest way is to supply gas to the cutting 
plasmatron from two sources, namely the compres­
sor or the compressed air line, as well as a cylinder 
or supply line of oxygen. Our Institute, together 
with NPO «Kislorodmash!> created in 1990 the first 
local combined autogenous-plasma Kentavr ma­
chine with numerical programmed control [26], 
which, having the oxygen and compressed air 
mains, enabled both gases to be used. The combined 
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machines are becoming ever wider accepted. Use 
of plasma with 70 % oxygen, is not a problem in 
this case. A solution has been found which allows, 
when supplying oxygen to the plasmatron, replac­
ing the compressor by a simple and inexpensive 
device for air feeding to create an optimal working 
medium. 

The Institute has found solutions which allow 
reducing the wear of the nozzles and cathodes, 
based on increasing the intensity of heat removal 
from these elements into the cooling medium, even­
tually creating gas-dynamic cutting nozzles that 
will not wear in cutting [27, 28]. 

The developed equipment and technological so­
lutions should become those of choice in the future, 
and ensure a wide acceptance of plasma arc cutting 
of carbon steels of small and medium thickness and 
its effectiveness. 
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PLASMA WELDING (REVIEW) 
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ABSTRACT 
Plasma arc process sequences and design features of plasmatrons are considered. Plasma process advantages 
compared to other arc welding processes are described . Illustrations of technological capabilities of plasma welding 
and its effective application in rocket engineering, ship-building, power generation and other industries are given. 
The effectiveness of application of combined plasma processing with two arcs, a plasma arc and laser beam is 
noted. 

Key words: plasma welding, microplasma welding, 
plasmatron, welding equipment, weldment, rocket engineer­
ing, ship-building, power engineering, automotive industry 

Plasma welding pertains to arc welding processes 
and is characterized by artificial constriction of the 
arc column in the nozzle channel by the gas flow 
or magnetic field. Microplasma welding is defined 
as ~plasma welding at which the current value does 
not exceed twenty amperes1> [1 ]. Unlike other 
welding processes, however, in plasma welding by 
a penetrating arc, the pool and the weld are formed 
under the additional impact of the plasma-gas flow. 

Plasma welding development was reported for 
the first time in 1950s [2]. Several principles of 
the plasma-gas flow formation were proposed du­
ring 1960s [3, 4]. Over the same period the equip­
ment and technology for microplasma welding of 
0.2 - 1.0 mm thick metal were developed and in­
troduced in a number of countries [5]. 

For fabrication of aluminium structures PWI 
for the first time in the world developed plasma 
arc welding at sinusoidal AC [6] and DCRP and 
AC microplasma welding [7]. Intensive research 

3 
4 

a 5 6 7 b 5 

was performed in a number of industrial research 
institutes and factory laboratories both in the 
USSR and in the foreign companies, which led to 
development of the equipment and technology of 
plasma welding by a non-transferred arc, at DCSP 
and DCRP and by a transferred arc (Figure 1), 
three-phase arc (Figure 2 ), by twin arcs with non­
consumable and consumable electrodes with sepa­
rate power sources (Figure 3) [8]. 

Combined processes using two and more heat 
sources in the welding zone were developed to im­
prove the efficiency of the plasma processes with 
a high quality of the welds. The sequence with 
twin arcs was implemented at the start of 1970s in 
the processes which were named plasma-MIG weld­
ing (Philips Company) [9, 10]. In 1960 PWI pro­
posed plasma welding by a bipolar arc with a dual 
plasmatron or a plasmatron and an arc torch located 
on both sides of the item being welded (Figure 4) 
[ 11]. 

A number of requirements are taken into ac­
count in welding plasmatron design, and, prima­
rily, the need to increase the plasma penetrability 

4 

3 

8 7 c 9 

Figure 1. Schematic of plasma welding: transferred arc (a), reverse polarity microplasma (b), non-transferred arc (c): 1 -
electrode; 2 - nozzle; 3, 4 - source of the auxiliary and the main arc, respectively; 5 - plasma arc; 6 - auxiliary arc; 7 -
item; 8 - reverse polarity arc; 9 - arc column and flame; A - plasma gas; B - shielding gas 
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Figure 2. Schematic of plasma welding with a three-phase arc : 
1 - electrodes; 2 - transferred and non-transferred arcs; 3 -
power source ; 4 - item 

and provide a good formation and quality of the 
weld metal. Therefore, the issues of geometry and 
design of the electrode and nozzle (shielding and 
plasma-shaping) components are solved as one 
package. Arc stabilization and improvement of its 
penetrability are achieved in several ways: 1) in­
crease of electric power with preservation of the 
degree of constriction (i.e. with the constant den­
sity of current in the plasmatron channel); 2) in­
crease of the degree of constriction by reducing the 
channel diameter, changing the geometry of the 
electrode-nozzle unit, etc.; 3) combination of con­
nection to the power sources of the electrodes and 
the nozzle, interaction of the main, pilot and auxi­
liary arcs, as well as application of the pulsed power 
supply modes; 4) combination of the pro-cesses 
(with nonconsumable and consumable electrodes) 
under the conditions of blowing with a gas flow, 
etc. 

Block diagrams of the electrode-nozzle unit 
have been developed. A nozzle with a long straight 
cylindrical channel with the diameter commensu­
rate with that of the tungsten electrode, became 
accepted for AC and DCRP welding. Welded joints 
made with the plasma arc, are characterized by 
deep penetration and narrow weld, these parame­
ters of the weld being provided at the speeds which 
are higher than those with other arc welding pro­
cesses at the same arc power. In this connection, 
the high thermal effectiveness of the process is an 
advantage compared to these values for the known 
arc welding processes. Further constriction at the 
output of the channel can be achieved using the 
docusingj> gas flow. 

The problem of sound formation of the weld 
metal should be solved simultaneously with provi­
sion of a sufficient penetration depth and high ef­
ficiency of the process . However, increase of the 
density of the plasma-gas jet and of its pressure, 
causes defects of formation, of which the weld un­
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8 6 
Figure 3. Schematic of plasma arc welding with a lateral feed 
of the consumable electrode: 1 - plasmatron electrode; 2 -
nozzle; 3 - consumable electrode; 4 - plasma arc power 
source; 5 - consumable electrode power source; 6 - plasma 
arc; 7 - consumable electrode arc; 8 - item; A and B - as 
in Figure 1 

dercuts and ridges are the most typical. The wish 
to reduce the dynamic head of the plasma-gas flow 
at a high enough degree of the arc column constric­
tion, gave rise to the idea of drawing the constrict­
ing gas into the nozzle channel in the direction 
away from the item surface (Figure 5) [12] . A 
plasmatron with a system of feeding the constrict­
ing gas in the radial direction through the channel 
wall of a porous gas-permeable material has been 
developed with the same purpose (Figure 6) [13]. 

Use of a separate and independent control of 
heat content in the base and the liquid deposited 
metal opens up new technological capabilities, in 
particular, promotes less overheating of the weld 
pool and achievement of minimal mixing of the 
filler metal with the base meal. So, the process of 
plasma-MIG welding lends itself to separate con­
trol of the heat input into the base and the filler 
metal. For instance, in welding of 16 mm thick 
samples of a corrosion-resistant steel, the groove 
was filled in one pass. With minimal mixing of the 
base metal with the liquid filler metal, it becomes 
possible to make a weld, with any shape of the 
cross-section without changing the groove shape 
[ 14]. 

The plasma process was initially implemented 
using mass-produced power sources, usually ap-

Figure 4. Schematic of plasma welding with a bipolar arc : 1 -
plasmatron electrode ; 2, 4 - nozzle; 3 - electrode; 5 - item; 
6 - power source 
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J ., A 

Figure 5. Schematic of plasmatrons with the reverse flow of 
plasma gas; A and B - as in Figure 1 

plied for the regular arc welding processes with 
upgraded power and control circuits (windings 
were added to increase the voltage, auxiliary arc 
was powered from a special attachment) [ 15]. Fun­
damentally new thyristor-controlled power sources 
of the units were developed for pulsed microplasma 
welding and a number of other processes [5]. One 
of the first specialized power sources was the arc 
power source for AC welding, in which the trans­
former secondary winding is sectioned and in the 
branch through which the straight polarity current 
runs, the rectifier is made controllable [16]. In 
1967 PWI developed a method of controlling the 
penetration of weld root in plasma welding by 
measuring the electrical conductivity of the ionized 
arc flame, passing through the weld pool [ 17]. Fur­
theron, this process was used for automation of the 
technology [18, 19]. 

It should be noted that already the first plasma 
welding processes became applied in fabrication of 
critical structures. In 1960-1970s, investigations 
in the field of plasma technologies both in the 
USSR and abroad were aimed at solving the prob-

j 
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Figure 6. Schematic of plasmatrons with a porous nozzle and 
radial feed of <<constricting» gas: 1 - tungsten electrode; 2 -
nozzle; 3 - insert of a porous tungsten-copper alloy 
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lems of aircraft and rocket engineering, electronics, 
nuclear and cryogenic engineering. Special atten­
tion was given to improvement of the quality of 
welding of aluminium, corrosion-resistant and 
high-temperature alloys and titanium in a large 
range of thicknesses of various kinds of joints [20-
22]. Argon or helium (with hydrogen addition in 
a number of cases) were used as plasma gases. 
Plasma welding at alternating current was applied 
in fabrication of machine clamps (contact tips) for 
high-voltage transmission lines, consisting of a cop­
per-plated aluminium plate 6 mm thick and an ex­
truded T-shaped aluminium part 12 mm thick [23]. 
The task of fabrication of cryogenic tubing up to 
12000 mm long of 150 to 600 mm diameter and 2.0 
to 8.0 mm wall thickness of 12Kh18N10T (C -
~ 0.12; Cr - 17.0- 19.0; Ni - 9.0- 11.0; Si­
~ 0.80; Mn- 1.0- 2.0; S - up to 0.02; P- up 
to 0.035 wt.%) steel in NPO «Kriogenmash~ (Rus­
sian Federation) was solved using gravity-position 
plasma welding [24]. Ten years after the introduc­
tion of welding by a penetrating alternating current 
plasma arc into production of rocket fuel tanks in 
the USSR [6], a similar technology began to be 
introduced in the US instead of argon-arc welding 
for outside aluminium tanks in the Space Shuttle 
[251. This technology is believed to have a great 
role also in construction of space stations. In 1989 
NASA selected plasma welding technology for 
manufacture of solid fuel engines of a space rocket 
for structure delivery to «Freedom~ International 
Space Station. In 1979 PWI experimentally estab­
lished the ability to perform COrplasma welding 
with zirconium and hafnium cathodes and air ducts 
and canisters were welded of low-carbon and low­
alloyed steels [26]. 

For decades microplasma welding has been an 
indispensable process in fabrication and repair of 
items in the electronic, jewelry and watch industry, 
in manufacturing of instruments, thin-walled 
tubes, bellows , artificial teeth of many types of 
steels,.gold, titanium, tungsten, vanadium, copper, 
molybdenum, nickel, tantalum, niobium, zirco­
nium and a number of other metals. 

Plasma-MIG welding allowed solving a number 
of problems in the technology of fabrication of heat­
resistant and high-temperature high-alloyed steels. 
In particular, the high quality of butt joints of 
EP-202 (C - up to 0.8; Si - up to 0.6; Mn -
up to 0.5; Cr - 17.0- 20.0; Mo - 4.0- 5.0; 
W - 4.0- 5.0; Ti - 2.2- 2.8; Al - 1.0- 1.5; 
P - up to 0.015; S - up to 0.010; B - up to 
0.01; Ce - up to 0.01; Fe - up to 4.0 wt.%) 
alloy 8 - 12 mm thick was achieved in single-pass 
plasma-MIG welding [271. Schwelmer Eis­
enwerk/Mueller&Co. (FRG) has gained extensive 
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experience of effective application of plasma-MIG 
welding of aluminium tanks. Applying Philips 
Company equipment allowed complete elimination 
of pores, undercuts and other defects in the weld 
metal with simultaneous increase of the welding 
speed compared to the earlier used consumable­
electrode arc welding [28, 29]. Development of 
consumable-electrode plasma welding in Perm STU 
is reported [ 30], however, which provides sound 
welds with specified dimensions at high welding 
speeds (> 100 m/h) and thickness of the metal 
being welded (aluminium and titanium alloys, com­
plex-alloyed steels) in one pass without edge prepa­
ration, of up to 15 mm, and with edge preparation 
of more than 20 mm. PWI developed plasma-pow­
der welding process in which the powder is fed into 
the plasma and fills the groove. The process was 
verified in all-position mechanized and manual 
welding of 1 -SO mm metal. Variation of the com­
position of filler powders opens up new possibilities 
for production of permanent joints of metallic, com­
posite and ceramic materials [31] . 

A promising welding process is that based on a 
simultaneous heating of the weld pool by the 
plasma arc and the laser beam. The first investiga­
tions of such a «hybrid>> welding process showed 
that it has a whole range of features which are not 
attributable to a simple superposition of the pro­
perties of the used heat sources, taken separately. 
So, a special kind of plasma discharge is imple­
mented at the expense of laser radiation absorption 
in the plasma, namely a combined laser-arc dis­
charge [32]. 

Plasma surgery has been developing for about 
three decades now. Equipment testing and surgical 
operations on animals demonstrated the good pros­
pects for plasma technology application in medicine 
[33] 0 

Arc welding of a number of complex-shaped 
items requires regulation of the heat flow power 
in keeping with the heat removal conditions vary­
ing along the weld length. In series and mass pro­
duction of such items just the automatic control of 
the welding mode provides a high efficiency with 
good reproducibility of welding results and stabi­
lity of the weld geometry. Compared to arc welding 
processes, plasma arc welding has a maximal num­
ber of parameters which can be diagnosed and 
changed during welding. 

In connection with the fact that plasma welding 
with through penetration offers a unique possibility 
of monitoring the pool composition by the ionised 
fl ame, one of the research areas is study of this 
process and, finally, visualisation on the display 
and computer programming of the welding modes. 
In a brief review of welding technology advances 
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5 

Figure 7. Schematic of a combined laser-plasma process of items 
processing: 1 - laser beam; 2 - plasmatron; 3 - plasma arc; 
4 - weld pool; 5 - item 

in 1999, the main area of research on plasma weld­
ing is indicated to be the study of the mechanism 
of through penetration, influence of the mode pa­
rameters on the technological properties with the 
aim of programming and computerization [ 29]. Arc 
Kinetic Company (Great Britain) has developed 
and is manufacturing computer-controlled plasma 
welding units. In particular, the company has com­
puterized spot plasma welding applied in fabrica­
tion of the « Yaguar~ car (instead of resistance 
welding) [34]. 

Metals science and metallurgy are entering the 
XXI century with new metallic materials, the ma­
jority of which acquires the required service pro­
perties in heat treatment. They are welded using 
processes which allow controlling the heat input 
without impairing the quality characteristics (ab­
sence of defects, minimal deformations, etc .). Elec­
tron beam, laser and other technologies are being 
developed along such principles . However, appli­
cation of plasma welding, especially of the com­
bined processes, can be simpler in terms of the 
required equipment, and performance technique. 
Plasma welding has good prospects for further de­
velopment also due to the high efficiency and lower 
energy content. 
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PLASMA TECHNOLOGIES 

PLASMA-POWDER SURFACING 
IN SHIP MACHINE BUILDING 

E.F. PEREPLYOTCHIKOV 
The E.O . Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 
The results of investigations of some properties and performance of Co-, Ni- and Fe-base alloys are given. Possibility 
of plasma surfacing of aluminium bronze parts with cobalt and nickel alloys is studied . The effectiveness of 
application of plasma-powder surfacing in ship machine building is demonstrated. 

Key w or d s: plasma-powder surfacing, cobalt alloys, 
nickel alloys, aluminium bronze, fusion zone, corrosion, in­
vestigations, surfacing equipment, technology 

Surfacing of stop valve parts, valves and seats of 
internal combustion engines, as well as other items 
with Co-base alloys is widely used in ship machine 
building. Manual arc surfacing with TsN-2 elec­
trodes ( 190Kh30K60V5S2 type) or argon-arc sur­
facing with V3K rods ( 11 0Kh30K60V5S2 type) are 
used, as a rule. Manual surfacing is a low-efficient 
and labour-consuming process (because of the high 
susceptibility of the deposited metal to cracking, 
surfacing with TsN-2 electrodes and V3K rods has 
to be performed with parts preheating up to 773 -
823 K) with a greater consumption of expensive 
and deficit surfacing consumables. The quality of 
the surfaced parts is highly dependent on the quali­
fication and diligence of the welder. Therefore, a 
high reject rate and unstable quality of the surfaced 
parts are inevitable in manual surfacing. In addi­
tion, the metal deposited with V3K rods, has in­
sufficient fretting resistance at high specific pres­
sures, while the metal deposited with TsN-2 elec­
trodes, in view of its higher brittleness, is prone 
to formation of cracks and spalling in service. A 
number of fitting parts, for instance, rods of the 
gates and valves, parts of the gate of clinket gate 
valves, despite their obviously insufficient service 
life, were not surfaced at all, because of the great 
technological difficulties involved. 

Thus, neither the surfacing consumables, not 
the surfacing processes, earlier applied in ship ma­
chine building, met the increased requirements to 
the quality of the deposited parts and the techno­
logy of their manufacturing. Transition to ad­
vanced materials, mechanised and automated sur­
facing processes was necessary. 

Analysis of the domestic and foreign experience 
[1 - 5] showed that the plasma-powder process is 
the most effective method of surfacing many parts 
<: E.F. PEREPLYOTCHIKOV, 2000 
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of ship machinery, allowing an essential (2 to 5 
times) improvement and stabilisation of the quality 
of surfaced parts, compared to manual surfacing , 
increase in efficiency and drastic improvement of 
the labour conditions, reduction of the surfacing 
consumables consumption and cost of machining 
the surfaced parts. Plasma surfacing lends itself 
easily to automation, therefore, it is especially ef­
fective under the conditions of batch production. 

Materials and methods of investigation. The 
possibility and effectiveness of plasma surfacing 
application in ship machine building were investi­
gated mainly for parts of the ship stop valves. 
Evaluation of the performance of alloys surfaced 
by various methods was carried out, bench and 
full -scale testing of the surfaced parts has been 
conducted, surfacing technology and specialised 
surfacing equipment have been developed. Grades 
of studied commercial and test alloys and their 
chemical compositions are given in the Table. 

Tribotechnical testing was performed on flat 
samples in the form of discs of 95 mm diameter and 
22 mm thickness with a deposit on the end face, 
as well as cylindrical samples (rods and bushings) 
with the diameter and length of the wearing sur­
faces of 25 and 110 mm, respectively. Powder of 
11 0Kh30K60V5S2 Co-base alloy was used for sur­
facing the bushings. The base material for all the 
samples was steel of 08Kh18N10T grade. 

Comparative testing of flat samples surfaced 
with the above alloys, was performed under the 
following conditions: temperature of atmosphere 
(air) T = 623 K, specific pressure Psp = 5 MPa, 
20 mm reciprocating travel of samples, travel speed 
v = 0.07 m/s, friction path Sfr = 100m. Used as 
the main characteristics of wear resistance of the 
alloys were the loss of weight and the linear wear 
of the tested samples, as well as the intensity of 
linear wear, determined by the ratio of linear wear 
to the product of specific pressure by friction path. 
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Material Chemical composition, wt.% 
grade c Si B Cr w Fe Ni Co Cu Balance 

110Kh30K60V5S2 1.19 2.56 30.1 4.72 2.70 0.20 Base 

160Kh30K60V5S2 1.67 2.49 30.8 5.04 0.54 0.85 Same 

190Kh30K60V5S2 1.93 2.36 30.2 4.84 3.40 0.37 ~ 

90Kh30K55V5N7R 0.93 2.72 1.05 30.5 4.46 1.06 7.00 >) 

85Kh30K55V5B5GS 0.85 1.47 32 .1 5.38 0.61 2.21 ~ Ni-5.48 
Mn-1.16 

90Kh30K50V5M5N5R 0.94 1.40 0.40 32.0 5.44 0.34 5.46 ~ Mo-4.63 

N77Kh15S3R2 0.60 3.53 2.64 18.0 Base 

N68Kh21S5R 0.60 4.73 2.41 18 .7 4.82 Same 

Kh18FMN 2.30 0.70 19.1 Base 2.70 V-8.70 

08Kh18N10T 0.08 0.04 19.5 Same 11.30 Ti-0 .55 

Br.AZhNMts 9-4-4-1 -

The standard were the samples surfaced with TsN-2 
electrodes. 

The fretting resistance was studied at different 
values of specific pressure, temperature and friction 
path in air. The specific loads for the flat and cy­
lindrical samples were 2.5, 5.0 and 10.0 MPa, and 
the friction path was 1000 m. The testing tempera­
ture for the flat samples was 673 and 7 43 K, that 
for the cylindrical samples being 523, 623, 673 and 
743 K, respectively. 

Cyclic fatigue resistance of the gate components 
was also determined in addition to alloy testing for 
fretting resistance. Samples simulating the parts of 
the gate unit in Dn 50 valves were tested. Testing 
was performed at a constant load equal to 47 MPa, 
and temperature of 623 K in air for 6000 cycles. 
The alloy performance was evaluated by leakage. 
The minimal specific load on the sealing surfaces 
providing the maximal admissible leakage at nor­
mal temperature, was also determined during test­
ing. 

Depending on the purpose of the ship fittings, 
stainless steels or non-ferrous metals, in particular 
bronze, are used as the base metal of the surfaced 
parts. With plasma-powder surfacing of steels with 
cobalt or nickel alloys, no difficulties are encoun­
tered either in surfacing, or in subsequent service. 
In plasma-powder surfacing of bronze, it was ne­
cessary to perform additional investigations of the 
adhesion strength of the deposited and the base 
metals, as well as corrosion testing. Cobalt and 
nickel alloys of 90Kh30K55VSN7R, 
N77Kh15S3R2, N68Kh21SSR grades, the most 
widely used in fitting manufacture, were selected 
as the deposited metal for investigations, and 

-

Mn-1.26 

4.40 4.42 Base Mn-0.96 
Al- 8.00 

Br.AZhNMts 9-4-4-1 aluminium bronze was se­
lected as the base metal. 

The adhesion strength of the deposited and the 
base metals was evaluated in samples testing for 
tearing-away strength. Corrosion resistance of the 
deposited metal for some kinds of corrosion (con­
tinuous, contact, crevice) and resistance to cavita­
tion-erosion fracture were also determined. Testing 
for continuous and contact corrosion, as well as 
cavitation-erosion wear was performed in synthetic 
sea water at the temperature of 293 K for 2000 h. 
Testing for cavitation-erosion wear was conducted 
in a spindle machine with 12 m I s speed of samples 
rotation. 

Samples for determination of the adhesion 
strength and corrosion testing were made of 
20x40x140 mm blanks , surfaced with the plasma­
powder process in the following mode: current of 
240 - 280 A, powder feed rate of 3.7 kg / h, sur­
facing speed of 4.6 m/ h, oscillation range of 
30 mm, oscillation frequency of 50 min-1. Surfacing 
was performed in one layer without preheating, 
with air cooling of the blanks after surfacing. 

Investigation results. According to the data of 
tribotechnical testing of flat samples, in 
11 0Kh30K60V5S2 alloy deposited with the plasma 
process, the wear resistance is 1. 5 times higher than 
that of the metal deposited manually with TsN-2 
electrodes. The maximal wear resistance is demon­
strated by alloys of 85Kh30K55V5B5GS and 
90Kh30K50VSMSN5Rgrades, further alloyed with 
niobium and molybdenum. Wear resistance of 
90Kh30K55VSN7R, N77Kh15S3R2, N68Kh21SSR 
alloys is equal to 0.8 - 0.9, and that of Kh18FNM 
alloy is 0.5 of the resistance of the standard. Ar-
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gon-arc surfacing with V3K rods provides a higher 
wear resistance of the deposited metal than surfac­
ing with TsN-2 electrodes. 

The metal deposited with the plasma process 
with TsN-2 type powder, is characterised by inten­
sity of linear wear, friction coefficient and surface 
condition close to these values for the metal depo­
sited with the electric arc process. The intensity of 
linear wear of this alloy (Figure 1), is noticeably 
decreased during surface mating, then wear is sta­
bilised, which is indicative of the steady nature of 
the deposited metal fretting. 

In testing cylindrical samples, the best results 
were obtained with a combination of dissimilar ma­
terials that form the rod-bushing friction pair. The 
least wear was found in the rods surfaced with the 
plasma process with powders which provided me­
tals of the type of 90Kh30K55V5N7R (PN-AN34) 
and Kh18FMN (PN-AN2). 

All the studied alloys after 6000 cycles provided 
the leak-proofness of the gate, specified by GOST 
1926-80. Note, however, that the minimal values 
of specific pressure, required to achieve the leak­
proofness, were derived on samples with the de­
posited 90Kh30K55V5N7R and 160Kh30K60V5S2 
metal and the maximal values were derived on sam­
ples surfaced with PR-N68Kh12S5R powder. 

Comprehensive studies and testing conducted 
at PWI in co-operation with the organisations in 
the ship machine building industry, allowed opti­
misation of the composition of the deposited metal 
of the traditional cobalt-chromium-tungsten­
carbon alloying system. It is found that the metal 
deposited by the plasma process, with 1.3 to 1. 7 % 
concentration of carbon, is characterised by a much 
higher cracking resistance, than the metal depo­
sited with TsN-2 electrodes . As shown by bench 
testing for fretting resistance, even better wear re­
sistance values can be achieved. 

For plasma surfacing of the sealing surfaces of 
hip fittings, valves of combustion engines, inclu­

ding large ship diesels and other parts, exposed to 
elevated temperatures under the conditions of in­
tensive wear, an alloy of the following composition , 
wt.% : C - 1.3- 1.7; Si - 1.7- 2.5; Cr - 28.0 -
32.0; W - 4.0 - 5.0; Co being the balance, and 
an appropriate PN-AN35 filler powder have been 
developed. The hardness of the deposited metal is 
HRCe 42 - 48. Its structure consists of solid solu­
t ion with the microhardness of HV 270- 300 and 
an eutectic with HV 650 - 700. 

As to corrosion resistance in sea water, 
90Kh30K55V5N7R, N77Kh15S3R2, N68Kh21S5R 
all oys deposited on Br.AZhNMts 9-4-4-1 bronze, 
belong to the group of highly resistant ( GOST 
13819-68). Testing for contact corrosion showed 
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Figure 1. Intensity of linear wear I" of samples deposited with 
190Kh30K60V5S2 alloy, depending on the friction path Sr, at 
the temperature of 623 K and different specific loads: 1 - 2.5; 
2 - 5.0; 3 - 10.0 MPa 

that in all the cases the potential of the deposited 
metal shifts to the negative side from the stationary 
value . In this case, the corrosion rate of all the 
alloys decreases compared to corrosion without con­
tact. The studied alloys in slot gaps are charac­
terised by minor attack. Cavitation-erosion fracture 
is absent in all these alloys. 

As shown by investigations of the properties of 
the zone of fusion of the cobalt and nickel alloys 
with Br.AZhNMts 9-4-4-1 bronze, the metal in the 
fusion zone is characterised by satisfactory 
strength. From Figure 2 it follows that in plasma 
surfacing of aluminium bronze with stellite, a mini­
mal mixing of the base and the deposited metals is 
achieved. No pronounced solidification or diffusion 
interlayer was found on the interface. 

The performed investigations allowed plasma-
powder surfacing with alloys of 
90Kh30K55V5N7R, N77Kh15S3R2 and 
N68Kh21S5R grades to be recommended for 
strengthening the sealing surfaces of parts of gate 
valves of Br.AZhNMts 9-4-4-1 aluminium bronze. 
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Figure 2. Copper distribution in the fusion zone of 
90Kh30K55V5N7R alloy with Br.AZhNMts 9-4-4-1 bronze; lis 
the length of the studied section 
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Figure 3. Specialised UD-308 unit for plasma-powder surfacing 

Equipment. All-purpose OB-2184 units for 
plasma-powder surfacing [6] and specialised UD-
308 units have been introduced in several ship­
building and ship-repair enterprises (Figure 3). The 
latter unit is designed for surfacing the end surfaces 
of discs and rings of up to 200 mm diameter and 
up to 150 mm height. The unit delivery set includes 
a cooling block, control cabinet and VDU-506 
power source. 

Specification of UD-308 unit 
Surfacing current, duty cycle 100 %, A .................. not more 

than 300 
Filler powder feed rate, kg / h

3 
....... .. ...... . .. .. .... ... 0.35- 15 

Capacity of feeder hopper, dm .. .. .. .... .. .. .. ........ 3 
Range of plasmatron oscillations, mm .. .. .. .. .. .. .. .. .. .. 25 
Frequency of plasmatron oscillations, min-t ............ 40-110 
Frequency of oscillations of the rotator faceplate, 
rpms: 

working ............ ......... .. .................... .. 
travel .... .. . .. .. ........ .. .... . .. ....... . ......... .. 

Argon flow rate (total), l/min .. .. ... ..... .. ... .. 
Overall dimensions, mm .......... .. .................. .. 
Plasmatron cooling ................... .. .. .. . 

Weight (set), kg ............................ .. ................ .. 

0.08 - 0.80 
0.8- 2.0 
16- 20 
880x1400x1980 
water, 
independent 
1180 

Surfacing in UD-308 type unit is performed in 
a special chamber which reliably protects the ope­
rator from the light and thermal radiation of the 
arc, as well as dust and gas evolutions. The unit 
is fitted with a novel control system, which allows 
surfacing to be performed in the automatic mode. 

Figure 4. Macrosections of the parts deposited by the plasma­
powder (a) and manual (b) process 

Figure 5. Surfaced billet of a rod of 25 mm diameter of an 
actuator valve with Dn SO 

Technology. In surfacing with cobalt alloys the 
greatest difficulties are encountered in crack pre­
vention and provision of a low content of iron in 
the deposited metal (not more than 5 %). A radical 
measure for prevention of cracks is the preheating 
and concurrent heating of the blanks being sur­
faced. In arc surfacing with preheating, however, 
the base metal penetration is abruptly increased, 
which makes it necessary to deposit 3 to 4 layers 
to obtain the specified composition, thus increasing 
the labour, material and power consumption in sur­
facing. 

As was noted above, compared to those earlier 
applied, the developed Co-base alloys are less sus­
ceptible to cracking. In addition, plasma-powder 
surfacing provides a -«soft~> thermal cycle, good 
formation of the beads and high quality of the 
deposited metal, thus also promoting crack preven­
tion. 

In this connection, in plasma-powder surfacing 
with cobalt alloys, the temperature of the parts 
preheating can be significantly lowered, while the 
fitting parts with Dn below 100 can be surfaced 
without preheating. 

An important advantage of plasma-powder sur­
facing is the ability to provide a small penetration 
of the base metal, irrespective of its preheating 
temperature [7] . For this purpose, an optimal ratio 
between the powder feed rate and effective thermal 

Figure 6. Seat and discharge valve of 258 mm diameter of the 
main engine of «Geroi Shipki» type ferry, surfaced with stellite 
(repair surfacing) 
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power of the arc determined by current, should be 
maintained during surfacing. 

A feature of the design of ship fittings, valves 
and other parts, is a narrow sealing surface, the 
production of which requires deposition of narrow 
(not more than 6- 8 mm) beads. Surfacing of such 
billets must be performed with plasmatron oscilla­
tions at the frequency of 80 to 100 min-1 and their 
minimal range. This does not require any forming 
devices. The mode parameters are selected depend­
ing on the typesize of the billet being surfaced. The 
arc current and powder feed should be selected so 
as to provide a good formation of the deposited 
beads and their reliable fusion with the billet sur­
face with minimal dilution of the deposited metal 
with the base metal. The deposition rate is set to 
be such that with the selected powder feed rate, 
the deposited bead had the required height and 
width. 

Due to small penetration of the base metal in 
plasma-powder surfacing, the required composition 
of the deposited metal is provided already in the 
first layer, therefore, plasma surfacing is, as a rule, 
performed in one layer. As the powder particles 
have the same composition and the plasma surfacing 
process proper is very stable, the metal deposited 
by this process is characterised by a high homoge­
neity, not achievable with manual surfacing. De­
pending on the sizes and shape of the deposited 
parts, the efficiency of plasma-powder surfacing is 
2 - 6 kg / h. Despite the difference in the thermo­
physical and mechanical properties of the base and 
filler materials, in plasma surfacing a well-formed 
deposited layer is produced with a small share of 
the base metal (Figure 4). The deposited beads 
feature a high stability and reproducibility of their 
dimensions, which results in a smaller labour con­
sumption for machining the surfaced parts. Small 
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allowances for machining are also one of the ways 
to save the surfacing consumables. 

Plasma surfacing of the parts of ship fittings 
with N77Kh 15S3R2 and N68Kh21S5R nickel alloys 
can be performed by the same technology as sur­
facing with the cobalt alloys. 

Surfacing of rods with PN-AN2 powder is per­
formed along a helix without preheating. Rod bil­
lets of 25 to 30 mm diameter are surfaced with the 
rate of up to 3 kg / h, larger ones - with the rate 
of up to 6 kg/h. The appearance of some of the 
surfaced parts is shown in Figures 5, 6. 

Recommendations on selection of the main pa­
rameters of the plasma-powder surfacing process 
and surfacing modes of the characteristic items, are 
contained in the technological instructions made 
available to the enterprises. 
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ABSTRACT 

Method of combination of a laser beam and plasma arc for realization of a combined process of a laser-plasma 
cladding is suggested. A prototype of a laser-arc plasmatron for a powder cladding was designed and manufactured. 
A detailed computer modelling of a combined discharge in the given plasmatron and experimental studies of its 
characteristics and technological capabilities of the mentioned process were made. It is shown that the combined 
use of a laser beam and plasma arc increases the speed, stability and reproducibility of results of cladding, and 
also efficiency of using these sources of heating. 

Key words: plasma arc, laser beam, combined dis­
charge, laser-arc plasmatron, plasma-laser cladding, filler 
powder, investigations 

More and more publications appear in a scientific 
and technical literature about application of com­
bined processes of welding based on a combined 
use of a laser radiation and electrical arc, including 
plasma arc r 1 - 7]. Such combination leads to the 
improvement of a space stabilization of an arc spot 
at the surface of metal being welded and to the 
increase in stability of its burning at low currents 
and high rates of displacement relative to the work­
piece. Simultaneously , the coefficient of absorption 
of a laser radiation by the metal surface is increased 
that is especially important when the low-power 
lasers are used. All this provides, from the one 
hand, the significant increase in productivity and 
stability of arc (plasma) welding, and from the 
other hand, the increase in effectiveness and de­
crease in the cost of the laser welding. 

Our work was aimed at the conductance of theo­
retical and experimental investigations of effect of 
a laser beam on the process of a plasma-powder 
cladding (PPC) and revealing of new technological 
capabilities of a combined method, i.e. laser-plasma 
powder cladding (LPPC). The most rational 
scheme of realization of this combined process is, 
in our opinion, a coaxial combination of a laser 
beam and plasma arc during a distributed feeding 
of a filler powder into a discharge plasma. As in 
this case the laser beam should pass a definite dis­
tance in the arc plasma, then, during development 
of the above-described method it is necessary to 
take into account not only the plasma and laser 
effect on the filler material and the surface treated, 
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but also the direct interaction of the focused laser 
beam with a compressed arc plasma. 

It is known that such interaction can lead to 
the occurrence of a special type of a gas discharge, 
i.e. a combined laser-arc discharge [5]. The neces­
sary condition of its occurrence is the commen­
surability of energy, put into an arc plasma by a 
laser radiation, with an energy, generated in the 
plasma at the expense of the electric current pas­
sing. When this condition is fulfilled, a significant 
change in energy balance of the arc discharge takes 
place, thus resulting in the fact that both integral 
and local characteristics of the plasma of the com­
bined discharge are differed greatly from the cor­
responding characteristics of the initial arc plasma. 
As to the characteristics of the laser beam, then 
they undergo the significant changes due to absorp­
tion of beam and its additional focusing in the 
plasma of the laser-beam discharge. 

Unfortunately, it is almost impossible to use 
the traditional arc plasmatrons for the creation of 
a combined discharge and its use for LPPC accord­
ing to the above-described scheme. The coaxial 
combination of the laser beam with a plasma arc 
requires the creation of special devices, i.e. laser-arc 
plasmatrons [8 - 10]. These devices are distin­
guished mainly by a design of the cathode unit 
(refractory tubular cathode or a system of pin ca­
thodes located around the circumference). This pe­
culiar feature makes it possible to introduce a fo­
cused laser beam to an arc plasma along the axis 
of the plasma-shaping channel. 

For a practical realization of the LPPC process 
and revealing the technological capabilities of a 
combined use of the plasma arc and laser radiation, 
a prototype of a specialized laser-arc plasmatron 
LPP-22 was designed and manufactured (Fi­
gure 1) . During its design a large experience of 
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Figure 1. Appearance (a) and scheme of a nozzle part (b) of the laser-arc plasmatron LPP-22 (see designations in text) 

Plasma-Master Co., Ltd. on the creation of plas- and angle of beam focusing 8 = 0.053. To define 
matrons for PPC [ 11], and also results of theoreti- the optimum conditions of the LPP-22 plasmatron 
cal studies of a combined laser-arc discharge and operation. characteristics of the generating plasma 
devices for its realization, made at the E.O. Paton and an interacting laser beam, a detailed computer 
Electric Welding Institute, were used [5, 9] . modelling of a combined discharge generated by 

In this plasmatron (Figure 1, b) the DC arc is the mentioned plasmatron without taking into ac­
burning in an axial flow of the plasma gas (argon) count the feeding of the filler powder was made. 
between the refractory (tungsten) tubular cathode Here, the following sizes of the nozzle 3 were used 
1 and the workpiece being subjected to cladding (Figure 1, b): 4 .5 mm length of a cylindrical chan­
(anode) 2. At initial region a discharge is stabilized nel (Ln1 = 5.5 mm), radius Rn1 = 5.0 mm. Respec­
by a wall of the plasma-shaping nozzle 3, which is tively, for nozzle 4, the length of the outlet channel 
coaxial with a cathode. The nozzle 4 serves for a is 2.5 mm (Ln2 = 10.0.mm), radius Rn2 = 5.0 mm. 
distributed feeding of the filler powder to the dis- Consumption of the plasma gas, supplied through 
charge. Both nozzles are made from copper and the cathode orifice is G1 = 0.5 1/ min, while be­
cooled by water 5. The beam 6 of a continuous tween the cathode and the channel wall it is G2 = 

COr laser radiation, focused by an optical system = 2.5 l/min. Consumption of transporting gas was 
and spreading along the plasmatron axis, is intro- 5.0 l/min, and its initial temperature was taken 
duced to the discharge through the cathode orifice. equal to the temperature of water-cooled walls of 
The plasma gas 7, 8 is supplied to a plasma-shaping the channels (300 K). Distance f from the cathode 
channel both through the cathode orifice and to a edge till the focus of the initial beam was varied 
gap between the cathode and a wall of the nozzle within the range of 14 - 22 mm, and the length d 
3. The gas consumption here may vary inde- of the open region of the discharge was 4- 12 mm. 
pendently of one another. The filler powder is fed Calculations of characteristics of plasma and a 
by a flow of the transporting gas 9 (argon) to the laser beam, interacting with it, were carried out 
gap between nozzles 3 and 4. The cladding zone is on the basis of a model of the combined discharge 
protected by an argon flow. To protect the laser in a laser-arc plasmatron, described in detail in [9]. 
focusing system in plasmatron LPP-22 an addi - Results of numerical modelling of the discharge for 
t ional gas gate is provided, and also appropriate different conditions of the plasmatron operation 
correctors of the cathode positioning relative to the are presented partially in Figures 2 - 4. Thus, Fi­
beam axis are provided to provide the coaxiality gure 2 presents space distributions of plasma tern­
of a laser beam and a plasma arc . perature T, while Figure 3 shows a distribution of 

The plasmatron was designed for operation at gas-dynamic pressure of its flow pu2 /2 (p - den­
the arc current of 100 A ::::; I ::::; 300 A using a laser sity, kg / m3 ; u - rate, m/ s). According to curves 
beam having a mode TEM2.0, power Q0 ::::; 5 kW given in Figure 2, the absorption of the laser ra-
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z = 14.0 mm 
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Figure 2. Space distribution of temperature of discharge plasma 
in laser-beam plasmatron (I = 200 A, d = 12 mm, f = 14 mm) 
at laser beam power 1 (1), 2 (2), 3 (3), 0 kW (dashed curve) 

diation by an arc plasma leads to a significant in­
crease in temperature of its central regions. More­
over, the maximum achieved values T are increased 
with a growth in beam power Q0 . The mentioned 
growth in the plasma temperature promotes the 
increase in its electroconductivity and, conse­
quently, to the increase in current density in a 
near-axial zone of the discharge. Thus, the dis­
charge, generated by a laser-arc plasmatron, is cha­
racterized by an increased concentration of heat 
and electrical energy in that region of the plasma, 
which is subjected to the action of the laser beam 
and rigidly connected with its axis and also by a 
high space stability of this zone. 

The described change in heat condition of the 
plasma arc burning under the action of the laser 
radiation causes a significant redistribution of gas­
dynamic characteristics of the plasma flow with 
increase in Q0 . One of the main causes is the de­
crease in a viscosity of the argon plasma with the 
temperature increase. Another cause is the above­
mentioned redistribution of current density in the 
discharge, thus increasing the role of electromag­
netic forces in accelerating of the plasma flow [ S]. 

3 

pu 2/2, H/m2 

z = 14.0 mm 

0 2 4 6 r, mm 

Figure 3. Space distribution of gas-dynamic pressure of plasma 
flow generated by laser-arc plasmatron (conditions and desig­
nations are the same as in Figure 2) 

36------

P0 , kW/mm 2 

.---

.... 
' ' ' ' .... 

' 

0 5 10 15 z, mm 

Figure 4. Distribution of intensity of laser radiation along the 
axis of a combined discharge (Q0 = 3 kW, d = 12 mm, f = 
= 14 mm) at arc current 100 (1) , 200 (2), 300 A (3), dashed 
curve - without plasma arc 

As a result, the axial component of the plasma rate 
at the discharge axis is increased noticeably . In 
spite of increase in rate, the decrease in plasma 
density at the temperature increase leads to the 
fact that the gas-dynamic pressure of the plasma 
flow pu2 / 2 in a near-axial zone of the combined 
discharge is somewhat decreased (Figure 3). It 
should be noted that this decrease, which causes 
the dynamic action on the surface of the molten 
metal, is important for the cladding process using 
a laser-arc plasmatron [ 12]. 

The interaction of a laser radiation with an arc 
plasma, proceeding in the above-described plasma­
tron leads to the redistribution of not only its cha­
racteristics but also the laser beam itself (due to 
absorption and refraction in the discharge plasma). 
Thus, for example, the absorption of the laser ra­
diation leads to the fact that at the distance of 
20 mm from the cathode edge the beam power for 
the mentioned conditions is only about 30 % of its 
initial power Qo, whereas the intensity of radiation, 
P0, at its axis increases by more than twice (Fi­
gure 4). Thus, the interaction of the laser beam 
with plasma of a combined discharge causes its 
additional focusing, which is increased with a 
growth of I and Q0 . Consequently, by varying these 
two parameters, it is possible to control effectively 
the beam focusing in plasma of the combined dis­
charge created with the help of a laser-arc plasma­
tron that is important when similar devices for 
welding and cutting are used. 

Experimental investigations of the plasmatron 
LPP-22 were performed in Fraunhofer Institute of 
Technology (Germany) using C02-laser RS-SOOO 
and plasma arc power source Messer Griesheim 
Uniting GW 30 . The plasmatron was fastened to 
a focusing system by a special adapter which makes 
it possible to coincide the axis of the laser beam 
with the plasmatron axis. The movement of the 
workpiece to be treated with respect to the plas-

12/2000 



' ' ' ' ' ' 

z, mm 

ith an arc 
_ plasma­
-~:· its cha­

.: (due to 
... plasma). 
·e laser ra-

_ ~auses its 
-~ with a 
_·ing these 

""::Tectively 
~ined dis­

- -c plasma-
-e\·ices for 

12/2000 

PLASMA TECHNOLOGIES 
u,,v ________________________________ _, 

28 29 

24 25 

20 21 

16 L---L---~--~--~--~--~--~---- 17L--------L--------~------~----~ 
0 2 3 100 150 200 250 J, A 
a b 

Figure 5. Dependence of discharge voltage in laser-arc plasmatron (d = 8 mm, f = 16 mm) on initial beam power Q0 (a) and 
plasma arc current! (b): . - I ,= 150, X- 200 , A- 250 A;+- Q0 = 0, 0 - 1, e- 3 kW; dashed line - calculated 
data at I = 200 A 

matron was realized by a programming welding 
manipulator. 

Experiments were performed in two stages . 
First, the peculiarities of burning the combined 
discharge without feeding the filler powder were 
·tudied, then the laser-plasma cladding of steel 
·amples at different conditions was performed. 
During all the experiments the arc current was 
n ried in the range of 100 - 280 A, the laser beam 
power - 0- 4 kW . The distance f was changed 

l 
b I X 

x = 30 mm 
y = 1 mm 
v = 200 mm / min 
Up= 1200 mm / min 
I = 140 A 
U= 23 V 

f dt = O.Ss 

within 14- 22 mm, and d (from the plasmatron 
edge to t he anode-workpiece surface) was set equal 
to 4, 8 and 12 mm. Consumptions of transporting 
and plasma gas were constant and corresponded to 
the above-mentioned values. 

The experiments showed that the plasmatron 
LPP-22 operated with a high space-time stability 
of parameters of the generating plasma within the 
entire examining range of arc current and laser 
beam power. Volt-ampere characteristi cs of dis-

c 

sb = 4 nun 
H = 5 mm 
L'lx = 3 mm 
v = 500 mm / min 
I = 150 A 
u = 23 v 

Figure 6. Appearance (a) of wide-layer laser-plasma deposits 1, 2 and scheme of their cladding (b - 1, c - 2) with appropriate 
conditions and macrosections of transverse section of clad layers 
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Figure 7. Macrosections of single beads at different speeds of 
cladding: a- 12 (y = 40 %); b - 18 (y= 15 %); c - 30 m/ h 
(y = 10 %) at I= 200 A, Q0 = 3 kW, d = 8 mm, f = 16 mm 

charge using a copper water-cooled anode at dif­
ferent values Qo and I were measured (Figure 5) . 
The experimental data confirm the theoretical re­
sults [5]: under the action of the laser beam the 
arc voltage is decreased, and, as follows from Fi­
gure 5, a (solid curves) , its main drop occurs at 
the laser power Q0 < 2.5 kW. In the same Figure 
the calculated dependence (dashed curve) of a full 
voltage of discharge on the beam power demon­
strates quite satisfactory its coincidence with ex­
perimental values. As to the plasma arc itself, then 
under the action of the laser radiation it is some­
what compressed that can be observed visually or 
from the rising volt-ampere characteristics of the 
discharge (Figure 5, b). 

Investigation of technological capabilities of the 
plasmatron LPP-22 was performed on flat samples 
made from 20 mm thick low-carbon steel using 
LPPC. Powdered alloys of Hastelloy C and Stellite 
6 grades of 20 - 63 !liD fractions were used as filler 
materials . These investigations showed that the co­
axial combination of the plasma arc with a laser 
beam in the laser-arc plasmatron gives an oppor­
tunity to increase the speed of cladding of single 
beads by 2 - 3 times as compared with conventional 
PPC due to improving the space stability of the 
arc burning. This is similar to the increase in pro­
ductivity of cladding works for such parts as screw 
conveyors of extruding machines, flat and disc 
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Figure 8. Macrosections of single beads after cladding at dif­
ferent powers of laser beam: a - 0 (y = S %); b - 1 (y = 

= 10 %) ; c - 4 kW (y = 10 %) at I = 200 A, d = 8 mm , f = 
= 16 mm, v = 18 m/ h 

knives, milling cutters, etc. Simultaneously, the 
melting y of the parent metal during cladding of 
separate beads was at the level of 5- 10 %. This 
small value became possible due to the above-men­
tioned dynamic action of the plasma flow to the 
melt surface. 

In addition, the above-mentioned decrease in 
arc voltage in the combined process reduces the 
risk of a double arcing that is especially important 
in operation at high currents (more than 300 A). 
This is a good premise for increasing the cladding 
efficiency by increasing the arc current. Unfortu­
nately, it was not possible to realize this opportu­
nity in our series of experiments, as the available 
power source could not operate at currents of more 
than 300 A. 

Figure 6 presents two examples of a wide-layer 
LPPC, made at Q o = 2 kW, 18 l/min, full gas 
(argon) consumption and 2.7 kg/h powder (Has­
telloy C) consumption. In one case the cladding 
was performed with transverse oscillations of the 
workpiece relative to the plasmatron (Figure 6, b), 
and in the second case - with longitudinal overlap 
beads (Figure 6, c). In both cases a good formation 
of the deposited layer was provided at minimum 
melting of the parent metal (y-:;. 5 %) . This method 
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of surfacing opens up the feasibility of cladding of 
large surfaces of the products using wear- and cor­
rosion-resistant alloys providing a high efficiency 
and quality, for example, in production of bimetals . 
For comparison, such efficiency of cladding 
(2.7 kg / h) can be attained in case of using only 
a laser radiation at the beam power of not less than 
10 kW. 

In the work, the effect of LPPC speed (Fi­
gure 7) and laser beam power (Figure 8) on the 
formation of single beads and also on the melting 
y of the parent metal was also investigated. In ex­
periments, with increase of the cladding speed the 
section of the beads tried to be kept constant by 
the appropriate increase in the powder consump­
tion. 

As follows from the appearance of beads and 
macrosections of their transverse section, a good 
formation of beads is provided in the wide range 
of cladding speeds (from 10 to SO m/ h) . In addi­
tion, the nature and level of melting of the parent 
metal depends both on a total power of the laser 
beam and plasma arc and also on their ratio. With 
increase of the laser beam power a peak of melting 
of the parent metal is shifted from the edges of the 
bead to its axis (Figure 8). The structure of metal 
deposited with LPPC method (Figure 9) is similar 
to that produced by using the conventional PPC. 

Thus, the combined application of the laser 
beam and plasma arc opens up new possibilities in 
cladding, consisting of increase in speed, stability 
and reproducibility of the process results, reducing 
in its cost, as well as in improving the use of the 
laser energy. However, the authors understand that 
the results given in this article are preliminary. For 
a practical realization of the combined process the 
further investigations are required both from the 
point of view of optimizing the process parameters 
and also the selection of rational fields of its ap­
plication. 

CONCLUSIONS 

1. Throughout the entire range of conditions the 
created laser-arc plasmatron LPP-22 has a stable 
operation with high space-time stability of parame­
ters of the generating plasma and can serve a pro­
totype for making the new designs of such devices 
for different technological processes. 

2. Interaction of the laser beam with a plasma 
arc leads to the decrease in arc voltage that reduces 
.:he risk of a double arcing. 
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Figure 9. Microstructure of clad metal (Stellite 6) (x500) (re­
duced by 2/ 3) 

3. It is possible to increase the speed of cladding 
of single beads in the combined process by 2 - 3 
times as compared with a conventional PPC at the 
expense of increasing the space stability of the arc. 

4. The parent metal melting at the LPPC opti­
mum conditions can amount to 5 - 10 %. 

The authors thank Dr.-Ing. T. Cheliker for par­
ticipation and assistance in conductance of the ex­
perimental investigations. 
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ABSTRACT 

Mathematical models have been constructed and software has been developed for computer modelling of the 
turbulent plasma jets formed during plasma spraying and behaviour of the spray particles in such jets. Detailed 
computer modelling of the processes of plasma spraying of particles of nickel and aluminium oxide using argon 
and nitrogen as the plasma gas, and corresponding experimental studies of these processes have been conducted. 
The ISS0-1 device has been used to measure velocities and paths of the spray particles. The computer modelling 
results are in good agreement with the experimental data. 

Key words: plasma spraying, plasma jet, spray parti­
cles, mathematical models, computer modelling, software 

Until recently a direct experiment intended for 
finding optimal conditions has been the basic 
method for development of commercial technolo­
gies of plasma spraying. This approach is time con­
suming and involves considerable costs, and one 
cannot always be sure that results obtained are 
really the best. In this connection, an increasingly 
high attention is given to development of systems 
of computer modelling [ 1, 2] of the process of 
plasma spraying, allowing an objective analysis of 
the effect of different factors on conditions of heat­
ing and movement of particles in the plasma jet, 
as well as the most reasonable combination of these 
factors. This application of computer modelling is 
a realistic way of changing from a pure experimen­
tal approach used for optimization of the plasma 
spraying technology to a computerized selection of 
its optimal parameters. 

Two approaches can be distinguished in deve­
lopment of the computer models of the plasma 
spraying process: detailed theoretical investigation 
and numerical modelling of individual physical­
chemical phenomena, on the one hand, and deve­
lopment of mathematical models and software for 
computer simulation of the process as a whole, on 
the other hand. An example of the second approach 
is the CASPSP software (versions 2.0 [3] and 3.1) 
developed by the E.O. Paton Electric Welding In­
stitute. It is designed for computer simulation of 
turbulent plasma jets used for application of coat­
ings, and for simulation of heating and movement 
of the spray particles in such jets. 

This software is a package of applied programs, 
consisting of two inter-related modules: 

• modelling of the plasma jet; 
• modelling of spray particles . 
The first module is intended for modelling of 

subsonic plasma jets generated by the non-trans­
ferred type plasmatrons and emitted into the open 
atmosphere (Figure 1). This module allows calcu­
lation and display of spatial distributions of tem­
perature and velocity of a free plasma jet (Figure 2) 
depending upon the geometrical dimensions of the 
anode nozzle of the plasmatron and its operating 
parameters (arc current, plasma gas composition 
and flow rate). 

The second module serves for modelling of be­
haviour of the spray particles (Figure 3) in the 
plasma jet with the preliminarily computed spatial 
distributions of temperature and velocity. It allows 
calculation and display of the path, velocity and 
parameters of the thermal state of a spray particle 
(Figure 4) depending upon the composition of its 
material, initial diameter and conditions of its in­
troduction into the jet. It should be noted that in 
a new version of CASPSP (3.1) a provision is made 
for a decrease in temperature and velocity of the 
plasma jet caused by its dusting with a material 
being sprayed. 

The software developed is equipped with Win­
dows 9x/ NT / 2000 user's interface (English), 
which includes the following systems for each mo­
dule: 

• control menu; 
• system for data input-output and processing 

(see Figures 1 and 3); 
• system for graphical display and printing out 

of results (see Figures 2 and 4); 
• help system. 
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Plas:matton Pafameteu~ 

,------,Diagram ofplasmatron-....-----1 

L 
Arc current I [A]: 

Gas flow rate, G [SLPM]: 

Figure 1. Computed diagram of the plasmatron and parameters used for modelling 
of plasma jets 

The new version of the software has an option 
of different measurement units for the input and 
output data: 

• sizes (cm"-in); 
• temperatures (K"-F"- C); 
• gas flow rates 0 / min "-SCFH); 
• powder consumption (kg/h "-lb/h). 
Finally, it allows simulation of the plasma 

spraying process using different plasma-forming en ­
vironments: 

• Ar • N2 • Ar + H2 • Ar +He (Figure 1 ), 
and different spray materials: 

• Al • Cu • Mo • Ni • Ti • Ab03 • Cr20 3 • 
• Fe304 • Ti02 • Zr02 • Cr3C2 • TiC • WC • CaF2 • 
• AlCuFe (Figure 3) . 
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Modelling of the plasma jet. Calculation pro­
grams for the first module of CASPSP are based 
on a mathematical model of gas dynamics and heat 
transfer for the turbulent flow of the arc plasma, 
described by a system of magnetic-gas-dynamic 
(MGD) equations [4]. It is known that peculiarity 
of the plasma flows generated by the non-trans­
ferred type plasmatrons is the presence of two flow 
regions differing in a character of the occurring 
physical phenomena. Region one includes heating 
and acceleration of the plasma gas by the electric 
arc (electric-arc region), and region two includes 
an inertia movement of the currentless plasma (in­
ertia region). Thermal and gas-dynamic charac­
teristics of the plasma jet are determined primarily 
by the processes occurring in the electric-arc region, 

Distance: 

Parameters 
Plasma gas: Ar+ H 2 (15 %) 
AnOde diameter: 0.40 in 
Anode length: 0 .85 in 
Arc current 900 A 
Gas now rate: 150 SCFH 
Arc voltage: 65.4 V 
Electric power. 58.9 W'rl 
Ptasmatron efficiency; 63 % 

Axial Distributions 
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Figure 2. Graphical visualization of the results of modelling of the plasma jet 
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z 

Figure 3. Diagram of introduction of the spray particles into the plasma jet 
and parameters used for modelling of the spray particles 

which in turn depend upon the design and opera­
tional conditions of the plasmatron. Therefore, a 
correct description and computer modelling of the 
plasma jets used for application of coatings are 
impossible without allowance for the entire pack­
age of the electric-arc processes occurring in the 
p las matron. 

Consider first the electric-arc region of the 
plasma flow in the plasmatron with a smooth chan­
nel whose schematic is shown in Figure 1. Assume 
that the arc burns in a turbulent flow of the plasma 
gas between a refractory pin cathode and a copper 
cylindrical nozzle serving as the anode. For this we 
will use the following designations: d - diameter 
of the plasma-shaping channel, L - its length, 
I - arc current and G - volume flow rate of the 

W;;Mi.iip+fibiiMJMiffl!$ 
y~ ~· <i!~ 11$ 

plasma gas (conditions being standard), and make 
the following assumption for mathematical descrip­
tion of physical processes occurring in the plasma­
trans with an axial feed of the plasma gas: 

1) the plasma system under consideration has 
a cylindrical symmetry and the processes occurring 
are stationary; 

2) the plasma is in the state of a local thermo­
dynamic equilibrium and its natural radiation is 
volumetric; 

3) the pressure energy and viscous dissipation 
can be ignored, while the Joulean heat release (in 
the arc region), thermal conductivity and convec­
tion (natural convection is neglected) are regarded 
as the main mechanisms of generation and transfer 
of energy in the plasma; 

lJiiEI 
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Figure 4. Graphical visualization of the results of modelling of the spray particles 
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4) the plasma flow is viscous and subsonic, the 
mode of the flow is turbulent and there are no 
external magnetic fields. 

Given also that in the plasmatrons of the design 
considered the gas flows primarily in an axial di­
rection and the radial temperature and velocity gra­
dients are much larger than the axial ones, for the 
calculation of thermal and gas-dynamic charac­
teristics of the plasma we will use approximation 
of a boundary layer [5]. Assuming the turbulence 
to be hydrodynamic (ignoring pulsations of elec­
tromagnetic values) and considering pressure pul­
sations to be small, it can be shown, using the 
Boussinesq's hypothesis, that the system of MGD 
equations in an approximation of the turbulent 
boundary layer for time-averaged values of tem­
perature and velocity of the plasma has the follow­
ing form [2, 4]: 

pC (v aT +u aTJ = 1.~(rx aTJ+oE2-'Jf, (1) 
p ar az) r dr ar 

p (v du + u au!= 1. ~ (r 11 au!_ 
dr az) r ar a~ 

a[ H
2

) - - p+flo-
az 2 

(2) 

1 a - a 
- - (rpv ) +- (pu) = 0. 
r dr dZ 

(3) 

Here T is the averaged temperature of the 

plasma; v = (pv + p'v')/ p, where v and p are the 
averaged radial velocity and density of the plasma; 
p' and v' are the density and radial velocity pulsa­
tions; u is the averaged axial velocity of the plasma; 
p is the pressure; cr and CP are the electrical con­
ductivity and heat of the plasma under the constant 
pressure; \jl is the volume density of power of a 
natural radiation; 'iT and X are the total coefficients 
of dynamic viscosity and thermal conductivity of 
the plasma, which are the sums of molecular and 
turbulent viscosity and thermal conductivity, re­
spectively; E is the axial component of the electric 
field intensity; llo is the universal magnetic constant 
and H is the azimuthal component of the magnetic 
field of the arc current 

H = 1. E fardr. 
r 

0 

(4) 

Within the frames of the used approximation 
of the boundary layer the axial component of the 
arc electric field intensity is almost constant across 
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the section of the channel [ 4] and determined from 
the condition of conservation of the total flow 

Rc 

I = 2rtE fardr, 
0 

(5) 

where Rc is the radius of the calculation domain 
for the arc region, Rc = d / 2. 

In the arc region of the flow the distribution of 
pressure is determined with allowance for its mag­
netic component: 

L Rc 

p = Pext- Jd:zc dz +floE faHdr, (6 ) 

where Pext is the external medium pressure. The 
gas-static pressure gradient dpc / dz in an approxi­
mation of the boundary layer is also constant across 
the channel section [5] and determined from the 
condition of conservation of the total flow rate of 
gas through the plasmatron: 

Rc 

PoG = 2rt fpurdr, 
0 

(7) 

where Po is the mass density of the plasma gas under 
standard conditions. 

The system of equations ( 1) through (7) should 
be supplemented by an equation of state and de­
pendencies of the molecular coefficients of transfer, 
thermal-physical parameters and radiation losses 
of the plasma gas upon the temperature and pres­
sure 

p = p(T, p), CP = Cp(T, p), X= X(T, p), 

11 = 11(T, p), a = a(T, p), 'Jf = 'Jf(T, p). 
(8) 

The detailed tables of the above values for the 
used plasma gases and mixtures are given, e.g. in 
[4, 6]. It should be reminded here that the total 
coefficients of dynamic viscosity and thermal con­
ductivity of the plasma, which are included into 
equations ( 1) and (2), have the following form: 

(9) - -
11 = 11 + 11t• X = X + Xt. 

where index t refers to turbulent components of 
the said transfer coefficients. 

To determine turbulent viscosity Tit• we will use 
a combined algebraic model of turbulence. As it is 
shown in [ 4], it is in the best agreement with ex­
periment for the entire set of parameters of the 
electric-arc flows in the channel purged with the 
turbulent gas flow. The following models are used 
in this case: 
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1) for the central portion of the channel - the 
Prandtl model [7]: 

T\t=Plml;~l, (10) 

where lm = 0.41 (Rc - r) is the length of the mixing 
path; 

2) for the near-wall portion - the Deissler 
model f8]: 

~~ = 0.0154z/Y+[1- exp (0.0154u+Y+)], ( 11) 

where 

+ u + p(Rc - r) * 
u = v*' y = 11 v' (12) 

* -'.j du 
v = (T\ ar)RciPRc 

The limits of applicability of formula ( 11) are 
determined from condition 0 < y+ < 26. Formula 
(10) is used at y+ > 26. 

The coefficient of turbulent thermal conducti­
vity Xt can be expressed in terms of the coefficient 
of turbulent viscosity using the following relation­
ship: 

- .0_ 
Xt- T\t Prt' (13) 

where Pr1 is the Prandtl turbulent number, which 
is selected according to recommendations [9] or is 
assumed to be equal to one [ 4]. 

To describe characteristics of the turbulent 
plasma flow in an inertia region of the flow inside 
the anode nozzle of the plasmatron (La < z < L, 
where La is the arc length), it should be set in the 
above equations that E = H = 0. In this case the 
system of equations ( 1) through (3) together with 
relationships (6) and (7) is transformed into a con­
ventional system of gas-dynamic equations of the 
turbulent boundary layer for the internal flows 
[ 1 0]. Expressions for the turbulent coefficients of 
transfer in the inertia region of the plasma flow 
inside the channel remain as they are in the arc 
region - (10) through (13) . 

This system of gas-dynamic equations can be 
used also for description of the inertia region of 
the plasma jet outside the plasmatron channel (z > 
> L). Assuming that the subsonic jet flows into a 
quiescent medium in which the pressure is constant, 
dp I dz = 0 and p = Pext are set in equation (2). 
Then the initial system of equations atE = H = 0 
will describe the currentless jet in an approxima­
tion of the turbulent boundary layer. 
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To determine turbulent viscosity in the case of 
a free immersed (emitted into the quiescent me­
dium) jet, we will use the model given in [ 11] 

llt = pyFr112u. (14) 

Here the intermittence function is as follows: 

1
1, 0 < rlru2 < 0.8, ( ) 

Y= m 15 
0.5 , rlru2 > 0.8, 

~herem= r I r1; 2- 0.8; F = 0.015( 1 + 2.13~) and 
u is the ratio of the axial velocity in the jet to the 
averaged velocity of the plasma flowing from the 
anode nozzle opening . Parameter r1; 2 is the dis­
tance from the jet axis to a point at which the axial 
velocity decreases to a value equal to half that at 
the jet axis . As to the coefficient of turbulent ther­
mal conductivity for an exposed portion of the jet, 
it can still be calculated using relationship ( 13). 

To solve the system of parabolic equations ( 1) 
through (3) within the plasmatron channel, it is 
necessary to set the corresponding boundary and 
initial (input) conditions at the limits of the cal­
culation domain: 0 < r < Rc = d l 2 and 0 < z < 
< L (Figure 1 ) . Boundary conditions at the channel 
axis are selected on the basis of considerations that 
the system features a cylindrical symmetry, i.e. at 
0 < z < L, r = 0 

aT au ar = O, ar = 0, v = 0. ( 16) 

At the external limit of the calculation domain 
outside the anode spot of the arc the gas tempera­
ture is assumed to be equal to temperature of a 
cooled wall of the channel and the <<sticking~ con­
dition is met, i.e. at r = Rc 

T = Tw, u = 0, (17) 

where T w is the wall temperature. It is assumed 
that within the region of the anode fixation of the 
arc T = Ta, where Ta is the temperature of the 
plasma near the copper anode surface determined 
from the experimental data [ 12, 13]. 

At the initial section of the channel at 0 < r < 
< Rc and z = 0, it holds that 

T(r, O) = jro [1- (rlrc)
4

] + T w, 0 < r < rc, ( 18) 
T w, rc < r < Rc, 

where rc is the radius of the cathodic region of the 
arc determined from the following condition: 

2. 
I= nrcJc· (19) 

Here ic is the cathode current density set on the 
basis of experimental data for refractory (tungsten) 
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(15) 

( 16) 

cathodes operating in different gases [ 13]. The ra­
dial distribution of the axial velocity of the plasma 
gas at the initial section of the calculation domain 
is also set by the model dependence to be equal to 

(20) 

Parameters To and uo in distributions ( 18) and 
(20) are selected so that the following relationship 
is met: 

Rc 

IUc- Qc = 2nfpuhrdr, (21) 

0 

which corresponds to an integral balance of energy 
between the cathode and plasma, and also that 
condition (7) is satisfied. In it Uc and Q c are the 
cathodic voltage drop and power introduced into 
the cathode by the arc, respectively, their values 
being taken from the experiment, depending upon 
the arc current and kind of the gas [13], and his 
the enthalpy of the plasma gas. 

The following condition is used as the ratio 
determining the arc length La (boundary of the arc 
and inertia regions of the plasma flow): 

Uc + fEdz+ Ua = U, (22) 

0 

where Ua is the anode voltage drop (its value for 
the arc burning in different plasma gases, using a 
copper water-cooled anode, can be found, e.g. in 
[12]); U is the total voltage of the arc depending 
upon its current, composition and flow rate of the 
plasma gas. Generalized volt-ampere charac­
teristics U = f(d, I, G) for the considered plasma­
tron with a smooth channel, operating with diffe­
rent gases, are given in [14, 15]. They are used for 
calculation of the overall electric power of the plas­
matron, P = IU, and its efficiency equal to WI P, 
where W is the flow of enthalpy of the plasma 
determined by the right part of equation (21) at 
z = L. 

Boundary conditions for the exposed portion of 
the plasma jet are selected as follows. At its axis, 
i.e. at r = 0, the boundary conditions remain as 
they are inside the channel of the plasmatron. At 
the external boundary of the calculation domain 
the conditions assumed are those of a smooth in­
terface with the environment. It holds for the im­
mersed jet at r = Rc and z > L that 

T =Text. U = 0. 
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The Rc value in the exposed portion of the jet 
is selected such that at r = Rc and at any z 

oT ou -=o -=o or ' or ' 

where o is a certain small value. 

(24) 

The system of equations ( 1) through (3), as 
well as relationships (4) through (15) and boun­
dary conditions (16) through (24) determine in 
full the thermal and gas-dynamic characteristics of 
the turbulent plasma flow both in the arc and iner­
tia regions of the flow. Therefore, the above equa­
tions make the base of the mathematical model for 
the calculation of spatial distributions of tempera­
ture and velocity of the subsonic turbulent plasma 
jets generated by the spraying plasmatrons, de­
pending upon the mode of operation and kind of 
the plasma gas. 

Characteristics of the subsonic argon plasma 
generated by the Miller SG-1 00 plasmatron were 
calculated to compare results of computer model­
ling of the plasma jet with known experimental 
data using the developed software. Investigated 
was the stationary turbulent plasma jet flowing 
into the argon atmosphere under the following con­
ditions: diameter of the anode nozzle of the plas­
matron - 8.5 mm, its length - 30 mm, arc cur­
rent - 400 A, argon flow rate - 9.57·10-4 kg/s 
(35 l/min). Results of the probe and spectrometry 
measurements of temperature and velocity of the 
plasma for such a jet are given in [ 16]. As shown 
by the calculations, the integrated characteristics 
(arc voltage - 24.0 V, plasmatron efficiency -
44 %) are in good agreement with the experimental 
data given in [16] (23.9 V and 42.2 %, respec­
tively). 

Distributions of the axial values of temperature 
and velocity of the plasma along the length of the 
jet for the plasmatron under consideration (calcu­
lated and experimental) are shown in Figure 5. The 
calculated axial temperature (top curve) is in good 
agreement with the experimental one. As far as the 
axial velocity of the plasma (Figure 5, bottom 
curve) is concerned, its values measured at the 
initial sections of the jet are a bit higher than the 
calculated ones. In addition, an actual decrease in 
the axial velocity along the length of the jet occurs 
more rapidly than it is predicted by the mathemati­
cal model. This discrepancy can be associated, e.g. 
with the fact that the Miller SG-100 plasmatron 
uses a vortex feed of the plasma gas, whereas the 
mathematical model considered describes the jet 
with an axial gas flow in the plasmatron. 

The calculated radial profiles of temperature 
and velocity of the plasma at different distances 
from the exit section of the anode nozzle of the 
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Figure 5. Calculated distributions of the axial values of tem­
perature (top) and velocity (bottom) of the plasma along the 
length of the argon jet; 0 - experimental data [16] 

plasmatron almost coincide with the resp~ctive dis­
tributions obtained as a result of the probe mea­
surements and can be represented with a sufficient 
accuracy as the Gaussian curves [16]. Therefore, 
results of modelling of the turbulent plasma jet 
using the CASPSP software are in good agreement 
with the experimental data. 

Modelling of the spray particles. Calculation 
programs for the second module of CASPSP are 
based on a mathematical model of heating and 
movement of a spray particle, which is described 
by a non-stationary non-linear equation of move­
ment of the particle in the plasma flow [2]. The 
basic assumption used for development of this 
mathematical model is that the particle has a spheri­
cal shape and distribution of temperature in the 
bulk of this particle is spherically symmetrical. 

Consider behaviour of one such spherical par­
ticle in the plasma jet with known distributions of 
temperature and velocity of the plasma depending 
upon the properties of the particle material, initial 
diameter and conditions of introduction of the par­
ticle into the plasma jet. Assume that the particle 
with an initial diameter d0 is introduced into the 
jet as it is shown in Figure 3. In this case Xo and 
Z 0 are the coordinates of the introduction point, 
<po is the angle at which the particle is introduced 
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(counted off from the horizontal line), de is the 
diameter of the transportation channel, 9c is the 
volume flow rate of the transporting gas and D is 
the spraying distance. In this case the calculation 
of heating of the spray particle in the plasma jet 
is reduced to integration of the non-stationary equa­
tion of thermal conductivity: 

~-_!_~(2 ~) PpCep ()t - 2 ()r r Xp ()r . 
r 

(25) 

Here Tp(r, t) are the space-time distribution of 
temperature in the bulk of the particle; t is the 
time from the moment of its ejection from the trans­
portation channel; p/Tr) is the density; Xr(TP) is 
the coefficient of thermal conductivity and Cep is 
the effective heat capacity of the particle material 
determined by allowing for the latent heat of melt­
ing and vapour formation: 

Cep = cp + Wmo(Tp- T m) + Wbo(Tp- Tb), (26) 

where Cp(Tp) is the specific heat; Wm and wb are 
the latent heat of melting and vapour formation; 
Tm and h are the temperatures of melting and 
boiling of the particle material and ()(x) is the delta 
function. 

Equation (25) is solved provided the following 
initial condition is met: 

Tp(r)lt = o =To, (27) 

where T0 is the initial temperature of the particle 
(assumed to be equal to the temperature of the 
transporting gas) and the following boundary con­
ditions hold: 

~I - [- ~]1 -()r r = o - 0, Xp ar r = a - q. 
(28) 

Here q(t) is the heat flow introduced by the 
plasma through the particle surface; a(t) is its cur­
rent radius which can vary with time during evapo­
ration and melting of the particle due to differences 
in density of the material in solid and liquid states. 
It is assumed that evaporation of the material occurs 
from the surface of the particle as soon as its tem­
perature, according to (26), becomes higher than 
Tb. It is also assumed that the rate of evaporation 
is not limited by the velocity of dissipation of the 
vapour and the velocity of the particle is determined 
at each time moment as the distance from its centre 
to points at which the said temperature is achieved . 
In addition, it is assumed that the presence of the 
vapour around the particle does not limit the heat 
flow coming into it. 

Exchange of the energy between the plasma and 
particle is described on the basis of the combined 
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model of convective-radiation exchange [ 17], ac­
cording to which 

q = a/i - T 5) + l;croCT4
- ~), (29) 

where T is the temperature of the plasma at the 
point of location of the particle calculated with 
allowance for a local decrease in temperature of 
the initial jet caused by its dusting with the spray 
material; Ts is the temperature of the particle sur­
face; a is the heat transfer coefficient; 1; is the 
emissivity factor of the particle material and <Jo is 
the Stefan-Boltzmann constant. The convective 
heat exchange coefficient for a spherical particle 
can be calculated from the criteria! dependence [18] 
for a flow around the sphere 

N = 2 Xs O 5R o.sp 0.4 ( Pll J0
·
2 

u X + · e r Pslls · 
(30) 

Here Nu = 2aa / x is the Nusselt number; Re = 
= (p Iii- w I 2a) / 11 is the Reynolds number, both 
calculated from the current values of radius and 
velocity of the particle; Pr = (Cpll) / x is the 
Prandtl number; x, 11, p, CP are the transfer coef­
ficients, density -and heat capacity of the plasma 
determined at the point of location of the particle 
(index s designates the respective properties of the 
plasma at the particle surface temperature); ii is 
the velocity of the plasma flow at the point of 
location of the particle, calculated with allowance 
for a decrease in the plasma velocity due to dusting 
the jet with the spray material and w = (wx, Wy, 

wJ is the particle velocity. 
To describe movement of the spray particles, 

assume that each of them in the plasma flow is 
affected only by the aerodynamic drag force: 

F = 0,5CdSp(u- w)lii- wl, (31) 

where Cd is the coefficient of the head resistance; 
S = na2 is the midship section of the particle. To 
determine Cd of a spherical particle, we will use 
the following criteria! dependencies [ 18]: 

-1 
Cd = 24Re , Re < 0.2, 

Cd = 24Re-1 + 3.6Re-0
·
317

, 0.2 < Re < 4, (32) 

-1 -0 333 
Cd = 24Re + 4Re . , 4 < Re < 400. 

Then the calculation of velocity and path of the 
pray particle in the plasma jet is reduced to solu­

t ion of the following system of differential equa­
tions: 

d(mw) dr 
~=F, dt=w, 

(33) 
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where m(t) and r(t) = (x, y, z) are the current 
values of mass and radius vector of the particle. 

Equations (27) are integrated under the follow­
ing initial conditions: 

xlt = o = Xo, Ylt = o = 0, zi t = o = Zo, 

(34) 

Wz lt =o = wo sin Cflo. 

Here wo is the initial velocity of the particle in 
a flow of the transporting gas 

(35) 

where k"' 0.5 is the coefficient which depends upon 
the size of the transportation channel, composition 
and flow rate of the transporting gas, spray material 
and diameter of the particles. 

The following relationships are used for an ap­
proximate determination of a decrease in tempera­
ture and velocity of the plasma in the initial jet 
caused by its dusting with the spray material: 

T 

fc dT = K !2_ 
- P mo' 
T 

M u = u- K(w2 - wo sin Cflo), K =.:...:.E..., 
PoG 

(36) 

where T and u are the non-disturbed values of tem­
perature and velocity of the plasma at the point of 
location of the particle; hp is the current value of 
enthalpy of its material; K is the coefficient of 
dusting the jet with a powder; Mp and poG are the 
mass flow rates of the spray material and plasma 
gas, respectively. 

This settles description of the mathematical 
model of heating and movement of a spherical par­
ticle in the plasma jet with known (preliminarily 
calculated) spatial distributions of temperature and 
velocity of the plasma. This model allows determi­
nation of path and velocity of the spray particles, 
distribution of temperature in the bulk of these 
particles, degree of melting and losses of mass for 
evaporation (depending upon the type of the spray 
material and its consumption, initial diameter and 
condition of introduction of the particles into the 
jet). 

To compare results of computer modelling with 
the experimental data, the processes of plasma 
spraying of nickel and aluminium oxide particles 
were simulated using the developed software [19] . 
In the calculations the required parameters of 
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Table 1. Experimental conditions of plasma spraying of Ni and Al20 3 particles 

No. of 
Plasma gas Elecrtical parameters Spray particles 

Spraying Coating 
experiment 

composition 
flow rate, 

current, A voltage, V material size, j..lm 
distance, mm thickness, ~m 

ljmin 

1 Ar 50 300 35 Al203 16-40 125 

2 Ar 50 400 34-35 Al203 16-40 125 5 

3 Ar 30 520 31-33 Al203 16-40 125 30-35 

4 N2 30 300 70 Al203 16-40 125 50 

5 . Ar 50 300 35 Ni 40-70 150 12 

6 Ar 50 380 35 Ni 40-70 150 40 

7 Ar 30 520 31-32 Ni 40-70 150 120 

8 N2 30 300 70 Ni 40-70 150 60-68 

9 Ar 30 600 25-27 Al203 45-50 150 

10 Ar 30 600 25-27 Ni 40-50 150 

spraying corresponded to the experimental parame­
ters given in Table 1. The plasmatron with a smooth 
channel of the anode nozzle 6 mm in diameter and 
12 mm long for argon and 21 mm for nitrogen was 
used in the experiments. The powder feed condi­
tions (Figure 3) were as follows: X 0 = 4 mm, Zo = 
= 2 mm, <po = 0, de= 2 mm, 9c = 41/min and Mp = 

= 1 kg / h for aluminium oxide and 2 l/ min and 
2 kg/h for nickel. Velocities of the particles were 
measured in experiments No.9 and 10, but in this 
case conditions of introduction of the particles were 
a bit different: X 0 = 10 mm, Z 0 = 6 mm and <po = 
= -15°. 

Table 2. Results of computer simulation of the 12rocesses of plasma SJ2raying of Ni and Al20 3 particles 

No. of 
Electrical parameters Spray particles Temperature, K 

Particle 
Particle 

experi-
Melting Evaporation 

velocity, 
distance 

ment voltage, V power, kY\1 material size, jlm 
particle particle degree, % losses, % 

mj s 
from jet 

surface centre axis, mm 

34 .4 10.3 AI203 16 820 820 0 0 12.2 5.1 
30 2000 2000 0 0 128.9 1.5 
40 2330 2330 0 0 155.1 -0.1 

2 33.6 13.4 Al203 16 750 750 0 0 7.6 6.0 
30 2300 2310 0 0 131.8 4.8 
40 3040 3070 100 0 167.8 0.8 

3 27.4 14.2 Al203 16 1270 1270 0 0 12 .8 5.3 
30 3250 3230 100 55 110.0 2.4 
40 3250 3260 100 99 53.3 1.3 

4 69.9 21.0 Al203 16 3220 3250 100 46 78.5 3.0 
30 3270 3230 100 66 194.2 -0.3 
40 3250 3230 100 49 155.4 -3.0 

5 34.4 10.3 Ni 40 1630 1630 0 0 92.8 0.8 
60 2230 2230 100 0 94.7 -1.7 
70 2510 2520 100 0 88.2 -3.0 

6 33.7 12.8 Ni 40 1720 1720 0 0 95.7 1.8 
60 3050 3050 :100 0 103.6 -0 .8 
70 3050 3050 100 0 98.1 -2.1 

7 27 .4 14.2 Ni 40 3070 3070 100 0 100.8 1.4 
60 3080 3060 100 0 93.6 -2.3 
70 3080 3060 100 8 83.0 -4.0 

8 69.9 21 .0 Ni 40 3070 3070 100 0 107.4 -2.4 
60 3070 3060 100 0 77.8 -6.3 
70 3060 3060 100 0 65.8 -8.3 

9 27.1 16.3 Al203 48 1850 1860 0 0 46.4 4.9 

10 27.1 16.3 Ni 46 1560 1560 0 0 41.6 4.9 
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CA S P S P - Stmulahon of Spray Parhcles 
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Figure 6. Dependencies of the calculated temperatures at the centre, T" and surface, T, of a particle of Al20 3 (in the 
left) and its velocity (in the right) upon the distance to the exit section of the plasmatron (initial diameter of the particle 
is 48 Jlm, conditions of experiment No. 9); 0 - experimental data [ 191 

Metallography of the samples sprayed in ex­
periments No.1 - 8 showed that coatings were 
formed in all cases, except for experiment No.1. In 
this case thickness of the sprayed layer depends 
upon the experiment conditions (Table 1). The 
quality of the resulting coating depending upon 
the spraying conditions was determined from po­
rosity of the sprayed layer and presence of the non­
melted particles in it. The best results were ob­
tained in experiments No.4 for aluminium oxide 
and No.7 for nickeL 

Results of the calculations of characteristics of 
the spray particles near the sample surface for the 
above experimental conditions are given in Table 2. 
Comparison of the simulation results with the ex­
perimental data shows that the calculated charac­
teristics of the spray particles (temperature, velo-

city and melting degree) are in a sufficiently good 
agreement with the quality of the coating provided 
in a given experiment. Thus, it was found for ex­
periment No.1 that the degree of melting of the 
aluminium oxide particles approaching the sample 
surface was equal to zero (Table 2). This corre­
sponds to the fact that under the given spraying 
conditions no coating is formed. It turned out in 
experiment No.2 that only some of the particles 
were fully melted (Table 2), which corresponded 
to a small thickness of the coating produced under 
these conditions (Table 1). The best results in simu­
lation of the process of spraying aluminium oxide 
were obtained under conditions of experiment No.4. 
All particles were fully melted and had rather high 
velocities (Table 2), which corresponded to the 
largest thickness and the high quality of the coating 

r::· X 
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Figure 7. Dependencies of the calculated temperatures at the centre, T" and surface, T,, of the particle of Ni (to the 
left) and its velocity (to the right) upon the distance to the plasmatron exit section (initial diameter of the particle is 
46 Jlm, conditions of experiment No .10); 0 - experimental data 
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produced experimentally. The only drawback of 
these conditions is evaporation of particles (Ta­
ble 2). 

In the case of spraying nickel the calculation 
results are also in a sufficiently good agreement 
with the experimental data. Thus , a decrease in the 
quantity of the non-melted particles and increase 
in their temperature and velocity near the sample 
surface correspond to an increase in thickness of 
the coating and its density observed in experiments 
No.S- 7 (Table 1). 

To check results of the calculation of velocity 
of the spray particles, the velocity was measured 
directly using the ISS0-1 device. This device is 
based on the principle of a rotating mirror. To 
prevent formation of light marks on the image of 
particles under the plasma jet radiation, in experi­
ments on the velocity measurement the particles 
were added to the jet at the lowest initial velocities 
(gc = 1 1/ min). The calculated values of tempera­
ture and velocity of the particles along the length 
of the jet, as well as the corresponding experimental 
values of the velocity for conditions of experiments 
No.9 and 10 are shown in Figures 6 and 7, respec­
tively [19]. As it is seen from the plots shown in 
the left parts of these Figures, there is a good agree­
ment between the calculated and experimental val­
ues. 

CONCLUSIONS 

Comparison of results of computer simulation of 
the processes of plasma spraying of the coatings of 
nickel and aluminium oxide under different spray­
ing conditions with the experimental data indicates 
to their satisfactory agreement. This suggests that 
the CASPSP software can be successfully used for 
computer estimation of basic characteristics of the 
plasma jet and the spray particles, depending upon 
the plasma spraying conditions. The software can 
be helpful also for production engineers involved 
in development of various technologies for plasma 
spraying, and it can be employed as a manual for 
training of engineers and technicians specializing 
in the corresponding fields. 

In conclusion, the authors express gratitude to 
the European Commission, INT AS Program (Pro-

ject 94-672) for the financial support of the work 
on development of the CASPSP software. 
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MODELLING OF HEATING AND MOVEMENT 
OF PARTICLES IN ARC PLASMA AT SUPERCRITICAL 
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ABSTRACT 
Results of calculation of the electric arc burning under conditions of a supercritical pressure gradient in a blocked 
nozzle and with dispersed particles injected in it are given. It is shown that a plasmatron based on this principle 
is an efficient means for heating and acceleration of the spraying powder. Molten particles which are not subjected 
to splitting in flight leave the arc plasma in such a plasmatron at a velocity of about 1000 m/ s, which provides 
a substantial improvement in properties of the sprayed coatings. 

K e y words: mathematical model, plasmatron arc, 
plasma flow, spraying powder, particle size, supersonic ve­
locity 

The supersonic plasma flow is reported [ 1] to be 
an efficient means for acceleration of particles. 
However, the efficiency of their heating decreases 
with an increase in the Mach number. A method 
which provides a radical elimination of this disad­
vantage is an injection of the spraying powder into 
the arc of the plasmatron that burns at a super­
critical pressure gradient. 

Consider theoretical conditions which allow the 
basic estimates to be made and relationships to be 
derived for the first stage of development of super­
sonic spraying devices involving injection of the 
spraying powder into the plasmatron arc burning 
at a supercritical pressure gradient (Figure 1). It 
should be noted here that numerous attempts to 
inject the spraying powder into the channel of an 
exit electrode of the plasmatron without an anode 
fixation of the arc and at a subsonic velocity failed. 
Fast obstruction of passage in the channel made 
further operation of the plasmatron impossible. To­
day the cause of this phenomenon is clear, it results 
primarily from dissipation of the dispersed particles 
due to a pulsating component of the dynamic head. 
Results of our investigations show that the situ­
ation is different in the case of operation at a ve­
locity close to the sound one. In this case dissipation 
of the dispersed phase is fundamentally decreased 
owing to laminarization of the flow. Thus, the angle 
of opening of the dispersed phase that moves with 
sliding in the supersonic plasma flow is 3 -so, 
whereas that in the subsonic plasma flow is 15 -
25°. In this situation, by regulating parameters of 
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injection of the spraying material into the drifting 
flow it is possible to avoid hitting the walls of the 
plasmatron nozzle channel by molten droplets. 

The mathematical model of processes occurring 
in the plasmatron nozzle can be represented as the 
one consisting of two independent parts. The first 
part is an attempt to theoretically describe the su­
personic plasma flow in a cylindrical channel (exit 
portion of the nozzle), which contains the electric 
arc in its near-axis region. The second part is an 
investigation of movement and heating of the pow­
der fed to the nozzle by lateral injection (normal 
to the axis) and estimation of the position of the 
point of splitting of a molten particle under the 
effect of aerodynamic forces of the drifting flow. 
As a rule, the mutual effect of the particles and 
their coagulation is ignored, which suggests a very 
small volume concentration of the powder in the 
flow. 

The problem of transition over the sound velo­
city involves a known idea of a decisive role of the 
boundary layer for the flow in the cylindrical chan-

Powder 

'--------I~ X 

Figure 1. Schematic of the plasmatron with the arc in a blocked 
nozzle: 1 - cathode; 2 - anode; 3 - inter-electrode insert; 
4 - boundary layer; 5 - arc 
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nel. In consideration of the model of transition over 
the sound velocity for the plasma arc flow in the 
Laval nozzle the effect of the boundary layer can 
be ignored. The flow in a radial direction is con­
ditionally subdivided into a near-axis region of dis­
placement of the arc with a cross section area of 
ed, region of displacement of the boundary layer 
with thickness of 8* and a unidimensional, non-vis­
cous and adiabatic outward flow with an adiabatic 
exponent of y = 1 .4 located between the above 
regions . The bounds of the region of displacement 
of the boundary layer act as the Laval nozzle wall. 
In a longitudinal direction the boundary layer is 
divided into a region of growth, which ends at 
section X t , and a «reset» region, at which thickness 
8 of the layer decreases from a maximum value of 
8m = 8(xt) to a value of 8a = 0 at the nozzle exit 
section . Therefore, the longitudinal profile of the 
nozzle and its boundary point Xt are the assigned 
values, while the sound pointxs is to be determined. 
In the problem considered in this article the situ­
ation is reverse: position of the sound point is taken 
from the experiments and profile of the boundary 
of the displacement region and, in particular, po­
sition of point x 1 are to be calculated. 

As the region of growth of the boundary layer 
is in the subsonic zone of the flow, then X t < x 5 

and dependence 8(x) is assumed to be as follows: 

-0 .2 
oj (x- Xb) = 4.6Rex , 

Rex= [p= u= J..l=] (x- xb), 

(1) 

which is valid for the required boundaryJayer with 
the incompressible air flow moving along the sur­
face . Here P=, u=, and fl= are, respectively, the 
density, velocity and viscosity of the outward flow, 
and all geometrical designation are given in Fi­
gure 1. Therefore, assuming that 8* "" 0.138, the 
expression for thickness of displacement of the 
boundary layer in the region of its growth is as 
follows: 

* 0.8 0 = C(x- Xb) , X :o; Xt, (2) 

where C = 0.598(fl= P= u=)0·2. Therefrom we derive 
the x dependence of the cross section area of part 
of the flow which is beyond the region of displace­
ment of the boundary layer: 

A(x) = F [1- 28*(x)/ R], x :o; x 1, (3) 

where R is the radius of the cylindrical exit portion 
of the nozzle and F = nR2. As the model is of an 
estimation character, in equation ( 1) for a specific 
pulse the use was made of its value at the sound 
point (p= u=)s and for viscosity the value of fl= = 

= 1.81·10-5 Pa·s at 300 K was used. 

For a region of decrease of the boundary layer 
we estimate thickness 8* in a general form 

0* = o;,,[ 1 - (X- Xt) / (Xa - Xt)]X, (4) 
x;:::xt, x>i, 

where x 1 and X are the parameters to be determined. 
As they are complementary, two experimental facts 
were taken from [ 1], which were established for 
ranges of variations in the operation conditions and 
nozzle geometry close to those under consideration: 
distance of the sound point from the exit section 
of the nozzle and Mach number of the flow at the 
exit section can be considered constant and equal 
to the following: 

Xa- X5 "' 0.8R, M"' 1.3. 

Cross section area A(x) at x > Xt is related to 
8* through the same equation (3) as at x :<:=; Xt. 

Allowing for the abovesaid, we obtain the sys­
tem of equations for dimensionless values 

St = XtiXs, 

X= K 1(1 - St)I[K2(St - K3)o.s - 1], (5) 

X= ln\1 - [1/ K2CSt- K3)
0

.
8]}1[(1 - St)I(K4- St)l. 

Here Kt = [1 - E>ds/As] / [n(E>ds1As)(1-
A5/ F)] (index s marks values of the parameters at 
the sound point); n = 1 OGho / ( E>a/ F) Waxs; G is 
the plasma gas flow rate; h0 is the enthalpy of its 
deceleration; Wa is the net power per unit length 
of the arc; K 2 = 2Cx~·8/R(1 -As/F); Cis the 
constant taken from L 1]; K3 = xbl X 5 and K4 = 
= Xa / Xs. 

In addition to the aerodynamic force, equations 
of the two-dimensional dynamics of particles in­
jected in a normal direction into the axisymmetrical 
flow make allowance also for the Saffman force 
[ 1], whose impact on the particles is directed along 
a radius of the flow to its axis. The aerodynamic 
drag factor is estimated using V.M. Pusyrev's for­
mulae [2] 

!Cdo/[1- 0.00673y0
·
5 (Re - 24)MCdo], Re < 24 , 

Cd = Cdo + 0.00299 (Re - 24)M, 24 < Re < 100, 
Cdo + 0.00079(Re + 187.6)M, Re < 100 , 

where y is the adiabatic exponent of the flow; Re = 

= dsv,pl fl is the Reynolds number of a particle 
with a diameter of d5 ; M = Vr / a is the Mach number 
of a particle; v, is the velocity of the plasma and 
a is the sound velocity. 

The following diagram of the flow was assumed 
to hold at the exit cylindrical portion of the plas­
matron channel. As the flow is unidimensional, its 
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Figure 2. Distribution of velocities and temperatures along the flow of particles 20 11m (solid curve) and 30 flm (dash curve) 
in size at a plasma temperature of 12,000 (a) and 10,000 K (b) 

enthalpy first grows in a linear way from a <<cold~ 
value of h1 at the beginning of the entrance portion 
of the channel to a maximum value of h5 and then 
decreases also in a linear way to ha at the nozzle 
exit section. The effect of pressure on thermody­
namic and thermal-physical properties of the air 
plasma (parameters characterizing them were taken 
from Tables in [3]) was allowed for only for density 
p. ThevaluesofP1 =405.3kPaandh1 =4-105 J / kg 
were taken for pressure and enthalpy of the «cold~ 
gas, and values of 4.65·107 and 6.18·107 J / kg at 
temperature T equal, respectively, to 10,000 and 
12,000 K, [3] were taken for enthalpy hs in a critical 
section. Pressure at the nozzle ex it section and po­
sition of the critical values were taken from experi­
mental data [1, 4]: Pa = 0.3P1 and x 5 = L - 0.4d, 
where d and L are the diameter and length of the 
exit portion of the channel, respectively, and x5 is 
the distance from its beginning to the critical sec­
tion. 

The rest of the parameters of the flow were 
calculated on the basis of the mathematical model 
that included two equations, i.e. continuity equa­
tion 

pu = const (6) 

and equation of pulses 

2 P + pu = const, (7) 

which are valid for the flow in the cylindrical chan­
nel. In view of the estimation character of the model 
the equation of state was taken in its usual form 

p = [(y- 1)/y]ph. (8) 

For the adiabatic exponent the value of y was 
assumed to be constant and equal to 1.3. 

Expression for the velocity of the flow is derived 
from equations (6) through (8) 

u = (1 + 'Y ± ~ (1 + y)2- 4yh ), 
2y 

(9) 

where sign <<+~ corresponds to the supersonic re­
gion and sign << -~ corresponds to the subsonic re­
gion . Here u = u/ a, where 7i = h/ h5 • Expression 
(6) also determines the density asp= 1 / u, where 
p = p I Ps· Movement of particles entering the flow 
was regarded as the unidimensional one with a lon­
gitudinal zero starting velocity . 

Convective heat transfer between the flow and 
a particle was calculated from the Nusselt number 
[5]: 

1/ 2 1/ 3 0.2 
Nu = 2Asurf + 0.6Re Pr (pf.l/Psurf f.lsurfl , 

where 'A and f..L are the thermal conductivity and 
viscosity of gas, Pr is the Prandtl number and index 
«surf~ indicates that values of the parameters were 
calculated at a temperature of the particle surface. 
In this case allowance was also made for the effect 
of evaporation of a particle on heat transfer. 

The program of numerical calculation of move­
ment and heating of particles in the plasma flow 
involved continuous calculation of theW eber nu.m­
ber, We, for the molten particles . Upon reaching 
a critical value of Wee, splitting of such particles 
by the flow was calculated fo ll owing the diagram 
given in [6]. 

The numerical studies were conducted for 
spherical iron particles (physical characteristics 
were taken from [7]) with a size of ds = 30 f..Lm, 
which entered the plasma flow at the beginning of 
the entrance portion of the channel with diameter 
d (3 .4 and 5.0 mm) and length L equal to 10 gauge 
sizes. Results of the calculations for a channel of 
d = 3 mm are shown in Figures 2 - 4, where coor­
dinate x is counted off from the beginning of the 
exit portion of the channel. 
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Figure 3. Variation in diameter of the iron particles along the 
flow at a plasma temperature of 10,000 (1) and 12,000 K (2) 

Analysis of the results obtained shows that heat­
ing and acceleration of particles injected into the 
plasmatron channel are of a gradual character. The 
particles are rapidly heated to the boiling tempera­
ture and, while moving in the acceleration region, 
fundamentally decrease in size (Figures 3 and 4), 
which is caused by an intensive evaporation of the 
materiaL In this case the relative decrease in num­
ber of finer particles is more intensive, i.e. the share 
of coarse particles in the powder increases. Corre­
sponding changes in the particle size composition 
of the powder can be readily predicted, unlike the 
other mechanism which relates to splitting of the 
molten particles by the flow. However, with the 
diagram of heating and :.cc.eleration of the powder 
in.the plasmatron chanr.el t.nder consideration, the 
latter does not show u) because oflow values of 
the Weber number (maximum values of Wemax 
equal to about 1 - 2 are far from the critical ones). 

Higher values of the final velocity of the par­
ticles, which for d5 = 20 !J.m is always in excess of 
that for particles with ds = 30 !J.m, correspond to 
a higher temperature T and larger length L. Thus, 
at d = 3 mm and T = 10,000 K the final velocity 
dsa is 698 m/ s for particles with ds = 20 !J.m and 
300m/ s for particles with d5 = 30 !J.m. Accordingly, 
at d = 4 mm and T = 12,000 K, U 5a = 1100 and 
438 m/s. 

On the contrary, the rate of heating of the par­
ticles characterized by a relationship of Xboill L, 

where X boil is the coordinate of beginning of boiling 
of a particle, has just a slight dependence upon size 
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Figure 4. Distribution of accelerations along the flow of iron 
particles 20 ( 1) and 30 J..lm (2) in size 

d5 , temperature T (Figure 2) and channel diameter 
d. 

CONCLUSIONS 

1. In the case where the dispersed particles are 
injected into the region of the near-cathode expan­
sion of the arc that burns in a blocked nozzle, in­
tensive heating of these particles is accompanied 
by their gradual acceleration to a supersonic velo­
city. Therefore, unlike traditional methods, this 
method is an efficient means for heating and acce­
leration of the powder. 

2. Gradual acceleration of molten particles pre­
vents their splitting. 

3. Velocity of the molten particles at exit from 
the arc plasma reaches 1000 m/s. 
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INVESTIGATION OF AMPLITUDE-TIME 
CHARACTERISTICS OF THE CURRENT PULSE 

IN PLASMA-DETONATION TREATMENT OF ITEMS 

Yu.S. BORISOV and O.V. KOLISNICHENKO 
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine 

ABSTRACT 

The results of the work on creation and development of plasma-detonation technology based on the detonation 
wave transformation into a plasma pulse , are described. The current discharge between the electrode of the plasma 
generator and the part being processed provides an integrated action of the convective, beam and electronic types 
of heat transfer on the surface. Brief comparative analysis of plasma detonation treatment and laser technology 
of strengthening the item surface is given. 

Key words: plasma-detonation treatment, laser 
strengthening, mechanism of surface heating, current pulse, 
amplitude-time characteristics, Rogowsky belt procedure, 
technological modes 

Treatment with high energy density sources (laser, 
electron beam, plasma, etc.) [ 1 - 3] is extensively 
used in mechanical engineering. It allows giving 
the material surface a high hardness, resistance to 
wear, corrosion, etc. Use of pulsed plasma tech­
nologies is one of the areas of surface engineering 
[4, 5]. Over the last years PWI has performed a 
series of studies on creation and development of 
the plasma-detonation technology based on trans­
formation of the detonation wave into a plasma 
pulse [6, 7]. Application of the above technology 
for surface strengthening of a certain type of metal­
working parts, demonstrated its practicability and 
cost-effectiveness [8]. The Table gives some tech­
nical and economic parameters of plasma-detona­
tion and laser strengthening technology. 

In order to produce modified layers with the 
specified properties, it is necessary to select the 
type of the heating source with the required specific 
heat flow, duration of its impact and other parame­
ters, as well as evaluate the possibility of their 
regulation. The experience of pulsed laser strength­
ening ( 'tp = 0.1 - 10.0 ms) shows that a rather 
narrow range of the pulse energy values, as well 
as of its duration, is used to achieve a positive effect 
in treatment of a number of materials [9]. This is 
especially important in treatment of items of high­
speed and alloying steels. It is found that in pulsed 
laser quenching of high-speed steels the high hard­
ness can be achieved, if the surface temperature 
does not exceed the melting temperature of the 
processed material , but is close to it. In this case 
© Yu.S. BOR!SOV and O.V. KOLISNICHENKO, 2000 
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the structure of the heated zone includes latent 
crystalline martensite, secondary and eutectoid car­
bides, while its microhardness is up to HV 1.0 -
10.5 GPa for P6M5 (C - 1; W - 6; Mo -
5 wt.%; Fe - balance) steel [10]. 

In pulsed plasma-detonation treatment (PDT), 
the mechanism of structure formation in the surface 
layers and their physicomechanical properties are 
close to those in laser treatment. This enables PDT 
to be used for treatment of the surface of items of 
various materials, proceeding from the experience 
of laser technology application. In keeping with 
[ 11], the mechanism of surface heating by pulses 
of shock-compressed plasma, can include both the 
convective and beam heat transfer, and heat con­
ductivity . In this case one of the fundamental dif­
ferences of PDT from laser treatment is the presence 
of a current discharge between the electrode of the 
plasma generator and the part being processed. In 
order to evaluate the influence of this component 
in pulsed treatment, it is necessary to determine 
the amplitude-time characteristics of the current 
pulse in PDT, which was exactly the aim of this 
study. 

Plasma-detonation generator (Figure 1) con­
sists of detonation chamber 1, where the combus­
tible gas mixture (C3Hs, 02, air) is formed and its 
combustion is initiated in the detonation mode; 
coaxial electrodes 2 and 3; and power source 4. 
When detonation is initiated, the partially ionised 
combustion products penetrate from the detonation 
chamber into inter-electrode gap 5 and close R-L­
C loop (Figure 2) of the power source. This is 
followed by a discharge of a capacitor bank. The 
current runs between coaxial electrodes 2 and 3 
through a certain conducting volume of gas 6. An 
azimuthal magnetic field B (Figure 2) is induced 
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Technical-economical parameters of plasma-detonation and laser strengthening technologies 

Parameters 

Treatment mode Pulsed 

PDT 
Laser strengthening with laser of 

«K vant» or «Karat» type 

Mechanism of heating the surface being 
strengthened 

Integral impact of convective, beam and 
electronic mechanisms of heat transfer 

Pulsed and continuous 

Beam 

Pulse duration , ms 

Pulse repetition frequency, Hz 

Pulse energy , ] 

Area of the zone processed in one pulse, 
mm2 

0.2 - 1.0 

1-6 

Up to 3000 

60-200 

0.1- 10.0 

1 - 150 

10 - 200 

0.6- 10.0 

Specific heat flow, W / cm2 

Consumed power, k W 

Efficiency, % 

1·104 - 1·106 

27 

1·103 - 1·107 

20- 100 

6- 10 

25-30 Area taken up by the unit , m2 

Level of equipment complexity 

Ability of treating complex surfaces 

Easy service 

Limited capability 

around the central electrode, which interacts with 
current I, running in the inter-electrode gap, and 
generates force F [12] 

F = Jlo ! 2 ln (.!..._) 
4n ro 

where r, r0 are the diameters of the external and 
internal coaxial electrodes, respectively. 

The direction of this force action does not de­
pend on the current direction, as B changes with 
the change of I sign. The current loop, consisting 
of the electrodes and the plasma gap, is trying to 
expand in a way, and increase its linear dimensions. 
The conductivity of the plasma through which cur­
rent runs, is not infinite. Therefore, when electric 
current runs through it, Joule heat is evolved, a 
certain portion of which is entrained into the pro­
cess of acceleration with expansion of the heated 
gas volume. With plasma pulse 7 interaction with 

Figure 1. Diagram of a pulsed plasma generator (for nomen­
clature see the text) 

65 

12 

High qualification of servicing 
personnel is required 

Treatment of surfaces of any 
configuration 

the item surface, a shock-compressed plasma layer 
forms in the contact zone. The electric circuit be­
tween the central electrode and the surface of item 
8 is closed (Figure 1). This results in heating of 
the material surface at the expense of the convec­
tive, beam and electronic mechanisms of heat trans­
fer [ 11]. 

The PDT process is influenced by the number 
of pulses, their repetition rate, composition and 
consumption of combustion products, capacity of 
the capacitor bank , distance from the nozzle edge 
to the item, as well as the distance from the central 
electrode tip to the nozzle edge. In this connection, 
it is necessary to have precise concepts of the in­
fluence of the above parameters on the energy and 
duration of interaction of the plasma pulse with 
the surface of the item being processed. The data 

Figure 2. Diagram of plasma formation acceleration at the ex­
pense of the electromagnetic component 
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on the amplitude-time characteristics of current be­
tween the central electrode and the item will pro­
vide the required information. 

Experimental studies of the parameters of 
plasma in pulsed electric gas-dynamic accelerators 
are important in view of the absence of reliable 
calculation procedures of the processes running in 
the type of devices under consideration. 

The aim of this study consists in application of 
the Rogowsky belt procedure for determination of 
the duration of the impact of a plasma pulse on the 
item surface, its shape, as well as the degree of 
influence of the technological parameters on the 
amplitude-time characteristics of current and the 
heat flow q -I, respectively. 

The methods of recording the integral parame­
ters of the discharge and of the plasma flow ge­
nerated by it are predominantly used now to measu­
re the current, voltage of the discharge, pressure, 
and geometry of the plasmoid. 

It is simpler to record the current in the dis­
charge circuit with current transducers, shunts con­
nected in series into the circuit. The currently avail­
able shunt designs and connection diagrams [12] 
are numerous, their application range being li­
mited, however, by the thermal and mechanical 
conditions of operation. Water or gas cooling is 
used in a number of cases, especially in measure­
ment of high currents (tens ofkiloamperes). In this 
case conducting the experiment proper is made 
more complicated, and its accuracy also becomes 
worse. Therefore, inductive coils (Rogowsky belts) 
are often used to perform the measurements, in 
which the alternating magnetic field induces the 
voltage, proportional (depending on the design pa­
rameters of the measuring circuit), either to I, or 
to di I dt [13]. 

Rogowky belt can be connected into the measu­
ring circuit as the current transformer circuit or as 
an integrating circuit, the former being preferable. 
The measuring circuit of the Rogowsky belt used 
for I(t) determination in the plasma-detonation 
generator is shown in Figure 3. 

Equation [ 14J is valid for current in this circuit 

di L z . E (1) dt + (Ro + Zt + 2) I= ;, 

where i is the current in the measuring circuit; R 0 

is the coil resistance; Z 1 is the sum of impedances 
of the measuring circuit and the ballast resistor (if 
included); Z 2 is the load impedance of the measu­
ring circuit; L is the coil inductance; E; is the 
induced voltage, equal to 

(2) 
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E, \ 
Shield 

I 
Figure 3. Diagram of measuring circuit of Rogowsky belt 

cD is the flux of the vector of magnetic induction 
B through the coil turns 

I h~ [r2) <I> = n B(r)dS = n-- ln - · 
21t Tj 

s 

(3) 

Sis the turn area; n is the number of turns; r 1, r2, 
h are the geometrical dimensions of the coil (Fi­
gure 4); I is the measured current; l-lo is the mag­
netic constant equal to 4rt·10-7 H / m. 

Taking into account expression (2) and that 
U2 = iZ2, let us rewrite equation (1) so that 

d<I> L dU2 (t) [Ro + Zt l di = z2 -----;It+ z2 + 1 u2 (t), 

where U2 is the voltage read from the oscillograph, 
or in the integral form 

[ l 
t 

L Ro + Zt 
<I>(t) = z u2 (t) + 

2 
+ 1 I u2 (t)dt. 

2 2 0 

Then, allowing for expression (3) 

( [ l t J L Ro + Zt 
2n z;; u2 (t) + 

22 
+ 1 Iu2 (t)dt 

I(t) = [ l o 
hnJ.lo ln ~~ 

(4) 

Thus, using equation (4), the nature of current 
distribution can be determined from the measured 
voltage on the load resistor U2. 

Measurements were taken using two identical 
coils with the following parameters: n = 146 turns; 
h = 7·10-3 m; r1 = 22·10-3 m; r2 = 50·10-3 m (Fi­
gure 4); R 0 = 0.9 Ohm. The calculated inductance 
of the coils is equal to 

h 

Figure 4. Geometrical dimensions of the coil 
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Figure 5. Curves taken from the ocillograph (a, c) and calculated curves (b, d) in the inter-electrode gap (f) , as well as between 
central electrode and item (2) 

-7 [r2l -s L = 2·10 n2hln ~ = 2.45·10 H. 

The number and dimensions of the turns were 
selected so as to minimise the influence of electrical 
noise on the oscillograph readings. 

Each coil is connected into the circuit separately 
(Figure 3) with Z2 = 96 Ohm. In the measuring 

I, A 

4000 

3 

3000 

~ 4 

2000 

1000 

0 

-1000 

-1500 

system of coils 9, 10 (Figure 1) , Z1 =52 and Z2 = 
= 0 Ohm, respectiYely. The signals from the measu­
ring systems come to the input of a double-beam 
memorising S8-17 oscillograph. With the discharge 
running between coaxial electrodes 2 and 3, the 
signal comes to the osci llograph from coil 9. When 
the circuit is closed. electric current runs between 
item 8 and central electrode 2, which is recorded 
by the oscillograph through the measuring system 
of coil 10. 

Having the oscillograph readings, equation (4) 
can be used to determine the current amplitude, 
pulse shape, as well as its duration. 

Integration of the curves obtained in the oscil­
lograph , using equation (4), was performed in the 
Mathcad-7 mathematical processor. The discharge 
circuit inductance did not change and was"' 20 j..LH. 
When operating in up to 10 Hz frequency range, 
the used capacitor batteries have enough time to 
be fully charged in the intervals between the pulses. 
Therefore, in operation at 2 Hz frequency the factor 
of its influence on the current pulse was not taken 
into account. Preliminary experiments showed that 
the change in the flow rate of C3H8 (0.24 -
0.48 m3 / h), 0 2 plasma gases and air ( 1 - 2m3 / h) 
influences the current, although much less than 

2·0 t, ms other factors. When measurements were taken, the 
Figure 6. Influence of process parameters on the dynamics of values of capacity of the capacitor bank (C = 600-
current vanabon m tune between central electrode and 1tem: 
t - h = 20 , H = 40; 2 - h = o, H = 70; 3 - h = 20 , H = 70; 1200 j..LF), distance from the nozzle edge to the item 

0 0.4 0.8 1.2 1.6 

4 - h = 40, H = 70; 5 - h = 20 mm, H = 100 mm; C = 800 !!F (H = 40 - 100 mm) and distance from the central 
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electrode tip to the nozzle edge (h = 0 - 40 mm) 
were varied. The gas flow rate did not change and 
was 0.35 (C3H8), 1.4 (02), 1.3 (air) m3 / h, re­
spectively. 

Figure 5, a gives the curves taken from the 
oscillograph at C = 800 ~F, h = 20 mm, H = 40 mm 
and Figure 5, c - at C = 1000 ~F, h = 10 mm, 
H =55 mm. Figure 5, b, d shows the curves derived 
as a result of integration by equation (4). 

Variation of the values of parameters H and h 
leads to change of the amplitude of current between 
the item and the central electrode (Figure 6), while 
capacity variation influences the frequency of the 
capacitor bank recharging. Figure 5, b, d shows the 
dependence of the bank capacity on the item polarity 
relative to the central electrode. Thus, treatment at 
C = 800 ~F is preferable to that at C = 1 000 ~F, as 
in this case the item is the cathode relative to the 
central electrode. A greater intensity of the processes 
of alloying the surface layers with the plasma com­
ponents can be also anticipated . In PDT of items the 
pulse duration can be regulated by varying in a broad 
range the bank capacity and the discharge circuit 
inductance. In the considered case 'tp "" 0.5 ms. The 
current amplitude in the item at C = 1200 ~F can be 
up to 7 kA. The current density is equal to ] "" 
"" 11 kA/ cm2 with 8 mm diameter of the matching 
spot of the current channel. 

CONCLUSIONS 

1. The current discharge between the plasma ge­
nerator electrode and the part being treated is re­
sponsible for an integrated impact of the convec­
tive, beam and electronic mechanism of heat trans­
fer on the surface. Despite the fundamental diffe­
rences in surface heating at PDT and laser streng­
thening, the mechanisms of structure formation in 
the surface layers and their physicomcchanical 
characteristics are similar. This enables PDT to be 
used for treatment of the surface of items of various 
materials, using the experience of laser quenching. 

2. The procedure of measurement with Ro­
gowsky belts was used to determine the influence 
of technological parameters on the dynamics of cur­
rent variation in time between the coaxial elec­
trodes , as well as between the central electrode and 
the item in PDT. 
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3. The extent of the influence of various tech­
nological parameters in PDT on the current ampli­
tude in the item and on the heat flow q - I , re­
spectively, was studied. The taken measurements 
showed that the current value is influenced by the 
capacity of the capacitor bank, distance from the 
nozzle edge to the item, distance from the central 
electrode tip to the nozzle edge, while the plasma 
gas flow rate does not have any significant influence 
on current. 

4 . The duration of the plasma pulse impact on 
the item surface in PDT was determined. With 
unchanged inductance it depends only on the ca­
pacity of the capacitor bank. The bank capacity 
influences the item polarity relative to the central 
electrode of the plasma generator. In order to im­
prove the surface heating conditions, it is rational 
to conduct PDT, when the item is the cathode. 
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TECHNOLOGY OF RESTORATION 
AND STRENGTHENING OF SURFACES OF BODIES 

OF ROTATION A.'\TI FLAT SURFACES 
USING PLAS~L\. SPRAYING 

G.M. RUSEV, V.V. OVSYA.'Jl\:0':~. S..)L KISELYOV and N.F. GALYUK 
NPF <<Ornoco:" ~~~ie. l.""kraine 

XBSIR-\CT 

Technology of plasma arc spraying with a feeding o:" ; =~~ing \\ire sprayed and mechanical t reatment 
of each layer of the multilayer coating using a rota---;: ~=--.alL~ :,::-,·~. Lx.amples of its application are given. 

Key words : plasma arc spraying, low-temperav ... re 
plasma, wire materials, fine -dispersed particles, mechanic. 
treatment 

The negative effect of the surfacing thermal cycle 
on the mechanical strength of the parent metal o_. 
the product is often one of causes of reducing the 
strength of round-section steel components whose 
surfaces are strengthened or restored using arc sur~ 
facing. In restoration of cast iron rolls by surfacin 

Figure 1. Schematic diagram of plasma arc spraying of coat ings 
from wire materials: 1 - plasmatron; 2 - cathode; 3 - com­
pressed air; 4 - plasma shaping nozzle; 5 - flow of particles 
of material sprayed; 6 - workpiece; 7 - coating; 8 - rotat ing 
metallic brush; 9 - wire sprayed; 10 - feeding mechanism; 
11 - cassette with wire; 12 - ballast resistance; 13 - plasma 
gas; 14 - power source 

© G.M. RUSEV, V.V. OVSYANIKOV, S.M. KISELYOV and N.f. GALYUK , 2000 
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30-

~echnology is based on spraying 
. a ~ow-temperature plasma, 

sieT oi the high-speed flow of 
-~ides of the sprayed material in 

~a::e on the component being 
: io>1 oi the layer of coating on 
~2Ce. 
; sp;a~·ing does not reduce the 

,..,-.... ~-•es oi rhe products restored, be­
:lre of the product during spray-

250 =c, therefore, there are no 
~~n. i..:l the product. 

_.the described technology of the 
ewlopment of the E.O. Paton 
srirute) consists in the fact that 

g wire sprayed is fed to a work­
=.5i:::!atron nozzle which forms a 

L~-.ct:.:::...-ge. The spraying is performed 
- - 8.10 mm thickness with a si­

m of each next layer using a 
<Lallie brush (Figure 1) . The spe~ 

.:::;;.;>-aO.;l5 oi electric energy for spraying 
_. ~-"-:d ;naterial are decreased by 30 -

with a plasma spraying with 
5 and. therefore, the cost of the 
5~ reduced. In addition, it is pos­

- of 1 S - 20 mm thickness 
i their spontaneous damage or 

::::;.e;:r: of the layer with the metallic 
--Q" ::s ionnation, and also the reduction 

~ pa:t:icles of the material sprayed by 
;1cemrated jet of the compressed gas 

>:>.n:::iceable increase in strength of the 
--..:e :o imeraction of the melted particles 
~~i:::2: aiJ.aterial with a material of the base 
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Figure 2. Plasma arc spraying of steel shaft 

and layer-by-layer relaxation of stresses in thin in­
termediate layers of the multilayer coating. Thus, 
the continuous mechanical treatment of the surface 
layer of the base metal, combined in time with the 
process of spraying, provides favourable conditions 
for spraying coatings of almost unlimited thickness. 
In addition, it is possible to extend time of the 
technological break between the operations of a 
shot-blasting treatment of the workpiece surface 
and spraying to up to 3 - 5 days without a risk of 
decrease in strength of joining the particles of the 
material sprayed to the base material. 

The rupture strength of the coating (tests ac­
cording to pin method) is 40 - 55 MPa. The density 
of the coating produced by spraying of wires made 
from steel65G (C - 0.6; Mn - 1.0 wt.%) is 93-
96 % of the theoretical density of the initial mate­
rial, while the density of wire 04Kh20N11MZDT 
(C - 0.04; Cr - 20.0; Ni - 11.0; Mo - 3.0; 
Cu - 3.0; Ti - 0.6 wt.%) is 98 %, the porosity 
of coatings is 1 - 4 %. 

The introduction of an additional gas flow will 
decrease the power loading of the plasmatron, in­
crease the stability and efficiency of the process 
and, in combination with the mechanical treatment 
of the forming layer of the coating, provide a high 
degree of the reproducibility of the coating cha­
racteristics. 

The selection of the optimum density of the 
current in the material sprayed (current-carrying 
wire) depends in each definite case on the physical 
properties of the initial material used (temperature 
of melting, electrical conductivity) and other fac­
tors determined by the conditions of the process 
and parameters of the plasma arc device. 

Unlike the traditional methods of coating the 
spraying is performed on steel and cast iron bases 
(Figure 2) without using additional technological 
procedures (for example, preheating of the product, 
deposition of a sub layer of thermoreactive material, 
etc.) used for increasing the strength of joining the 
coating material to the base metal. 

The process possesses a high stability. The ser­
vice life of the nozzle, which forms a plasma jet, 
and the plasmatron cathode (before resharpening) 

Figure 3. Appearance of graphite electrodes with coatings ( 1) 
and without them (2) 

is not less than 100 h of the machine time. The 
typical parameters of the UN-126 installation used 
in plasma spraying are given below: 

operating current of plasmatron, A ..... . ... 100- 300 
operating voltage, V ................... .. ... .... 50 - 70 
power of plasmatron, kV·A ............... ..... 25 
consumption of plasma gas, m3 / h ........ .. . 0.5 - 1.3 
pressure of plasma gas, Pa ... ... .. . 1.0-2.5 
cooling of plasmatron ....................... .... . air 
consumption of cooling air, m3 /h ...... ..... 16- 20 
pressure of cooling air, Pa .. .......... .... ...... 4 - 6 
diameter of wire sprayed, mm ...... .. .. .... .. . 0.8- 3.0 

In this case the productivity of the process is 
2- 10 kg / h. 

The present technology makes it possible to 
spray coatings on metal products using any wire, 
including flux-cored wire and wire of non-ferrous 
metals and their alloys; multilayer coatings of dif­
ferent materials, including anticorrosion coatings; 
metallic coatings on non-metallic products (plas­
tics, concrete, brick, graphite, etc.); composite 
coatings by a simultaneous spraying of several wires 
of different composition; coatings on inner surfaces 
of bodies of rotation of diameters of above 200 mm. 

The shape-forming surfaces of press-forms can 
also be produced using the above-described tech­
nology. 

This technology was implemented successfully 
at several car-repair enterprises of Russia and 
Ukraine. 

In collaboration with Zaporozhje Abrasive 
Plant an experimental work was carried out on 
spraying the lateral surface of the graphitized elec­
trodes of 300 mm diameter with aluminium to pro­
tect it from oxidizing during melting (Figure 3) . 
From the preliminary data of eleven melts the mass­
saving of electrodes was 25 - 30 %. 

Transition contacts of copper-aluminium and 
aluminium-copper busbars of current-conductors 
of melting furnaces were sprayed for the pilot pro­
duction of UkrNIIspetsstal in Zaporozhje city. As 
compared with the earlier used copper-aluminium 
and aluminium-copper welded joints the heating 
of contacts was reduced and their service life was 
increased. The application of spraying of contacts 
could simplify the design of busbars and decrease 
their cost. 
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ABSTRACT 
Peculiarities and characteristics of the method of microplasma spraying allowing a reduction of up to 5 - 15 % 
in powder losses in spraying on small objects are given . The process of production and properties of microplasma 
coatings of bioactive ceramics, i.e . hydroxyapatite (HA) are investigated. Phase and structural transformations 
occurring in the HA particles during their heating in a microplasma jet and conditions of formation of the coatings 
are studied. The feasibility of spraying HA coatings with a low degree of dissociation and amorphization is shown. 

Key words: microplasma spraying, hydroxyapatite, 
process parameters, spraying spot, phase composition, inves­
tigations 

One of the intensively progressing areas of the ther­
mal spraying technology is application of bio­
ceramic coatings. These coatings can be subdivided 
into bio-inert and bio-active ones. The bio-inert 
coatings include, for example, coatings of alu­
minium or zirconium oxides. Among the bio-active 
coatings the widest acceptance has been gained by 
coatings of HA (Ca5(P04)30H), which are almost 
identical in their chemical composition to human 
bones. 

Metallic implants with coatings of HA are cha­
racterized not only by high biological activity but 
also by high mechanical properties of the metal 
base. The coatings of HA on metallic implants lead 
to an increase in the rate of formation of bone 
tissues, provide the possibility of formation of a 
bond with a bone (osteointegration) and decrease 
the probability of formation of the corrosion pro­
ducts on metal base of the implants. 

The plasma method of spraying of bioceramic 
coatings is the key method employed for commer­
cial manufacture of implants with coatings. How­
ever, intensive heating of the HA particles in the 
plasma jet and their rapid cooling on the substrate 
surface lead to the probability of formation of an 
amorphous phase in the coating structure, which 
is characterized by an increased rate of dissolution 
(resorption) in a human organism. In addition. 
overheating of the HA particles in the plasma jet 
can cause partial dehydration of HA to form oxy­
hydroapatite or oxyapatite, as well as phase trans­
formation of HA into tricalcium phosphate (TCP) 
or tetracalcium phosphate or even toxic calcium 
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oxide ( CaO). These phases have a decreased re­
sorption resistance, as compared with stoichiomet­
ric HA, \vhich leads to changes during the ostein­
tegration process. 

Therefore, the process of plasma spraying of HA 
leads to formation of a coating which actually con­
sists of several phases and whose bio-active pro­
perties depend upon irs composition. Several re­
search works haw been conducted in the last years 
on application of bioceramic coatings by different 
spraying methods: traditional plasma spraying in 
the atmosphere [ i - 9], plasma spraying in a dy­
namic vacuum [9. 10], high-frequency plasma 
spraying [ 11] and high-velocity oxygen spraying 
[6 , 9, 12]. Hrw ·e,·er. the drawback of all these 
technologies is :hat during the spraying process a 
substantia: part of the bioceramic powder is lost, 
which is especia!!y essential in spraying on surfaces 
of small nbjec~s. such as dental endoprostheses . 
The mail! cause oi such losses is related to a com­
paratiwly large size of the spraying spot ( 15 -
25 mm). These losses can be fundamentally reduced 
using rhe illicmplasma spraying technology [ 13 -
15 ]. 

The task of this investigation was to study con­
ditions of formation of a bioceramic coating in mi­
croplasrna Spraying of the HA powder and deter­
mine :he possibility of controlling the phase com­
pos!t:Ja :>; the coating by varying the spraying 
pr~ess parameters . 

i\licroplasma spraying machine. The micro­
plas::!la spraying machine MPN-003 consists of a 
JX'~ e:- supply with a control panel, plasmatron and 
a spe-..-:c.: device for powder feeding. Design and 
pa.-an1e;:ers of operation of the plasmatron provide 
ionnation of a laminar plasma jet (Reynolds crite-

t:1..I_ '1..'\l:-HICH. 2000 

12/2000 



.:;. re­
:net-

Table 1. Comparison of microplasma and traditional plasma 
spraying parameters 

Microplasma 
Traditional 

Parameter plasma 
spraying 

spraying 

Power, kW 0.5-3.0 25-40 

Gas flow rate , l / min 0.1-0.5 30-40 

Productivity, kg / h 0.25 - 2.50 3-6 

Spraying spot size, mm 1 - 5 12-30 

Noise level, dB 30-50 100- 130 

Specific power consumption, 0.8- 1.5 8- 10 
(kWh)/kg 

Velocity of particles, m/ s 15-60 100 - 150 

rion is 0.10- 0.55). This factor is responsible for 
a number of peculiarities of the microplasma spray-
ing process: 

as the angle of opening of the laminar plasma 
jet is only 2 - 6° (instead of 10 - 18° for turbulent 
plasma jets) and diameter of the nozzle is small 
( 1 - 2 mm or less), the size of the spraying spot is 
1-5 mm; 

low thermal power of the microplasma spraying 
jet allows heating of the substrate to be decreased, 
which makes it possible to apply coatings to items 
of small sizes and with thin walls by avoiding a 
substantial local overheating and buckling; 

noise level in spraying with the laminar plasma 
jet is no more than 30- SO dB. 

Specifications of the MPN-003 machine are 
given below: 

working gas .. .. .. .. .. .. .. .. .. .. . .. .. .. .. .. .. .. .. .. .. .. .. argon 
transporting gas .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. argon or air 
shielding gas .. .. .. .. .. .. .. .. .. .. . .. .. .. .. .. . .. .. .. . . .. .. argon 
power, kW .............................................. up to 3.0 
current, A .. .. .. .. .. .. ....................... 10 - 50 
voltage, V ................................................ up to 60 
gas flow rate, 1/ min: 

working gas ............ .... .. .. ...... .. ............ 0.10 - 0.50 
shielding gas ....................... .. .............. 1.0 - 4.0 

productivity, kg / h .......................... 0.25 - 2.50 
material utilization factor ......... .... .............. 0.6 - 0.8 
dimensions, mm .. .. .. .. .. .. .. .. .. .. .. .. .. .... .. .. .. .. .. 265x560x800 
weight, kg .. .. . .. .. .. .. .. .. .. .. . 50 

Comparison of characteristics of the processes 
of microplasma and traditional plasma spraying is 
given in Table 1. 

The MPN-003 machine was used for spraying 
narrow-strip coatings [ 15]. The important compo­
nent of the machine is a unit for feeding the powder 
into the plasma jet. It is intended for ensuring a 
precise feed of the powder (along the jet axis), 
small diameter of the powder jet, controllability 
and consistency of the powder feed. 

Different types of powder feeders for micro­
plasma spraying were made and tested during the 
experiments. It was established that in the case of 

Figure 1. Appearance of the HA powder particles 

using powders with good flow characteristics ( 10 + 
+ 30 s/ 50 g) the powder could be fed using no 
transporting gas. With powder materials having 
lower flowability, such as HA, the feeding system 
uses a transporting gas which is ejected into the 
atmosphere before the powder is introduced into 
the plasma jet. 

Spraying material. The HA powder used for 
microplasma spraying was produced by two-stage 
synthesis of HA from aqueous solutions of calcium 
nitrate and ammonium hydrophosphate, drying of 
the sediment, its grinding, pelletization and sinter­
ing of the pellets. This technology provides powder 
with good flow characteristics and dense particles. 
The technology for production of the HA powder 
was developed by the KERGAP Company (also it 
made experimental batches of the powder which 
were used in this work) . 

Apparent density of the HA particles was 
3.15 g/cm3 and flowability was 70 +80s / 50 g 
(for particles less than 80 11m in size). Chemical 
composition and properties of this powder are in 
compliance with ASTM F1185-88. Appearance of 
the HA powder particles is shown in Figure 1. 

The a-TCP phase Ca3(P04) 2 content of the 
powder is less than 5 wt.%. Results of X-ray phase 
analysis of the initial HA powder are shown in 
Figure 2. The HA powder particles used for micro­
plasma spraying were 40 - 63 and 100 - 125 11m 
in size. 

Investigation of the spraying spot in micro­
plasma spraying of HA. A series of experiments 
the design of which is given in Table 2 were carried 
out to evaluate the effect of the microplasma spray­
ing parameters on size of the spraying spot. 

Spraying was conducted on one spot with the 
plasmatron in a fixed position. After that the ver­
tical and horizontal axes of the spraying spot, as 
well as maximum height of the sprayed hill were 
measured. It was established as a result of statistical 
analysis of characteristics of the sprayed hill pro­
files that the latter could be described by the Gauss-

2 
ian function y = y0e-lv:: . For hills no more than 
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Table 2. Effect of the microplasma spraying parameters on size of the spraying spot 

Sample 
Spraying pr0cess parameters Spmying spot size, mm 

Sprayed hill 
No. 

I, A Distance h, mm 
Size of powder l7 ertical Horizontal 

b, / b2 
height h0 , mm 

particles, ~m axis b1 axis b2 

30 60 100 - 12S 6 4.0 1.SO 0.8 

2 so 60 100 - 12S 10 8.0 1.2S 6.0 

3 30 120 100 - 12S s 3.S 1.43 0.1 

4 so 120 100- 12S 11 7.0 1.S7 3.0 

s so 60 40-63 11 8 .0 1.37 6.S 

6 30 60 40-63 10 7.0 1.43 6.0 

7 30 120 40-63 10 8 .0 1.2S 2.0 

8 so 120 40-63 12 8.0 1.SO 7.0 

9 40 90 40-63 10 6.0 1.67 2.S 

10 40 120 40-63 10 7.S 1.33 1.S 

Note: U = 40- 43 V, working and shielding gas - argon, working gas flow rate - 0.2 !/min, shielding gas flow rate -
2.8 !/ min, nozzle diameter - 1 mm, spraying time - 20 s, substrate - titanium alloy VT-6. 

0.8 mm high k = 0.5 - 0.6, and for high hills (3-
7 mm) k = 0.15- 0.20. It means that at a diameter 
of the spraying spot equal to about 3 mm, in the 
case of relatively thin coatings of the HA powder 
(0.5 mm and less) the losses of the spraying mate­
rial caused by a geometrical factor are 5 - 15 %. 
Appearance of the hills of the HA coatings sprayed 
for 15, 10 and 5 s is shown in Figure 3. 

Structure and phase composition of the mi­
croplasma HA coatings. Parameters of micro­
plasma spraying of the HA powder on a titanium 
substrate and results of X-ray phase analysis of the 

20 25 30 35 40 45 50 28, deg 

Figure 2. X-ray phase analysis of the HA powder (a) and rni­
croplasma HA coatings on samples No.9 (b), 10 (c) and 15 (d 1; 

1 - HA; 2 - a-TCP; 3 - ~-TCP 
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resulting coatings are given in Table 3 and shown 
in Figure 2, and microstructure of these coatings 
is shown in Figure 4. It follows from these figures 
that structure of the coatings is relatively dense, 
having no visible boundaries between lamellae and 
layers inside the coatings. Porosity of the coatings 
produced from coarse particles ( 100 - 125 Jlm) is 
somewhat higher than in spraying powder with a 
particle size of 40 - 63 !J.m. These coatings have 
similar X-ray patterns. In many cases the main 
phase is Ca5(PO.; )3 OH (HA). In addition to HA, 
the phases detected were a-Cas(P04h and ~­
Cas(P04h The a -TCP phase was detected only in 
sample );'o.9. and the a -TCP content of sample 
No.1 0 was : .. wer than of sample No.9, which is 
associated ,,.~th a decrease in amperage from SO to 
40 A and. accordingly, with a decrease in the in­
tensity of hea~ing of the HA particles . Another 
factor that aiiects the a -TCP content is the spray­
ing distance rhe increase in which from 70 to 90 mm 
leads t~ a decrease in the a-TCP content of the 

. The presence of a small halo in regions 28 
o 23 - 27 and 44- 54° is indicative of a 

orphization of the coating material . 

F!gtrre 3 .. -\ppearance of the hills sprayed for 1S, 10 and S s 
· ~efr w right) 

I. 
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The effect of the plasma spraying parameters 
on structure and properti es of the HA coatings was 
discussed by many investigators [3 - 6, 9, 10]. The 
most detailed analysis was conducted by Yang, 
Wang, Chang and Wu [4], who paid attention to 
the effect of a composition of the working gas on 
phase composition of the bioceramic coatings pro­
duced by spraying HA. They suggest that the heat 
content of the plasma jet is a key factor. However, 
it is associated only with a possibility of heating a 
HA particle to a melting point and higher. The 
limiting factor is a heat flow to the surface of the 
particle, which is determined by a temperature and 

Figure 4. Microstructure of samples No.9 (a), 10 (b) 
and 15 (c) of the HA (x200) 

thermal conductivity of the plasma jet. Addition 
of hydrogen and helium to argon leads to an increase 
in thermal conductivity of the plasma and enhance­
ment of heating of the particles. This results in an 
increase in the value of the Biot criterion for ce­
ramic materials (for oxides sprayed by the argon 
plasma Bi = 0.04- 0.10 and for the hydrogen 
plasma Bi = 1.2 - 3.5). It means that difference in 
temperatures on the surface and in the centre of 
the particles increases. In this case the probability 
exists of substantial overheating of the upper layer 
of a particle, which leads to dissociation of HA. 
As to overcooling of particles on the substrate, 

Table 3. Microplasma spraying parameters and results of investigation of structure of the coatings 

Microplasma spraying parameters 
Sample Size of powd er particles, 

No. J.Lm - --------- ----- Phase composition 

1, A u, v h, mm 

9 40 - 63 50 43 90 HA, u-TCP , ~-TCP , amorphous 

10 40 - 63 40 42 90 HA, u-TCP, amorphous 

15 100 - 125 50 44 70 Same 
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which can lead to amorphization of structure, tem­
perature of the particle is just one of many factors. 
Velocity of the particle, which determines thick­
ness of lamellae, and a number of other factors are 
of a higher importance [ 16]. 

Based on the above analysis, one should note 
the following peculiarities of microplasma spray­
ing , which can affect composition of the coating 
produced by spraying of the HA powder: 

• working gas is pure argon; 
• powder particles are introduced to the plasma 

jet ahead of the anode spot (microplasmatron has 
an externally mounted anode); 

• velocity of the oxide particles is 20 - 2S m/ s 
(instead of 100 - 1 SO m/ s with traditional plas­
matrons); 

• ratio of the plasmatron power to the working 
gas (argon) flow rate is S - 20 (instead of O.S -
1.0 with traditional p l asmatrons). 

It means that heating of the particles occurs 
under conditions of the plasma jet with a low ther­
mal conductivity (argon), high temperatures of the 
plasma jet and a longer time during which the 
particles dwell in the heating zone. In this connec­
tion, it can be suggested that particles in their cross 
section have a smaller temperature difference, their 
upper layer has a lower degree of overheating and, 
as a result , this part of the particle material (HA) 
has a lower degree of dissociati on. A lower velocity 
of the particles leads to a lower probability of amor­
phization of the material. 

Therefore, the use of microplasma spraying of­
fers the possibility of controlling a composition of 
the bioceramic coating produced by spraying HA 
and achieving the optimal ratio of its components 
in terms of bioactivity . 

CONCLUSIONS 

1. Microplasma spray ing occurs under conditions 
of a laminar plasma jet and is characterized by a 
small size of the spraying spot ( 1 - S mm), low 
power of the plasmatron (1.0 - 2.S kW) and low 
noise level (30 - SO dB). 

2. In microplasma spraying of HA the spraying 
spot has an elliptical shape with a ratio of axes 
equal to 1.2S- 1.70. The profile of the sprayed 
hills is described by the Gaussian function . For 
coatings with thickness of 0.8 mm the k factor is 
O.S - 0.6. In the case of the spraying spot about 
3 mm in size, losses of the HA powder in application 
of coatings to small objects, e.g . dental endopros­
theses, areS- 1S %, which is caused by a geomet­
rical factor. 
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3. Structure of the microplasma bioceramic 
coatings consists of HA, a- and ~-tricalcium phos­
phate and an amorphous phase. The ratio of com­
ponents depends upon the process parameters, size 
of the particles, amperage and spraying distance. 

4. Peculiarities of microplasma spraying of bio­
ceramic coatings based on HA are associated with 
use of pure argon as the working gas, low velocity 
of the particles and a high ratio of the plasmatron 
power to the working gas flow rate, which reduces 
the probability of dissociation of HA and formation 
of the amorphous phase in the sprayed coating. 
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ABSTRACT 
Technology of producing combined components with permanent joints for the feeders of a basalt casting is 
developed. This technology makes it possible to use the wrought high-chromium alloys with higher operating 
characteristics . Plasma arc remelting of charge using a cold hearth is used for producing slab billets with a 
simultaneous melting-in of technological parts into it. The absence of welds and high quality of the remelted 
metal can increase the serviceability of the components. 

Key words: combined components, feeders, plasma arc 
remelting, heat-resistant alloy, permanent joints 

Combined components consisting of dissimilar me­
tals and alloys are used often in structures, as in 
many cases they can decrease the consumption of 
expensive materials, simplify technology of manu­
facture and improve the operating characteristics 
of the products. 

At present, welding, surfacing and casting are 
used mainly for producing the combined or bimetal 
components with permanent joints [ 1 - 5]. How­
ever, these methods do not always produce compo­
nents of the required quality due to presence of 
welds and transition layers, whose properties are 
differed usually from the parent metal, and also 
due to the formation of pores, cracks, slag inclu­
sions, shrinkage cavities, etc. 

At the E.O. Paton Electric Welding Institute 
the technology has been developed for producing 
billets for combined components using the method 
of a successive plasma-arc cold hearth remelting of 
charge with a simultaneous melting-in of techno­
logical parts into it. This technology can be used 
for manufacture of products made from bimetal and 
similar materials, including those of an intricate 
shape. This technology makes it possible to use the 
metallic waste both as charge materials and also 
as technological inserts. In addition, the assortment 
of metals and alloys used can be widened signifi­
cantly, especially when they are hard-to-deform or 
possess a poor weldability. Melting of billets of 
radiators from the waste of aluminium plates and 
also bimetal billets of cutting and agricultural 
tools, teeth of excavators, etc. may serve as exam­
ples of using this technology. 

One of the most challenging trends of applica­
tion of this technology is the manufacture of com­
bined heat-resistant feeders of a basalt casting. 
Strict requirements are specified to these products 
both as to the working characteristics of used heat­
resistant alloys, and also as to the defects . The 
feeders are operating in the range of 1250- 1350 oc 
temperatures at a simultaneous contact with an air 
and liquid basalt that requires the use of alloys 
with a higher heat resistance. Moreover, the pre­
heating of products is performed by 3000 - 3500 A 
current, therefore, the presence of even negligible 
defects can lead to their fracture. 

All-cast or welded feeders, used at present, do 
not always provide the required quality due to dif­
ficulties in their manufacture, formation of casting 
or welding defects and limited assortment of the 
heat-resistant alloys. 

To manufacture feeders by using plasma arc re­
melting, a copper water-cooled mould was designed 
and manufactured, which was mounted on a mobile 
carriage of existing installation OB-1957 (devel­
oped at the PWI). The installation consists of a 
melting chamber, inside of which a mobile carriage 
and groups of plasmatrons over it are located. The 
A-1458 type transformer in a set with A-1557 type 
rectifying unit were used to supply the plasmatrons 
PD-110. 

Figure 1 gives a schematic diagram of the equip­
ment and process of producing a feeder which rep­
resents a flat working plate (later, the grooves are 
made in it) with brazed-in fastening plates and 
current collectors. First, the current collectors 2 
and fastening plates 3, made from 10Kh18N9T 
(AISI 304) stainless steel, are placed to a copper 
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Figure 1. Schematic diagram of producing combined feeder 
using the method of plasma arc remelting (see designations in 
text) 

mould 1 and then a layer of heat-resistant charge 
4 is poured. Then, the carriage with the mould is 
mounted under a plasmatron 5, the evacuated 
chamber is filled with argon and the charge is 
melted by transverse oscillations of the plasmatron 
arc. Amplitude Aa is selected in such a way that to 
provide a necessary width of the feeder working 
plate. 

At the beginning of the process in one of extreme 
positions of the plasmatron, for example, I (Fi­
gure 1), a molten pool over the entire width of the 
charge layer is set and subjected to holding during 

Figure 2. Macrosections of heat-resistant plate with melted-in 
current collector (a) and fastening plates (b) 
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several minutes , then it is moved to the opposite 
edge (III) until a complete melting of the charge. 
In addition, a partial melting of fastening plates 
and current collectors projecting from under the 
mould occurs. After solidification, all these parts 
are melted-in monolithically to the heat-resistant 
metal billet, as is shown in Figure 1 , view B- B. 

From the side of a copper mould the billet has 
a smooth surface and does not almost need addi­
tional treatment . Its top part is subjected to goug­
ing up to a preset thickness to provide a uniform 
section of the heat-resistant plate over the entire 
length. The resulting feeder (Figure 2) has a high 
serviceability due to absence of defects in the form 
of lack of penetration, slag inclusions, pores, 
cracks , etc. 

The described method of producing feeders does 
not require additional deformation of the melted 
billets, as it can control the orientation of crystals 
of alloys and their size depending on the chemical 
composition of the metal and technological factors 
of melting . This widens significantly the assort­
ment of used alloys (most heat-resistant alloys are 
difficult -to-deform). Here, as compared with cast 
feeders, an expensiw material is saved, as the cur­
rent col lectors and fasteners are made of a cheaper 
metal , but more suitable for this purpose. 

Within the scope of investigations a work on 
optimizing the chemical composition of the heat­
resistant a!lo~- ·..-as carr ied out. The preliminary 
investigat inns ; standard heat-resistant steels and 
alloys recmr~ended for heat-resistant feeders [6-
9] showed that Fe--Cr alloy with up to 35 % Cr 
possesses h!ghe'" characteristics both as to the scale 
resistance and <Lso to the resistance in the zone of 
contact with a :iquid basalt. 

The men;:icned alloy was selected as a basis for 
the furrher ic··estigation of effect of content of 
actiw allo~'i!!g elements in the alloy on the angle 
of "-e~in,g ~; samples with a liquid basalt that 
chara.:terizes ;:he high creep resistance of the feed­
ers . 

Samples of heat-res istant alloys with 35 % Cr 
and additio:aa~ alloying with Al, Zn, Ti and Si 
within 1 - 5 '1~ were melted in a copper water­
cooled ;nocld with hollows using the above-men­
tioned iils:allation OB-1957. The charge of a preset 
composi::ion was poured into the hollows and 
meli:ed ily the plasma arc. Before melting the cham­
ber "cs e\·acuated and filled with a shielding gas . 
The mel::ing was performed at the following con­
diri:as: a;-c current Ia = 500 A; arc voltage Ua = 
= -.C \'; speed of carriage movement at plasma arc 
h •. a:10a m·er the hollow v = 7 mm/ min, at move­
ment from hollow to hollow v = 40 mm / min. The 
samoles after mechanical treatment were tested at 
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Figure 3. Dependence of angle of wetting of Fe-Cr alloys (Fe ­
base, Cr - 35 %) with a basalt on the content of the following 
elements, wt.%: Si - 3 (1); Al - 5 (2); Si and Al by 1 (3) 
and by 3 (4) 

the I.N. Frantsevich Institute for Materials Science 
Problems. 

To measure the angle of wetting of the heat-re­
sistant alloy with a liquid basalt, a basalt tablet 
was placed on a clean surface of the sample and 
then the sample was heated in a laboratory furnace 
up to 1250- 1350 oc temperature. Each 25 oc the 
wetting angle of the samples, soaked at test tem­
perature for 30 min, was measured. As is seen from 
Figure 3, with an increase in test temperature the 
decrease in the angle of wetting of the alloy surface 
with a liquid basalt was observed in all the samples. 

The investigations showed that the content of 
aluminium and silicon has a main effect on the 
angle of wetting of samples with a liquid basalt. 
Moreover, the aluminium has a greater influence 
on this parameter than silicon. In addition, the 
optimum composition of the heat-resistant alloy 
was obtained at a combined alloying with these 
elements . It contains, wt.%: Cr - 35- 37; Al -
3 - 5; Si - 3 - 4. 

To perform full-scale tests, a batch of combined 
heat-resistant feeders of a basalt casting was pro­
duced. A heat-resistant alloy of the above-given 
Fe-based optimum composition served a material 
of their working zone. Current collectors and fas­
tening plates, which were melted-in into the billet, 
were made from stainless steel of 1 OKh 18N9T 

Figure 4. Appearance of feeder billet with melted-in current 
collector and fastening plates 

selected earlier, were used to produce the quality 
billet with permanent joints: I a = 800 - 850 A, 
Ua = 40- 45 V, v = 7.0- 7.5 mm/ min, the arc 
oscillation amplitude was Aa = 40 mm. 

To select the optimum design, the geometric 
sizes of the components of the feeders in billets 
were varied. The defects in permanent joints were 
not observed. After mechanical treatment the sam­
ples were transferred to the Research Laboratory 
of Basalt Fibres for the joint full-scale tests. 

The full-scale tests of the produced feeders 
were performed in gas furnace for the basalt mel­
ting. A jet of a liquid basalt, coming from a 
feeder, was expanded with a compressed air to 
produce fine staple basalt fibres [8]. Electrical 
heating was made from transformer TVK-75. 
Here, the operating temperature of the feeder 
was 1250 - 1350 oc, and the time of setting this 
temperature for a feeder was 1 h . During heating 
the temperature of feeders and basalt jet, time 
before fracture, place of fracture and also beha­
viour of the basalt jet were recorded. 

On the basis of tests the following geometric 
parameters of the feeders were selected (Figure 4): 

working zone, mm: 
length ..... ........................ . .. . ... . ...... 300 
width .................................. .. . .. . .... 55 
thickness _. _.... . . . . . . . . . . . . . . . . . . . . . . . 10 

thickness of current conductors, mm: 
not less than .... ---------------- --- -- 17 

The life of these feeders in the range of 1250 -
1350 oc is about 20 days, while that of welded and 
cast feeders does not exceed 15 days. 

The described technology of manufacture of 
heat-resistant feeders can be used also for producing 
other combined products with permanent joints, 
especially in case of application of non-wrought 

grade. During melting, the optimum conditions, alloys with a poor weldability. 
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CONCLUSIONS 

1. Technology of producing combined components 
with permanent joints using the method of a suc­
cessive plasma arc cold hearth remelting of charge 
with a simultaneous melting-in of technological 
parts into the billet produced has been developed. 

2. As a result of investigation of the effect of 
chemical composition of the heat-resistant alloys 
on an angle of wetting of their surfaces with a 
liquid basalt an optimum composition of the former 
was selected, including, wt.%: Cr - 35 - 37; 
AI - 3 - 5; Si - 3 - 4 and Fe - base. 

3. Full-scale tests of a batch of combined feeder 
manufactured using the developed technology 
showed that their life is about 20 days, while that 
of welded and cast feeders does not exceed 15 days. 
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PLASMA ARC TORCH WITH AI'\f OXIDE CATHODE 

V.I. LAKOMSKY 
The E.O. Paton Electric Welding Institute. ~.-\SC. K~iv, Chaine 

ABS1RACT 
The application of a powder oxide cathode instead of a rod r~en ca;:hode in metallurgical plasmatrons 
(arctrons) is considered. This simplifies design significant!~· and increa.-es the efficiency factor of the heating 
process. The arc discharge of the arctron is characterized b:· a well-io=ed ?;asma •flame!> of the cylindrical 
shape and rising volt-ampere characteristic. 

Key w or d s: electrical arc, arc plasmatrons, plasmatron 
nozzle, oxide cathode, arctron, design 

The present state-of-the-art of the plasma techno­
logy allows accomplishment of more than dozens 
of technological operations using the plasmatrons. 
First of all those operations should be noted, which 
refer to the metal processing, namely melting , 
welding, preparatory and machine-building cut­
ting , heating and melting of surface, surfacing, etc. 
In all these cases the transferred arc-type plasma­
trans are used, or plasmatrons with a remote-con­
trol arc, where the workpiece to be treated is a 
positive electrode of the electrical arc, if it concerns 
the DC plasmatrons. This makes it possible to in­
crease the heat efficiency factor of the arc device. 

Plasmatrons, which are usually used for the ac­
complishment of the above-mentioned operations 
represent themselves a classical design of a rod 
type. Here, a rod electrode, manufactured as a rule 
from alloyed tungsten and a water-cooled nozzle 
are arranged coaxially. A column of the electric 
arc is constricted with the help of the latter to 
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increase the re:nperature of the plasma gas and a 
haping ; tile gas plasma flow. To have a reliable 

operation o;' ::he nozzle, it should be cooled inten-
iwly by a running water. However, it <<carries 
out~ of up t:o 25 °o of the plasmatron power [1], 
that dec::-ea..--es :che heat efficiency factor of this de­
Yice as a ... o;Jxerter of the electrical energy into heat 
energ:·. 

The losses are high for cooling a nozzle in plas­
matrcns ;'o; rhe metal cutting. There were attempts 
to ma.~e che nozzle diameter as small as possible to 
increase the productivity of the plasma cutting and 
to il!lprove rhe cutting surface quality. But, as is 
hown iil (~]such procedure on increasing the tem­

perature c: the gas plasma cannot be limitless. The 
plasrr:.atron nozzle diameter dn is associated func­
tiona:.::: wirh electrical current of the arc I a. Value 
140 cat< be recognized as maximum (limited) ratio 
of 1::. d" ~in amperes per millimeter). Its exceeding 
leads ro rhe nozzle burning-out. 

la _general, the nozzle, the same as a cathode, 
can be cunsidered as worn-out parts of the plasma­
non thar. unfortunately, leads to the increase in 
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the service expenses for the fulfilment of the tech­
nological operations. 

Unlike the plasmatrons for cutting of metals, 
the nozzle in metallurgical plasma generators and 
also in fuel-arc torches [3] constricts not a column 
of the electric arc in principle, but a flow of the 
plasma gas inside of which an arc discharge is burn­
ing. In the above-mentioned gas-heating devices 
the geometric axes of the arc column and cylindri­
cally-shaped flow of the plasma gas are coincided 
to stabilize the burning of the arc discharge, to 
heat effectively the plasma gas and to decrease the 
heat flow which enters the nozzle from hot gases. 

In metallurgical plasmatrons the nozzle diame­
ter, as a rule, exceeds that of the rod cathode and 
the hot end of the latter is introduced usually into 
the nozzle channel. At the 6 - 10 mm diameter of 
the tungsten electrode the nozzle diameter is 8 -
12 mm, and the cathode deepening to the nozzle 
channel is several millimeters. Sometimes, the ca­
thode hot end is led out to the nozzle edge. Natu­
rally, in these cases the lower heat is consumed in 
the nozzle of the metallurgical plasmatron than in 
plasma cutting of metals in spite of higher values 
of the electric arc current . In this connection the 
service life of the nozzle of the metallurgical plas­
matron is increased and the linear rate of the gas 
plasma flow is decreased . Its <<flame1> has a less 
dynamic action on the metal melt, does not deform 
it, thus spreading smoothly over the metal pool 
mirror. 

So, in the rod-type plasmatrons, not depending 
on their purpose, the nozzle plays a role of the 
device for shaping the gas plasma flow coming from 
the nozzle. Moreover, this aim is attained by the 
action of both t he cold wall of the nozzle and also 
the cold gas flow on the arc column. 

As was proved [ 4], this effect can also be at­
tained not using the nozzle, but a powder oxide 
cathode which was developed as long ago as 1987. 
This cathode represents a copper water-cooled 
holder, whose blind hole has a pressed-in active 
powdered insert. This insert consists of powders of 
metals (zirconium or hafnium), chemical com­
pounds or alloys with elements of II A subgroup 
of the periodic system of elements and technological 
additions. The blind hole diameter and, respec­
tively, the diameter of the active insert (di) is rather 
high, i.e. from 3 to 5 mm. 

The first switching-on of the arc with a powder 
cathode should be made in oxygen-containing gas 
atmosphere. Here, the active insert is oxidized. An 
oxide emission film is formed at its surface which 
serves further as a liquid emitter of the cathode 
electron current . Further, the oxide cathode can 
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Figure 1. Electroarc discharge with a powder oxide cathode at 
Ia = 500 A, d, = 5 mm, la = 140 mm; in the right the USSR 
metal rouble of 31 mm diameter is given for comparison 

be used in burning of the electric arc both in air 
and also in any inert gas. 

Figure 1 shows an appearance of the electric-arc 
discharge in air between the oxide powder cathode 
and a copper anode having a form of a mirror of 
copper, melted by the same discharge in a large 
water-cooled crucible. The discharge shape, which 
is not typical of a freely burning arc, attracts at­
tention. In spite of a large interelectrode gap 
( 140 mm) it is cylindrical, the same as in the plas­
matron with a low degree of the arc constriction. 
Only near the cathode the arc column is constricted 
slightly, while near the anode it is widened. It was 
noted [5] that the diameter of the arc column de­
pends on the diameter of the active insert, i.e. with 
the increase in the latter it increases. From a rough 
estimation their ratio, depending on arc current, is 
equal to 2 - 3. 

The high self-stabilizing of the arc discharge 
observed is surprising. To provide the arc length 
la ~ 150 mm, neither nozzle, stabilizing gas flow, 
nor external longitudinal magnetic field are re­
quired. It was noted that the effect of self-stabi­
lizing of long arcs is clearly expressed coming from 
I a= 300 - 325 A. Evidently, this is due to a pinch­
effect. Moreover, the arc burning is noiseless that 
confirms the high stability of processes in its near­
cathode and near-anode regions. 

The burning of the arc discharge with a powder 
oxide cathode at a vertical location of the cathode 
over a horizontal anode occurs under the conditions 
of intensive flows of hot gases from the cathode to 
the anode, so-called cathode blow, whose I in ear 
rate can reach 102 m / s [61, and opposite rising 
convective, comparatively slower flows of the cold 
gas moving at the periphery of the arc column . The 
latter are heated, coming in contact first with a 
surface of the hot anode and then with flows of 
the cathode blow along the flow direction. 
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Figure 2. Static V AC of freely burning arcs with an oxide 
cathode (air): 1 - compact zirconium cathode, l. = 40 mm, 
di = 3 mm [1]; 2 - powdered cathode, I. = SO mm, di = 5 mm 

The above-described arc is characterized by a 
low gradient of the electrical voltage in the column. 
When burning in air it does not exceed 7 VI em 
that is by a half of order or order lower than that 
in the arc column of the rod electrodes with coat­
ings. There is no doubts, that this phenomenon is 
explained by a presence of easily-ionizing alkali­
earth elements in the arc column, which enter the 
arc atmosphere from an emission film. 

The most important feature of the arc with a 
powder oxide cathode is its rising volt-ampere char­
acteristic (V AC). Under the conditions of arc burn­
ing in air the derivative of voltage by current is 
1.25·10-2 VI A. As is known, none of the burning 
arcs with non-consumable electrodes possesses the 
rising V AC. The same arc with an oxide cathode, 
but with an insert from a compact zirconium, has 
a falling characteristic, as a tungsten arc in argon 
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(Figure 2). The arc with a powder oxide cathode 
has the same VAC at low arc currents (to 100 A) 
[5]. 

Figure 2, which presents VAC of the arc with 
a compact zirconium and powder oxide cathode can 
confirm a low gradient of the electrical voltage in 
the arc column with a powder oxide cathode. This 
is also testified by a comparison of voltages at two 
arcs using similar current, for example, 200 A. At 
the first arc of 40 mm length the voltage is 58 V, 
while at the second arc of 50 mm length it is 55 V. 

The powder oxide cathodes are peculiar by their 
heat efficiency factor which depends on their ser­
vice life. At the beginning of the new cathode ope­
ration, when the deepening of the cathode spot !lZ 
(Figure 3) is equal to zero, the efficiency factor is 
highest and reaches 95 %, while at the end of the 
service life when the deepening increases to 4.5 mm 
it is decreased to 85 %. 

A small amount of energy of the arc discharge 
is scattered at the emission film of the powder oxide 
cathode. Extrapolation of the diagram of depen­
dence of the power scattered at the cathode on 
deepening (Figure 4) to value !lZ = 0 shows that 
voltaic equivalent at the cathode is only 2 V. 

The depth of pressing-in of the powdered active 
insert is 5 mm, and its mass at diameter di = 5 mm 
is 0.5 g . The sen· ice life of the cat hode is determined 
as a quotient of diYision of this mass into a rate of 
the cathode corrosion. The latter is 2·1 o-s gl C for 
air conditions ar 650 A current under the stationary 
conditions. Such low rate of corrosion is observed 
only in unalloyed tungsten cathode in argon. At 
lower current and in argon it will be even lower 
for the oxide cathode. 

The long-time experience of use of oxide ca­
thodes during welding of metal with carbon mate­
rials in the air showed that under these conditions 
the erosion rate is increased. Evidently, this occurs 
due to eYolution of the carbon vapours of the 
highly-heated anode to the arc atmosphere, 

The distribution of a heat flow from the plasma 
flow and arc column in the heated metal-anode is 

W, I<W 

J 
21 
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Figure 4. Dependence of arc power dissipating on a powder 
oxide cathode on cathode spot deepening (I. = 650 A, u. = 
= .. {0 \".air) 
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Technical characteristics of dimensional series of arctrons 

Characteristics of arctmus D-1 D-2 D-3 D -4 

Operating current, A 20 - 120 120- 350 250-600 250 - 750 

Pressure of cooling water, MPa 0.2 0.3 0.3 0.3 

Consumption of cooling water, m3 / h 0.05 0.30 0.60 0.60 

Consumption of argon (if necessary), m3/ h 0.2-0.3 0.6-0.8 0.6-0.8 

Service life of cathode h 8 - 10 4-8 4-6 4-6 

also unusual. In the powder oxide cathode the di­
ameter of the cathode spot is rather large. i.e. 1.3-
1.8 mm at di = 4 mm and Ia = 450- 750 A, and, 
respectively, 1.8- 2.5 mm at di = 5 mm and Ia = 
= 450 - 850 A. As the coefficient of concentration 
of the electron flow to the anode is low (from 
8.4·10-3 to 16·10-3 mm-2), then the diameter of the 
anode spot reaches high values, i.e . 27 - 39 mm. 
This makes the above-described arc suitable, as 
compared with other arc heat sources, for surfacing 
works and surface heating of the metal components . 
If also to add that during the heat transfer from 
the arc with powder oxide cathode 75 % of heat is 
transferred to the anode by a convective heat trans­
fer, then it will become clear how the arc considered 
can be a «sofb heat source. Such a high share of 
convective transfer to the anode is observed only 
in metallurgical plasmatrons, but they require the 
argon supply for operation, while in our case it is 
sufficient to fill the chamber once with a gas and 
the arc heater with a powder oxide cathode will 
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provide the conditions of heating which are similar 
to those of the metallurgical plasmatron. 

The arc with a powder oxide cathode is also 
differed from other arc heat sources by a maximum 
density of the heat flow to the anode observed in 
the center of the heating spot. It is usually 22 -
24 W /mm2 and does not exceed 40 W /mm2 at 
most intensive conditions of the arc operation. It 
means that during metal heating by such arc the 
molten metal in the center of the heat spot is not 
overheated greatly and does not cause the selective 
evaporation of low-boiling alloying elements of al­
loys and corresponding changing in the chemical 
composition. By the level of density of the heat 
flow to the anode the arc with a powder oxide 
cathode is between the tungsten arc in argon and 
acetylene-oxygen flame . 

The powder oxide cathodes became the basis 
for the designing the machine and manual arc 
torches. The latest found the widest spread and 

Figure 5. Appearance of arctrons D-2 (a), D-3 (b) and 
D-4 (c) 
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were named arctrons. A dimensional series of these 
torches was developed (Table). 

The arctron D-1 is recommended for welding 
thin-sheet structures from low-alloyed and stainless 
steels, cladding of wear-resistant alloys in repair 
of expensive cutting tools. Due to a negligible di­
lution of the wear-resistant alloy with a parent 
metal, the required properties can be produced even 
in the first layer. 

The arctron D-2 (Figure 5, a) is designed for 
surfacing and welding jobs, but its highest effect 
is pronounced in argon-arc treatment of the bounda­
ries of the welds of butt and fillet joints . It can be 
used instead of argon-arc torches with a tungsten 
electrodes. The application of this arctron makes 
it possible to obtain the smooth transition from 
weld to the parent metal without manipulation of 
a torch. The productivity of the welder's labour is 
increased, as there is no need for him to spend time 
for the tungsten electrode sharpening. 

The arctron D-3 (Figure 5, b) is used for melting 
out of a cavitation-damaged metal of hydroturbine 
blades during their repair instead of using the air­
arc cutter with a carbon electrode. Moreover, it is 
possible to avoid the carburization of the metal 
treated, to eliminate the next cleaning of the cut­
ting zone with manual grinders and to improve the 
sanitary-hygienic conditions of labour at the work 
site. This arctron is also used for compacting the 
scrap of noble metals, thus reducing drastically the 
technological cycle of producing the high-quality 
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ingot and decreasing the unreturnable losses of the 
noble metals. 

The arctron-4 (Figure 5, c) is the universal arc 
heater of current-conducting materials. It is used 
for a preliminary or auxiliary heating in copper 
welding, in surface heat treatment and separating 
cutting of metal components. This arctron found 
its widest spread for welding of different carbon 
materials with metals in air to produce welded mul­
tiamperage contacts in units of the non -ferrous elec­
trometallurgy that made them well-known in such 
countries, as Australia, Great Britain, Italy, the 
USA and Israel. 

All the types of the arctrons are supplied from 
serially-produced rectifiers with a falling or steeply 
falling characteristics . 
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MODIFICATION OF PVR-402UKhL4 INDUSTRIAL 
PLASMATRON FOR SPRAYING OF WEAR-RESISTANT 

COATINGS IN A GAS-AIR PLASMA 

A.V. KALASHNIKOV1 and V.N. KORZH2 

1State Technical University, Poltava, Ukraine 
2National Technical University «KPh, Kyiv, Ukraine 

ABSTRACT 
The feasibility of updating the series-produced air-plasma cutting plasmatrons for their application in plasma 
spraying of powdered materials is shown. Method of optimizing of geometric sizes of a channel of nozzle and 
anode to achieve optimum values of the material utilization factor is given. 

K e y w or d s: plasmatron, gas-air plasma, thermal spray­
ing 

Plasmatrons are the main elements of equipment 
for the plasma spraying and cutting. Special plas­
matrons for spraying have been developed and 
widely spread. For coating deposition , the series­
produced plasmatrons for air-oxygen cutting can 
also be used after a certain modification. 

To spray coatings of refractory powdered ma­
terials the series-produced PVR-402UKhlA plas­
matron was subjected to modification. This plas­
matron is used in the APR-402 type installation 
for a mechanized air-plasma cutting of ferrous ma­
terials, aluminium and its alloys of up to 130 mm 
thickness, and also copper and its alloys of up to 
100 mm thickness. 

Devices of the above-mentioned type have a 
water cooling with 0.007 dm3 /s water consump­
tion, 400 A rated operating current, 1 00 % duty 
cycle, 380/ 180 V open-circuit voltage, 200 / 120 V 
operating voltage, 1.2- 2.8 dm 3 / s air consump­
tion at 0.13-0.60 MPa pressure [1]. 

Modification of the plasmatron was aimed at 
its adaptation for deposition of the wear-resistant 
coating on cylinder surface by spraying the powder 
of aluminium oxide Ab03 with 80- 120 J.Lm size 
of particles. 

The principle of the plasmatron modification 
was reduced to the design of a nozzle and preserving 
the service life of the cathode during action of 
plasma and combustion products of propane-butane 
mixture on it. For this purpose, a standard elec­
trode-nozzle set of the ESP-01 type, completed ad­
ditionally with a water-cooled anode of copper M1, 
was used . 
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The experience of service of the plasmatrons 
completed with the EP-01 type cathode for the 
air-plasma cutting which is included into the ESP-
01 set [ 1 - 3] shows that during operation in the 
gas-air mixtures at 0.10-0.15 MPa pressure the 
life of a hot cathode with a hafnium or zirconium 
insert without using special measures is decreased 
on average by 20 - 30 % as compared with that 
during its operation in air atmosphere. To protect 
a hot cathode from damage, caused by products of 
combustion of hydrocarbon gases, a nozzle from a 
standard ESP-01 set was used as a metal interelec­
trode insert. Here, the supply of air at 0.25 MPa 
pressure and consumption Gair = 1 m3 / h (between 

Figure 1. Schematic diagram of plasmatron with a metal in­
terelectrode insert (see designations in text) 
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Figure 2. Appearance of the designed plasmatron and its com­
ponents 

a hot cathode and insert) and a gas-air mixture 
with consumption Gg = 1.8 m3 / h, and also excess 
of air a= 0.9 (between anode and insert) made it 
possible to preserve the thermal resistance of the 
cathode at an earlier level. 

Figure 1 gives a diagram of the updated plas­
matron. It consists of a cathode 1 (EP-01 type) , 
interelectrode insert 2 (nozzle from ESP-01 set) 
and water-cooled anode 3. 

In designing of the nozzle-anode, the recom­
mendations [2 - 8] were used taking into account 
the main parameters of the plasmatron operation 
conditions. Geometric sizes of the nozzle-anode 
channel were selected for its possible operation un­
der subsonic and supersonic conditions. This is at­
tained by a ratio of a nozzle length Ln and its 
diameter dn [ 6, 8], equal to unity . The ratio of the 
rest geometric sizes was selected in accordance with 
recommendations described in [5]. 

Appearance of the updated plasmatron and its 
components is shown in Figure 2, and its volt-am­
pere characteristic is given in Figure 3. 

It was established during optimizing the spray­
ing parameters that the minimum wear of the coat­
ing of the cylinder sprayed surface, which is equal 
to U = 28 mg/ h, is observed at current I = 250 A, 
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Levels of factors varying 

Diameter of channel Diameter of shoulder Depth of shoulder, 
dch• mm ( x 1) d,h, mm (x2) L,h , mm (x3) 

6.00 8.00 7.00 

8.00 10.00 10.00 

6.58 8.23 8.23 

5.42 7.77 5.77 

4.00 6.00 4.00 

consumption of plasma gas Gg = 1.8 m3 / h and 
powder GP = 0. 8 kg / h, distance of spraying Ld = 
= 85 mm. 

Shape and characteristics of the plasma jet as 
wel l as a shape of the flow of heated particles of 
the material sprayed depend great ly on the geo­
metric sizes of the nozzle-anode channel and influ­
ence such technological characteristic as a metal 
utilization factor ( ~ICF). In this connection, MUF 
is t aken as a parameter of optimizing (function of 
response Y) for funher optimizing the geometric 
parameters of the nozzle-anode channel. 

To schedule the experiment a central orthogonal 
plan of the second order was used [9]. 

;\umber of experiments in the schedule was de­
termined as _y = 2k - P • 2k + 1, where k, p are the 
number oi factt.:s and generators of the schedule. 
At k = 3 and p = 0 we obtain N = 15. Minimum 
number of repetitions y is 3, and a total number of 
experiments !s -15. 

The iollon·ing parameters were taken as factors 
of varying: IS:.. is the depth of shoulder, dsh is the 
boulder diaineter. dch is the diameter of the anode 

channel. 
The ·-a.~·ing levels of factors are given in Table. 
Resu~:s of im·estigations according to the sche­

dule c; experiment were processed in the computer 
using applied and specially-developed programs. 
The coefficients of regression were determined and 
the model of the process in the form of a second­
degree polynomial was obtained: 

;_- = 6!.81 + 0.1x1 - 0.0102x2- 0.327x3 + 

- 0.6!6r~ + 0.101x~ + 0.289x§ + 0.216x1x2 + 

+ 0.343XjX3 - 2.26x2X3. 
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Moreover, 75 % MUF is provided for the above­
mentioned spraying parameters. 

After transition from coded values a calculation CONCLUSIONS 
formula in a real system of coordinates was ob-
tained: 

[dh-~J y = 64.52 + 0.616 c y 2 
-

[dh -~j[L h-~j 
-2.26 

5

~ 
5

~ . 

After simplifications, the final mathematical 
model for determination of MUF, %, for the up­
dated plasmatron has a form 

2 MUF = 49.25 - 0.15dch + 1.85dch - 0.38dshLsh + 

+ 2.64dsh + 3.01Lsh· 

The obtained relationship was analyzed in com­
puter for a maximum MUF value depending on 
geometric sizes of the pi as matron anode (Figure 1). 
It was established that the optimum diameter of 
the channel is dch = 6.0 mm at the diameter of 
shoulder dsh = 7.92 mm and its depth Lsh = 7.0 mm. 

12/2000 

1. Coatings of powdered materials can be sprayed 
using series-produced plasmatrons of the PVR-
402UKhL4 type for plasma cutting after their 
modification which consists of the design of the 
anode nozzle. 

2. The offered calculation procedure makes it 
possible to optimize the geometric sizes of the noz­
zle-anode channel to attain the acceptable values 
of MUF. 
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4PLASMATRON~COMPANY 

IS 10 YEARS OLD 
The Research-and-Production small -business state-owned Company «Plasmatron~ founded by the E.O. 
Paton Electric Welding Institute on the base of its R&D and design division, a traditional developer 
of equipment for air-plasma cutting (APC), is an independent self-supporting entity incorporated into 
the Scientific-and-Technical Complex <<The E.O. Paton Electric Welding Institute~. 

In January 2001 «Plasmatron>> will celebrate its tenth anniversary, carrying on the renowned traditions 
of its predecessor. The primary object the Company, being small in number, which it has set itself since 
the very first days of its existence, is development and implementation of new ideas developed from 
R&D in the field of APC. During the elapsed period the Company has deYeloped a new generation of 
the APC machines (Duplex-1, Duplex-2, Kyiv-5 and Kyiv-8U) and arranged in its premises their 
fabrication within the scopes that meet demand of the national market for such machines. 

Production facilities of the Company include several modest-sized workshops: for machining, welding 
and electrical assembly, where engineers (electrical, production and design) work in close collaboration 
with operators (turners, fitters and assembly electricians). 

Thinking about its future, this year the Company has increased its staff by hiring a group of young 
specialists - graduates of the National Technical University of Ukraine «KyiY Polytechnical Institute1>. 
The young specialists are trained following the program of engineering and scientific specialization in 
the field of plasma technology. 

Normal functioning of the Company under current conditions is made possible owing to its flexible 
organizational structure, where specialists involved in assembly, setting up and testing of the machines 
can spend part of their working hours for research and development. 

In view of a relatively low buying capacity of the national customers. the Company has developed such 
activities as repair and upgrading of the existing fleet of the APC machines . delivery of spares for them 
(plasmatrons and replacement parts - cathodes, nozzles) and rendering tech nology services on metal 
cutting, etc. 

Along with organization of the technology design and production actiYities , the «Plasmatron1> managers 
are responsible for supply of materials and machinery for production purposes and marketing of finished 
products. The present territorial isolation results in an extra load on the managers - public services 
and utilities (electric and heat supply, repair of premises , security. etc.). 

Owing to its production business, this mini-integrated enterprise is in a position to continue R&D in 
its sphere of activity, based on the principle of complete self-repayment. In our opinion, this form of 
organization in the field of applied research is, if not the best, but absolutely justifiable under the 
present-day conditions. Practice has proved substantial benefits of such a mini-integrated enterprise: 
it is capable of mastering manufacture of new products within the shortest possible terms (1 .5 - 2. 0 
months) and expeditiously making amendments in flow diagrams and designs of products to meet 
Customer's requirements. 

In its striving for entering the foreign market, the Company continues working hard to ensure further 
increase in the technical level of its products, their reliability , quality and exterior design. 

«Plasmatrom maintains scientific relations with the departments of the PWI engaged in similar research 
fields and identifies the most important areas for its scientific activity at technical meetings with 
Prof. B.E. Paton, Director of the Institute. 

Despite a low level of wages and salaries of the staff and shortage of a working capital for development, 
improvement of public services and utilities at working areas , the advanced scientific-and-technical 
orientation of «Plasmatron1> raises assurance in its future. 

Developments of the Company are shown in cover page 2. 
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PLASMA TECHNOLOGIES 

PORTABLE MEGNETOCOPYING HINGE-TYPE 
MACHINE ~CONTUR-500~ FOR PLASMA CUTTING 

OF SHEET ROLLED METAL 

F.G. CHULYUKOV, Yu.P. MODIN, V.I. DRYGANT, Yu.N. VORONKOV and A.P. MALCHENKO 
OJSC ANITIM, Barnaul , Russia 

ABSTRACT 
The hinge-type machine for plasma cutting of the sheet rolled stock using a magnetocopying method of forming 
the ?ontour of the component bemg cut 1s descnbed . This machine is equipped with a device for a working gap 
tracmg that prov1des its stabilization with an accuracy of± 0.2 mm at cutting speeds up to 2500 mm / min . A 
k1t of tools and components is also developed for the modification of the series-produced machines of the <<Ogonyok>-> 
type for a thermal cutting. 

K e y w or d s: plasma cutting, magnetocopying machine, 
sheet rolled stock, technical characteristics 

The manufacture of the machine ~contur-500>> in 
a mobile performance for plasma cutting of sheet 
rolled stock of small geometric sizes was developed 
and mastered . The machine is manufactured on 
ball -bearing supports to have a feasibility of mo­
ving along the sheet being laid-out and fixation in 
the zone of the layout. Its transfer during sheet 
changing is performed by a hoisting device or manu­
ally . The plasma cutting machine on the wheeled 
supports is moved within the range of the cable 
length . 

The demand for this type of machines was evi­
dent long ago. Their manufacture was organized 
abroad by such known companies as <<Koike Sanso 
Kogyo>-> (Japan), ESAB (Sweden), etc. These ma­
chines found wide spread in shipbuilding, power 
machine-building, and also in fabrication of diffe­
rent metal structures. 

These machines are of a special importance for 
enterprises where there are no specially-equipped 
shops or sections of the preparatory manufacturing. 

The delivery set includes a hinge-type machine 
proper, a unit of control and stabilizing and a 
plasma cutting unit . In addition, there is a remote 
control panel with a 6 m cable. The hinge-type 
machine is manufactured by the known scheme with 
a magnetocopying head which provides a contour 
of the component by an equidistant tracing around 
a path with a rotating magnetic finger. The mag­
netic flux, unlike the machine of the ~ogonyok>-> 
type, is generated with the help of a disc-type cir­
cular constant magnet. To intensify the engagement 
of the finger with a magnet the magnetic discs are 
arranged along the edge of the working contour. 

Transition from the internal working contour to 
the external contour is performed at a lowered mag­
netic finger. The templates are fastened at a special 
traverse with the help of movable supports. Tra­
verse is mounted on a rack and fixed to it by clamps. 
The rack is also fixed to a base by clamps. 

To widen the functional capabilities of the 
equipment and to improve the quality of cutting 
the machine is completed with a so-called automatic 
device for cutting-in and stabilization of the ~plas­
matron-workpiece» working gap. Stabilization is 
made according to the diagram with a variable-ca­
pacitance transducer. The mechanism of stabiliza­
tion provides a vertical travel of plasmatron for 
40 mm. Error in tracing of the set working gap is 
± 0.2 mm at 2500 mm/min cutting speed . In ad­
dition, the mechanism provides so-called a high-al­
titude ignition, i.e . breakdown of the sheet with 
an operating arc at a some lifting equal to a 2 -
3-fold working gap that provides a direct cutting-in 
at a thickness of more than 20 mm without splash­
ing and damage of the plasmatron with metal 
splashes . The cycle of cutting-in consists of a plas­
matron setting into initial position in height of the 
arc switching on, hanging over the sheet, setting 
for a working gap and starting the movement along 
the contour. The cycle parameters are set by the 
operator from the control panel and realized auto­
matically in accordance with an algorithm of con­
trol. The minimum thickness of the sheet is regu­
lated by its load-carrying capacity as to the rigidity 
and equal to 2 - 3 mm. 

The machine (Figure 1) is completed with a 
plasma cutting machine of the ~Plasma-K152» type 
( OJSC ANITIM). It has all necessary (for control) 
external signals of exchange that makes it possible 
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Figure 1. General view of machine <<Contur-500•> 

to use it in combination with programmed gantry­
type machines. Range of the operating current is 
from 40 to 120 A with a smooth adjustment. The 
machine is completed with air-cooled plasma cut­
ters of an European manufacture. Delivery set can 
also include a manual cutter, that makes it possible 
to organize the station of the manual layout. 

Technical characteristics 
Largest sizes of parts being cut out, mm: 

linear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 900x290 
circular . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 500 

Thickness of sheet used, mm . . . . . . . . . . . . . . 3 - 25 
Error in cutting, mm .. ............ . . . . . . . ± 0.5 
Speed of cutter movement, mm/ min ....... 100- 2500 
Mass, kg: 

without plasma power source ...... . . .... 120 
with plasma power source . . . . . . . . . . . . . 240 

The machine is easily transformed into a sta­
tionary device for the layout of the rolled stock 
according to preliminary cut-out maps. In addition, 
it can be included into a composition of the inte­
grated object-installation, production line and 
complexes. It is possible to update the old machines 

80 

Figure 2. Mechanism for a welding gap stabilization 

of ~Ogonyob type by mounting a special set, 
which will include special components and units 
from the machine •Comur-500~ , a module of the 
automatic device of cutting-in and stabilization 
(Figure 2) , a control unit and a plasma cutting 
equipment. After mounting this set of units the 
machine will be capable to lay-out the sheet rolled 
stock of thickness from 2 to 25 mm at working 
speeds from 100 to 2500 mm/ min at a stabilized 
working gap along the contour of the component 
being cut out. 
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PLASMA TECHNOLOGIES 

MODERN RUSSIAN LOW-POWER EQUIPMENT 
FOR AIR-PLASMA CUTTING 

R.G. LITVIN 
JSC <!Spetselektromash», St . ~Petersburg, Russia 

ABSTRACT 

Peculiarities of low-power equipment for air-plasma cutting, imported to Russia at the first half of the 1990s, 
are considered . Specialized equipment for the air-plasma cutting designed and manufactured now at the JSC 
<~Spetselektromash'> is described. 

Key words: air-plasma cutting, low-power equipment, 
characteristics, cutting automation, plasmatron 

Technology of the air-plasma cutting has signifi­
cant advantages as compared with a widely-used 
oxygen cutting. First of all, it is higher cutting 
rate (especially at metal thickness of up to 20 -
30 mm) and feasibility to perform cutting of ferrous 
and non-ferrous metals and also alloys using the 
same equipment without its resetting. In addition, 
during the air-plasma cutting the thin metal is not 
subjected to distortion and the cleanness of a cut 
makes it possible to perform welding of prefabri­
cations without mechanical treatment. The cutting 
of non -ferrous metals and high-alloyed steels, 
which cannot be cut by the oxygen cutting, is most 
effective . 

The changed economy in the states of the former 
USSR, a rapid process of decentralizing, which 
divided the metal working fabrication into smaller 
entities required creation of relatively small-sized 
and cheap plasma cutting machines which could 
treat metal prefabrications (plates and sheets) of 
thickness from 1.0- i.S up to 20- 40 mm and be 
simple in service and repair. 

The creation of equipment, which meets these 
requirements, was delayed to a great extent by the 
absence of series-produced plasmatrons capable to 
operate at a compressed atmospheric air and SO -
1SO A operating current, and, what is most impor­
tant, to be characterized by a compactness and qua­
lity. At high temperature and rate of plasma flow, 
even small mismatches in sizes of the plasmatron 
components, their roughness and misalignment 
lead either to an increased consumption of change­
able elements or to an increase in time of prepara­
tory operations, thus reducing the cutting effi­
ciency and increasing the cost. 

Due to some objective circumstances a new class 
of equipment has appeared, i.e. low-power air-

© R.G. LITVIN, 2000 

plasma cutting machines. Until the middle of the 
1990s almost all similar machines were imported, 
in particular, Air Plasma 40-90 (~Ozas1>, Poland), 
Superplasma 90/ 3, 120/ 3 ( ~Telwin1>, Italy), 
Plasma Prof 92, 122 (~Cebora1>, Italy). 

At present the imported low-power plasma ma­
chines begin to be replaced by the equipment, de­
signed and series-produced both at well-known fac­
tories ( ~Selma1>, Simferopol; ~Electric1>, St.-Pe­
tersburg) and also at the new enterprises 
( ~ Tekhnotron>>, Cheboksary; ~Spetselektromash1>, 
St.-Petersburg). These three-phase units, as a rule, 
are characterized by a small mass (up to 130-
140 kg) and dimensions (comparable with dimen­
sions of the TDM-401 type transformer). Plasma­
trans of foreign manufacture (German or Italian) 
are used as a working organ. 

The application of modern plasma torches at 
small output currents (about 30 - 140 A) made it 
possible to cut the ferrous steel of up to SO mm 
thickness (stainless steel - up to 40 mm, and alu­
minium - up to 30 mm, respectively) at a high 
speed and quality. 

In principle, these machines are designed by a 
classical scheme and consist of five basic subassem­
blies: electrical power part, control system, pneu­
matic equipment, oscillator and plasmatron. 

The electrical power part consists of a three­
phase transformer (whose windings have signifi­
cant fields of scattering), connected to a three­
phase rectifier, which is assembled by a bridge con­
nection. The primary and secondary windings are 
most often have a star connection. Sometimes, they 
have a delta connection (for example, units of Su­
perplasma 60 / 3, 90 / 3, 120/ 3 type of Italian com­
pany ~Tel win>>). The external characteristic of the 
power source is steeply falling. 

Under the no-load conditions the voltage at the 
rectifier terminals is 200- 300 V. The voltage in 
the operating point is determined to a greater extent 
by inner geometric parameters of the working 
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chamber of the plasmatron and depends on the arc 
length. This voltage is 125- 150 V for the plas­
matrons of type A.90, A.140 (~Trafimeb>, Italy), 
HP 150 (~Telwinl>, Italy), R90, R120 (~Ceboral>, 
Italy), Smoothcut 140 (~Hobart», USA). 

To ensure the required quality of cut and rate, 
convenient for a cutting operator, the updated ma­
chines of low-power air-plasma cutting have several 
current conditions (2 - 3, as a rule) which provide 
a step adjustment (rarely, a smooth electronic ad­
justment). 

The control system provides an interaction of 
all the elements of the air-plasma cutting machine 
according to a preset cycle (very similar to a cycle 
of operation of the control system of the argon-arc 
welding machine), and also the indication of the 
conditions. 

The oscillator is a special device required for a 
contactless ignition of a pilot arc and consists, as 
a rule, of two parts, namely a generator and a 
high-frequency transformer. 

A compressed atmospheric air, supplied to the 
machine, takes part in the process of a plasma form­
ing, and also cools the elements of the plasmatron 
working chamber. The air-plasma cutting machines 
contain a necessary system of pneumatic devices 
for preparation and control of the compressed air, 
including usually a flow meter, oil and moisture 
separator, regulator, pressure relay, pneumatic dis­
tributors and reducing valve. To provide the high­
quality compressed air at its sufficiently high con­
sumption ( 120- 220 ]/min at 0.4- 0.6 MPa) is 
one of the main tasks (if not most important) during 
service of the low-power plasma-cutting machines, 
because the life of cathodes and nozzles, stability 
of arc ignition, rate an<;l cut quality depend directly 
on it . The supplied air should be pure, without 
moisture and oil. Its feeding should be uniform 
without pulsations. For the air purification the fil­
ters (oil and moisture separators) and coolers with 
steam traps are used, while for smoothing pulsa­
tions the receivers (for 100 - 1 SO l usually) 
mounted near the station and regulators, are used. 

82 ------
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During development, manufacture and purchas­
ing of the air-plasma cutting machine a selection 
of the type of the plasmatron taking into account 
the design peculiarities of technology of manufac­
ture and reliability of its changeable elements is of 
a special importance. The latter defines the ex­
penses for service of the air-plasma cutting station. 

All the plasmatrons of the foreign production 
which are used in the low-power units are provided 
with an air cooling. 

The main elements of the plasmatron (Figure 1) 
are as follows: cathode 1 \Yith a hafnium insert, a 
ceramic diffusor 2 (pro,·iding an air flow twist), 
nozzle 3 with a sized hole ( 1.0 - 1.9 mm diameter), 
insulating packing 4, head pan 5 and cable-flexible 
pack 6 with a handle 7 of an ergonomic shape. 

For cheap portable machines oi up to 60 A ope­
rating current there are plasmatrons in which one 
of electrodes (cathode or nozzle) is mobile, thus 
giving a feasibili ty to excite the arc by a contact. 
Here, the power source does not include an osci­
llator. 

JSC ~spetselekuomash• designs and manufac­
tures different V\·elding !mY-power machines (up to 
250 A), including also two models of the air-plasma 
cutting machines oi the GPR-007 and UPR-907M 
types. 

The UPR-007 type unit represents a cheap por­
table single-phase machine of a simple and reliable 
design, which is intended for a manual air-plasma 
cutting of small thicknesses . Having about 27 kg 
mass, this machine can perform cutting of low-car­
bon steel of up to 7 mm, aluminium - up to S mm. 
The use of the PSB 32S plasmatron ( ~ Binzeb, 
Germany) in the machine eliminated the use of an 
oscillator and increased significantly the reliability 
of all the machine. The duty cycle is 25 % at a 
S-minute cycle. that is quite sufficient for the ful­
fillment of works in repair of bodies at the auto­
service workshops, mounting of ventilation skips 
or manufacture of metal doors. 

The UPR-907M type machine (Figure 2) was 
designed taking into account the requirements 
specified to the industrial equipment and intended 
for cutting of small and medium thicknesses used 
in machine-building and fabrication of metal struc­
tures (low-carbon steel - up to 35 mm, alu­
minium - up to 25 mm). Three-phase power 
source has 11 S kg mass and pivoted wheel supports 
for convenient movement. To perform cutting in 
the manual condition the machine is completed 
with the plasmatron A.90 ( ~Trafimeb>, Italy), and 
in case of use of the gas cutting machines an auto­
matic plasmatron R90 ( ~ceboral>, Italy) and are­
mote control panel are delivered . These plasma­
trans provide the high-efficiency ( 10 mm low-car-
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bon steel is cut at 140 em/ min rate) and quality 
cutting (cut width is not more than 2- 3 mm). 

The presence of a three-step current regulator 
of cutting, oscillator and condition of a «sofb> ig­
nition of a pilot arc makes it possible not only to 
select an optimum rate of cutting of different thick­
nesses, but also to reduce the wear of cathodes and 
nozzles . 

Both models of the machines are equipped with 
equipment of a compressed air preparation, a con­
venient light indication of the conditions and a 
system of blackings, which prevent accidental com­
ing out of order. 

To make the operator's labour most effective, 
it is necessary to manufacture a special layout table 
equipped with a local illumination and a lower vent 
of a sufficient capacity. The layout table which 
presents itself a frame of a rectangular shape is 
made of a steel section angle . The upper table plane 
is open . It has fasteners for mounting of transverse 
changeable knives at a 100 - 1 SO mm pitch. 
Changeable knives are made from steel (or alu­
minium) strip of S - 10 mm thickness, the upper 
edge of the changeable knives is chamfered. 

If it is necessary to cut parts of a simple shape 
and the requirements to the quality are not too 
high, then a stack cutting can be used. The metal 
sheets are assembled into a packet and tied with 
cramps . The total thickness should not be more 
than 75 % of the cut metal limiting thickness, in­
dicated in the machine certificate. 

At a large volume of similar prefabrications, it 
is rational to mechanize the cutting process . The 
mechanized cutting, as compared with the manual 
cutting, eliminates the operation of marking-out, 
decreases tolerances and, moreover , the higher ef­
ficiency, and the mostly important, the uniform 
rate of cutting is provided, thus having a positive 
effect on the quality of prefabrications . 

It is possible to automate the process of the 
air-plasma cutting more easily with the help of 
hinge-type machines for the mechanized gas cutting 
(ASSh-2, «Ogonyoh , etc.). These machines are 
designed for cutting prefabrications of relatively 
small dimensions . They occupy a minimum working 
area. They are simple in operation and do not re-
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quire large expenses for service. A system of a con­
toured control is based on a magnetic guide block 
manufactured from 6 - 8 mm steel sheet in the scale 
1:1. 

The modification of machines is reduced to dis­
mantling of gas sleeves and negligible changing in 
a holder of torches in such a way that to replace 
an oxygen-acetylene torch by a plasmatron of the 
so-called automatic (or pencil) type. The machine 
is switched on by an operator from the remote con­
trol panel, the rate of movement can be controlled 
smoothly. 

In general, the rate of the plasmatron movement 
influences greatly on the cut quality . At the proper 
rate the cut is smooth, narrow (width is not more 
than a doubled diameter of the nozzle) and without 
«flay marks~; cut edges are without roundings; 
edge surfaces are smooth or with small grooves 
directed almost vertical. The flash is removed easily 
from the lower edge of the cut by nipping pliers 
or a hammer. This quality can be provided for cut­
ting metal up to the thickness equal to 75 - 85 % 
of the limiting value . 
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