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Summary:

Plasma is an electrically conductive gas containing ions,
electrons and neutral molecules. This state of matter is created by an
electrical discharge and can be maintained at steady state by
introducing alternating or direct current. The paper describes the
structure of plasma, the thermodynamic characteristics and a method
of creating plasma that allow the application of plasma as a source of
energy for plasma spray processes. In general, all existing materials
in a form of powder may be deposited by plasma coating on the
surfaces of various materials. At high temperatures, powder material
particles are introduced into a conductive plasma gas, melting and
accelerating to the substrate to form coatings. The wide use of
plasma spray coatings in all industrial areas is of particular
importance, because different combinations of surface layers can
significantly increase the resistance of machine parts to: wear,
abrasion, erosion, cavitation, corrosion and fatigue resistance at low
and elevated temperatures with increased resource and reliability of
the parts in service.
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Introduction

Plasma is an electrically conductive gas consisting of ions, electrons
and neutral molecules. The state and structure of plasma have been
studied for yearsby physicists and chemists, while engineers have used
plasma in applications ranging from neon lights to thermonuclear fusion.
Thermal plasmas are increasingly used for the dissociation of raw
materials such as carbonates, oxides, sulfides, and various polymetallic
ores (Dembovsky, 1985). Remelting alloys by plasma with high melting
temperatures and plasma treatment using pure argon or helium gas have
proven to be useful in metal industry. As Dembovsky pointed out, plasma
is possible to be used for blending a vast range of materials at pressures
between 10° and 10’ Pa (Dembovsky, 1985). Spraying plasma is
gaseous plasma and can be considered as equilibrium or thermal
plasma. The development of the plasma spray process is a result of the
attempt to increase the temperature level above that of an oxy-acetylene
flame. The main reason for switching from conventional methods of
deposition to plasma jet deposition is to increase the temperature level
and to control the jet atmosphere. The plasma jet allows the selection of
inert or non-reactive gases for the medium so that the chemical reaction
of oxidation can be controlled during powder deposition. Temperatures
which can be obtained with commercial plasma equipment are above
melting and evaporation temperatures of developed materials. Thermal
plasma or plasma spraying is a technological process that takes place at
atmospheric pressure (APS) or at low pressure (VPS or LPPS). Plasma
spray processes have found wide applications in all industrial areas, as
described in the published works of authors (Mrdak, et al., 2013, pp.559-
567), (Mrdak, 2013, pp.68-88), (Mrdak, 2013, pp.26-47), (Vencl, et al.,
2009, pp.398-405), (Vencl, et al., 2011, pp.1281-1288). Different
combinations of surface layers significantly increase the resistance of the
working parts to: wear, abrasion, erosion, cavitation, corrosion and
fatigue resistance at low and elevated temperatures. An important place
among the twenty-first century technologies that will be intensively
developed is occupied by plasma spray processes owing to the
development of nano materials that form the basis for the development of
many technologies. Plasma spraying is one of the surface treatment
technologies and, with other technological processes, it forms an area
known as surface engineering. Today, plasma spray is used in mass
production as well as in the laboratory studies of new nano materials for
future technologies (Herman, 1988, pp.13-21).

The aim of this study was to describe the structure of plasma, its
thermodynamic properties and the way it is created, which enables it to
be used as an energy source for plasma spray processes (APS and
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VPS), in order to protect the surface of the base material from wear,
abrasion, erosion, cavitation, corrosion and fatigue resistance at low and
elevated temperatures with increased resource and reliability of the parts
in service.

The structure of plasma and its
thermodynamic characteristics

In order to understand the plasma spraying process, first of all it is
necessary to know the structure of plasma. Scientists used the name
‘plasma’ to describe vapor materials raised to a higher energy level.
Heated gases follow the classical laws of physics and thermodynamics.
However, plasma does not follow the classical laws of physics and,
therefore, it is considered the fourth physical state of matter. In order to
explain plasma, we must clarify the state changes occurring in atoms and
molecules. Figure 1 illustrates a neutral atom He. This atom has a
nucleus with two electric charges and is neutral when it is in an excited
state. Electrons circle around the nucleus. Each electron has the electric
charge -1. If enough energy is introduced into the atom, it will arouse the
atom and at least one electron will be out of its orbit as shown in Figure
1. The amount of energy required to remove an electron from its orbit is
called ionization energy.
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Figure 1 — A neutral atom of helium and an ionized helium atom
Slika 1 — Neutralan atom helijuma i jonizovan atom helijuma
Puc. 1 — HenTpanbHbI aTOM renius 1 MIOHN3MPOBAHHbLIA aTOM renus
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Excited atoms result in two particles. One of the particles is an ionized
atom, and the other particle is a free electron. The ionized atom has the
electric charge +1, and the free electron has the electric charge -1. A
molecule which is a fusion of two or more neutral atoms can be considered
as one particle. Figure 2 shows the different types of particles. To the left,
two atoms bonded together in a molecule are shown. These molecules are
gases such as N, and H,, formed of two atoms and therefore referred to as
diatomic gases. To the right, there is an atom representing gases such as
Ar or He that are called monatomic gases. It also represents one atom of a
dissociated molecule of nitrogen or hydrogen. The labels for the ion and
the electron are shown on the right-hand side of the figure. Figure 3
shows four molecules which represent a diatomic gas. If enough energy is
introduced, molecules break down into atoms as indicated by the arrows.
Ignoring the arrows, Figure 4 shows the separated atoms which may
present a monatomic gas such as Ar or He or a dissociated diatomic gas
N, or H,, as previously discussed.

© ® °
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_ _ _ lon Electron
Diatomic One atomic
molecule molecule

Figure 2 — Molecules and atoms of plasma gases
Slika 2 — Molekuli i atomi plazma gasova
Puc. 2 — Monekynbl 1 aTOMbI B Nf1a3MEHHOM rase
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Figure 3 — Dissociation of diatomic gases
Slika 3 — Disocijacija dvoatomskih gasova
Puc. 3 — Quccounauns AByxaTOMHbIX ra3oB
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Figure 4 — lonization of atoms obtained by the dissociation of a gas
Slika 4 — Jonizacija atoma dobijenih disocijacijom gasa
Puc. 4 — oHnsaumsa atomoB, ob6pasoBaHHasi Npu guccoumaumm rasa

By further introducing the energy into atoms, at least one electron
from each atom is moves out of its orbit, as shown by arrows. If all the
electrons leave their atoms, complete ionization is achieved - the state of
stars with a temperature close to 100 million °C. In the plasma spray
process, partial ionization is obtained and the operating temperatures up
to 30,000 °C. It should be noted that plasma is electroneutral as a whole,
since it has the same number of positive and negative electric charges.
The advantage of plasma over ordinary gases is that it has a higher
temperature and better heat transfer. Figure 5 shows the dependence of
the enthalpy on the plasma temperature for different gas types at the
atmospheric pressure (Gaji¢, et al., 1996, pp.448-451). For N, the gas
curve has a very gentle slope. In this part of the diagram, the
temperature is changing rapidly with the amount of heat input. When it
reaches the level of dissociation, the line moves vertically showing great
energy absorption with a slight change in temperature. This is the
dissociation area where the N, molecule breaks down into atoms. With
the further heating of a now atomic gas, the curve flattens out, but soon
begins to climb when the ionization zone is reached. It is important to
notice that diatomic gases, as a rule, have more similar curve slopes
than monatomic gases. Therefore, from the standpoint of enthalpy
changes, diatomic gases are superior to monatomic gases. Plasma has
high electrical conductivity which is connected to very high temperatures.
The electrical conductivity of plasma is to a large extent conditioned by
the degree of ionization, i.e. by electron mobility, which is about 100
times higher than that of ions. lonization can be partial or multistage. The
energy of gas ionization is from 10 to 50eV, and that of dissociation is
from 4 to 10eV.
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Figure 5 — Dependence of the enthalpy on the temperature of plasma gases
(Gaiji¢, et al., 1996, pp.448-451)
Slika 5 — Zavisnost entalpije od tempetrature plazma gasova
(Gaiji¢, et al., 1996, pp.448-451)
Puc. 5 — 3aBUCMOCTb 9HTanbLMMN OT TeMnepaTypbl NNIa3MeHHbIX ra3oB
(Fany v gp., 1996, cTp.448-451)

Gas dissociation and ionizationoccur during a certain period of time
and the energies of ionization and dissociation recombine as shown for
the N, gas.

N*** < N** +e47.0eV

Recombination levels N** <« N +e29.0eV lonization degrees
- N* < N +e14.5eV «
N + N &N, 9.7 eV

For monatomic gases, there is no dissociation or recombination,
which, for diatomic gases, take place at lower temperatures. Because of
this, for the same power supply, the Ar and He plasma jets are shorter
than the N, and H, plasma jets. Thermal conductivities of plasma jets are
complex functions and they have different values at different
temperatures. Table 1 shows the comparative values of the specific heat
and the thermal conductivity of individual gases. The shown values of the
specific heat and the thermal conductivity of gases are proven at a
temperature of 20 C° and a pressure of 1013 mbar (Teaching plasma
spraying, Introducing plasma spray techniques, Plasma - Technik 5610,
Wohlen, Switzerland).
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Table 1 — Values of the specific heat and the thermal conductivity of individual gases
Tabela 1 — Vrednosti specificne toplote i toplotne provodljivosti za pojedine gasove
Tabnuya 1 — 3Ha4eHnsa TeNNOEMKOCTU 1 TENONPOBOAHOCTU HEKOTOPbIX ra3oB

Specific heat Thermal conductivity
Gas (J/kg K) (W/(m K)
Argon 0.122 14.9x107
Helium 1.26 1130.0x10°
Air 0.24 22.1x10°
Oxygen 0.219 22.5x10°
Nitrogen 0.248 22.0x10°
Hydrogen 3.42 157.0x107°

The easiest method of forming plasma is to use gases Ar, He, H,, N>
or their mixtures. Ar has the highest priority because it is easily ionized.
The enthalpies of Ar and He are much lower than those of diatomic gases,
as shown in Figure 5. On the other hand, the temperatures of inert gases
are much higher than those of N, and H, at the same enthalpy. Plasma is
different from the flame of combustion gases due to the fact that the
chemical reaction of combustion gases occurs at a distance of 100 to 200
mm and has a lower temperature than plasma. Plasma is a bright ionized
gas in which there is no combustion and has a high temperature and a
rapid temperature drop after leaving the nozzle.

The plasma spray processes

Depending on the surrounding environment, there were developed
the atmospheric plasma spray - APS and the vacuum plasma spray -
VPS processes that still uses the name of the LPPS (Low preassure
plasma deposition). The process selection is largely determined by the
properties of deposited coatings as well as by their behavior in service as
described in the works of the authors (Mrdak, 2013, pp.7-25), (Mrdak,
2013, pp.26-47), (Mrdak, 2014, pp.7-22).

The APS process is the simplest to perform and has a limited
range of use due to the incorporation of substantial amounts of air into
the plasma jet. The air cools and slows down the plasma, while a
special problem is the oxidation of particles, which results in an
increased content of oxidation products in the deposited layer (Mrdak,
2010, pp.5-16), (Mrdak, 2012, pp.182-201), (Vencl, et al., 2010, pp.591-
604). Plasma spraying is done using a plasma gun from which emerge

143

Mrdak, M., Characteristics of aps and VPS plasma spray processes, pp. 137—-159



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2015., Vol. LXIII, No. 3

focused plasma particles of inert gas at a rate of 240 to 600 m/s and a
temperature of the jet from 4,500 to 20,000 ° C. The plasma jet leaving
the nozzle is not homogeneous due to the large differences in the
temperature and velocity of plasma particles (Vardelle, et al., 1983,
p.88). The plasma core zone has a relatively constant temperature of
12500-12000 °C and extends to only 10-12 mm from the nozzle. The
second zone is a transitional area where plasma temperature rapidly
decreases to 3000 °C, reaching a length of about 100 mm from the
nozzle. The third zone is an area where there is intense plasma mixing
with the surrounding air, which leads to a drop in temperature and in
velocity of plasma particles. Temperature and velocity of plasma
particles, as well as the length of the plasma arc depend on the type of
primary and secondary gas velocity and pressure of a gas mixture,
power arc discharge and operating pressure (Smith, et al., 1988, p.25).
The quality of the plasma jet is highly variable during the deposition
itself, because it is not a stationary system. The length of the plasma jet
changes in cycles with a frequency of 300 Hz. This is explained by the
instability of the arc between the cathode and the anode (Kieschke, et
al., 1991, p.25). The quality of the deposited layers depends on: the
characteristics of the used powder; reaction between the plasma and
the powder; the reaction between the plasma and the impact of the
environment as well as on the substrate. Powders used for deposition
are characterized by their chemical composition, density, melting
temperature, grain size, grain size distribution, particle shape, behavior
when moving through plasma, purity, etc. The process parameters must
be set in such a way that the optimal effect of melting the particular
powder in plasma is achieved and molten powder particles are
transported with optimal speed to the substrate surface. The most
important parameters that must be controlled are the plasma power, the
gas flow and the rate of powder addition into plasma, which is explained
in the works of the authors (Mrdak, 2014, pp.7-22), (Mrdak, 2014, pp.7-
26), (Mrdak, 2014, pp.7-25). An efficient addition of the powder into the
plasma jet has always been a problem solved by the means of: different
constructions of the powder dispenser, variation in the diameter of
powder feed channels, varying the type and pressure of the gas
transporting the powder and varying the position of the powder feed
channels. The powder feed channels can be placed in front of the
nozzle to the position above or below at a certain angle and within the
plasma gun nozzle, all of which gives a large number of possible
combinations. Injected powder particles in the plasma jet partially or
completely melt depending on the location of injection powder, amount
of time spent in plasma, and the size and range of particles. The
adjustment and choice of deposition parameters is determined by
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analyzing the shape of particles and the degree of fusion after passing
through plasma, using the methods of metallographic analyses of the
microstructure of the deposited layers, microhardness, and other
analyses. The process of coat depositing consists of surface
preparation prior to deposition processes and deposition processes on
prepared surfaces. The preparation of the substrate surface is one of
the most important factors that influence the quality of the bond
between the metallic substrate and the deposited coating. Surface
preparation is carried out in order to clean the oxide layer from the
surface of the metallic substrate, making it reactive with the coating in
order to increase the surface area between the metal substrate and the
coating. Figure 7 shows the Plasmadyne company equipment, used for
the plasma deposition of coatings at atmospheric pressure. It consists
of: the space for supplying electricity, water and gas; noise protection
cabin type TB - KA; device for manipulation, robot STAR - REIS - V with
a rotary table PD10; control board 3600; sources of power supply 2 x
40 KW type PS61S; plasma gun type SG - 100; powder feeder model
1251; high-frequency arc starter for the closed system of water cooling
of the plasma gun with a pressure control in the installation (Mrdak,
2010, pp.5-16). In the APS process, inert gas Ar is introduced through
the gas injector opening between the cathode and the anode. To initiate
plasma, between the electrodes there is direct current which generates
an electrical impulse causing the break-through in liquid gas. After
establishing an electric arc - arc plasma, secondary gas (He, H, or N,),
which ionizes, is introduced through the gas injector opening. Due to
the nature of the geometry of the electrodes as well as technical gases
( in the plasma state now) hot and partially conductive gas passes
through the circular aperture of the anode. In the thus formed plasma
jet, powder is introducedusing a carrier gas. Powder particles
accelerate and melt rapidly, being deposited on the substrate. The
energy of the plasma jet can be adjusted for each type of powder,
taking into account: melting temperature, thermal conductivity, and the
shape, size and distribution of particles. In addition to the powder
characteristics, there are the conditions of powder injection into the
plasma jet. They are the powder injection location and the angle relative
to the jet direction and the powder injection rate. The flow of the carrier
gas is adjusted for each type of powder based on the average particle
size of the powder, its density and the density of the plasma jet, so that
the powder particles are injected into the plasma jet axis with the
highest temperature. The flow of the secondary gas, amperage, voltage
and the distanceof the plasma jet can be adjusted for each type of
powder, so that the particles which are deposited have the optimal
kinetic energy and the optimal melting degree.
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Figure 7 — APS equipment for plasma powder deposition at atmospheric pressure
(Mrdak, 2010, pp.5-16)
Slika 7 — APS oprema za depoziciju praha plazmom na atmosferskom pritisku
(Mrdak, 2010, pp.5-16)
Puc. 7 — ATTH YcTaHoBKka AN HaHeCEeHUs NOPOLLUKOBOIo NNasMeHHOro NoKpbITUSA MOA
aTmocdepHom aasnexunem (Mpaak, 2010, ctp.5-16)

The development of the VPS technology has led to significant
improvements in the quality of coatings compared to coatings produced
at atmospheric pressure. VPS is a relatively new technology in which
molten powder particles from 10 to 100 uym in size accelerate to the
substrate, where they become flat and solid. VPS coatings generally
show a higher density than coatings deposited by the atmospheric
plasma spray process, where coatings have lamellae composed of
columnar grains. Particles solidify with a very fast cooling rate from ~ 10*
to 10% ° C/sec. The operating vacuum is in the range from 30 to 200
mbar, which enables a deposition of coatings with a thickness of 20 to 2
mm. The pressure lower than atmospheric conditions increases a length
of the plasma jet from 50 to 600 mm and a diameter from 10 to 40 mm.
The velocities and temperature values of particles in the plasma jet are
more uniform, which allows the production of homogeneous coatings of
uniform thickness on parts with complex geometries (Gindrat, et al.,
2002, pp.459-464). In the process of deposition at atmospheric pressure,
the plasma jet temperature rapidly decreases with distance. At low
pressure, the temperature of the plasma jet gradually decreases as a
function of pressure. For the same distance from the nozzle,a drop in
temperature is smaller as the pressure is lower. Figure 8 shows the effect
of pressure on the temperature of the plasma jet (Nikoll, 1984).
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Figure 8 — Effect of operating pressure on the temperature of plasma jets
Slika 8 — Uticaj radnog pritiska na temperature mlazeva plazmi
Puc. 8 — BosgelicTBre faBneHus Ha Temnepatypy nia3meHHOn CTpym

The VPS process is performed at a low pressure of Ar in very clear
conditions and with the use of the transferred arc for cleaning and
preheating the substrate. Ar, He, Ho, N», and gas mixtures of high purity can
be used as plasma gases. Figure 9 shows the VPS system of the Plasma
Technik AG company, which possesses an A - 2000 console and an F4
plasma gun. The VPS system is designed to protect the aircraft parts
exposed to a combination of excessive oxidation and hot corrosion (Mrdak,
2013, pp.26-47). The powder deposition is usually performed with a mixture
of Ar-H, plasma gases at low pressure in the vacuum. In the vacuum
chamber there are: a rotary table, planetary systems with 48 tools, a six-axis
robot and an artificial hand. The manipulation system is designed to
simultaneously rotate the tool and the operating parts around their axes.

Plasma gun F4

Figure 9 — Vacuum plasma spray system (Mrdak, 2013, pp.26-47)
Slika 9 — Vakuum plazma sprej sistem (Mrdak, 2013, pp.26-47)
Puc. 9 — Cucmema 8aKyyMHO20 nna3MeHHO20 HaHeceHus1 (Mpdak, 2013, cmp.26-47)
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This complex movement allows uniform cleaning by the transferred
arc and uniform powder depositing over the whole surface of the
substrate. All procedures, being the parts of the VPS surface treatment
process, must be carried out as quickly as possible. In order to obtain
fast chamber vacuuming, a high pumping capacity is required. To
achieve a chamber pressure of 1000 - 0.1 bar, a time of 5 minutes is
necessary. Taking workpieces in and out should be done as quickly as
possible after the chamber ventilation. All inside surfaces of the vacuum
chamber become protected by plasma gases during the process of VPS
protection. Only neutral gas atoms bind to the chamber surfaces due to
Vander - Waals forces, which means that there is a possibility to save
time on chamber vacuuming after the introduction and removal of
workpieces. The choice of plasma gas, the flow rate and the current arc
determine the content of the plasma jet energy. The characteristics of the
plasma jet inside and outside the gun are influenced by the pressure in
the chamber. As the pressure decreases, the plasma jet becomes longer
in proportion to the increase in gas velocity. The pressure in the chamber
must be maintained constant during deposition. Deposition at a low
pressure of 30 to 70 mbar allows the application of the transferred arc
and higher velocities of plasma particles. The transferred arc enables the
cleaning of the substrate surface and its preheating prior to powder
deposition, as well as additional heating during deposition. Figure 10
shows possible lengths of the Ar / He plasma jet, depending on the
pressure in the vacuum chamber and the applied transferred arc
(Kieschke, et al., 1991, pp.25-38).

MNormal P=70mbar P =70 mbar
atmosphere and transferred

Figure 10 — Lengths of Ar / He plasma arcs for different atmospheres
and transferred arc application
Slika 10 — DuzZine mlazeva plazmi Ar/He za razliCite atmosfere
i primenu transferovanog luka
Puc. 10 — AnuHa nnasmeHHown ctpyu Ar / He npsMbliM HarpesoM
npw pasnuyHow Temnepartype
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Figure 11 shows the effect of the transferred arc on the possible
length of the Ar / H, plasma jet when the deposited powder is CoNiCrAlY
(Mrdak, 2013, pp.26-47), (Nikoll, 1984).

Transferred arc Work piece Work piece Work piece + pole
Powder + pole — pole CoNICrAlY
Figure 11 — Lengths of Ar / H, plasma arcs when CoCrAlY powder is deposited
with the application of the transferred arc
Slika 11 — Duzine mlazeva plazmi Ar/H; kada se deponuje prah CoCrAlY
sa primenom transferovanog luka
Puc. 11 — AnuHa nnasmexHown ctpyu Ar / Ha Npn HaHeceHnn NopoLLKOBOro BeLlecTBa
CoCrAlY npsiMblM HarpeBoMm

Different levels of pressure for the transferred arc can be used,
depending on the characteristics of the base material and the powder. To
form a plasma jet with optlmum characteristics, the gas flow rate may vary
between 1.5 and 20 m® depending on the type of powder being deposited.
The deposition of coatings on substrates is performed as follows. Working
parts are mounted in the supporting tools that are on the planetary system
which rotates around its axis. After the mounting of the working parts, the
vacuum chamber is closed. The entire system is automated and programmed
on the robot’'s microprocessor unit. All process parameters are entered into
the program. The process of chamber vacuuming, the flow of plasma gases,
the substrate cleaning, the powder flow, deposition, the substrate cooling and
the vacuum chamber ventilation are fully synchronized by the program. In the
VPS chamber, an artificial hand on the other side of the opening of the
chamber and which cannot be seen in the photograph, receives the tools with
a working part from the planetary system and sets it on the rotary table. After
the mounting of the tools with the working part, the chamber is vacuumed
where a pressure of 10°mbar is achieved in 5 min. When the vacuuming
process ends, Ar is introduced into the chamber through the anode to a
pressure of 25 mbar. At this pressure, cleaning of work parts surfaces is
carried out by the transferred arc. The distance between the plasma gun from
the surface of working parts is usually 270 mm. The plasma gun is set to the +
pole, and the working part to the - pole. This bond is called direct polarity and
it allows the directed ions of He as a secondary gas to clean the surface of
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the work part at high rate and energy by making the surface reactive. After the
cleaning, powder is deposited on the surface of the work part. The secondary
plasma gas H, is added to the primary gas Ar . The pressure in the chamber
grows to the level of the operating pressure of 70-120 mbar, depending on the
type of powder that is deposited. The constant pressure during the deposition
is provided by the vacuum pump. When the operating pressure is reached,
powder is introduced into the plasma gun. The deposition rate is constant and
does not change during deposition. A coating layer of 0.1 mm is deposited for
1 min approximately. When the deposition process is completed, the working
part is cooled in the chamber to a temperature of 300 °C with argon flowing
from the anode of the F4 plasma gun. The cooled working part with the tool is
accepted by the artificial hand and returned to its original position. The
planetary system is pivoted by one step to enable the artificial arm to receive
another tool with a working part. The powder deposition cycle was repeated
until powder is not deposited on all working parts.

Conclusion

The paper describes the structure of plasma, the method of creating
plasma, thermodynamic properties such as enthalpy, temperature,
specific heat and thermal conductivity of gases and plasma spray
processes at atmospheric pressure and in vacuum at low pressure of
inert gas. Plasma spray processes have been developed for the
deposition of molten or semi-molten powder particles on the surface of
the underlying material on which the deposited particles form a coating.

The advantage of the plasma spray process is the possibility of applying
a large number of different materials in the form of powder of various grain
and morphology, which are suitable for the formation of coatings in order to
protect the surface of the base metal from wear, abrasion, erosion, cavitation,
and corrosion resistance to fatigue at low and high temperatures.

Plasma spray processes also allow the modifications of powders,
such as the spheroidization of powders with sharp edges, thickening of
porous particles, and more recently the formation of nanopowders. The
advantage of the process is that molten powder particles with high melting
points do not transfer a large amount of heat into the base material and do
not violate the basic structure of the material. In the deposition process, it
is essential to control the heat transfer from the coating to the substrate,
which is a function of the composition of the plasma gas, power supply,
and the residence time of particles in the plasma jet.

APS and VPS plasma spray processes have been widely used in
the manufacture of new parts in order to protect work surfaces and repair
worn parts in the process of repair using appropriate coatings that
significantly improve their functionality and increase their service life.
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CBOWCTBA AMH M BMH METOAOB MIIASMEHHOIO HAMBLIIEHKA

OBJTIACTb: xumun4yeckmne TexHomnornm
B[O CTATbW: npodeccrmoHanbHas ctaTbs
A3bIK CTATbW: aHrnuinckuin

Pe3some:

lNna3ma —uUoOHU3UPOBaHHbIU 2a3, codepxawiuli 371eKMPOHbI U Heli-
mpaJsibHble MOSEKy bl, CrocobHbIl Mposodums mok. [JaHHoe cocmosi-
Hue eewecmea co30aemcsi C MOMOWbIO 3[IEKMPUYECKO20 pa3psida u
Moxxem nodepxxueambcsi 8 cmabusibHOM COCMOSIHUU MPU MPUMEHEHUU
rnepemMeHHO20 Uru rnocmosiHHO20 MokKa.

B cmambe onucaHbl cmpykmypa rnna3mbl, ee mepmModuHamuye-
CKue ceolicmea u criocobbl obpa3oeaHus, obecrnedusaruwjue 803Mo-
JKHOCMb MPUMEHEHUSI Mia3Mbl 8 Ka4ecmee SHep20HOCUMmerisi 8 po-
uecce nna3amMeHHO20 HarbliieHUsl. B ocHoBHOM, 8ce nopouwKosbie 8eu-
ecmea mMo2ym 6bimb UCMonb308aHb! Orisi Ma3MeHHO20 HarlbieHus
MOKPbIMULU, 8bIMNOSTHEHHBIX U3 PA3/IUYHbIX Mamepuarsos.

Bbicokasi memnepamypa npu 88e0eHUU OPOUKOBbLIX 8EU,ECTM8
8 rnia3my criocobcmsyem YCKOPeHUto rpouecca rniasku u ghopmupo-
8aHus Yacmuu, NpodyKma, HarblIIeM0o20 Ha MoKpbIMmue.

PekomeHOyemcsi wupokoe rnpuMeHeHue memoda rnasMeHHO20
HanbleHUsi MOKPbIMUL 80 8CEX MPOMbIWIIEHHbIX OMPAac/siX, MaK Kak
KOMOUHUpPOBaHHbIE CIIOU MOKPbIMUSI criocobcmeyrom o8bIUEHU
cmotikocmu Gemarel MawuHOCMPOeEHUsT npomus: abpa3usHo2o u3-
HOoca, 3p0o3uu, Kasumauuu, KOppo3uu, a makxe omsu4yarmcsi 8bIco-
Kol mepMocmoUKoCcmbiO U ycmol4ueocmsbto K ycmasnocmu rod del-
cmeuem 0asrieHusi u yoapHbIX Hagpy3ok. [lpu amom 3Ha4YumesibHo ro-
8bllaemcsi pecypc eoccmaHassiugaemoli 0emanu U HalexHoCmb 8
npouecce akcrnyamauuu.

KnioueBble criosa: conpomusrieHue, ropowKosbie eeujecmea, mnna-
3MEHHbIU 2a3, MPo8oAUMOCMb, MOKPbIMUE.
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KARAKTERISTIKE APS | VPS PLAZMA SPREJ PROCESA

OBLAST: hemijske tehnologije
VRSTA CLANKA: stru¢ni ¢lanak
JEZIK CLANKA: engleski

Sazetak:

Plazma je elektricno provodijiv gas koji sadrZi jone, elektrone i ne-
utralne molekule. Takvo stanje materije stvara se preko elektricnog
praZnjenja i moZe da se odrZzava u stabilnom stanju uvodenjem naiz-
menicne ili jednosmerne struje. U radu je opisana struktura plazme,
termodinamicke karakteristike i nacin stvaranja plazme koji omogucuju
primenu plazme kao izvora energije za plazma sprej procese. General-
no, svi postojeci materijali u obliku praha mogu se plazmom deponova-
ti kao prevlake na podlogama od razli¢itih materijala. U plazma provo-
dljivi gas na visokoj temperaturi uvode se Cestice praha materijala koje
se tope i ubrzavaju do podloge na kojoj formiraju previake. Masovna
primena plazma sprej prevlaka u svim industrijskim oblastima je od po-
sebnog znacaja, jer se sa razli¢itim kombinacijama povrSinskih slojeva
moZe znatno povecati otpornost masinskih delova na: habanje, abrazi-
ju, eroziju, kavitaciju, koroziju i otpornost na zamor na niskim i poviSe-
nim temperaturama, uz povecani resurs i pouzdanost rada delova u
eksploataciji.

Uvod

Plazma je elektricno provodljiv gas Cija se struktura sastoji od jo-
na, elektrona i neutralnih molekula. Stanje i strukturu plazme godinama
su proucavali fiziari i hemicari, a inZenjeri koristili za primene koje se
kre¢u od neonskog svetla do termonuklearne fuzije. Termalne plazme
se sve vise koriste za disocijaciju sirovina kao $to su karbonati, oksidi,
sulfidi i razne polimetalne rude (Dembovsky, 1985). Pretapanje legura
plazmom sa visokim temperaturama topljenja i preci§¢avanje pomocu
Cistih plazma gasova argona ili helijuma dokazala se korisnim u indu-
striji metala. Plazma spreing je gasna plazma i moZe se smatrati kao
ravnotezna ili termalna plazma. Razvoj plazma sprej procesa bio je re-
zultat objektivnog pokuSaja da se podigne temperaturni nivo iznad
onog kod oksiacetilenskog plamena. Mlaz plazme omogucuje selekciju
inertnih ili nereaktivnih gasova za medijum, tako da se hemijska reakci-
ja oksidacije mozZe kontrolisati za vreme depozicije praha. Termalna
plazma ili plazma spreing je tehnoloski proces koji se odvija na atmos-
ferskom pritisku (APS) ili na niskom pritisku (VPS) ili (LPPS) procesu.
Plazma sprej procesi su nasli Siroku primenu u svim industrijskim obla-
stima, Sto je opisano u objavijenim radovima autora (Mrdak, et al.,
2013, pp.559-567), (Mrdak, 2013, pp.68-88), (Mrdak, 2013, pp.26-47),
(Vencl, et al., 2009, pp.398-405), (Vencl, et al., 2011, pp.1281-1288).
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Razli¢itie kombinacije povrsinskih slojeva znatno povecavaju otpornost
radnim delovima na: habanje, abraziju, eroziju, kavitaciju, koroziju i ot-
pornost na zamor na niskim i povisenim temperaturama. Znacajno me-
sto medu tehnologijama dvadeset prvog veka koje ¢e se intenzivno
razvijati imaju plazma sprej procesi, zahvaljujuci razvoju nano materija-
la koji ¢ine osnov za razvoj mnogih tehnologija. Plazma spreing je jed-
na od tehnologija obrade povrsina i sa drugim tehnoloskim postupcima
¢ini jednu celinu koja je u svetu poznata pod nazivom inZenjerstvo po-
vrSina. Danas se plazma sprej koristi u masovnoj proizvodnji, ali i u la-
boratorijskim istraZivanjima novih nano materijala za tehnologije bu-
ducnosti (Herman, 1988, pp.13-21).

Cilj rada bio je da se opiSe struktura plazme, termodinamicke ka-
rakteristike i nacin na koji nastaje. Zahvaljujuci svojim karakteristikama
plazma se primenjuje kao izvor energije za plazma sprej procese (APS
i VPS), koji se koriste za zastitu povrSina osnovnog materijala od haba-
nja, abrazije, erozije, kavitacije, korozije i otpornosti na zamor na ni-
skim i povisenim temperaturama uz povecani resurs i pouzdanost rada
delova u eksploataciji.

Struktura plazme i njene termodinamicke karakteristike

Da bi se razumeo plazma sprej proces, potrebno je, pre svega,
poznavati strukturu plazme. Naucnici su naziv plazma koristili da bi
opisali pare materijala koje se podiZu na visi energetski nivo. Zagrejani
gasovi slede klasicne zakone fizike i termodinamike. Medutim, plazma
ne sledi klasi¢ne zakone fizike i zbog toga se smatra Cetvrtim agregat-
nim stanjem materije. Da bi se objasnila plazma, moraju se pojasniti
promene stanja koje se deSavaju u atomima i molekulima. Jedan neu-
tralan atom He ima jezgro sa dva elektricna naboja i neutralan je kada
se nalazi u nepobudenom stanju. Oko jezgra atoma kruze dva elektro-
na. Svaki elektron ima —1 elektricni naboj. Ako se atomu dovede do-
voljno energije, ona ¢e pobuditi atom i izbaciti bar jedan elektron iz or-
bite. 1znos energije potreban da bi se izbacio elektron iz orbite zove se
energija jonizacije. Pobudivanjem atoma dobijaju se dve Cestice. Jed-
na Cestica je jonizovani atom, a druga slobodan elektron. Jonizovani
atom ima elektricni naboj +1, a slobodni elektron elektricni naboj —1.
Molekul koji je spoj dva ili vise neutralnih atoma moZe se smatrati jed-
nom &esticom. Molekuli predstavijaju gasove kao Sto su N, i H, koji su
formirani od dva atoma i zato se nazivaju dvoatomski gasovi. Ako je
dovedeno dovoljno energije, molekuli se razlazu na atome. Odvojeni
atomi mogu predstavijati jednoatomski gas kao $to je Ar, He ili disoci-
rani dvoatomski gas N, ili H,. Daljim dovodenjem energije atomima iz-
bija se bar jedan elektron iz svakog atoma. Ako svi elektroni napuste
svoje atome dobija se potpuna jonizacija — stanje zvezda sa pribliznom
temperaturom od 100 miliona °C. U procesu plazma spreja radi se sa
delimiénom jonizacijom i temperaturama do 30.000°C. Treba naznaditi
da je plazma kao celina elektroneutralna, posto ima isti broj plus i mi-
nus elektricnih naboja. Prednost plazme nad obi¢nim gasovima je Sto
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ima viSu temperaturu i bolji prenos toplote. Dvoatomski gasovi sa sta-
noviSta promene entalpije su superiorniji od jednoatomskih gasova.
Plazma ima visoku elektroprovodljivost koja je povezana sa veoma vi-
sokim temperaturama. Elektricna provodljivost plazme je u velikom op-
segu uslovijena stepenom jonizacije, tj. pokretljivo$cu elektrona, koja je
oko 100 puta veca od jona. Jonizacija moze biti parcijalna ili viSestepe-
na. Energija jonozacije gasa krece se od 10 do 50eV, a disocijacije od
4 do 10eV. Disocijacija i jonizacija gasa odvija se u odredenom petrio-
du, a energije jonizacije i disocijacije se rekombinuju, kako je prikazano
za gas N.,.

N*** > N**  +e47.0eV
Stepeni rekombinacije N** «» N +e29.0eV  Stepeni jonizacije
— N* <N +e 14.5eV «—
N + N < N, 9.7 eV

Kod jednoatomskih gasova nema disocijacije i rekombinacije, ko-
Ja se za dvoatomske gasove odvija na nizoj temperaturi. Zbog toga su
za istu snagu napajanja mlazevi plazme Ar i He kraci u odnosu na mia-
zeve plazme N, i H,. Plazmu je najjednostavnije formirati pomocu ga-
sova Ar, He, H,, N, ili njihovih meSavina. Ar ima najvecu prednost po-
Sto se lako jonizuje. Entalpije Ar i He su mnogo niZze od dvoatomskih
gasova, kako je prikazano na slici 5. Sa druge strane, temperature
inertnih gasova mnogo su vise od N, i H, pri istoj entalpiji. Plazma se
razlikuje od plamena sagorevanja gasova zbog Cinjenice da se hemij-
ska reakcija sagorevanja gasova javilja na odstojanju od 100 do 200
mm i ima niZu temperaturu od plazme. Plazma je svetli jonizovani gas
kod kojeg ne postoji sagorevanje, a ima visoku temperaturu i brzi pad
temperature nakon napus$tanja mlaznice.

Plazma sprej procesi

Zavisno od okolne sredine, razvijeni su atmosferski plazma sprej
— APS i vakuumu plazma sprej — VPS proces za koji se jo$ koristi na-
ziv LPPS (Low preassure plasma deposition). Izbor procesa u velikoj
meri odreduju osobine deponovanih previlaka, ali i njihovo pona$anje u
eksploataciji, kako je opisano u radovima autora (Mrdak, 2013, pp.7-
25), (Mrdak, 2013, pp.26-47), (Mrdak, 2014, pp.7-22). APS proces je
najjednostavniji za izvodenje i ima limitiran opseg upotrebe zbog inkor-
poriranja znatne koli¢ine vazduha u mlaz plazme. Vazduh hladi i uspo-
rava plazmu, a poseban problem predstavija oksidacija Cestica, $to
ima za posledicu povecan sadrZaj produkata oksidacije u deponova-
nom sloju (Mrdak, 2010, pp.5-16), (Mrdak, 2012, pp.182-201), (Vencl,
et al., 2010, pp.591-604). Prskanje plazmom vrSi se pomocu plazma
pistolja iz kojeg izlaze fokusirane Cestice plazme inertnog gasa sa brzi-
nom od 240 do 600 m/s i temperaturom mlaza od 4.500 do 20.000 °C.
Mlaz plazme koji napusta mlaznicu nije homogena sredina, zbog velike
razlike u temperaturi i brzini Cestica plazme (Vardelle, et al., 1983,
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p.88). Zona jezgra plazme ima relativno konstantnu temperaturu od
12.500 do 12.000°C i rasprostire se svega 10 do 12 mm od otvora
mlaznice. Druga zona predstavija prelaznu oblast u kojoj temperatura
plazme naglo opada do 3000 °C i postize duZinu oko 100 mm od otvora
mlaznice. TreCa zona predstavija oblast u kojoj dolazi do intenzivnog
meSanja plazme sa okolnim vazduhom, $to dovodi do pada temperatu-
re i pada brzine Cestica plazme. Kvalitet deponovanih slojeva zavisi od:
karakteristika upotrebljenog praha, medusobne reakcije izmedu pla-
zme i praha, reakcija izmedu plazme i okoline i uticaja podloge. Praho-
Vi koji se koriste za depoziciju karakteriSu se hemijskim sastavom, gu-
stinom, temperaturom topljenja, veli¢inom zrna, raspodelom veli¢ine
zrna, oblikom zrna, ponaSanjem pri kretanju kroz plazmu, ¢istocom itd.
Parametri procesa moraju se podesiti tako da se za konkretan prah po-
stigne optimalni efekat topljenja praha u plazmi i transport istopljenih
Cestica praha sa optimalnim brzinama do povrSine podloge. Postupak
izrade previake sastoji se od pripreme povrsine podloge pre procesa
depozicije i procesa depozicije na pripremljenim povrsinama. Priprema
povrsine podloge jedan je od najvaZnijih faktora koji utice na kvalitet
spoja izmedu metalne podloge i deponovane previake. Priprema povr-
Sine izvodi se radi ¢iS¢enja oksidnog sloja sa povrSine metalne podio-
ge, Cineci je reaktivnom sa prevlakom i radi povecanja povrsine izme-
du metalne podloge i previake. APS proces izvodi se tako $to se kroz
otvor gas injektora propusta inertni gas Ar izmedu katode i anode. Da
bi se inicirala plazma, izmedu elektroda propusta se jednosmerna stru-
Ja koja stvara elektri¢ni impuls uzrokujuci proboj kroz tekuci gas. Uspo-
stavijanjem strujnog luka — lu¢ne plazme, kroz otvor gas injektora pro-
pusta se sekundarni gas (He, H, ili N,) koji se jonizuje. Priroda geome-
trije elektrode kao i tehniCkih gasova, sada plazme, istiskuje vruc i deli-
mi¢no provodan gas kroz kruzni otvor anode. U tako formiran mlaz pla-
zme uvodi se prah pomocu noseéeg gasa. Cestice praha se ubrzavaju,
tope i velikom brzinom deponuju na podlogu. Energija mlaza plazme
podeSava se za svaku vrstu praha, uzimajuci u obzir: temperaturu to-
pljenja, toplotnu provodljivost, oblik, veli¢inu i raspodelu veli¢ine Cesti-
ca. Kao dodatak karakteristikama praha postoje i uslovi njegovog injek-
tiranja u mlaz plazme.To su mesta ubrizgavanja praha i ugao u odnosu
na smer mlaza i brzine dotoka praha. Protok noseceg gasa podeSava
se za svaki tip praha na osnovu srednje veliine ¢estica praha, njegove
gustine i gustine mlaza plazme, tako da su Cestice praha ubrizgane u
osu mlaza plazme sa najvecom temperaturom. Protok sekundarnog
gasa, amperaZa, voltaZza i odstojanje mlaza plazme podeSavaju se za
svaki tip praha, tako da cestice koje se deponuju imaju optimalnu kine-
tiCku energiju i stepen istopljenosti.

Razvoj VPS tehnologije doveo je do znacajnog poboljSanja kvali-
teta previaka u poredenju sa previakama proizvedenim na atmosfer-
skom pritisku. VPS je relativno nova tehnologija u kojoj se istopljene
Cestice praha, veli¢ine od 10 do 100 um, ubrzavaju ka podlozi, gde se
splioSnjavaju i o¢vricavaju. VPS previake generalno pokazuju vecu
gustinu od prevlaka deponovanih atmosferskim plazma sprej proce-
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som, &ije se lamele sastoje od stubastih zrna. Cestice odvriéavaju ve-
oma velikom brzinom hladenja od ~ 10 * do 10 © °C/s. Radni vakuum je
u rasponu od 30 i 200 mbara, koji omogucava deponovanje previaka
debljine od 20 do 2 mm. Smanjen pritisak u odnosu na atmosferske
uslove povecava duzinu mlaza plazme od 50 do 600 mm i pre¢nik od
10 do 40 mm. Brzine i temperature ¢estica u mlazu plazme su ujedna-
Cenije, Sto omogucava proizvodnju homogenijih previaka ujednacene
debljine na delovima sa sloZzenim geometrijama (Gindrat, et al., 2002,
pp.459-464). Na niskom pritisku temperatura mlaza plazme postepeno
opada i u funkciji je pritiska. Za isto odstojanje od otvora mlaznice ma-
nji je pad temperature $to je pritisak nizi. VPS proces izvodi se na ni-
skom pritisku Ar u veoma Cistim uslovima i uz primenu transferovanog
luka za &iscenje i predgrevanje podloge. Kao plazma gasovi mogu se
koristiti: Ar, He, H,, N, i meSavine gasova visoke cistoce. Depozicija
praha najéeS8c¢e se izvodi sa meSavinom plazma gasova Ar-H, na ni-
skom pritisku u vakuumu. U vakuum-komori nalazi se: obrtni sto, pla-
netarni sistem sa 48 alata, Sestoosni robot i veStacka ruka. Sistem ma-
nipulacije projektovan je tako da istovremeno rotiraju alat i radni delovi
oko svoje ose. Ovako sloZeno kretanje omogucava ravnhomerno CisSce-
nje transferovanim lukom i ravhomerno deponovanje praha po celoj
povrSini podloge. Svi postupci kao delovi ciklusa VPS procesa povrSin-
ske zaStite moraju se izvrsiti sto je moguce brze. Da bi se postiglo brzo
vakuumiranje komore potreban je visok kapacitet pumpanja. Za posti-
zanje pritiska u komori od 1000 do 0,1 bar potrebno je vreme od 5 min.
UnoS$enje i iznoSenje radnih komada treba da se obavilja $to je moguce
brze nakon ventilacije komore. Sve unutraSnje povrsine vakuum- ko-
more postaju zastiCene plazma gasovima za vreme procesa VPS za-
Stite. Jedino se atomi neutralnog gasa vezuju za povrSine komore
usled Vander-Valsovih sila, $to znaéi da se nakon uno$enja i iznoSenja
radnih komada moZe uStedeti na vremenu vakumiranja komore. Izbor
plazma gasa, brzina toka i struja luka odreduju sadrZaj energije mlaza
plazme. Karakteristike mlaza plazme unutar i izvan pistolja su pod uti-
cajem pritiska u komori. Kako pritisak opada mlaz plazme postaje duZi,
Srazmerno povecanju brzine gasa. Pritisak u komori mora se odrZzavati
konstantnim za vreme depozicije. Depozicija na niskom pritisku od 30
do 70 mbara omogucava primenu transferovanog luka i vece brzine
Cestica plazme. Sa transferovanim lukom omoguceno je ¢i§¢enje povr-
Sine podloge i njeno predgrevanje pre depozicije praha, kao i dodatno
zagrevanje u toku depozicije. Mogu se Koristiti razli¢iti nivoi pritisaka za
transferovani luk, zavisno od karakteristika osnovnog materijala i pra-
ha. Da bi se formirao mlaz plazme optimalanih karakteristika, protok
gasa moZe da varira izmedu 1,5 i 20 m®, zavisno od vrste praha koji
se deponuje. Depozicija previake na podlogama izvodi se na sledeci
nacin: radni delovi se montiraju u nosece alate koji se nalaze na plane-
tarnom sistemu koji se okre¢e oko svoje ose, a nakon montaze radnih
delova vakuum-komora se zatvara. Ceo sistem je automatizovan i pro-
gramiran na mikroprocesorskoj jedinici robota. U program se ubacuju
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Svi parametri procesa. Proces vakuumiranja komore, protok plazma
gasova, CiScenje substrata, protok praha, depozicija, hladenje substra-
ta i ventilacija vakuum-komore potpuno su vremenski sinhronizovani
programom. U VPS — komori, ve$tacka ruka koja se nalazi na drugoj
strani otvora komore, i ne vidi se na slici, prihvata alat sa radnim delom
sa planetarnog sistema i postavija ga na obrtni sto. Nakon montaze
alata sa radnim delom vr$i se vakuumiranje komore u kojoj se za 5 min
postize pritisak od 10~° mbara. Kada se zavrsi proces vakumiranja, u
komoru se kroz anodu ubacuje Ar do nivoa pritiska od 25 mbara. Na
ovom pritisku izvodi se ¢is¢enje povrSina radnih delova transferovanim
lukom. Odstojanje plazma pistolja od povrSine radnih delova najéesce
je 270 mm. Plazma pistolj se u procesu cis¢enja povrSine postavija na
+ pol, a radni deo na — pol. Ova veza se zove ditrektni polaritet i omo-
gucava usmerenim jonima sekundarnog gasa He da velikom brzinom i
energijom ociste povrsinu radnog dela od necistoce, ¢ineci povrsinu re-
aktivhom. Nakon izvrSenog &is¢enja povrSine radnog dela izvodi se de-
ponovanje praha na povrSini dela. Primarnom gasu Ar dodaje se pla-
zma sekundarni gas H, . Pritisak u komori raste do nivoa radnog priti-
Ska od 70 do120 mbara, zavisno od vrste praha koji se deponuje. Kon-
stantan pritisak u toku depozicije obezbeduje vakuum-pumpa. Kada se
postigne radni pritisak, u plazma pistolj se ubacuje prah. Brzina depo-
zicije je konstantna i ne menja se u toku depozicije. Za priblizno jedan
minut deponuje se sloj previake od 0,1 mm. Kada se zavrsi proces de-
pozicije, radni deo se hladi u komori do temperature od 300 °C sa argo-
nom koji te¢e iz otvora anode plazma pistolja F4. Ohladen radni deo sa
alatom prihvata ve$taCka ruka i vraca na svoje prvobitno mesto. Plane-
tarni sistem se zaokrece za jedan korak, kako bi veStacka ruka prihva-
tila drugi alat sa radnim delom. Ciklus depozicije praha se ponavija,
dok se na svim radnim delovima ne izvede depozicija praha.

Zakljugak

U radu je opisana struktura plazme, nacin njenog stvaranja i ter-
modinamicke karakteristike: entalpija, temperatura, specifiéne toplote i
toplotne provodijivosti gasova, kao i plazma sprej procesi na atmosfer-
skom pritisku i u vakuumu na niskom pritisku inertnog gasa. Plazma
sprej procesi razvijeni su za depoziciju istopljenih ili poluistopljenih Ce-
stica praha na povrSinu osnovog materijala na kojoj deponovane &esti-
ce formiraju previake.

Prednost plazma sprej procesa je mogucnost primene velikoga
broja razlic¢itih materijala u obliku praha razli¢ite granulacije i morfologi-
je, koji su pogodni za formiranje previaka radi zastite povrSine osnov-
nog materijala od habanja, abrazije, erozije, kavitacije, korozije i otpor-
nosti na zamor na niskim i povi§enim temperaturama. Plazma sprej
procesi takode omogucuju modifikaciju prahova, kao Sto je sferoidiza-
cifa prahova sa oS$trim ivicama, zgu$njavanje poroznih ¢estica, a u no-
vije vreme i formiranje nanoprahova. Prednost procesa je $to istopljene
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Cestice praha sa visokom tackom topljenja ne prenose veliku koli¢inu
toplote u osnovni materijal i ne naruSavaju strukturu osnovnog materi-
Jala. U procesu depozicije najbitnije je kontrolisati prenos toplote sa
previake na podlogu, koji je u funkciji sastava plazma gasa, snage na-
pajanja i vremena boravka Cestica u mlaz plazme.

APS i VPS plazma sprej procesi imaju Siroku primenu u proizvodnji no-
vih delova radi zaStite radnih povrsSina i reparacije pohabanih delova u
procesu remonta primenom adekvatnih previaka koje znatno poboljia-
vaju funkcionalnost i povecavaju radni vek delovima.

Kljuéne redi: ofpornost, prahovi, plazma gas, provodiljivost, prevlake.
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