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The paper analyzes the conditions for the formation of a coating obtained using an electrothermal axial plasma
accelerator due to plasma transfer of cathode erosion products. It is shown that by using a cathode of low-melting
materials with a high-current pulsed discharge, microdrops are formed and injected from the accelerator falling into
the surface to be treated. When colliding with the surface, the drops acquire near-disk shape with a radius of up to
100 pm, cooling on the substrate at a speed of up to 10® K/s. This leads to the formation in the drops of a supersatu-
rated solid solution with nonequilibrium structure. The subsequent heat treatment of the coating can result in harden-
ing phases precipitation from solid solution causing the increase in coating microhardness.

PACS: 52.77. — j, 62.20.Qp, 61.66.Dk, 64.70.Kb

INTRODUCTION

Surface engineering is increasingly being used as an
effective approach for expanding the functionality of
metal surfaces [1-3]. Plasma assisted technologies are
widely used in practice of renovation and surface modifi-
cation of metal parts through deposition of protective
coatings [3-6]. These technologies include pulsed-plasma
treatment (PPT) based on the generation of plasma pulses
directed to the surface [7—10]. High energy density trans-
ferred to the surface by plasma pulse leads to ultra-high-
speed heating followed by very fast cooling due to heat
evacuation inward the bulk of substrate [11]. The result is
a modification of the near-surface layer, i.e. changing its
structure and properties [7, 11, 12].

Different devices are used for PPT as plasma source
[13-15]. One of them is electrothermal axial plasma ac-
celerator (EAPA) intended for different purposes, includ-
ing both modification and protective coating deposition
[5, 16-18]. The coating is formed by the vapors of EAPA
inner chamber material as well as by the vapor and mi-
crodroplets of cathode material which are the result of
high-current discharge inside the chamber. It is obvious
that in this conditions the chemical composition and the
structure of the coating are greatly influenced by the ma-
terial of cathode which is the electrode axially positioned
inside EAPA chamber. As a rule, refractory materials
(mostly tungsten) are used for cathode in plasma acceler-
ators [1, 13]. In contrast, in [5, 16] it is shown that catho-
de should be made of material with low melting tempe-
rature. This facilitates the cathode surface melting which
leads to increase in mass transfer by micro-droplets frac-
tion. Subsequently the velocity of coating formation in-
creases. These cathode materials may include the alloys
containing eutectic structural constituents like white cast
irons [5] and ledeburitic tool steel [16]. The chemical
composition of these alloys allows to obtain the coating
with high volume fraction of hard carbides which are
necessary to improve the resistance to abrasive and abra-
sive-erosive wear [19-21].

It is found that PPT may lead to metastable structure
in coating resulted from rapid crystallization of plasma
transferred material (i.e. “solute trapping” effect [22,
23]). Depending on PPT regime different plasma-
chemical reaction may occur leading to specific phase
state of the coating. It is important to understand the

mechanisms and time-temperature conditions of micro-
droplets formation during the discharge in EAPA cham-
ber. 1t would help the PPT prognosing and choosing op-
timal technological parameters. In this connection, the
object of present work is a study of formation of cathode
microdroplets in EAPA chamber and further coating for-
mation on the metallic substrate.

1. MATERIALS AND METHODS

EAPA was used as plasma source in the present work.
The design, electrical circuit and the working principles
of EAPA are described in detailed in [5, 17, 24]. EAPA
discharge chamber (current arrestor RTF-6-0.5/10U1) is
the fibrobakelite tube which is pressed up with steel
flanges from the both sides. The metallic road is coaxi-
ally inserted inside the chamber to be the cathode. The
opposite flange is the anode. Different metals and alloys
were used as cathode material, specifically Al, Cu, Ti,
W, bronze, Ni-Cr, plane carbon steel 1020,
28%Cr — cast iron. The coating was deposited on the
specimens of 10x10x20 mm size made of hot rolled
steel 75Mn (0.75% C, 0.91% Mn, 0.28% Si) or of
15%Cr — cast iron.

The working regime parameters of PPT were: the
voltage of discharge (U,) (accumulated in 1.5 mF ca-
pacitor) is up to 4.5 kV; current amplitude is up to
10 kA, the distance between the electrodes is 60 mm;
the distance from EAPA edge to the substrate is 50 mm.
The duration between the pulses was 30...40 s.

Photographing the ejection of a plasma flux out of
EAPA was performed using a Nikon “1s1” photoca-
mera. The interval between the shots was 1/1200 s. The
microstructure of the samples after PPT was investiga-
ted using a Nikon “Eclipse M 200” optical microscope
and a JEOL “JSM-6510 LV” scanning electron micro-
scope.

2. ANALYSIS OF EXPERIMENTAL
RESULTS AND THE PHENOMENOLOGY
OF PROCESSES

During high-current pulsed discharge in EAPU an
energy equal to ~ 10 kJ is released during ~ 102 s in a
volume of ~ 10 cm® [11]. This leads to evaporation of
the dielectric walls of the discharge chamber, to evapo-
ration and melting of the electrodes (mainly the ca-
thode) leading to plasma jet forming.
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The molten cathode material is carried away by the
gas stream and, possibly, partially enters the inner sur-
face of the discharge chamber, which leads to its intense
heating at the points of contact with the liquid metal.
Due to the intense evaporation of fibrobakelite, the melt
particles are discarded from the wall and removed from
the EAPU chamber by plasma flux along the axis of the
tube. When conducting experiments metallization of the
inner surface of the tube was not observed.

As high-speed shooting shows, when a gas outflows
from the chamber within a few milliseconds, ejection of
liquid metal drops occurs. The dynamics of the ejection
of steel droplets from the EAPU is shown in Fig. 1 with
time interval between the shots of 1/150 s. Processing
the results of high-speed shooting shows that the veloci-
ty of droplets reaches about 5 m/s.

Fig. 1. Ejection of steel drops (plane steel 1020)
from EAPA (U, = 4 kV)

To assess the degree of plasma mass transfer, the
central electrode was made of both drop-forming mate-
rials (Al, Ti, bronze, cast iron, steel, Ni-Cr), as well as
of slightly eroding refractory tungsten. Table 1 shows
the values of specific erosion of cathode depending on
the material. The specific erosion was found as cathode
mass loss divided by the electric charge transferred dur-
ing the discharge.

From Table 1 it follows that specific erosion is di-
rectly proportional to cathode material’s melting tem-
perature. From this dependence falls titanium, having an
erosion value close to low-melting aluminium. This is
probably due to the increased ability of titanium oxide
to adsorb atmospheric gases upon heating [25].

Table 1
Specific erosion of materials of EAPA cathode
Cathode material sz)ii%i,fi\ige/r((:)_ temp':g(re;ttiunr%, "
Steel 1020 4.37 1440
Cu 6.35 1083
Al 24.7 660
Ti 20.7 1668
Ni-Cr 6.93 1390
Bronze 7.64 950

Metallographic studies show that after 10 plasma
pulses using refractory tungsten cathode a thin coating
with uneven thickness occurred on the surface of cast
iron specimen (Fig. 2,a). For comparison, in Fig. 2,b
shows the microstructure of the coating obtained using a
cathode made of steel ASTM 1020. It can be seen that
in the second case the thickness of the coating is about
three times as high as in the first case with a greater
uniformity of coating’s thickness.

Fig. 2. The microstructure of the surface of high-
chromium cast iron treated with tungsten cathode (a)
and cathode of steel ASTM 1020 (b) (U, = 4 kV)

To analyze the obtained experimental results, the
following problems should be resolved, specifically:
(a) the intensity of erosion of the central electrode
(cathode); (b) the formation and acceleration of erosion
drops; (c) thermal impact of plasma flow on the sub-
strate surface; (d) forming of the coating of cathode
material on substrate surface.

Erosion of the central electrode (cathode). Let us
estimate the consumption of the material of the cathode
in a single discharge realization. For low-melting mate-
rials the noticeable erosion is observed on an area of
about 1 cm? (Fig. 3). It is obvious that through this area
the main charge transfer takes place, accompanied by
intensive ion bombardment. In this case, the energy is
transferred to cathode surface both due to the ions kine-
tic energy and due to their recharge [26].




Fig. 3. The working part of the cathode made of steel
ASTM 1020

Then, in a unit of time, the entire current-receiving
region receives energy due to the kinetic energy of the
ions:

gk:I+Ucak (1)
and due to ions recharge:
On=l+(Ui— p)a,, (2

where 1. is the ion current which is about 10% of the
total current; U.= 100V is cathode potential drop;
U; = 14 V is ionization potential of gases-vapours of the
material of the dielectric chamber (N, H,, CO,, etc.); ¢
is the electron work function of the cathode material
(p=5..10 V); ay = 1 and a, = 0.5 are the corresponding
accommodation coefficients [26].

Therefore, the considered section of the cathode sur-
face during the discharge time t,~0.5..1 ms will re-
ceive the energy equal to:

E:j(gn+g’]n)dt :ji|+(Uc a +U; —p)a)dl. 3)

Assuming that during the whole discharge the val-
ues of U, Uj, @, a, and a, remain unchanged, then:

E=01U.a +U; -9)a)aq, (4)

where q is the charge that passed through the circuit
during the discharge.

If we assume that the energy E is released instantly
and locally on the metal surface, then according to [26]
the mass (M) of the molten cathode material can be es-
timated as:

M = 0,31£ , (%)
cT,

where ¢ and T, are the specific heat capacity and the
melting point of the cathode material, accordingly.

Then the maximum possible value of specific ero-
sion is:

q

L

The calculation by expression (6) for a steel (ASTM
1020) cathode (c = 462 J/(kg-K), T, = 1663 K) gives the
value of the maximum possible specific erosion equal to
6.1-10° kg/C, which is close to the value of erosion
determined empirically (see Table 1). These results
show that the molten cathode material is almost com-
pletely carried away by the plasma from the central
electrode. Some difference may be due to the peculiari-
ties of the processes of formation of droplets and their
evacuation by gas flow.

The following facts indicate the possibility of drop-
let formation in a pulsed discharge. First, the thin mol-
ten layer has a thickness h, which can be estimated from
the melting area (Siig):

]
=t g U

Pwm Sliq Pwm Sliq ,

where py is the melt density.

For example, for typical operation modes of EAPA
(Cse = 1L.5mF, U, =4 kV, g = 6 C) using a steel cathode
(ow = 7850 kg/m®) with a melting area characteristic for
EAPU, equal to about 10 m?, we have h = 5:10”° m.

The formation of a drop begins with the formation of
a protrusion on the liquid surface (the radius of which,
for simplicity, will be considered equal to the thickness
of the molten layer). Then it is necessary that the pres-
sure drop of the gas at the free end of the cathode and
the melt boundary farthest from it should be comparable
with the Laplace pressure:

(o)
Ap, > —, ®)
h
where o is the surface tension coefficient of liquid metal
(for steel o~ 1.8 N/m).
Then, for steel cathode:
o 1.8
Ap > —=—""
PN T507
Assume that the pressure drop along the cathode is
uniform, i.e.:

=3.6-10" pa- C))

Ap, _ Al

Apy Aly

(10)

where Ap; and Apy are pressure drop along the melt and
along the entire cathode, respectively; Al; and Alk are
the length of the molten area (~ 10 mm) and the length
of the entire central electrode (~ 300 mm), respectively.

When condition (10) is fulfilled, the pressure inside
the chamber during the formation of droplets may differ
from the atmospheric one by a value of about 10 atm.
This value does not contradict the data given in [25].

As shown in [28], droplets with a diameter of
dp = 1.89h are formed from a flux of a diameter h. Con-
sequently, the diameter of the droplets ejected from the
EAPU can reach 100 pum.

Drop movement in the chamber of the accelera-
tor. Ejection of droplets from the EAPA chamber (see
Fig. 1) is provided by the outflowing gas flow. It is ob-
vious that the gas flow is directed along the axis of the
accelerator chamber. The movement of the liquid drop
is provided by the gas pressure on its surface and gravi-
ty. It is easy to show that in this case the drop accelera-
tion is much greater than the gravity acceleration. Con-
sequently, gravity can be neglected. Then, not paying
attention to the cause of pressure on the drop surface, its
movement can be described by the Euler equation:

dv
Po——=—grad p, (11)

dt



where pp is material density; v is the drop velocity.

The results of high-speed photography (see Fig. 1)
show that the time At of flight of a drop inside the ac-
celerator chamber is almost an order of magnitude shorter
than the time of ejection of all drops. Indeed, when the
distance between the electrodes is Ixa = 60 mm, the value
Ateit = 2lkalv ~ 2:107 s, which is an order of magnitude
longer than the time of a high-current discharge, but sig-
nificantly less than the duration of the ejection of all
droplets. Then the outflow of gas from EAPU during the
evacuating one drop can be considered as quasistationary.
Since the droplets trajectories coincide with the gas flow
direction inside the chamber, the previous equation can
be integrated along the trajectory. As a result, the Ber-
noulli equation is obtained:

2
Po ) =Pk — P,
where pg is the gas pressure near the cathode tip; p, is
the atmospheric pressure at the edge of the chamber (the
value of which is close to atmospheric).

Assuming that the velocity of steel drops ejecting
from EAPU is approximately 5 m/s, taking into account
(12), the pressure drop will be estimated as ~ 8-10* Pa.
Note that the values of pressure drops Ap; and (px—p.),
according to expressions (9) and (12), are comparable in
magnitude.

Thus, the erosion of the central electrode (cathode)
is due to an instantaneous (within less than 1 ms) energy
release on the surface area of the electrode near its end.
The amount of erosion is determined by the physical
properties of the cathode material, by the properties of
the plasma-forming gas and the amount of charge pas-
sing through the discharge gap. The main role is played
by the cathode surface melting. Due to the presence of a
pressure gradient in EAPA chamber, the erosion drop-
lets are formed, are torn away from cathode surface and
are accelerated.

Collision of the drops with the substrate surface.
Fig. 4 presents an image of steel droplets on a glass sub-
strate obtained at U, = 2 kV. The reduced charge volt-
age was chosen to obtain the solitary drops. As can be
seen from Fig. 4, when colliding with a substrate sub-
strate, the drop acquires near-disk shape. Let us estimate
the geometrical dimensions of such disks, taking into
account the transformation of drop energy.

(12)
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Fig. 4. Drops of ASTM 1020 steel on a glass substrate

The drop ejected from EAPA when approaching the
substrate has kinetic energy (E) and surface potential
energy (Esur):

E = pDVDV2 _ pDﬂdgVZ
<2 12
Esurf = OSD = 7Zd[2)0',
where Vp and Sp, are the volume and surface area of the
drop.
pWhen colliding with an obstacle, the drop trans-
formes into a stationary thin liquid disk of radius Rpy
and thickness of hpy << Rpy , whose surface energy is
equal to zR2, o . Eliminating viscosity from considera-

tion, according to energy conservation law, we have:

(13)

é,o,)ﬂdf,v2 +7dic=7R%, 0, (14)
or
1 1 1 o o
Zp,=xd3v? +6=7d2 —=7R2 . h,, —. (15)
2pD 67D gD d, DH ' IpH ho,

When dividing expression (15) by the drop volume
(V, =zd?3 /16=2RZ, h,, ) we obtain:

PV g0 _ O , (16)
2 dD hDH
from where the disk thickness is found as:
h, ~— o (17)
6 +d7DM
o

It follows from (17) the thickness of the disk
formed from a drop does not exceed 1/6 of the drop’s
diameter. So, taking into account the estimates (8), (11),
and (14), the disk thickness is equal to:

1.89.5.10°

bH ~ 105
6+5 10

~107° m. (18)

8-10*

and its radius:

3
R, = 4 104m.
6hy,

The calculation according to (19) gives the valuesof
the radius (= 100 um) which was confirmed experimen-
tally. As follows from the analysis of Fig. 4, the radius
of droplets frozen on a glass surface varies from 10 to
145 um, which is close to calculated value.

Drop cooling on the substrate. For further consid-
eration, the value of time interval At between drop
separation and its exit from the EAPA chamber is of
interest. When the distance between the electrodes (Ixa)
is 60 mm, the At value is an order of magnitude long-
er than the time of a high-current discharge. Conse-
quently, the effect of the plasma flow on the substrate
and the processes occurring during the deposition of
droplets on the substrate are separated in time. At the
initial moment, the plasma flow expires from the EAPA,

(19)



encountering an obstacle (substrate); at the second stage
microdroplets are injected from the EAPU, falling on
the substrate surface.

When a plasma flux collides with an obstacle (sam-
ple), the high-temperature gas causes ultra-fast heating
of the surface. In a previously published paper [11], a
method for calculating the thermal field in a steel sam-
ple heated by EAPA plasma pulse was presented. Ac-
cording to the calculations, with a heat flux density (qo)
equal to 1.75-10° W/m?, the metallic sample can melt to
a depth of 10 um. In addition to melting, the surface of
the sample is also subjected to a force due to the dynam-
ic pressure pp, which is comparable in magnitude to the
pressure in EAPA chamber (i.e., pp ~ 10° Pa). Then,
taking into account the justification of the formula (10),
we conclude that the sample surface can be covered
with a molten layer of thickness
~ 218 a0t m

p, 10°

The remaining amount of molten steel will be re-
moved by the gas flow from the sample surface. There-
fore, for determination of the temperature field at the
moment of drops collision with the sample surface,
comparable to Ateg (~2:107s), the most interesting is
the mode of EAPA with g, = 1.75-10° W/m?. At this
mode the melting point is reached only in near-surface
layer of the sample. The results of such calculations
(according to [11]) are shown in Fig. 5. It can be seen
that 10 ms after the discharge, the temperature of the
surface layers of the sample to a depth of ~ 100 um can
be considered constant. Thus, when a flying drop meets
the sample surface, the temperature gradient is practical-
ly absent in the latter. This sets the initial conditions for
calculating the velocity of erosion drop which are
cooled on the substrate surface.

(20)
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Fig. 5. Temperature fields in the sample bulk at time

moment of 5, 10, and 50 ms after exposure to plasma
flux at g, = 1.75-70° W/m?

As was shown above, the thickness of a disk
formed from a drop is much smaller than its radius.
Then the task of drop cooling is one-dimensional task of
cooling a thin layer on a substrate, which is described
by Fourier law:

oT ol ,oT
C—=——|A—|, (21)
g { ax}
where p is density, ¢ is specific heat capacity; A is ther-
mal conductivity.

The velocity V; of “liquid-solid” interface move-
ment is determined from equation:

T T
PAV; =2, [5_} — 4 {5_} (22)

OX OX

where A is the specific heat of fusion; 4, and As are the
heat conductivity of the liquid and solid phases, respec-
tively.

The initial conditions are given by the temperature
distribution over the sample depth:

T, O<x<hy,,
T(x,O):{Tl o
5 x>h

where T, is the drop temperature, which exceeds the
material melting point (T, >T;y), T, is the temperature of
the substrate, previously heated by the plasma flux.

The solution of this task by the finite differences
method according to an explicit scheme is presented in
Figs. 6 and 7. The calculations were carried out at the
following values: T,=2500 K, T,=373 K,
hpy = 10 um. The cathode and sample material was steel
75Mn, for which p=7830kg/m® c=420J/(kgK),
A=140J/Kg, A =24 W-m*K? and As=48 W-m™K*
[29].
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cooling drop after its deposition
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Fig. 7. Temperature fields in the sample bulk and inside
the cooling drop at time moment of 1, 10, and 100 us

As can be seen from these figures, the cooling rate
of the droplet material reaches value of 10° K/s, which
is an order of magnitude greater than the rate of temper-
ature change in the sample surface when exposed to a
plasma flux. This creates the condition for the “freez-
ing” the drop, when the crystallization of the coating
proceeds by a non-equilibrium mechanism with the



formation of a solid solution supersaturated with alloy-
ing and impurity elements [30, 31]. Such a single-phase
(austenitic) coating structure is formed when using the
cathode of heterogeneous materials as T1 tool steel [16]
or high-chromium cast iron [30]. These materials both
contain large amount of carbide particles in the initial
state (before PPT).

The evaporation of fibrobakelite from the inner
wall of the tube increases the concentration of carbon in
the plasma flux, Carbon is transferred to the substrate
and enriches the crystallizing coating material. This
significantly affects the microstructure of the coating, in
particular, high-carbon acicular martensite is formed,
the amount of carbides and the fraction of retaiend aus-
tenite increase, the stoichiometry of carbide inclusions
changes, etc. [5, 16, 30]. Atmospheric nitrogen, which is
similar to carbon in its influence on structure, can also
affect it. As for the oxidation of the coating in contact
with atmospheric oxygen, than the previous EDS studies
of the high-chromium (28% Cr) coating did not reveal
any significant enrichment of it with oxygen [5, 30].

As an example, Fig. 8,a presents the microstructure
of the coating obtained using the EAPA on substrate of
75Mn steel using a cathode made of high-chromium
(28% Cr) cast iron. After 10 pulses, a coating of
150...170 pm thick formed on the surface. It consists of
austenite oversaturated with carbon and chromium with
the microhardness not exceeding 650 HV.

Fig. 8. Microstructure of the coating obtained on 75Mn
steel using a cast iron (28% Cr) cathode: after PPT (a),
after PPT and holding at 950 °C (b)

The increasing coating microhardness and tribolog-
ical characteristics requires an additional heat treatment
to decompose the supersaturated solid solution with
hardening phases precipitations and shear yFe—aFe
phase transformation [32, 33]. In this case, the post-
plasma holding at 950 °C for 2 h led to the precipitation
of a large number of carbides (Cr, Fe);Cs in the coating
with subsequent doubled increase in coating microhard-
ness.

CONCLUSIONS

1. During high-current discharge a two-stage expi-
ration of the plasma products from EAPA occurs. In the
first stage, a high-temperature gas expires within 1 ms,
in the second stage (after 20 ms) microdroplets formed
due to erosion of electrodes are injected at a speed of
5m/s.

2. The specific erosion of the EAPA cathode in-
creases with a decrease in material melting temperature,
reaching 25 mg/C for aluminum. Erosive transfer of the
cathode material ensures the formation of a coating on
the substrate.

3. Upon collision with the substrate surface, the
erosion drops acquire near-disks shape with a radius of
up to 100 um. The rate of drops cooling on a metal sub-
strate reaches 10® K/s, which forms a coating with the
structure of a supersaturated solid solution. Subsequent
heating may cause decomposition of the solid solution
with the precipitation of hardening phases and coating
microhardness increase.
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®OPMUPOBAHHUE IIJIASMEHHOI'O IIOKPBITUA OCAYXKAEHUEM MATEPHUAJIA
KATO/JA, SPOJUPYIOUIEI'O ITPU CUJIBHOTOYHOM UMITYJIbCHOM PA3PAIE

10.I'. Yabax, B.H. ®edyn, B.I'. E¢ppemenxo, T.B. Ilacmyxoea, b.B. E¢hpemenxo

[Mpoananu3upoBaHbl yciaoBus (GOPMUPOBAHUSI TOKPHITHS, OIY4aEMOT0 C IOMOIIBIO JIEKTPOTEPMHUYECKOTO aK-
CHAJIBHOTO IIIa3MEHHOTI'0 YCKOPHTENs, 3a CUeT IJIa3MEHHOTO MepeHoca NpoAyKTOB 3po3uu karona. IlokasaHo, 4to B
clly4yae MCIOIb30BaHMs KaTo/1a U3 JIETKOIUIABKUX MaTepUaioB IPU CHIBHOTOYHOM UMITYJILCHOM paspsizie 00pasyroT-
Csl U MH)KEKTHPYIOTCS U3 YCKOPUTEIs MUKPOKAIUIY, HOoNafaone Ha o0padaTeiBaeMyto oBepxHocTh. [Ipu coyna-
PEHUH C TIOBEPXHOCTHIO OHM MPUOOpeTaroT popMy aucka paamycom a0 100 MKM, OCTBIBast Ha TIOIOKKE CO CKOPO-
ctbio 10 10% K/c. DTo npuBoauT K hOPMHUPOBAHMIO B KAILIAX HEPABHOBECHOM CTPYKTYPhI EPECHIIIEHHOTO TBEPIOTO
pactBopa. ITocnenyromas TepMudeckas oOpabOTKa MOKPHITHSI MOXKET BBI3BIBATH Paclaj pacTBOpa C BBIICICHHEM
YIPOYHAIOIUX (a3 ¢ COOTBETCTBYIONINM IOBBIIICHHEM MUKPOTBEPOCTH IMOKPBITHS.

®OPMYBAHHA IIJIASMOBOI'O ITIOKPUTTA OCAIZKEHHAM MATEPIAJLY KATO/IA,
O EPOAYETHCS ITIPU INIOTYKHOCTPYMOBOMY IMIIYJBCHOMY PO3PsI

I0.T'. Yabax, B.I. ®eoyn, B.I. E¢ppemenxo, T.B. Ilacmyxosa, b.B. €Eppemenko

[IpoananizoBano yMOBU (hOpMyBaHHS MOKPHUTTS, 10 OTPUMYETHCS 3@ JOIMOMOTOI0 EIEKTPOTEPMIUHOTO aKCiaslb-
HOTO IJIa3MOBOTO MPUCKOPIOBAYa, 3a PaXyHOK IJIa3MOBOTO MIEPCHECCHHS MPOAYKTIB epo3ii karona. IlokazaHo, 110 B
pa3i BUKOPHCTaHHS KaToja 3 JErKOIUIaBKUX MaTepiajiiB NpH MOTY)XKHOCTPYMOBOMY IMITyJIbCHOMY PO3psijii YTBOPIO-
I0ThCS 1 IHXKEKTYIOTBCS 13 MPUCKOPIOBa4Ya MIKPOKpAILTi, 1110 NOTPAIUISIOTh Ha 00po0itoBaHy noBepxHio. [Ipu 3iTk-
HEHHI 3 TIOBEPXHEI0 BOHU HA0YBalOTh (popMy Aucka pamgiycom 1o 100 MKM, 0XOJIOHKYIOUHCEH Ha MiAKIANI 31 MBU -
xictio 1o 10° K/c. Ile npu3BoauTh 10 (OPMYBAHHS B KPAIUIX HEPIBHOBAKHOI CTPYKTYPH IEPECHIEHOTO TBEPIOTO
po3unny. [Tomanbina TepMiuHa 0OpOOKa MOKPUTTS MOXKE BHKIHKATH PO3MAJ PO3UUHY 3 BUAUICHHSIM 3MII[HIOIOYHX
(a3 3 BIAMOBIAHNM ITi IBUIICHHIM MiKPOTBEPIOCTI IIOKPHUTTSI.



