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A mathematical model has been developed for the external uniformly distributed thermal effect on the
surface of a flat bilayer element made of optical glass K108 and oxide coating with AloOs, MgO, taking into ac-
count the temperature dependencies of their thermophysical properties (volumetric heat capacity and thermal
conductivity). Critical values of external thermal impact parameters (heat flows and durations of their action)
leading to the destruction of coatings (crack formation, detachment, delamination, etc.) have been determined.
The problem of implementing a uniformly distributed thermal effect along the surface of the oxide coating us-
ing a system of fixed ribbon electron flows (REF) has been solved. These REFs are incorporated as a pro-
grammatically controlled module into the equipment of modern electron-beam devices. Permissible processing
regimes for coating surfaces have been defined (the number of REFs, controlled parameters for each REF
such as current, accelerating voltage, and distance to the processed surface). These regimes allow to improve
their operational characteristics and prevent potential damage under extreme operating conditions of devices
(elevated heating temperatures, thermal shock effects, etc.). Electron-beam processing of extended elements
made of optical glass and ceramics, piezoceramic elements, as well as optical elements with coatings of metal
oxides, is considered potentially capable of qualitatively processing their surfaces using a system of fixed REF.
These REF can serve as the elemental basis in microoptics, integrated and fiber optics, functional electronics,
and other fields of precision instrument engineering.
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1. INTRODUCTION

Currently, optical elements (made of optical glasses
K8, K108, K208, etc., optical ceramics KO2, KOS5, etc.)
are widely used as individual components in purpose-
specific optoelectronic devices (such as pulsed bearing
range finders, sighting complexes, laser medical
devices, infrared devices, ete.) [1-7].

To enhance durability and reduce the radiative and
convective components of thermal losses on optical
elements, nanoscale (10-4...5:10-* m) oxide coatings
are applied, consisting of compositions of ZnO, Al20s,
TiO2 etc. [8-12]. In this process, the obtained coatings
are non-uniform, containing hidden defects (cracks,
detachments, etc.), the surface has significant
roughness and low hardness, and so on. All of these
factors lead to a decrease in the operational
characteristics of these coatings: reduced durability,
decreased reflection coefficient in the infrared and
visible spectra, etc.

To address the mentioned drawbacks and improve the
quality of coatings, surface microprocessing using a
moving ribbon electron beam (REF) has been employed
[13-21]. As a result of the conducted research, it was
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determined that after the electron processing of oxide
coatings, defects are no longer observed, and the
roughness decreases from 30...35 um to 9...15 um. The
surface microhardness increases from 13.1...9.3 GPa to
15.9...14.7 GPa (for ZnO coating), from 21.5...17.5 GPa to
24.9...23.7 GPa (for Al2O3 coating), and from 3.5...2.3 GPa
to 7.1...6.3 GPa (for TiO2 coating), etc. The influence of
coating thickness on the surface microhardness
diminishes by 30...40 %. The surface porosity of optical
elements decreases by 5...10 %, and their durability
increases by 7...12 %, along with a 20...30 % extension of
their service life.

However, as technological experiments have
demonstrated [4, 7], during electronic microprocessing
of oxide coatings on extended elements (element length
of 5:10-2...10-! m and more), with a single moving
REF alone is insufficient to improve the specified
operational characteristics of coatings. To achieve a
uniformly distributed thermal influence along the
processed surface, it is necessary to control the speed of
REF movement: at the ends of the element, the REF
should move more slowly than at its center. This
approach prevents overheating of the element in the
central area, avoiding disruptions in surface flatness,
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changes in its geometric shape, and local damage (such
as crack formation, detachments, delamination, etc.)
due to large temperature gradients, etc. Currently, the
problem of controlling the speed of REF movement has
not been resolved, as it belongs to the class of invalid
problems in mathematical physics [21-25]. Therefore,
for the surface treatment of extended elements with
oxide coatings of different geometric shapes (flat,
cylindrical, spherical, etc.), it was proposed to use a
system of fixed REFs with controlled parameters
(current Ip (mA), accelerating voltage V, (kV), distance
to the treated surface ! (m), and exposure time ¢ (s)) [26,
27]. The possibility of technically implementing the
treatment of extended objects using a controlled
module with a system of individual electron streams
(REF) has been demonstrated.

However, at present, there is a lack of mathematical
justification and software for implementing the specified
method through an automated control system.
Mathematical models of the thermal impact of these
ribbon electron beams (REFs) on the mentioned
multilayer elements (optical element + oxide coatings)
have not been developed, which would allow calculating
temperature distributions and thermoelastic stresses
through their thickness depending on REB parameters.
By comparing the maximum values of thermoelastic
stresses in the elements with their permissible limits for
the considered optical materials (optical glass and
ceramics) and oxide coatings, critical values of REF
parameters (I, ¥',l",t*) can be determined. Exceeding
these critical values leads to the deterioration of
operational characteristics of oxide coatings and
subsequent failure. Therefore, the aim of this work is to
develop mathematical models of the thermal effect of a
system of fixed beams on extended bilayer elements: a
layer of optical material with an oxide coating. These
models should enable the determination of critical values
of REF parameters for preventing the deterioration of
coating operational characteristics, their failure, and the
malfunction of devices during uniformly distributed
thermal influence along the processed surface.

2. THE RESULTS OF THE RESEARCH AND
THEIR ANALYSIS

The two-layered plate consisting of different materials
is considered (one made of optical material, and the other
with an oxide coating) (Fig. 1). As a result of the thermal
influence of the fixed REF system on the plate's surface, a
uniformly distributed heat flow @.(I», Vy, I) is introduced.
Ideal thermal contact is observed between the layers, and

o,

Fig. 1 - The scheme of heating an optical plate with an oxide
coating by a system of fixed REBs with an influence density @.:
B, D — width and length of the plate, m; Cv1, &1, Hi, Cvs, A2, Ho —
volumetric heat capacity (J/m3K), thermal conductivity coeffi-
cient (W/m?) and the thickness (m) of the oxide coating (1) and
the optical material of the plate (2), respectively
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in the first approximation, radiation and convective
heat losses are not taken into account due to their
small magnitude [4].

For commonly used metal oxides (ZnO, Al203) for
nanoscale coatings and optical materials (K8, K108
optical glasses and KO1, KO2 optical ceramics), and
the values of Hz (H2=(5...10)-10-3 m), the conditions
[28] are met:

6, =2" (a%1 '7)1/2~H1
1)
62 =2- (a(z)z 'T)l/z K HZ

where &, a,, §,, a2, — are the depth of the thermoac-
tion zone (m) and the coefficient of thermal conductivity
(m?/s) for the oxide coating and the optical element,
respectively; 7 — time of external thermal action (s).
Therefore, the plate is considered as a semi-confined
environment, on the lower side of which heat exchange
conditions are not taken into account (Z—)TC = Z—; =0)

In this case, the equations of the mathematical model
of heating a two-layer plate have the form [29]:

0Ty a 0Ty
CVl(Tl).a_’I;ZE[/ll(Tl)'a_z]' t> 0, 0 <Z<H1, (2)
a a a
Cra(T) - 52 = = 2(T2) - 5|, >0, Hy <z < +o0,(3)

under the following conditions

oT;
Tilt=0 = Tolt=0 = To, —A1(T1) 'a_z1 z=0 Qn,

Taloety = Talm T3] = 22T 52|
T, = Ty, (%)ao at z - +oo
Taking into account dependencies [7]

Nyi = Nyoi " TP, 25 = 20 TF, (i =1,2), (4)
where (N,o;, Aoi, U — empirical constants) and
substitution of variables

0;(z,t) = TP = T¢*™, (i=1,2), (5)

we get a system of equations:

20 _ 2 06,

e~ Q01752 ©)
a6 2 9%
a_tz =Aagz " azzz? (7)

under the following conditions

96, _
B1lt=0 = O2l¢=0, e 70 = qno» 91|z:1-11 = 92|Z=H1v
Gl a0
Aop + 2 = Aoy 22
01 5z z=H, 02" 9z z=H,
a6,
6, - 0, (a—;)—>0 at z - +o
2 _ Aoi = _ v+l
where Ag; = P dno = 2 *Qn.
Vol 01

We look for a solution to the problem in the class of
functions for which the Laplace transform of a variable
can be applied [30]. We consider

01005-2



CRITICAL VALUES DETERMINATION OF PARAMETERS...

bi(z.p) = [," e7Pt- (2, Ddt. ®)

The operational solution of the problem is presented
in the following form:

9_ ( ) Gno’[7t \/— \/—) (9)
1z, p /1 H
0 1P\, 202 Hlﬁ
PPl aoi ( ao1 ) ao2 h( ao1 )
(Z—Hl)_ﬁ
— Grn-e Q02
6,(z,p) = dno® . (0
A H1/p\, 2 Hyp
ppigton( el sken(Gol?)
where dy = %

The solution of the original problem has the
following form:

T,(z,t) = {T67+1 + 2(v+1) an ao1Vt [Zn obm-
01

e (22 5501 erf (i’;;f;)]}? a

4(v+1)'QnaosVE i
T,(z, t)_{ +1+W Yr=ob™ i

z v+1
erfc (am N Zam-ﬁ)} ’ (12)

where erf, ierf - are special functions [30].

To find thermoelastic stresses in the considered
plate o;(z,t) (i=1, 2 — are the coating and plate
numbers, respectively) the following standard ratio is
used to calculate stresses in flat layers [31]:

0.(z, c)—“T—f‘-[ Ti(zt) += s (2Hy ~ 32) [ Ty(z, t)dz - =
(Hy —22) [, Ty(z,t) - zdz], (13)

where ar, E;,v; - coefficient of thermal expansion (K1),
Young's modulus (N/m2) and Poisson's ratio of the oxide
coating and the optical element, respectively.

The obtained formulas (11) — (13) allow, with the
help of known physical and technical characteristics of
the oxide coating and optical material of the element,
as well as standard software [7, 31, 32], to perform
calculations in interactive and real-time mode on
modern PCs. These calculations involve temperature
distribution and thermomechanical stress throughout
the thickness of the oxide coating and optical element,
depending on the controlled parameters of the
stationary REF system (the magnitude of uniformly
distributed heat influence @. along the processed
surface and the duration of its action, t). It also enables
the determination of their critical values Q; and t*
based on the condition
>0, (14)

101 1max

where ¢” - is the strength limit of the oxide coating.

The results of calculations of thermomechanical
stresseso;(z,t) throughout the thickness of the oxide
coating using the known physical and mechanical
properties of Al203, MgO oxides, and optical glass K108
[7-10], under thermal influences Q,; = 3.5-107 W/m?
and Q,p =4.7-108 W/m?2, that are practicaly
implemented during electron-beam processing of various
optical materials, are presented in Fig. 2-5.

It is determined that the maximum tensile stresses
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occur near the surface of the coating (z=0), and the
maximum compressive stresses occur in its middle (at
Qn1 = 3.5:107 W/m?2) (Fig. 2, 4). With an increase in the
external heat influence @ from 3.5-107 W/m2 to 4.7-108
W/m2, the maximum values of thermomechanical
stresses |0],,4, increase by 1.7... 1.9 times (for Al2Os3),
2.1 ... 2.8 times (for MgO). In this case, the max values
|0] q shift from the middle of the coating (~ 0.5H1)
closer to its end (~ 0.75H)).

It is also established that with an increase in the
duration of the thermal influence ¢ (up to 1.8...2.0
seconds) on the oxide coating, the max values
|0] yqx decrease by 1.5 ... 1.7 times (for Al20s), by 2.5 ...
2.7 times (for MgO) for Q,, = 3.5-107..4.7-10% W/m?2
due to a sharp rise in the temperature of the heated
coating (more than 5...8 times) (Fig. 3, 5). Critical modes
of thermal influence by a set of fixed REF on oxide
coatings are achieved (critical values Q;; and t;, where i
=1, 2,...), where |0|,,, exceeds the material strength
limit 0", leading to its destruction (appearance of cracks,
splits, etc.) (Table 1).

@, 10° N/m? T

1.6 ~ t
12 /\f
0.4
o / E / =/H
0.ps / 0.50, 0,75 =,
04
0.8 2
-1,2 |——
-16
=20 f——
24

Fig. 2 — Distribution of thermal stresses across the thickness
of an element made of optical glass K108 with an oxide coating
of Al:O3 depending on the external thermal influence Q.

(To=300K; Hi=310%m; t = 0,1 s): 1 — Q.=4,7-108 W/m?,
2 — @n=3,5-10" W/m2,
|(71|mm
10° N/m?2 ~
~
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Fig. 3 — Dependence of the module of maximum thermal stresses
|0],par I the oxide coating with Al:Os on the surface of the K108
optical glass element on the time of external thermal action for
different ~ values of @ (To=300K; Hi=310*m):
1-@,=4,7108 Wm?; 2 — @, = 3,5-107 W/m?2); ti, t, — critical times
of thermal action, s; — calculation results; — — — — strength
limit of the oxide coating ¢” [33-35]

For preventing mentioned critical modes in the
electron-beam processing of oxide coatings on optical
elements, it is necessary to determine the critical
values of the controlled parameters of the fixed REF
system that implement external thermal influence.
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Implementation of uniformly distributed heat
influence @. along the processed surface of the oxide
coating. The heat influence @ is realized on modern
electron-beam equipment [4, 7] using a system of
discretely located fixed REFs along the processed
surface (s, s2, ... sy, N — amount of REFSs).
Mathematical processing of probing results [26]
demonstrates that the distribution of the heat influence

<
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Fig. 4 — Distribution of thermal stresses across the thickness
of an element made of K108 optical glass with an oxide coating
of MgO depending on the external thermal influence @,
(To=300K; H=310-4m; t=0,18): 1 — Q= 4,7-108 W/m?2;

2 — @n = 3,510 W/m?

| Gl[max N
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Fig. 5 — Dependence of the modulus of the maximum thermal
stresses |0],,4, In the oxide coating with MgO on the surface of the
K108 optical glass element on the time of external thermal action
for different values of . (To=300K; H1=310-*m): 1 —
Q.= 4,7108W/m?; 2 — @, = 3,5-107 W/m2); t3, t; — critical times of
thermal action, s; — calculation results; — — — — strength limit
of the oxide coating ¢”

Table 1 — The ranges of changes in the critical values of heat
flows @, (=1, 2,...) and their action times t; (i=1,2,.)onan
element made of K108 optical glass with an oxide coating

Parameter .
Material Q,;» 103 W/m?2 t;, s
coating
0,35 ty > 1,52
Alz0 : =
o 4,7 £;>0,74
MgO 0,35 tﬁ > 1,37
4,7 t3 > 0,59

density of the j-type REF along the x coordinate of the
processed surface in the optical element with an oxide
coating is described by the Gaussian law (relative error
5...7 %) (Fig. 6):
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A

1,-v, |k, (1,.1)

VI ,1)="2"2.
e (15)
X
erf(b] (In/’lf)‘\/ko_f(l.v’l/))
where
k,,(1,.1)=9.367-10" - 7,859 10"
(16)
xt,-(5,110'-1,3:10" 1) 1,
1,73
b (1,,1)=—F——ee amn
J( B J) kn/ (I”/’l/)

G

v

V¥ L z¥

v

Fig. 6 — Scheme of the thermal effect of the j-th fixed REB on
the optical element: g»j — heat flow, normally distributed along x
and uniformly along y, W/m2; 2y;, B — thickness and width of the
electron flow, m; L is the length of the processed element, m

Based on the obtained empirical formulas (15) — (17),
dependencies koj(I lv), 2bj(I. ) and ¢ .(V. I .,l.)

E/Aa) R/ o\ "y’
were received, from which it follows that with an increase
in the electron beam current from Ip; = 50 mA to Ir; = 200
mA , the concentration coefficient ko; decreases by 1.25 ...
1.30 times, and the electron beam thickness 2b; increases
by 1.15 ... 1.25 times. Additionally, with an increase in the
distance to the processed surface from [;j=4-10-2m to /=
6-10-2m, the value of ko decreases, while the value of 2b;
increases by 1.35 ... 1.40 times and 1.2 ... 1.25 times,
respectively. It has been established that the heat
influence density (heat flow) gnj of the electron beam on
the surface of processed optical elements depends on the
controlled parameters of the electron beam: the electron
beam current I, accelerating voltage V,;, and distance to
the processed surface /. Changes within the range of
50...300 mA for Iy, 4...8 kV for V,;, and [ — 4-10-2...
8:10-2 m for Jj result in a quantitative change of the gy
value (for example, (gnj)max = @nj(0) increases by 1.9 times
with an increase in I; and by 2.3 times with an increase
in V,;. Conversely, with an increase in [, the value of
(gn)max decreases by 2.5 times). In general, the conducted
experimental studies on probing the electron flow for
working ranges of its controlled parameters (I; = 50...300
mA, Vi = 4.8 kV, [j = 4-10-2,..8:10-2 m) allowed
establishing the following ranges of changes in its most
important  energetic  characteristics:  concentration
coefficient (sharpness of the thermal impact of the
electron flow) koj = 0,5-10-7...5-10~7"m~2; thickness of the
electron flow (width of the thermal influence zone) 2b; =
510-4..1,5:10-3 m; maximum value of the heat flow
(magnitude of the heat flow at the center of its influence)
@Qn)max = 0,710-L.. 8,5:107 W/m? which fully
corresponds to the level of values of these parameters for
other types of electron flows, for example, electron flows
that have a normal distribution of heat flow radially (so-
called circular sources of thermal influence) [25].
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According to the results of probing, the overall
distribution of the heat effect density N of individual
REB along the x coordinate of the processed surface of
the element has the following form:

N 1 N
F, (X) = JZ:l:qnj zmg I.y"Vw\/kO./(lnf’lf)

e7k01(| il )'xz

erf (bj (Ixj'lj)' koj(lﬂj’lf))

The number of discrete REF and the parameters I,
Viyand [j G =1, 2,...N) are chosen in such a way that the
approximation to the specified distributed heat impact
Qn(x) along the surface of the optical element with oxide
coating, by a set of discretely located stationary electron
flows s; j = 1, 2,...IN) of Gaussian-type thermal influence
Fu(x) was minimized:

(18)

M
2 .
§=2[FR(x)-Q,(x)] »min. a9
E ol

As a result of the conducted numerical experiments
for uniformly distributed heat impact @u(x) = Q. =
const, it has been established that, for example, for N =
5...7, the approximation of the total Fn(x) from
individual REF to the specified Q,,; (¢ = 1, 2) is achieved
within the range of 3...5 % in real-time mode. It is also
demonstrated that by increasing the number of REF
(up to 50...70), high accuracy can be achieved (relative
error up to 10-4...10-5).

Table 2 — Critical values of the parameters of the REF
system, which implement the critical values of external
thermal influences

Parametr
s | X * -2
Ordina) T 10| oy ma | Vv | B0 10
REF
number
1 0,35 62 5,3 6,8
4.7 255 7,4 4,8
9 0,35 56 4,9 6,9
4,7 254 6,9 4,9
3 0,35 33 4,8 7,2
4.7 252 6,8 5,1
4 0,35 51 5,0 7,4
4.7 248 7,0 5,4
5 0,35 54 5,1 7,1
4,7 249 7.1 5,2
6 0,35 56 5,4 6,7
4.7 251 7,3 5,1
7 0,35 59 5,6 6,6
4.7 256 7,5 4,7

Eventually the following critical modes of electronic
treatment of oxide coatings with Al203, MgO on
elements made of optical glass K108 are obtained using
a system of fixed REF that implement uniformly
distributed heat effects along the processed surface.
Exceeding these critical modes leads to a deterioration
of the operational characteristics of the coatings, their
destruction (appearance of cracks, splits, detachment,
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etc.), and device failure (Table 3).

The following critical values of the REF system
parameters were established (Iy;, Vi;, Ta [}, j = 1, 2,...7),
which realize the critical values Q:”. @@ =1,2) (Table 2).

In conclusion, it should be noted that in the light of
modern advanced technologies used in optoelectronic
instrumentation, electron-beam processing of extended
elements made of optical glass and ceramics,
piezoceramic elements, as well as optical elements with
coatings of metal oxides, is considered potentially
Table 3 — Critical ranges of changes in REF parameters (Izj,
V;j, Ta Z;, j =1, 2,...7) and their action times (t:, 1 =1, 2)
implemented along the surface of an element made of K108
optical glass with an oxide coating of AlsOs, MgO

rametr [(Num- |¢t', ¢
;%F Ly Vs |G e Vi |5s 107
mA |kV 10-2 [mA kV |2m
Coating m
1] >0,74 i, > 1,52
1 255 |74 48 62 53 |68
2 254 16,9 (49 56 (49 6,9
3 252 16,8 |51 [53 4,8 |72
Al 4 248 [70 |54 [51 [50 |74
5 249 |71 |52 |54 |51 7.1
6 251 [73 |51 [s6 |54 6,7
7 256 |75 147 |59 |56 |66
t; > 0,39 iy > 1,37
1 255 |74 [48 |62 53 68
2 254 16,9 [49 56 (49 69
3 252 16,8 |51 [53 4,8 |72
4 248 |70 |54 [51 |50 |74
MeO 5 249 |71 |52 |54 |51 |7.1
6 251 [73 |51 |56 |54 6,7
7 256 |75 (47 |59 |56 |66
6 251 [73 |51 |56 |54 |67
7 256 |75 (47 |59 |56 6,6

capable of qualitatively processing their surfaces using
a system of fixed REF. These REF can serve as the
elemental basis in microoptics, integrated and fiber
optics, functional electronics, and other fields of
precision instrument engineering. Furthermore, the
undeniable advantages of electron-beam technology
include its environmental cleanliness and the ability to
obtain, on a common substrate of optical material in a

unified technological cycle, microelements with
improved operational characteristics. Such
microelements wusage in optical components of

optoelectronic devices contributes to their flawless
operation.

3. CONCLUSIONS

1. For the first time, a mathematical model has
been developed for the uniformly distributed heat
impact density @» implemented by a system of fixed
REF onto the surface of an extended element (length
greater than 101 m) made of optical glass (K8, K108,
etc.) with coatings (thickness not exceeding 300...500
um) of metal oxides (Al203, MgO, ZrOz etc.). This model
takes into account the temperature dependencies of
their thermophysical properties (volume heat capacity
Cw(T) and thermal conductivity A(T)), allowing to
calculate distributions of thermomechanical stresses
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across the thickness of the coating and the element.

2. As a result of the conducted calculations, it has
been established that: maximum tensile stresses (o< 0)
appear near the surface of the coating (z = 0), while
maximum compressive stresses (o> 0) occur within its
middle (z = 0,5H1, H1 — is the thickness of the coating) at
@. = 3,5:107 W/m2 With an increase in @, from
3,5'107” W/m? mo 4,7-108 W/m?2 the values of maximum
thermomechanical stresses increase by 1.7...2.8 times,
and the position of |0 |4, shifts from the middle of the
coating towards its end (z = 0,75H1). Increasing the
duration of external thermal influence ¢ leads to a
decrease in |0|pq, by 1.5...2.7 times. By comparing the
value of |0|pe, With the material strength limit ¢* ,
critical values of external thermal impact parameters
(Q;, Ta t*), have been determined. Exceeding these critical
values leads to the destruction of the coating (cracks,
splits, detachment, etc.).

3. For the operative control of the electronic
processing modes of oxide coatings, the task of
implementing a uniformly distributed heat impact @»
along the processed surface of an optical element with
an oxide coating using a system of fixed REF has been
solved. The following new regularities have been
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BusnayeHHs KPpUTUYHUX 3HAYEHDb IaPAMETPIB CUCTEMHU HEPYXOMUX €JIEKTPOHHHUX IIOTOKIB
npu 00pPOOdIli OKCUIHUX MOKPUTTIB HA MPOTAKHUX OINTUIHUX €JI€eMEeHTAX

1.B. Auenxo?!, B.C. Auronwok2, B.Il. Macmos3, B.A. Bamenro!, B.I. 'opmenxo!

1 Yepracokuil 0epocasHull mexHoio2iuHull yHigepcumem, 18030 Yepracu, Yrpaina
2 Hauionanvruti mexuiunut ynisepcumem Yrpairnu «KIII im. Ieopsa Cikopcvrozon, 03056 Kuie, Ykpaina
3 Inecmumym gizuku Hanienposionuxie im. B.€. Jlawrxapvosa HAH Ykpainu, 02000 Kuis, Yikpaina

Pozpobiiero maremaTnyHy Mo/i€JIb 30BHINIHBOTO PIBHOMIPHO PO3IIOJIJIEHOTO TEILIOBOTO BILJIMBY HA IIOBE-
PXHIO ILIOCKOTO JIBOIIAPOBOro ejeMeHTa 3 orrnuHoro ckasna K108 ta oxcumroro nokpurrs 3 AleOs, MgO, o
BpaxoBye TEMIIEPATYPHI 3aJIEKHOCTI 1X TeIJI0(isMIHNX BJIACTUBOCTEN (06'€MHOI TEeILJIOEMHOCTI Ta KoedilrieH-
Ta TeILIONPOBimHOCTI). BusHaueHo KpuUTHYHI 3HAYEHHS IIapaMeTpiB 30BHIMIHIX TEIIOBUX BILIMBIB (TEILIO-
BHUX IIOTOKIB Ta YaciB ix [ii), Skl MpU3BOAATE 10 PyWHYBAaHHS HOKPUTTIB (II0sBA TPIIIUH, BIIKOJIIB, BiIIIA-
pyBaHb Ta iH.). Bupinreno 3agauy peasizarrii piBHOMIPHO PO3IOJIIEHOI0 TEILJIOBOTO BILIMBY B3/IOBXK IIOBEP-
XHI OKCHTHOTO IIOKPUTTS 34 JIOIOMOTOI0 CHCTeMH HepyXOMHX CTpiukoBux esekrTpoHHuX morokis (CEII), mo
BXOJSITH y BUTJISAIL IIPOrPAMHO K€POBAHOIO MOJYJIS Y OCHACTKY CYyYACHOTO €JIEKTPOHHO-IIPOMEHEBOro 00JIai-
HaHHs. BusHadyeno nomycrumi pexxumu 06pobku moBepxoHb mokpurtis (kibkicts CEII, kepoBani mapamer-
pu xosxuoro CEII (ctpym, mpuckopioioda HAIpyra Ta BiICTaHb g0 00po6II0BaHOI HOBEPXHI)), 10 JO3BOJISIOTEH
MOKPAIIYBATH X eKCIUIyaTAI[iWHI XapaKTePUCTUKY TA IMIOMEPeKATH MOKJIMBI PYHHYBAHHS y eKCTpeMaJlb-
HHX YMOBAX €KCILIyaTallil MpriaaiB (IiIBUIEH] TeMIepaTypu HATPIBY, TePMOYAAPHI BILIUBH Ta iH.). Eiek-
TPOHHO-IIPOMEHEBA O00pOOKA MPOTSIKHUX EeJIEMEHTIB 3 ONTHYHOIO CKJIa Ta KepaMiK, eJIeMeHTIB 3
'e30KepPaMiK, 4 TAKOK OIITUYHKX eJIEMEHTIB 3 TOKPUTTAMU 3 OKCHUJIIB METAJIB BU3HAYAETHCS K IIOTEHIIHHO
CIIPOMOJKHA JIJIA AKICHOI 00po0KHM X moBepXoHB 3a moromoromo cucremu Hepyxomux CEII, axi mowyTs Oyt
BHUKOPHMCTAHI AK eJeMeHTHA 0asa y MIKPOOIITHII, 1HTerpasibHIM Ta BOJIOKOHHIN OITHIN, (PYHKI[IOHAJILHIA
€JIEKTPOHIII Ta 1HIINUX TaJIy3SX TOYHOTO IIPHUJIA 00y IyBaHHM.

Kmiouosi ciosa: Onruko-enexTporHe mpuiaanodyayBandsa, Onruuni eaemernTr, HanopoaMipHi HOKPUTTA 3
OKCHIIB MeTaJTiB, KileKTpoHHO-TIpoMeHeBa 00pobka, Terosi mportecu, OnrnMabHe KepyBaHHS.
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