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Mathematical models have been developed to describe the thermal influence of a strip electron beam
(SEB) on optical elements, taking into account the results of beam sensing, the geometric shape and dimen-
sions of the elements, as well as the temperature dependence of the thermophysical properties of the optical
material (volumetric heat capacity and thermal conductivity coefficient), which makes it possible to more
accurately calculate the temperature and thermoelastic stress distributions across the thickness of the opti-
cal element in the regions of maximum external SEB influence. The proposed models make it possible to
more accurately calculate the effect of controllable parameters of the electron-beam installation (beam cur-
rent, accelerating voltage, distance to the treated surface, and SEB scanning speed) on the distribution of
thermoelastic stresses across the thickness of the elements and to determine the permissible ranges of their
variation, the exceedance of which leads to the destruction of the elements and failure of electrical power
system components based on them. This makes it possible to increase the efficiency of final surface treatment
of optical components made of optical ceramics using SEB technology, with the aim of improving the me-
chanical strength of their surface layers, which ultimately enhances the reliability, safety, and stable oper-
ation of electrical power system components under extreme electrical and thermal loads.

Keywords: Mathematical models, Electrical power systems, Electron-beam technology, Optical ceramic,

Methods of heat conduction and thermoelasticity theory.
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1. INTRODUCTION

During operation, components of electrical power
systems (such as optical protective windows in power
equipment, sensors, thermal imaging devices, and heat-
resistant optical instruments) [1-3] are subjected, on
certain surface areas, to extreme electrical and thermal
effects (local maximum external heating, spark discharges,
high-temperature fields, etc.), which lead to the formation
of cracks, chipping, and detrimental structural changes in
the surface layers. These processes result in a significant
deterioration of the components performance and,
ultimately, their failure. Therefore, in order to improve the
properties of the surface layers — specifically, to increase
microhardness and to form thermally strengthened layers
without impairing the infrared transmission coefficient of
optical ceramics such as KO2, KO4, KO12, and others —
these surface areas are additionally treated with a strip
electron beam (SEB) [1, 4-6].

However, when using a strip electron beam (SEB) for
surface treatment of the above-mentioned components,
critical local overheating may occur in their surface layers,
causing the presence of induced relaxation thermoelastic
stresses that exceed the allowable limits for the given
material. Therefore, at the stage of developing
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technological processes for surface treatment of products
made of optical materials, it is necessary to be able to
predict the distribution of thermal stresses in these
components depending on the controllable SEB
parameters and to determine the permissible modes of
their surface thermal strengthening. At present, only the
temperature fields in treated optical elements of various
geometric shapes and dimensions (plane-parallel plates,
cylindrical rods, disks, spherical and hemispherical
elements, rectangular elements of various thicknesses,
etc.) under the influence of a moving SEB [1, 6-9] have been
sufficiently studied. As for investigations of thermoelastic
stress distributions along the surface of optical elements
and across their thickness, they remain rather limited.
Data on determining the critical ranges of variation of
thermoelastic stresses in the SEB-affected zones are
completely absent.

Therefore, the purpose of this work is to apply
mathematical modeling methods of the thermal influence
of a moving SEB on optical elements of electrical power
system components in order to determine the permissible
ranges of variation of its parameters, the exceedance of
which leads to the degradation of the technical and
operational characteristics of the components, up to their
destruction.
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2. THE RESULTS OF THE RESEARCH AND
THEIR ANALYSIS

Rectangular optical elements of various thicknesses,
which are widely used in electrical power system
components, are considered as the objects of the study
[2, 5, 6].

Mathematical models of temperature fields and
thermoelastic stresses in the zones of maximum thermal
influence of the SEB on optical elements.

For the considered rectangular element, the
following conditions are assumed: the depth of the

thermal influence zone 6 ~ H and § > B, 1.e. Z—T =0(a
Y

two-dimensional temperature field T(x,z,t) is

considered); In this case, the medium along the Oz axis
is treated as bounded, taking into account heat exchange
on its lower side (Fig. 1). The treated element is placed
on a thermally insulating substrate, so that radiative
and convective heat losses from its lower side can be
neglected in the first approximation. In the absence of
radiative and convective heat losses from the element’s
surface, heat exchange at its lower side (z = H)
corresponds to adiabatic conditions of the thermal
process.

9.

I
I
2l :
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Fig. 1 — Schema of the process of heating a rectangular element
with a moving SEB: 2b — thickness of the moving electron beam;
B, H, L — width, thickness and length of the element, m;
V — speed of movement of SEB, m/s; Oxyz — rectangular coordi-
nate system, which is related to the SEB

As a result of the conducted experimental
investigations on SEB profiling [1, 6, 10, 11], it was
established that the SEB exhibits a normal distribution
of energy flux density (or thermal influence density)

an (x) across the thickness of the electron beam (for
I»=50...300 mA; V, =4...8 kV; [ = 60...80 mm):
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Here, Po is the SEB power, W, ko — is the
concentration coefficient of the electron beam, m-2
Under the above assumptions, the equations of the
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mathematical model for the heating process of the

considered element (in the moving coordinate system
associated with the SEB) take the following form:

cy (1)- o _o [/I(T).GT}‘?(A(T) aTJ+c (7)- v.or

ot ox ox oz o0z ox
t>0, —o<x<+4mw, O<z<H, ®)
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2T = s 7
()% =) (7

oT
AT) — =0, 8
(T)-7 ®
T->T, [Z—TjaOat X —> 100, 9)

X

where CV(T) and A(T ) are the volumetric heat

capacity (J/m3 ‘K) and thermal conductivity (W/(m K)) of
the element material, respectively.

Equations (5) — (9) take into account the empirical
dependences C, (T) =Cy,,-T", ﬂ(T) =4-T"[1,6,12].

By applying the well-known methods of linearizing
equations (5)-(8) [12], as well as Fourier integral
transform methods (first with respect to the x-coordinate
and then with respect to the z-coordinate, and taking
into account (1)-(4) and the dependencies of Cv(T) and

A(T) we obtain the following expression for T (x, z, t):
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] dr (10)

The thermoelastic stresses arising in the surface
layers of the considered rectangular element are
evaluated at their maximum (in the areas where the
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heat flux g, (x) and temperature T (x, z, t) reach their
highest values: q,,... =4, (O) . (z,t) = T(O,z,t) , e,
at the center of the SEB thermal action) (Fig. 2). This
approach allows for assessing, across the entire surface of
the element, the permissible ranges of variation of the
controllable SEB parameters — electron beam current Ip,
mA; accelerating voltage Vy, kV; distance from the treated
surface /, m; beam scanning speed V, m/s; and exposure
time ¢, s), in which there is no surface destruction during
the entire processing process.

In the considered case, the occurrence of
thermoelastic stresses is associated with the
temperature gradient across the thickness of the
element (along the Oz axis), and their magnitude

O pnax (z,t), is expressed as follows [1, 6, 12-14]:

a, E
Omax(2,0)= IU-V :

[ Tnax @+ 22 @H-32) J) Tar(z)dz- |
= (H-22)- T (,0) 2z 1)

The temperature profile is found from expression
(10) at x =0:
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Using the obtained formulas (11) and (12), it is
possible to calculate the dependencies of thermoelastic
stress magnitudes in the surface layers of rectangular
optical ceramic elements on the controllable SEB
parameters and to determine the permissible ranges of
variation of these parameters that do not lead to the
destruction of the optical material.
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Fig. 2 — Scheme of heating a bar in the area of its surface with
maximum thermal influence

Calculations of the influence of SEB parameters on
the distributions of thermoelastic stresses in optical
elements, selection of permissible surface thermal
strengthenin modes and comparison with
experimental data.
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Fig. 3 — Distribution of thermoelastic stresses across the thick-
ness of a rectangular element depending on the SEB parame-
ters (7o = 400 K; ag =3,3-10-5 m2/s, v =-0,143; B = 0,01 m;
H=0,04 m; L=0,1m; A =41,46 W/m-K"*1; a(T) and E(T)):
a) — influence of the electron flow current I, (1 — I = 50 MA, 2 —
I, = 100 mA); b) — the influence of the electron flow velocity V
(83—-V=0,005m/s, 4 —V=0,02 m/s)

To perform the calculations of thermoelastic stresses
in the considered rectangular elements (see (11), (12)),
standard application software packages were used,
along with the necessary thermophysical and
physicomechanical properties of the optical material
(KO2 ceramics) [3, 7-9]. From the results of the
performed calculations (Figs. 3-5), it follows that
compressive stresses occur near the upper surface of the

<0, 0| = 0,2-108... 2,3-108

N/m?), while tensile stresses occur on the lower surface
Opax > 0 (‘am ‘ =1,8-107...4,9-107 N/m?). The influence

rectangular element (o,

ax
of SEB parameters on the magnitude of |0| is as follows:
an increase in I from 50 mA to 150 mA and an increase

in Vy from 4 kV to 8 kV lead to an increase in |0| by
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approximately 6-8 times and 3-4 times, respectively,
whereas an increase in V from 0.01 m/s to 0.05 m/s and

| by

approximately 2-3 times and 1.1-1.2 times, respectively.

[ from 60 mm to 80 mm results in a decrease in ‘o-max
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Fig. 4 — Dependence of the modulus of thermoelastic stresses

|0rnax | on the upper side of a rectangular element on the time

of exposure to the SEB: 1 — I, =100 mA, V, =5 kV, [ = 80 mm,
V=0,005m/s; 2 —I,=60 mA, V,=7kV, =80 mm, V=0,005
m/s; 3—I,=60 mA, V,=7kV, =80 mm, V=0,056 m/s; 4 — I, =
100 mA, V,=5kV, [=80 mm, V=0,05m/s

With variation of the SEB parameters, the
magnitude of |o | may reach its limiting values o (I; ,

V,, V', U, ), V,, V', ', t - SEB parameter

values at which the condition o, = o is satisfied), the
exceedance of which leads to the destruction of the upper
surface of the treated element. For all investigated
ranges of SEB parameter variation, failure of the lower
surface of the treated element does not occur. For treat-

ment durations ¢ > 0,4...0,5 s, a quasi-stationary ther-
mal influence mode of the SEB on the rectangular ele-

o-max‘ becomes independent of ¢.

ment is observed, 1.e.,
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Fig. 5 — The influence of the SEP parameters on the value of

the thermoelastic stress modulus ‘a ‘ on the upper side of

max

the rectangular element: a) — the influence of the electron flow
current I, (1 -V, =8KkV, 2 -V, =4 kV; e — experimental data
for V, = 4 kV [1, 6, 13-15]); b) — the influence of accelerating
voltage V, (83— V=0,005m/s, 4—V =0,05m/s; A —experimental
data for V = 0,05 m/s); ¢) — the influence of the speed of move-
ment of the electron flow V (5 -1, =60 mA, 6 — I, =50 mA; m
— experimental data for Is = 50 mA); d) — influence of distance
from the treated surface [ (7—I, =70 mA, 8 — I, =50 mA; ¥V —
experimental data for I, = 70 mA) (the rest of the notation is
similar to Fig. 3)

Therefore, the influence of treatment time on the
permissible SEB parameter values is observed for 0

<t< 0,4..0,5 s, and is practically absent for 7>
0,4...0,5 s. So, for example, for 0 <¢ <0.015 s, the per-
missible values of the SEB parameters are 50 MA < I <
100 mA, 4 kV SVy < 5kV,[=80mm, 0,006 m/s <V <
0,05 m/s; for 0 <¢< 0,075 s —50 mA <J < 100 mA, 4
kV <V < 5 kV, [ =80 mm, V= 0,05 m/s; for 0<t<
0,083s—50 mA <1 < 60 mA, 4kV SVyS 7kV,1=80
mm, V =0,005 m/s; for 0 <¢< 0,092 s -50mA <I <
60 mA, 4kV < Vy < 7kV,1=80mm, V=0,05 m/s.

At t 2 0.5 s, the permissible ranges of changes in the

SEP parameters become (Fig. 6): at [ = 80 mm and
V=0,06 m/s - 75 mA <, < 130 mA, 4kV <V, < 8kV;

at Ip = 60 mA and / = 80 mm — 4,8 kV SVyS 6,9 kV,
0,005 m/s <V < 0,06 m/s;at V, =7kV and /=80 mm —
50 mA < < 75 mA, 0,028 m/s <V < 0,043 m/s; at V,
=7 kV and V=0,056 m/s — 50 mA <] < 90 mA and
68 mm </ < 80 mm
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Fig. 6 — Areas of permissible values of SEB parameters during
electronic processing of rectangular elements (shaded areas): a) —

60mA <1, < 130mA,4kV <V, < 8kV;b)-4,8kV SVyS 6,9
kV, 0,005 m/s <V < 0,05 m/s; ¢) — 50 mA < I, < 75 mA, 0,028
m/s <V < 0,043 m/s; d)—50mA <1 < 90mA, 68 mm </ < 80

mm(the rest of the notation is similar to Fig. 3)

Comparison of the calculation results with selected
experimental data obtained in [10, 11, 13-15] (see Fig. 5)
shows complete qualitative agreement, while the
quantitative difference between them does not exceed 8-

JJ. NANO- ELECTRON. PHYS. 18, 01004 (2026)

10 %. In addition, the experimental data obtained from
the development of technological processes for thermal
strengthening of KO2 optical ceramics indicate that both
at the initial stage (within tenths of a second) of optical
ceramic processing and at later stages (ranging from
several seconds to tens of seconds), surface destruction
of the material (formation of cracks, chipping, and other
defects) is observed under certain combinations of SEB
parameters, which also corresponds to the obtained
calculation results.

Thus, the developed mathematical models for
calculating thermal stresses in the areas of maximum
external thermal influence on the surface of a
rectangular element (single-cycle SEB treatment) can,
at the stages of developing technological processes for
surface thermal strengthening of optical ceramics,
predict (with a relative error of 8-10 %) the so-called
“critical” or “dangerous” regimes — that is, combinations

of SEB parameter values (Ijl , V; L VO, U, 1) exceeding

their permissible limits, under which the treated
material fails. This makes it possible to increase the
efficiency of final surface treatment of optical
components made of optical ceramics using SEB
technology, with the aim of improving the mechanical
strength of their surface layers, which ultimately
enhances the reliability, safety, and stable operation of
electrical power system components under extreme
electrical and thermal loads.

3. CONCLUSIONS

1. Mathematical models have been developed to
describe the thermal influence of a strip electron beam
(SEB) on optical elements of rectangular shape. Unlike
existing models, these take into account:

— the results of SEB probing, which relate its energy
characteristics (heat flux density and exposure duration) to
the controllable parameters of the electron-beam
installation (beam current, accelerating voltage, distance
to the treated surface, and SEB scanning speed);

— the temperature dependences of the thermophysical
properties of the optical material (volumetric heat capacity
and thermal conductivity coefficient), which makes it
possible to more accurately calculate the temperature and
thermomechanical stress distributions across the
thickness of the optical element in the regions of maximum
external SEB influence (the most “critical” surface areas)
as functions of the controllable installation parameters.

2. The ranges of permissible variations of the
controllable parameters of the electron-beam installation
have been determined, exceeding which leads to the loss of
integrity of the surface layers of the processed optical
ceramics (KO2, KO4, etc.). This results in the formation of
cracks and chips, as well as noticeable structural changes
that significantly reduce the infrared transmission
coefficient of the optical material (by more than 1.5-2 times)
and, ultimately, lead to failures of power engineering
system components.
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MaremaTuyse MOgEJIOBAHHS JOIMMYCTUMUX TEPMOIPYKHUX HATIPYKEHb
B OIITUYHUX €JIEMEHTAaX eJIEKTPOeHePreTUIYHUX CUCTEM

1.B. Amenxol, B.C. Auronwok?2, B.A. Bamenro!, ['opmieako B.1.1, B.Il. Macmos3, T.I. Byreuko!

1 Yepracokuil 0epocasHull mexHoo2iunull yHigepcumem, 18030 Yepracu, Yrpaina
2 Hauioranvruii mexuiunuti ynisepcumem Yrpairnu «KIII im. Ieopsa Cikopcovrozon, 03056 Kuie, Yrpaina
3 Incmumym gizurxu nanienposioruxis im. B.€. Jlawrapvosa HAH Yipainu, 02000 Kuis, Ykpaina

Poapobriero maremaTHdHI MOZesIl TEIJIOBOTO BILIMBY CTPIYKOBOIO €JIEKTPOHHOTO IIOTOKY HAa OITHYHI eJje-
MEHTH, 10 BPAXOBYIOTh Pe3yJILTATH HOro 30HIyBAHHS, TeOMETPUYHY (POPMY Ta PO3MIPU €JIEMEHTIB, a TAKOMK
TeMIIepaTyPHI 3aJIeKHOCT] TeIIOQI3UIHNX BJIACTUBOCTEN ONTHYHOTO MaTepiany (06'€MHOI TEILIOEMHOCTI, KO-
edillieHTa TeIIOMPOBIAHOCTI), 110 T03BOJIAE OLIIBII TOYHO PO3PAXOBYBATH POIIOIIIN TEMIIEPATYPH Ta TEPMO-
MPYHUX HATPYKEHD [0 TOBIFHI OIITUYHOTO JIEMEHTA B 30HAX MAKCUMAJIBHOTO 30BHINIHBOTO BILJIUBY CTPI-
uroBoro esekTporHoro notory (CEII). 3anpomonoBaH] Mosiestl J03BOJISIOTH TOYHIIIIE PO3PAXyBAaTH BILIUB Ke-
POBAHUX IAPAMETPIB €JIEKTPOHHO-IIPOMEHEBOI YCTAHOBKY (CTPYMY IIPOMEHs, MIPUCKOPIOBAJIBHOI HAIPYTH, Bi-
ncraHi 10 00pobiroBaHol moBepxHi Ta mBuakocti nepemirnerus CEIl) ma posmomin repmonpyskHEX HApy-
JKEHb 110 TOBIIMHI eJIEMEHTIB Ta BU3HAYATH JIOIIYCTUMI JTIAMA30HH X 3MIHH, ITIEPEBUIICHHS AKUX TPU3BOIUTH
10 pyHHYBaHHS eJIeMEHTIB Ta BIIMOBH BHPOOIB eJIEKTPOEHEPTeTUYHNX crcTeM Ha X ocHoBi. Lle mo3Bostsie min-
BUIUTH eeKTUBHICTH (piHINIHOI ToBepxHeBoi 00podku 3a gormomoroo CEIl onrumdsux BHpOOIB 3 OIITHYHUX
KepaMik 3 MeTO0 301JIbIIeHHSI MeXaHIYHOI MIITHOCTI IX IIOBEPXHEBHUX WIAPIB, IO IPU3BOJUTE, ¥ OCTATOIHOMY
HiACYMKY, 10 IMABUIIEHHS HATIMHOCTI, 6€3IIeYHOCTI Ta CTa0LIFHOI pOOOTH BUPOOIB €JIEKTPOCHEPreTUIHUX CH-
CTeM B yMOBaX €KCTPEMAJIbHUAX eJIEKTPUYHIX TA TEPMIYHUX HABAHTAKEHb.

Kimouosi cnosa: Maremarnuni mozesti, Enextpoenepretuuna cucrema, EJIeKTpOHHO-TIpOMEHEBA TEXHOJIO-
rig, Onruusa Kepamika, MeToau Teopii TEIIOIPOBIIHOCTI TA TEPMOIPYKHOCTI.
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