KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Coipba. No4(331), 2024

ISSN-L 2616-6445, ISSN 2224-5243

P Crossref
DOI: 10.31643/2024/6445.41
Metallurgy

@creative
commons

Calculation of the thermoplastic beryllium oxide slurry
molding with ultrasonic activation

! Zhapbasbayev U.K., *'Ramazanova G.I., 2Terekhov V.l., 3Sattinova Z.K.

1Satbayev University, Almaty, Kazakhstan
2 Kutateladze Institute of Thermophysics SB RAS, Novosibirsk, Russia
2L.N. Gumilev Eurasian National University, Astana, Kazakhstan

“Corresponding author email: g.ramazanova@satbayev.university

Received: October 5, 2023
Peer-reviewed: November 5, 2023
Accepted: January 11, 2024

ABSTRACT

The article presents the results of assessing thermal shrinkage during the formation of beryllium
oxide ceramics using the hot casting method. The thermoplastic slurry is a composite system with
a dispersion medium (binder) that has a very low thermal conductivity compared to the dispersed
phase (beryllium oxide). Ultrasonic treatment reduces the viscosity of the slurry and improves its
casting properties. The formation of beryllium oxide slurry is carried out without disrupting the
integrity of the system and depends on the casting speed and temperature factors. The combined
influence of these factors determines the casting properties of the slurry. Cooling - solidification
of the slurry in the casting mold occurs in stages in the liquid, amorphous states with a phase
transition, and in the viscoplastic state of the casting. The cooling rate of the casting at all stages
depends on the cavity design, the rheological properties of the slurry, and the casting process
parameters. It is important to maintain the integrity of the casting due to temperature shrinkage.

Keywords: thermoplastic slurry, formation, shrinkage, casting properties, beryllium oxide,
ultrasonic treatment.
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Introduction

5) Heat pipes in cryogenic engineering, where
thermal conductivity at temperatures ranging from

Currently, products made from beryllium oxide 45 to 50 K can reach tens of thousands of W/(m-K).

(BeO) ceramics, obtained through the slurry casting
technology, are widely used
applications [[1], [2], [3], [4], [5], [6]]:

1) Refractory material for crucibles used in
melting metallic beryllium, uranium, and precious

metals.

2) Insulators and heat sinks, substrates for
transistors, and microchips in the electronics, radio,

and electrical industries.

3) Windows and insulators for microwave

(MW) technology.

6) Material for the heat-generating matrix

in the following  element in nuclear reactors.

7) Neutron reflectors as part of neutron filters,
with additives (such as boron) for protection against
neutrons of various energies.

Beryllium oxide ceramics possess high chemical,
thermal, and radiation resistance [[1], [2], [6]].
Unlike other types of oxide ceramics, it can absorb
and reflect neutrons of various energies [[1], [2],
[6]]. It has exceptional thermal conductivity, up to

4) Dielectric discharge tubes, resonators, and 320 W/(m-K) [[1], [2], [3], [4], [5], [6]], and a sound
hollow dielectric waveguides in gas lasers coveringa  velocity of over 12,000 m/s [2]. Without the addition

wide spectral range.

of impurities, BeO ceramics exhibit high electrical
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resistance and mechanical strength [[1], [2], [6]].
They are effective at transmitting various forms of
electromagnetic radiation [[1], [2], [6]]. With the
addition of TiO2, they can be used in powerful
microwave energy absorbers [[2], [6]]. Beryllium
oxide ceramics have a melting temperature of
around 2843 K, while ceramics based on Al,O3 melt
at only 2323 K [[2], [6]]. When cooled to 50 K, the
thermal conductivity of BeO monocrystals sharply
increases to 13,500 W/(m-K), which
characteristic of BeO ceramics [[2], [3]].

The process of forming ceramics through hot
casting involves several stages [[2], [6], [7], [8], [9],
[10], [11]]: movement and heat exchange in the
liquid state; movement and heat exchange in the
amorphous state; movement and heat exchange in
the solid-plastic state.

The hydrodynamics of the slurry in the casting
mold fall into the category of physical processes
related to flow and deformation. The slurry retains
its configuration after exiting the feeder.
Experimental findings indicate that within the range
of possible casting speeds, the slurry's movement in
the casting mold is laminar [[6], [7], [8], [9]]. The
slurry enters the casting mold at temperatures of 75-
80°C and cools down to 35-40°C, allowing the casting
to be removed from the mold without warping [[6],
[7], [9]]. During the stage of filling the mold cavity, it
is crucial to ensure maximum disruption of the
structure to obtain a homogeneous suspension [[2],
[6], [9]]. This is achieved through ultrasonic
treatment [[6], [11], [12], [13]].

During the cooling - solidification process, there
is a change in the volume of the slurry, which results
in shrinkage occurring in three stages: in the liquid,
amorphous, and solid-plastic states [[2], [6], [8]]. The
main technological problem solved at this stage is to
achieve compensation of internal shrinkage [[6], [8],
[13]]. The importance of this operation lies in the
fact that the absence or incomplete compensation
of internal shrinkage can lead to internal defects
(cracks, porosity) in castings and products [[6], [8],
[13]]. During solidification, it is necessary to
minimize friction against the mold walls and
maximize plasticity without disrupting the newly
forming structure of the casting [[6], [8], [13]].

In the previous works of the authors [[7], [9],

is also

[15]], the results of experiments and calculations of
the motion and heat exchange of beryllium oxide

slurry with ultrasonic activation were presented. The
experimental results established the process of
forming a liquid slurry with a transition to a
viscoplastic state. It was shown that the calculated
and experimental data are in agreement and
confirm the physical validity of the proposed
mathematical model of the forming process [[7], [9],
[15]].

This study presents calculations of the impact of
casting speed and temperature factors on shrinkage
during the formation of beryllium oxide slurry with
ultrasonic activation.

Forming Process
Experimental Setup
The schematic of the ultrasonic casting setup is
shown in Figure 1.

to ATS

18.
7 \ F/’ compressed air

1[‘1———'—! from the distr. system

hot water

from the thermostat

|
9_ « ria hot water
o - Cpme—
i = <[P " from the thermostat
2 < e > He
\"b- =
M X ° <"H-
SN o= W
\*R o oifo
(B - o o 4] 4
o /S
\ » { s > /
- 0™ Sl ': /
[t M L <o’
PR gyl - 2 o)
m, % °/‘4°° —
oo -
& "

cold water
—

[z

Figure 1 - Schematic of the experimental ultrasonic setup

The setup comprises a heated slurry tank 1 with
an attached acoustic-technological system (ATS),
consisting of a longitudinal waveguide 2 with a
magnetostrictive transducer 3 of the PMS type, a
three-loop filer 4, and a mechanism for controlling
the movement of the billet 6.
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The ultrasonic generator USG2-4 was used as
the power source for the acoustic systems. The main
parameters of the setup are provided in Table 1.

Table 1 - Technical Characteristics of the Ultrasonic
Casting Setup

Parameter Name | Value
General Information
1. Power consumed by the equipment, kW 6.0
2. Operating voltage, V 220/380
3. Working tank volume, | 8
4, Casting speed (productivity), mm/min 10-120
Ultrasonic Equipment Data
5. 5. Ultrasonic generator parameters:
USG power, kW 4
6. Operating frequency, kHz 18+1.35
7. Operating voltage, V 220444
8. Bias current, A 1843
9. AFC accuracy, Hz 50
10. Radio interference level According to
GOST 23450-
79
Utility product data
11. Pressure, MPa 0.2
12. Water flow rate, m3/h 1.0
13. Water temperature, °C
for the hot circuit of the die and slurry tank 80
- for the warm circuit of the die 56
- for the cold circuit of the die 40
14. Compressed gas pressure, MPa Upto 1.0

The die of the casting setup

The formation of thermoplastic beryllium oxide
slurry takes place within the die of the casting setup
[[6], [8]]. The die has a round-shaped cavity (Fig. 2a)
or aring-shaped cavity (Fig. 2b) with a cooling circuit.

Figure 2 - Schematic diagram of the die:

a) round-shaped cavity; b) ring-shaped cavity

In the calculations, the round cavity has a radius
of r1 =0.006 m and a length of L =0.089 m, while the
ring-shaped cavity has radii of r1 = 0.006 m, r2 =
0.00675 m, and a length of L = 0.089 m. Liquid slurry
enters the die cavity with an initial temperature of
t0. As it progresses, the slurry mass cools down and
solidifies. The slurry takes on a structural form,
emerging from the round cavity as a rod (Fig. 2a) and
as a tube from the ring-shaped cavity (Fig. 2b). The
density of the slurry is variable and increases as it
solidifies.

Mass and Heat Transfer Model

Rheology of Thermoplastic Slurry

In experiments [[6], [14]], BeO slurry exhibits the
rheology of a non-Newtonian fluid with a yield stress
and high viscosity. The effective (apparent)
molecular viscosity of a viscoplastic fluid with a yield
stress under shear can be expressed as [[15], [16],
[17], [18]]:

o = ,up+z'0|§/|_1, if |7 7, "

00, if |T| <7,

r|=,/rijrij is the

second invariant of the deviatoric stress tensor, t is

25;S; =S’ is the shear

Here, 7, is the yield stress,

the plastic viscosity, 7=
f oy, oy, .
—— +——|is the strain rate tensor.
Xj X
The expression (1) corresponds to the Schwedoff-
Bingham fluid model [18].
In regions where the shear stress is less than

rate, S; =0.5

T <71, the effective viscosity exhibits singular

behavior. The effective viscosity can be represented
as a smooth function using the regularization
approach [19]:

Ll—exp(—lo3 |S|)J

(2
S|

Mg Hp T 7T

where m = 1000 is a regularization parameter
[19]. Expression (2) helps overcome the difficulties
in the presence of the yield limit for the Schwedoff-
Bingham fluids.

Basic Equations
The forming process occurs in a steady-state
mode. The length of the cavities is greater than their
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radial dimensions (Figure 1). Therefore, the motion
equation can be written in the approximation of a
narrow channel [7], taking into account the
expression for effective viscosity (1):

au 8u__@+18( ou

U—+ pvV— —— — |+ 3
P P . ﬂeﬂarj ,g (3)

oz or dz

o 1oy o
oz r or

Heat exchange occurs along the length and
radius of the cavity due to the cooling of the slurry.
As experiments show, the change in the slurry's
phase state occurs within a temperature range from
59 to 54°C [7]. In this case, the heat of phase
transition is taken into account using a model of
apparent heat capacity [[20], [21], [22], [23], [24],
[25]]. The heat transfer equation, with the adopted
assumptions, can be written as [[7], [26]]:

puc ﬂ+pvc ﬁzﬁ(ﬂﬂ)+lé(mgj
P oz Por oz\' oz) ror or
a [a—“j (5)
PLor

Here, zand r are the axial and radial coordinates,
u and v are velocity components, p, o, t, Cp, Lef, Lo, A
are pressure, density, temperature, apparent heat
capacity coefficient, effective and plastic viscosity,
and thermal conductivity of the slurry, respectively.

The pressure gradient is determined from the
conservation of mass flow rate [27]:

[ puds = p,u,s (6)
S

where S is the cross-sectional area of the cavity.

The boundary conditions for this problem are
standard: for the slurry velocity on the cavity walls in
the liquid state, no-slip conditions are applied; in the
transition and solidifying zones, slip conditions are
used. For the slurry temperature, Dirichlet
conditions are applied to the outer cavity wall, while
Neumann conditions are applied to the axis or inner
cavity wall.

The dependencies of density, physicochemical

properties of the slurry on temperature with US
activation, and the consideration of phase transition
heat using the apparent heat capacity method are
provided in [7]. The system of equations (1)-(6) is
solved by a numerical method [27]. The pressure

gradient is determined by the method of splitting
from the conservation of mass flow rate (6).

Verification of Calculation Data

Verification of the calculations was carried out
using experimental data [[6], [15]] obtained for
beryllium oxide slurry in a ring-shaped cavity. The
calculations were performed under the same
process parameters as in the experiments (Table 2).
The cooling contour of the die is divided into three
parts. In the first part, the cooling water
temperature is € = 80°C, in the second part & =
56°C, and in the third part & = 40°C.

In the first cooling circuit, the wall temperature
is 61 = 80°C. The temperature field shows a decrease
in temperature from 80 to 78°C (Figure 3a), and the
density field increases from 2260 to 2275 kg/m?
(Figure 3b).

In the second cooling circuit, the wall
temperature is & = 56°C. The dynamic viscosity p(t),
density p (t), and yield shear stress 1o(t) increase as
the temperature decreases. The slurry temperature
decreases from 78°C to 54°C (Figure 3a), and the
density increases from 2275 kg/m?3 to 2335 kg/m?3
(Figure 3b).

u=0.165 m/min u=0.165 m/min
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Figure 3 — Calculated data for temperature and density
at a binder mass fraction w =0.117

In the third cooling circuit, the wall temperature
is &5 = 40°C. The slurry temperature decreases from
54°C to 40°C (Figure 3a), and the density increases
from 2335 kg/m3 to 2360 kg/m3 (Figure 3b).

The isotherm at t=59 °C represents the upper
limit of the transition zone, while the isotherm at
t=54 °C represents the lower limit. Within this zone,
the slurry is in an amorphous state.

— 2 —/———
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Table 2 - Slurry Parameters as a Function of Casting Speed in the Ring-Shaped Cavity [6]

Content of Binder in
Slurry, Mass Fraction

Slurry Viscosity at
To = 80°C, Pa-s

Casting Ability of
Slurry, mm

Casting Speed,
mm/min

Mechanical Strength of
Casting (Bending), MPa

0.117

2.80 89

165 8.17

u=0.08 m/min

Z, mm

60

80

6 6.2646.6

r, mm

a) b)

u=0.16 m/min

6 6.2 6466

r, mm

u=0.24 m/min

40

Z, mm

6 6.2 64 6.6

r, mm

c)

Figure 4 — Temperature field of BeO slurry in the ring-shaped cavity at different casting speeds and
a binder mass fraction of w=0.117

The discussion of the calculation data

Figure 4 illustrates the temperature distribution
in the ring-shaped cavity for three cooling circuits of
the die with a cavity thickness of r,—r;=0.75 mm and
a length of L = 89 mm. The casting speeds were
u=0.08 m/min, 0.16 m/min, and 0.24 m/min. The
water temperatures in the cooling circuits are & =
80°C, 6,=56°C, and & = 40°C.

The slurry temperature at the entrance to the
ring-shaped cavity is constant across the section
and equal to to = 80 °C. In the first cooling circuit,
the wall temperature is 6 = 80 °C, and in this
region, the slurry temperature decreases slightly
from 80°C to 78°C (Figure 4).

It is known that heat is transferred due to
thermal conductivity against the flow of the slurry
[26]. This explains the temperature reduction in the
first part of the cavity. The temperature field
determines the rheological and thermophysical
properties of the slurry mass in its liquid state.

In the second cooling circuit, the wall
temperature is 6 = 56°C. The dynamic viscosity
Uo(t), density p(t), and vyield shear stress To(t)
increase as the temperature decreases. The slurry
slides along the cavity walls along the length of the
second circuit. This causes the profile of the
longitudinal velocity component downstream to
become constant across the cavity cross-section

The increase in heat removal from the wall in the
second cooling circuit results in a reduction in the
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temperature field (Figure 4). At the beginning of the
second circuit, there is a region where the
temperature field is variable and indicates the
transition of the slurry from a liquid to an
amorphous state. In this region, the temperature
decreases from 78 to 54°C, marking the onset of a
change in the slurry's aggregate state [[6], [7], [8]].

In the third cooling circuit, where the wall
temperatureis & =40°C, the temperature decreases
from 54 to 40°C. In the third part of the cavity, the
slurry transitions from an amorphous to a
viscoplastic state. The slurry's sliding motion on the
wall ensures the continuity of the slurry and the
preservation of the structural form of the casting
without warping.

The increase in casting speed leads to an
expansion of the transition zone from liquid to
amorphous state and from amorphous to
viscoplastic state (see Figure 4).

The variation in density reflects the transition of
the slurry within the cavity from one structural state
to another. Figure 5 illustrates the density field in the
ring-shaped cavity at casting speeds of u=0.08
m/min, 0.16 m/min, and 0.24 m/min. As shown in
Figure 5, the slurry's density increases as the
temperature decreases and the slurry cools along
the length of the ring-shaped cavity.

u=0.08 m/min

Z, mm
Z, mm

u=0.16 m/min

In the first cooling circuit, there is a slight
increase in slurry density, and the slurry remainsin a
liqguid state. In the second cooling circuit, a
significant increase in slurry density occurs,
indicating the transition of the slurry from a liquid to
an amorphous state. In this region, there is a change
in the slurry's aggregate state with the crystallization
of the binder material. Further increases in slurry
density occur in the third circuit due to the
solidification of the casting.

During the solidification stage, it is crucial to
ensure compensation for the internal shrinkage of
the casting. Without adequate compensation for
internal shrinkage, internal defects such as
shrinkage cavities and porosities can occur in
castings and products.

In the ring-shaped cavity, the computational
data consistently show a continuous change in
density at all stages of forming, taking into account
compensation for internal shrinkage through the
supply of liquid slurry (Figure 5).

Therefore, the density field visually illustrates
the entire forming stage with the shrinkage of
beryllium oxide slurry.

u=0.24 m/min
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Figure 5 — Beryllium oxide slurry density field in the ring-shaped cavity at different casting speeds

and a binder mass fraction of w=0.117
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u=0.04 m/min u=0.08 m/min u=0.12 m/min

Z, mm

a) b) c)

Figure 6 — Temperature field of BeO slurry in the round cavity at different casting speeds and
a binder mass fraction of w=0.117

u=0.04 m/min u=0.08 m/min u=0.12 m/min
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Figure 7 - Density field of BeO slurry in the round cavity at different casting speeds and a binder
mass fraction of w=0.117
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The computed temperature data in the round
cavity are shown in Figure 6 at casting speeds of
u=0.04 m/min, 0.08 m/min, and 0.12 m/min. The
radius of the cavity is 0.006 m, and the length is
0.089 m. The temperature of the slurry at the inlet
of the round cavity is t;=80°C. In the cooling circuits,
the water temperatures were as follows: 6= 80°C;
6= 56°C; 6= 40°C.

The casting speeds in the round cavity are lower
than those in the ring-shaped cavity. In the ring-
shaped cavity, a tube with a thin wall is formed,
while in the round cavity, a rod is formed. The
structural dimensions of the cavity determine the
casting speed regimes for BeO ceramic products.

At a casting speed of u = 0.04 m/min, the
temperature distribution in the contact zones
causes only minor thermal deformation of the
casting (Figure 6).

However, temperature distributions in the
contact zones at casting speeds of u = 0.08 m/min
and 0.12 m/min can result in significant thermal
deformation of the casting (Figure 6).

The results of experimental studies [[6], [8],
[13]] have shown that the increase in density
(specific volume) during the cooling process in the
liquid state amounts to 5-6%. However, during the
cooling of slurry in amorphous and viscoplastic state
there is a 70-80% of density (specific volume)
increase due to temperature shrinkage [[6], [8],
[13]].

From this, it can be inferred that the speed and
temperature factors, along with the structural
characteristics of the mold cavity, determine the
changes in density in the
amorphous and viscoplastic states of the slurry.

In the ring-shaped cavity, the increase in density
represents only a small part of the amorphous and
viscoplastic states of the slurry. Therefore, it can be
considered that the flow rate of slurry with feeding
provides compensation for thermal shrinkage.

In the round cavity, at a casting speed of u=0.04
m/min, the density increase occupies a small part of
the amorphous and viscoplastic states of the slurry
(see Figure 7). The slurry flow rate with feeding can
provide compensation for thermal shrinkage.

(specific volume)

At casting speeds of u = 0.08 m/min and 0.12
m/min, density increases occupy a significant part of
the amorphous and viscoplastic states of the slurry
(see Figure 7). In these cases, it may be difficult to
compensate for thermal shrinkage by supplying a
slurry flow.

Conclusion

The calculation results illustrate the entire
process of forming beryllium oxide slurry, taking into
account the changes in its aggregate state.
Ultrasonic treatment improves the rheological
properties and enhances the flowability of the slurry
in the mold cavity.

The calculations demonstrate the influence of
casting speed, temperature factors, and the
structural parameters of the mold cavity on the
cooling-solidification process of the casting. In the
annular cavity, at casting speeds of u = 0.08 m/min,
0.16 m/min, and 0.24 m/min, the increase in density
occupies only a small part of the amorphous and
solid-plastic state of the slurry. The flow of liquid
slurry with feeding in the annular cavity
compensates for the thermal shrinkage of the slurry.

In the round cavity, compensation for the
thermal shrinkage of the slurry was achieved only at
a casting speed of u = 0.04 m/min. However, at
casting speeds of u = 0.08 m/min and 0.12 m/min,
significant areas of density change due to thermal
deformation exist. In these cases, it may be difficult
to compensate for thermal shrinkage by supplying a
slurry flow.

In the calculations, it is possible to determine
the conditions for forming a slurry with solidification
shrinkage using the hot casting method, which
allows obtaining a cast product with a homogeneous
structure of beryllium oxide.
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YnbTpaablbbICTbIK 6enceHaipy apKbinbl 6epunnnii okcuAiHiH TepMONIacTUKANDIK,
LWIMKePiH Kanbintayabl ecentey
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TYAIHAEME

MaKkanaga 6epunnunini OKCUMAIHIH, KepamWKacbiH bICTbIK Kyl 94iCiMeH KanbinTay KesiHgeri
TepMUANDBIK Wweryai 6aranay HaTukenepi 6epinreH. TepmonaacTUKanbiK WAKKEP — AUCNEPCUANb
opTameH (6epunnuii OKcuAi) canbiCTbipFaHAa ©Te TOMEH Kby eTKisriw aucnepcti dasacol

(bainaHbICTbipywbl) 6ap  KOMMNO3UUMANBIK Kyile. YAbTpaaplbbiCTblK  OHAEY  LWAMKEPAiH,
Makana kengi: 5 kazan 2023

CapantamagaH eTTi: 5 kapawa 2023
Kabbinpgangpl: 11 kaHmap 2024

TYTKbIP/IbIFbIH TOMEHAETEA| KOHE OHbIH, KyMbly KACWETIH XakcapTagpl. bepunnunii oKcuaiHin,
WAMKePIH KanbINTacTbipy XKyMeHiH, TyTacTbifblH 6y36ait Ky3ere acbipbliagpl XKoHe KyHablH,
KblNAAMAbIFbl  MEH TemnepaTtypanblk ¢akTopnapbiHa 6ainaHbicTbl. Ocbl  dakTOpAapAbIH,
bipneckeH acepi WAMKEPAIH, Ky KacueTTepiH aHbiKTaWgpl. Kyima KanbinTafbl LWAMKePAiH,
CafKbIHAAY-KaTybl $pa3asblK ayblCyMeH KYMMaHbIH, CYiblK, aMOPdTbI 3KaHE TYTKbIP/bl MAACTUKANbIK
KyWiHOE Ke3eH-KeseHimeH eTedi. bapablK KeseHAepaeri KyiMmaHbl CasKbIHAATY KblALAMAbIFbI
KYbICTbIH, KOHCTPYKLMACBIHA, LWANKEPAIH PEONOTUANDIK KAaCUETTEPIHE, COHbIMEH KaTap KyMMaHbIH
JKYMbIC MapameTpaepiHe 6alinaHbicTbl. Byn afganga KyWmaHblH, TemnepaTypanbliK LeryiHe
6aiNaHbICTbl OHbIH, TYTACTbIFbIH CAKTay MaHbI3Abl.

TyiiiH ce30ep: TepMONNACTUKaNbIK LUINKEP, KanbinNTay, Wery, Kyl KacueTi, bepunnuii okcua,,
YNIbTPafblObICTbIK OHAEY.
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Pacuet popmoBaHUA TepMONNACTUYHOIO LWMKePA oKcupaa 6epunnus c
YNbTPa3BYKOBOM aKTUBaLUEN
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1Satbayev University, Aamamel, KazaxcmaH
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AHHOTAUMA
B cTaTbe NpuBOAATCA Pe3y/bTaTbl OLEHKM TEPMMYECKOW YCaAKM Npu GOPMOBAHMM KEpPaMUKK
okcuaa bepunnnsa cnocobom ropayero AnTba. TEPMONNACTUYHBIN WAKKep NpeacTaBaseT coboi

KOMMO3ULMOHHYIO CUCTEMY C AMCNEPCUOHHOW da3oii (cBA3ytoLLee BELLEeCTBO), MUMeLWwell o4yeHb
Moctynuna: 5 okmabps 2023
PeueH3npoBaHue: 5 Hoabpsa 2023
MpuHAaTa B nevatb: 11 AHeapA 2024

HU3KYIO TenaoMpoOBOAHOCTb, MO CPaBHEHWIO C AucnepcHow asoit (okcup 6epunnaus).
YnbTpasByKoBas 06paboTKa CHUMKAET BA3KOCTb LUWIMKepa WU Y/y4LWaeT ero JIMTeMHOe CBOMCTBO.
dopmoBaHUA WIMKepa OKeuaa bepunnvs NnpoBoaUTCA 6e3 HapyLIeHWs CMIOLWHOCTU CUCTEMbI U
3aBUCHT OT CKOPOCTHbIX U TemMnepaTypHbIX GakTopos MTbA. COBOKYMNHOE BAUAHUE 3TUX GAKTOPOB
onpefenseTt AUTeiHOe CBOWCTBO LWAMKepa. OxnaxaeHue-0TBepAeBaHUe WAVKepa B AUTbEBOM
dopme NPOUCXOAUT MO3TANHO B KMAKOM, aMOPOHOM COCTOAHUAX C $a3oBbIM MEPEXOLOM U
BA3KOMIACTUYHOM COCTOSIHUM OT/IMBKU. TeMN OXNaXKAEHWUA OT/IMBKM Ha BCEX 3Tamax 3aBUCUT OT
KOHCTPYKLMK NONOCTU, PEONOTUYECKUX CBOWCTB LUIMKEPa, a TaKXKe OT PeXUMHbIX NapameTpos
nuTbA. Npn 3TOM BaKHbIM ABAsAETCA cOb/0AEHUEe CMIOWHOCTU OT/IMBKM M3-3a TemnepaTypHou
yCaZKu.

Knrodeabie cnoea: TepMonnacTUUHbIN Wavkep, opmoBaHue, ycaaKa, IMTeiHoe CBOMCTBO, OKCUA,
6epunnus, ynbTpassykosaa obpaboTka.
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