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ABSTRACT

This paper presents the results of the digitalization of the thermoplastic beryllium oxide slurry
forming process using ultrasonic activation. Ceramics made from beryllium oxide (BeO) using
ultrasound-assisted forming exhibit more intense sintering and, in comparison to ceramics
formed without ultrasound, have reduced shrinkage (by 2.4-4.3%) and sintering temperature (by
50-180°C). The forming processes occurring during ultrasonic treatment resulted in the
homogenization of the thermoplastic suspension and dense packing of BeO powders in the
casting. Ultrasound activation alters the rheology of the thermoplastic slurries. These changes
are attributed to processes of slurry mass dispersion and mass exchange at the phase boundary
of the suspension. Ultrasound activation also enhances casting properties. During the cooling-
solidification process under the influence of ultrasound, the density and strength of the castings
increase due to the effective compensation of shrinkage. Shrinkage compensation is carried out
according to the classical scheme by supplying a liquid suspension. For hot casting with
ultrasound of thermoplastic beryllium oxide slurries, it is advisable to use compositions with a
binder content of 11.0-11.7% by weight since these compositions provide better shrinkage
compensation and, consequently, a denser casting.

Keywords: forming process, thermoplastic slurry, beryllium oxide, viscoplastic state, casting
solidification.
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Introduction

High thermal conductivity beryllium oxide

cooling process of the liquid state for casting
systems amounts to 5-6% [1,6]. The interval of the
solid-plastic state accounts for 70-80% of the
temperature shrinkage. This highlights the need for

slurries within the technological temperature and
solid phase concentration range exhibit thixotropic
properties and a high dependence on viscosity and
yield stress on temperature [[1], [2], [3], [4], [5]].
The nature of the changes in structural-mechanical
properties is determined by the ratios of the solid
phase (BeO) and binders and occurs in all stages of
the forming process [[1], [5]].

The analysis of volume-phase relationships
revealed that the density increase duringthe

special attention to shrinkage compensation at this
stage. Varying the ratio of solid phase and binders
does not provide an approximation of the
rheological properties of beryllium oxide -
thermoplastic binder to traditionally hot molding
technologies [[1], [5]].

Ultrasound activation leads to a significant
change in the rheology of thermoplastic casting
systems [[1], [3], [4], [5]]. Varying the intensity and
temperature-time parameters of ultrasound
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treatment enhances the effectiveness of its impact
on the rheology of thermoplastic slurries. The
mechanism of such influence is related to the
control of the solid-liquid phase interface and the
parameters of absorption layers [[1], [3], [4], [5]].
The most favorable conditions in terms of
deformational behavior of casting systems are
achieved in the temperature range of 63-68°C and
an ultrasound treatment time of 7-10 minutes [[1],
(3], [4], [5]]-

The change in the properties of the slurry mass
under the influence of ultrasound affects the
microstructure and properties of ceramics. The
samples obtained with ultrasound have a more
homogeneous structure and higher structural-
mechanical and electrophysical parameters [[1], [3],
(4], [5]].

The method of hot casting of beryllium oxide
ceramics has been developed mainly empirically
[[1], [6], [8]]. Conducting a detailed analysis of this
method will allow a more reasonable approach to
the ceramic molding process. This work presents
some results of modeling the process of beryllium
oxide ceramic forming using the hot -casting
method.

Problem Statement

The forming process of a thermoplastic slurry
takes place in a die (Fig. 1). The flat cavity has a
thickness of 2h = 0.0015 m, a width of B = 0.03 m,
and a length of L = 0.071 m. The cooling circuit of
the die, illustrated in Figure 1, comprises three
segments. The cooling contour of the die,
illustrated in Figure 1, comprises three segments.
Liquid slurry with an initial temperature of to = 80°C
flows into the cavity.

0;
62 71mm
03
30 mm
_ 1,5 mm

Figure 1 - Diagram of a flat cavity die

Rheological Model
of the Thermoplastic Slurry

The composition of the thermoplastic slurry
comprises a solid phase (beryllium oxide powder)
and a liquid phase (organic binder) [[1], [3], [4], [5]].
The liquid phase is composed of paraffin, beeswax,
and oleic acid in a ratio of 0.82:0.15:0.03. The
particle size distribution of the beryllium oxide
powder is provided in Table 1. The organic binder
has a mass fraction ® within the range of 0.095 to
0.117.

Table 1 - Characteristics of Beryllium Oxide Powder [1]

Bulk Density, p, -10° kg/m? 0.75

Specific surface area, $-103m?/kg 1.72
Particle Size Fraction, um %

Uptol.4 35.2

Particle size 1.4-4.2 52.7
distribution by 4.2-7.0 9.6
fractions of 7.0-9.8 1.7
BeO particles 9.3-12.6 0.4
12.6-15.4 0.3

15.4-18.2 0.1

This composition of BeO powder (see Table 1)
demonstrates satisfactory casting properties of the
slurry with a variation in the mass fraction of the
binder from w = 0.095 to w = 0.117. In the case of
increasing the finer fractions of BeO powder in the
composition, there is a higher demand for binder
content w. On the other hand, an increase in the
coarser fractions of BeO powder leads to the
discoloration of ceramics, indicating the presence
of micro-pores and cracks [1].

Within the range of shear rate variation from
0.005 to 1200 1/s, the thermoplastic slurry can be
classified as viscoplastic liquids according to
Schwedoff-Bingham [[1], [5]]. The effective
molecular viscosity Mes of this fluid takes the
following form [[7], [8], [9], [10], [11], [12]]:

_ (up +rolyI7h if 2] > 7
Hett = {Oo’ if|7] < 74 (1)

Here 1o is the yield shear stress, up is the plastic
viscosity, T = S is the shear stress tensor, § =

\25i;S;j is the strain rate tensor, S;; =

1(ou; . OU;\ . . . .
—|= 4+ =) is the second invariant of the strain
2 6xj 0x;

rate tensor. The Schwedoff-Bingham model is a
simple viscoplastic fluid model that linearly relates
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the yield shear stress to the viscosity [[7], [8], [9],
(10], [11], [12]].

Ultrasonic treatment influences the rheological
properties of the slurry. The plastic viscosity (1)
and the vyield stress (1o) of the slurry are dependent
on the temperature (t) and the binder mass fraction
(w). Experimental data for the binder mass fraction
w = 0.117 after ultrasonic treatment are expressed
by empirical relationships [[1], [3], [4], [5]]:

pp(t) = 293.626 - exp(—0.058 - t), Pa-s  (2)

t—70.05

To(t) = 114 + 1141 - exp (- =27

), Pa(3)

The density of the thermoplastic slurry can be
expressed in standard form as:

— pmb 'pcb
1-@)py + @ pyy

kg/m? (4)

where Py are the densities of

and Oqy
beryllium oxide and binder, respectively; w is the
relative mass fraction of the binder.

The temperature dependence of the binder
density at ® = 0.117 is as follows:

pep(t) = 0.852 +
0.073 - c0s(0.056 - t — 1.44), kg/m*>  (5)

The density of beryllium oxide is p,,,=3020
kg/m3. In the temperature range from 80 to 40 °C,
the density of the binder increases from 779.7 to
901.0 kg/m3, and the density of the slurry also
increases from 2245.7 to 2355.3 kg/m?3.

During the molding process, the slurry mass
cools and solidifies within the mold cavity. The
change in the aggregate state initiates in the near-
wall area of the cavity and gradually encompasses
the entire cavity.

According to experimental data, the phase
transition occurs within a temperature range of 54
to 40°C. The binder remains in an amorphous state.
Within the range of aggregate state change, the
slurry transitions from an amorphous viscous-
plastic state to an amorphous solid-plastic state
[[1], [3]]. The heat of phase transition, released per
unit mass of the slurry, is determined by the
enthalpy change AH.

The apparent heat capacity method [[13], [14],
[15], [16], [17],[18], [19], [20], [21]] determines
changes in the heat capacity and enthalpy of the
slurry during the phase transition. The heat
capacity of the slurry increases due to the latent

heat associated with the phase transition within the
temperature range [[14], [15], [21]]:

cp=cs-(1—a(®)+c-a®+Hip o (6)

where C; and C; are the heat capacities of the

slurry in solid and liquid states, respectively; a(t) =
0, a(t) = 1 for the slurry in solid and liquid states,
respectively; t is the dimensionless temperature of
the slurry. For the binder mass fraction @=0.117 the
function a(%) takes the following form:

a(f) = 5.714 7t — 2.857

The apparent heat capacity method s
advantageous in that the phase transition zone's
location is not known beforehand and is
determined by the calculation of the thermoplastic
slurry's temperature [[19], [20], [21]].

The dependency of the thermal conductivity of
the slurry on temperature for o = 0.117 is given by

[[1], [5]):
A=1.6+4.8-exp(—0.017 - t), W/(m-°C) (7)

Formulas (2)-(7) express the properties of the
thermoplastic slurry during the hot casting process.

Mathematical Model

The OZ axis of the Cartesian coordinate system
is directed along the axis of the flat mold cavity,
while the OY axis is perpendicular to it (Fig. 1). The
casting process occurs along the OZ axis. Intensive
water circulation takes place in the cooling
contours. The temperature of the slurry at the wall
of each part of the cavity is considered equal to the
temperature of the cooling liquid.

The molding process occurs with a change in
the aggregate state and rheological properties of
the slurry.

The system of equations for the motion of the
thermoplastic slurry using the Schwedoff-Bingham

rheological model (1) can be written in the
following form:
ua—u+ va—u——%+£ a +p9 (8)
PP T T Ty My P
9pu 9V _ (9)
oz

The energy equation, considering the enthalpy
of the phase transition by the apparent heat
capacity method, can be expressed as follows:
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Here, z and y are the longitudinal and
transverse coordinates, u and v are the
components of the velocity, p, p,t, C, M, A are the

pressure, density, temperature, heat -capacity,
viscosity, and thermal conductivity of the slurry,
respectively.

The system of equations (8)-(10) describes the
slurry molding process in a flat mold cavity. The
rheological properties of the slurry are expressed
by formulas (1)-(7).

The pressure gradient in the motion equation is
determined from the conservation of mass flow
rate within the mold cavity [22]:

[ puds = p,u,S (11)
S

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

The problem s
conditions as follows:

solved with boundary

atz=0, attheinlet: u=u,, v=0, t=6 (12)
.o
at z> 0, on the axis: 5:—:v:0 (13)

at 250, y=y1, on the wall: v =0, %; 0 (14)

The water temperature in the first, second, and
third cooling zones is denoted as 0, 0, 03
respectively. The boundary conditions for
temperature on the wall are as follows:

at0<z<ly, y=y1, t =0y
atl; <z <ly,y=y, t =0, (15)
atlz SZ<l3,y=y1,t:03

The numerical method [22] is used to solve the
system of equations (1)—(11) with boundary
conditions (12)—(15). The discretization grid consists
of cells with sides Az, and Ay;. The second-order
accuracy Crank-Nicholson scheme is applied to
solve the momentum equation (8) and the energy
equation (10). A two-layer second-order scheme is
used to solve the equation (9). The method of
splitting is used to determine the pressure gradient
from the mass flow conservation condition (11).

Discussion of Computational Data

Fig. 2 illustrates the temperature and density
distributions within three thermal contours of a flat
mold cavity with a thickness of 2h = 0.0015 m, a
casting speed uy=0.05 m/min, and an initial slurry
temperature of 80 °C. In the first cooling contour,
the wall temperature is 6; = 80 °C. The temperature
field demonstrates a decrease from 80 to 78 °C (Fig.
2a), and the density increases from 2245 kg/m? to
2260 kg/m? (Fig. 2b).
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Figure 2 — Temperature and density distribution of the
thermoplastic slurry in the flat mold cavity
at uo = 0.05 m/min, w=0.117

In the second cooling contour, the wall
temperature is 0,=56°C. With decreasing
temperature, the dynamic viscosity, u,(t), density
p(t), and vyield stress, 7,(t) all experience an
increase. The temperature of the slurry drops from
78 to 52 °C (Fig. 2a), leading to an elevation in the
slurry density from 2250 to 2300 kg/m? (Fig. 2b).

At the beginning of the second cooling contour,
there exists a transitional region where the
temperature sharply drops from 78 to 56 °C, while
the density increases from 2250 to 2290 kg/m3.
Subsequently, the rate of temperature reduction
slows down from 56 to 52 °C due to the heat
release from the phase transition (Fig. 2a). An
observable density increase of the thermoplastic
slurry can be noted, from 2290 to 2300 kg/m? (Fig.
2b).

In the third cooling contour, the wall
temperature reaches 0:=40 °C, leading to further
cooling of the slurry mass and a decrease in
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temperature within the region transitioning from
52 to 40 °C (Fig. 2a). This causes a rise in density
from 2290 to 2350 kg/m? (Fig. 2b).

In this area, the transition from a viscous-plastic
state to a solid-plastic state occurs, resulting in the
solidification of the thermoplastic slurry (Fig. 2).

Doubling the casting speed to 0.1 m/min under
otherwise identical conditions has a negligible
impact on the structural transformation of the
slurry (Fig. 3). This is attributed to the rapid cooling
rate within the flat mold cavity.

Experimental data [[1], [5]] indicate that an
increase in the transition region between different
states can lead to slurry shrinkage and the
formation of cracks and voids, subsequently
reducing the casting's strength. The smaller the
transition area between aggregate states, the less
the slurry will shrink. Ultrasonic treatment, by
improving rheological properties, leads to a
reduction in the transition area and consequently
decreases the shrinkage of the beryllium oxide
casting.

1={.1 m/min u=0.1 m/min

T
_ p
78
I 7 2350
s 74 2340
20 72 2330
L — 7 [ 220
[ L & ¥ 2210
L L . 2300
30 L gj 0F 9990
g [ — e | 2280
et 2270
" af - 2260
L [ e L
E - ] 52
50
50 — 48

60 40
70
0 02 04 06 0 02 04 06
¥, mm ¥, mm
a) b)

Figure 3 - Temperature and density distribution of the
thermoplastic slurry in the flat mold cavity
at uo=0.1 m/min, w=0.117

Comparison of Calculation with Experiment

Table 2 shows the experimental data of casting
ability and mechanical strength of the casting as a
function of binder content and casting speed [1].

The calculated data (Fig. 4) were obtained at
two experimental casting speeds in the flat mold
cavity: up=0.185 m/min and uo=0.165 m/min for the
binder mass fraction w=0.117.

Table 2 - Dependency of Ceramic Strength on Casting
Speed in the Flat Mold Cavity

Binder The Casting | Casting | Mechanica
content | viscosity | ability speed, | strength
in the of slurry of mm/mi | of casting
slurry, | atTo=75 | slurry, n in bending,
mass °C, Pa's mm MPa
fraction
0.117 4.17 89 165 8.17

In the first cooling contour, the cooling water
temperature is 61=75 °C, in the second it's =59 °C,
and in the third, it's =45 °C. The liquid slurry flows
into the flat mold cavity at an initial temperature of
to=75 °C (Fig. 1).

Z, mm
Z, mm

-

20 20

30 30

40 40

o 02 04 08
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Figure 4 - Temperature field distributions depending on
casting speed: a) uo= 0.185 m/min; b) uo= 0.165 m/min

As can be observed from Fig. 4, the transition
regions between different cooling contours occupy
minor intervals. The casting speed ensures a nearly

uniform temperature distribution across the
cavity's cross-section. Such temperature
distribution leads to the homogeneity of

rheological and thermophysical properties of the
slurry over the cavity cross-section. In this case, the
shrinkage of the thermoplastic slurry will be
uniform. Consequently, cracks and voids, which
could lead to a reduction in the strength of the
beryllium oxide casting, do not form.

The slurry mass solidifies within the mold
cavity.
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This indicates that the beryllium oxide ceramic
product has taken a structural shape.

Conclusion

Ultrasonic treatment improves the rheological
properties and increases the flowability of
thermoplastic beryllium oxide slurry in the molding
cavity. Empirical formulas for plastic viscosity and
shear stress of the slurry as a function of
temperature were obtained. The phase transition
of thermoplastic beryllium oxide slurry occurs
within a certain temperature range. The latent heat
is accounted for by an increase in heat capacity
within the temperature range of the phase
transition.

Calculation results show the entire molding
stage of thermoplastic beryllium oxide slurry.

Comparative calculations with experimental data
established the conditions for  molding
thermoplastic slurry with ultrasonic activation,
allowing to obtain solidified castings of beryllium
oxide. The speed and temperature conditions of
the molding slurry are important for determining
the internal shrinkage of the casting during the
cooling-hardening process of beryllium oxide and
are a topic for future research.
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YnbTpaabibbiCTbl KONAAHY apKbiibl 6epunnnii oKCUAiHIH TepMONNaCTUKaNbIK,
LWMKEPiH KanbinTay npoueciH umdpnaHabipy

}Kan6ac6aes ¥.K., 1"PamasaHosa I'.l., 2Retnawati H., *CattuHosa 3.K.

1 Cam6aes yHusepcumemi, Anmamsi, Kazakcmax
2JfoabAakapma memaeKkemmik yHusepcumemi, MHOoHe3us
3 J1.H. lymunee ameiHOaFbl Eypasus yammelK yHugepcumemi, AcmaHa, Kasakcma

TYWIHAEME

yMbicTa yabTPaablbbICTbl KONAAHY apKblibl 6EPUIINIA OKCUAIHIH, TEPMONIACTUKAbIK LINKEPIH

KanbinTay npoueciH undpnaHapipy Hatuxenepi b6epinreH. YnbTpaabl6bicTbl KONAAHY apKblbl

anblHFaH 6epunnuii okeuai BeO KepaMMKacbl KApKbIHAbI KyMeKeHTEeKTeNyMeH cunatTanagpl

JKOHE Y/AbTPaAblbbICChbI3 Ka/ibiNTanfaH KepamuKaMeH canbiCTbipFaHga weryi (2,4+4,3%) »aHe

KyexeHTekTeny Ttemnepatypacbl (50+180 °C) TemeH. YnbTpaablbbiCTblK, eHAey KesiHaeri

Makana kengi: 17 mamoiz 2023 Kanbinray

CapantamagaH eTTi: 9 KbipKyliek 2023
Kabbinganapl: 27 Keipkyliek 2023

npouecrepi

TepmonnacTuKanblK LIJHMKep,D,iH, romoreHusaunAnaHyblHa  XoHe

Kyimagarbl BeO yHTaKTapblHbIH Tbifbl3 OpHanacyblHa aKesnedi. YNbTpagplbbiCTbiK 6enceHaipy
TEPMOMNIACTUKANBIK LUNNKEPAiH PEoNOrmacbiH e3repTedi. byn e3repictep WANKep maccacbiHbIH,

yCaKTany npouecTepiHe, COHAaN-aK cycneHsusaHbiH, dasanap 6eniHy weKapacbiHAafbl macca

anmacyblHa 6ainaHbICcTbl.  YNbTpaablbbiCTbIK,  6enceHaipy KyWimanapiblH, KacuetTepiH ae

JKaKcapTaabl. YNbTpaapblbbic acepiHeH cankblHAAy—KaTy npoueci KesiHAe weryai Tuimai

KOMMeHcauuanay ecebiHeH KylimanapAblH Tbifbl3ablfbl MeH 6epikTiri apTtaabl. WeryaiH etemi

(KomneHcaumAchl) CyMbIK CYCNEH3MAHbI KHOEPY apKbl/bl KNACCUKaNbIK CXeMafa CoMKec Kysere

acblpblnagpl. bepunnuii OKCUAiHIH, TEPMONNACTUKANBIK, WAMKEPIH YAbTPaAbIObIC apKbIIbl bICTbIK,

KYHO YLWiH BaiinaHbICTbIpFbIlW canmarbl 6oibiHwa 11,0-11,7% Kypamaa 6onfaH KeH. OWTKeHi byn

KYPam LIeryaiH, ¥aKcbl KOMMeHcaumacbl 60ayFa KaHe TUICiHIWE TbIFbI3blpak Kyima anyfa Kon

KeTKizeai.

TyiiiH ce30ep: KanbinTay Npoueci, TEPMONNACTUKANbIK LWAUKEP, Bepunnuit ToTbiFbl, TYTKbIP-
NAACTUKANbIK Ky, KYVMaHbIH, KaTatobl.

Asmopnap mypanel aknapam:

Manbacbaes ¥3aK KalibipbeKynobl

TexHUKa fblabIMOapbIHbIH, G0KMopel, npogeccop, "IHepeemuxadarel molenvdey” FolabimMu-
oeHAipicmik 3epmxaHacsiHbIH, MeHzepyuwici, Cambaes yHusepcumemi, Cambaes keweci, 22 yi,

050013, Anmamel, KazakcmaH. Email: uzak.zh@mail.ru



https://doi.org/10.31643/2024/6445.23
mailto:uzak.zh@mail.ru

KomnneKkcHoe Ucnonb3osaHne MuHepanbHoro Coipbsa. N23(330), 2024 ISSN-L 2616-6445, ISSN 2224-5243

DU3UKA-MaMeMamuKa  FblabIMOGPbLIHbIH, ~ KGHOUOAMbI,  3emeKWwi fblabiMU  KbI3MemKep,
«3IHepeemuKkadarsl modenboey» FblabiMu-eHAipicmik 3epmxaHacel, Cambaes yHusepcumemi,
Cambaes Keweci, 22 yd, 050013, Anmamel, Kazakcman. Email:
g.ramazanova@satbayev.university

Pama3saHoea layhap I36acapkbi3bl

Jlokmop, npocgeccop, Hozbakapma memaekemmik yHusepcumemi, 55281, [#. Konombo Nel,

Retnawati Heri M . . . ;
Noebakapma, MHAoHe3us. E-mail: heri_retnawati@uny.ac.id

Du3UKa-MamemMamuKa folabiMOapbIHbIH KaHOudamel, KaybimoacmelpelaraH npogeccop, J1.H.
CammuHosea 3amupa KaHalikbi3bl lymunes amoiHdarbl Eypasus yammelk yHusepcumemi, Cambaes keweci, 2 yii, 010008, AcmaHa,
KaszakcmaH. Email: sattinova.kz@gmail.com

Linpposusauua npouecca popmoBaHMUA TePMOMIACTUUECKOTO LWINKEpPa OKCHAa
6epunnua c ynbTpasByKoBOM aKTUBU3ALUEN

! Xan6ac6aes Y.K., 1* PamasaHoBa I'.U., 2Retnawati H., 3 CattuHoBa 3.K.

1 Satbayev University, Anmamel, KazaxcmaH
2l'ocydapcmeeHHeili yHusepcumem [#cokbAakapmeol, MHOOHe3us
3 Egpasulickuli HayuoHanbHbeIl yHugepcumem umeHu /1.H. F'ymunesa, AcmaHa, KazaxcmaH

AHHOTAUMA

B pabote npeacTaBneHbl pesynbTathl UndposmsaLmm npotecca opmoBaHUA TEPMONIACTUHHOTO
WAMKepa OKcuaa 6epunnua ¢ MCnonb3oBaHMEM YNbTPa3ByKOBOM aKTuBauuu. Kepamuka u3
okcuga bepunnuna BeO, dopmoBaHHas C NpUMeHeHWeM YNbTpasByKa, oT/iM4yaetcAa bGonee
MHTEHCVMBHbLIM CMEKaHMEeM W MMeeT MO CPaBHEHWIO C KepamuKkol, ¢opmoBaHHOW 6e3
YyNbTpasByKa, MeHblylo ycaaky (Ha 2,4+4,3%) u TemnepaTypy cnekanusa (Ha 50+180 °C).

Moctynuna: 17 agaycma 2023 Mpoueccbl popmoBaHMA, MpoTeKaloWwme nNpu  YyAbTPasByKoBOM 06paboTKe, NpPUBOAAT K
PeueHsnposaHue: 9 cemabps 2023 roMOreH13auMmn TepMOMNIACTUYHOTO LWIMKEPa U NAOTHOW ynakoBKe nopolkos BeO B oTavBKe.
MpuHATa B Nevatb: 27 cenmabpa 2023 YNnbTpa3ByKoBaa aKTUBaLMA U3MEHAET PEO/IOTMI0 TEPMOMAACTUYHBIX LWAVKEPOB. 3T U3MEHeHUs

0bycnoBneHbl Mpoueccamy Auchneprauym WAMKEPHOW MacChbl, a TaKXe MaccoobMeHHOM Ha
rpaHvue pasgena ¢as cycneHsuu. YNbTpasByKOBas aKTUBALMA Y/y4yluaeT TaKkKe CBOWCTBA
OT/IMBOK. B mpouecce oxnaxaeHus-3aTBepAeBaHUA NoL AeWCTBUEM Y/bTpasByKa NpoMCXoamT
yBe/nYeHne NAOTHOCTU U MPOYHOCTU OT/IMBOK 3a cyeT 3PEKTUBHOM KomMMeHcaumel ycaaku.
KomneHcaums ycagkm et no KaaccMyeckon cxeme 3a cHeT NOAMUTKY XUAKUM wankepom. [ns
ropaYero NTbA C ybTPA3BYKOM TEPMOMNIACTUYHOTO LWMKEPa OKcuaa bepunnua LenecoobpasHo
MCMNONb30BaTb COCTaBbl C comepyaHnem cBA3kM 11,0-11,7% Bec. MOCKONbKY Ha 3TUX COCTaBax
[OCTUraeTca Nyyllas KOMMNeHcaLms ycaKku U COOTBETCTBEHHO Honee NNOTHas OTAMBKA.

Knrouesvie cnosa: npouecc ¢0pMOBaHMﬂ, TepMOI‘IﬂaCTMHHbIﬁ WAnKep, OKcua 6epw1nvm,
BA3KONNACTUYHOE COCTOAHUE, 3aTBEPAEBAHUE OTINBKU.

UHdopmayus o6 aemopax:

Jokmop  mexHu4Yeckux HayK, npogeccop, 3asedytowuli  Hay4yHo-npou3sodcmeeHHoU
nabopamopueli "ModenuposaHue 8 3Hepeemuke", Satbayev University, yn. Camnaesa 22,
050000, Anmamei, Kazaxcmax. Email: uzak.zh@mail.ru
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