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Pospobaeno ananimuunuil cnoci6 pospaxymu-
KY XIiMIMHUX NOMEHUIaNi6 KOMNOHEHMI8 6 cucmemi
2a3z-meepoe, 3aCHOBAHUU HA MEPMOOUHAMIMHUX PO3-
PAaxyHKax 6yejleuesux NOmMeHuianieé 2asz060i Cymi-
wi C—O-H-N (npodyxmie 320panns memano-noei-
mpsnoi cymiwi) i meepdoi pazu (nezosanoi cmani).
Ompumano po3paxynrKosi 3aneincHocmi Onucyromo
6NIUE OCHOBHUX napamempie Hazpisy ckaiady cepe-
dosuwa, weudKocmi 00MiKanns, a MaKox c 63AEMO-
0i10 na empamu memany, nog'a3ami 3 003nesy2ueuto-
6aHHAM.

Bukxonano mepmoounamiuni po3paxynxu eyeae-
Uesux NOMeHYianie Je208aHoi cmani i nPooyKmis
320PAHHS NPUPOOHO20 2a3Y Pi3H020 KOMNOHEHMHO20
cxknady (¢=0,2 1,2), memnepamyp memany i npooyx-
mie 3eopanns 1100 1500 K.

Ha ocnosi ananizy cmpyxmypu mennoeozo i
uy3iinozo npuepanuunux wapie 006edeHo, w0
3MEHUEeHHS meMnepamypu wapy npooyKmis 320Psan-
Hsl, W0 omMueae meepoe eupio, i weudxocmi 0omiKamn-
Hsl noBepxHi 3MeHmYe OUPY3Hul nomix eyeneuro 6
npuepanuunomy wapi. Janui epexm cnpusie 3nu-
JHCEHHIO 3HEBY21eUI08AHHSA CMAJlL.

Bcmanoeneno, wo npu obiepisi menaoazpezamy
3a NpUHUUNOM HenpaAMO020 padiauiunozo o00izpiey
(HPO) npu poGomi naockonoaym'anozo naivhukd,
ocHo8HuUlL 2a308uil 06cs2, N0KANIZ06AHUIL Y NOGEPXHI
Memany, Mae memnepamypy iCMomHo MeHuly, Hidc
wap, npunezauil 0o xaaoxu. Lle 3menmye empamu
Memany 3 3HeBY21eUt08AHHAM 8 NOPIBHAHHI 3 newamu
mpaouuiiinoi cucmemu ooizpisy

Cnamosanns 2asy 6 Na0CKONOJYM SHUX NATIGHU-
Kax npu iHmMeHCUeHil UUPKYAauii npooyxmie 320-
PAHHS 6Cepeduni Ppohou0z0 npocmopy menioazpeea-
my 3abe3neuye o6podAIOBaANUX 6UPOGIE 00HOPIOHUIL
CKa0 NPoOYKmMi6 320PAHHS, WO € 810N0BIOHUM NPAK-
muuno 00 pienosaxcnozo. Ile dozeonse pexomen-
dyeamu NAOCKONOAYM'AHI NANLHUKU 00 WUPOKO20
3acmocy6anns 6 CYHacHuUxX eHep2omexHON02iUHUX
anapamax 6 npomMuci060cmi

Knmouosi crosa: mepmoniu, npuepanuunuii wap,
3HeBY21eUt08anHsl, NI0CKONOIYM SHUN NATLHUK, KOH-
mpoJie memMnepamypHo20 peicumy
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1. Introduction

Each heating process (in chemical technology, metallur-
gy, mechanical engineering and other industries) flows in a
gas-solid system. Such processes are carried out at a certain
temperature, which is set on the basis of the thermodynamic
and heating characteristics of starting materials and pro-
cesses [1].

Any heating process is carried out under optimum tem-
perature conditions, ensuring maximum performance with
high quality of a target product [2]. The rate of reaction be-
tween the solid and gaseous phases increases with increasing

temperature, hence the maximum performance of the heat
unit is achieved at the maximum possible temperature of
the process. The set optimum temperature should also take
into account the conditions of side effects or reactions of the
heating process [3].

The basis of current trends in the development and
construction of high-performance heat units is the modu-
lar-block principle [4]. It lies in the unity of hardware-design
(HD) and process-flow (PF) methods. In practice, the use of
the HD method in the development of design features of heat
equipment is associated with the need for strict compliance
with the technology requirement, i. ., the PF method [5].




It is considered that the factors determining the quality
of treated products are: uniformity of the temperature field
on the product surface, composition of the gas atmosphere
and time of heat treatment. Therefore, the study of the in-
fluence of little-known factors: the temperature field formed
on the phase interface and the rate of gas flow around the
heat-treated surface on the quality indicators of heating
processes in the gas-solid system is an urgent task.

2. Literature review and problem statement

The major technological parameters associated with heat
treatment of solid material in the gas-solid system are its
losses. Losses are caused by oxidation and decarburization
of the surface layer in heat-treatment and heating furnaces
[6], carryover loss of gradient in electric heat-treatment flu-
idized bed furnaces [7], etc.

In [8], the results of studies on the phase composition and
defect substructure of steel are given. It is shown that the
phase composition depends on the conditions of heat treat-
ment of solid material in the gas-solid system, but the causes
of losses of the treated material are not studied.

The authors of [9] showed that during heating at the sur-
face of the treated material at the interface, a boundary layer
(dynamic, related to the rate of gas flow around the material,
heating, concentration) is formed. This layer, according to
[10], forms the potentials of the elements exchanging with
each other. For example, oxygen and carbon (in oxidation
and decarburization), graphite (in graphite preparation), etc.

In [11], it is found that the fundamental concept of
heat and mass transfer in the gas-solid system is the phase
element potential. The specified potential determines the
activity of the element in the treated material, which is in
equilibrium with gas or gas mixture under given conditions
[11]. Therefore, the stated information can be considered as
a tool that allows the calculation of chemical potentials of
phase elements.

The method of determining the chemical potentials
of a gas mixture as atomic partial Gibbs functions allows
a sequential analysis in the gas-solid system during heat
treatment [12]. The analytical method for calculating the
chemical potentials of the gas-solid system components is
not given in the work, which can be explained by a different
research direction.

Thus, the method of determining the chemical potentials
of the treated solid-phase material (carbon, hydrogen and
others) can be considered as a tool that will allow solving
the urgent problem of minimizing the loss of the treated
material in modern heat-power units. The calculation of the
gas phase potentials, based on the analysis of the structure
of the thermal and diffusion boundary layers taking into
account the requirements of technologies (PF method), will
allow influencing the hardware and structural design of the
heating process (HD method) [13].

Therefore, these studies represent a promising aspect of
introduction of modern heat-power units in the industry.

3. The aim and objectives of the study

The aim of the work is to develop an analytical method
for calculating the chemical potentials of the gas-solid sys-
tem components based on partial Gibbs functions.

To achieve this aim, the following objectives were ac-
complished:

—to perform thermodynamic calculations of carbon
potentials of the C—O—H-N gas mixture (for example, com-
bustion products of the methane-air mixture) and the solid
phase (alloyed steel) in a wide range and changes in velocity
and flow parameters;

—to analytically and experimentally determine the ef-
fect of temperature T, and rate of gas flow around the metal
U, with various compositions a on metal loss with oxidation
and decarburization.

4. Thermodynamics of heat and mass transfer of gas-solid
systems

The fundamental concept in the analysis of heat transfer
in the gas-solid (metal) system (oxidation — reduction, car-
burization — decarburization) is the phase element potential
(oxygen, carbon, etc.). The definition of the potential of the
gas mixture element as the activity of the element in the al-
loy, which is in equilibrium with the gas mixture under given
conditions is known [12].

The method of determining the chemical potentials of
the gas mixture as atomic partial Gibbs functions is the most
common and allows for a complete and consistent analysis
in the gas-metal system [12]. According to [12], the chemi-
cal potential of the k-th element of the phase, consisting of
i components, can be determined as Gibbs partial atomic
energy.
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The relationship of the chemical potential of the A-th
element with the chemical potentials i of the components p;
is determined by the equation:

SO
I, :zui aN, )

i=1

where N; is the number of gram-atoms of the A-th chemical
element in the system.

On the example of combustion products of the meth-
ane-air mixture consisting of 51 components (gas phase) and
alloyed steel (solid phase), thermodynamic calculations of
carbon potentials of the gas and solid phases in the gas-metal
system are performed. Thermodynamic data for each compo-
nent of the gas mixture were selected from [14].

Gibbs energy for the specified set of components can be
expressed as follows:

G=Ucolteo + Heo,Mco, T Ky, My, T Ho, Mo, +
HHy, My, T Hy,0M0,0 T Ren, e, - 2)
Chemical potentials of the components yy, included in

(2), assuming an ideal gas mixture, were determined using
the equation:

W, =G"(T)+ RTtnx, + RTin P=G"(T)+RT/n P,  (3)
where G is the Gibbs energy corresponding to the standard

state of the i-th component, x;is the mole fraction of the com-
ponent; x;=n;/n, where n is the total number of moles of the



mixture components; R is the gas constant; P;is the partial
pressure of the i-th component; P is the total pressure of the
gas mixture; T'is the gas phase temperature.

The equilibrium composition of the gas mixture was
found by minimizing (2). Taking into account (3) using
the Lagrange multiplier method, we obtain a system of &+1
equations with the same number of unknowns, composition
and potentials of the elements. The numerical solution of the
system was carried out by the Newton-Raphson method.

In accordance with (1), the carbon potential of the gas
mixture was calculated by differentiation of Gibbs energy (2)
by the amount of carbon Nc.:

e = (Koo + Heo,Mco, T Hu,0Mm,0

HHy, My, +HRo, Mo, +Hy, My, + e, ey, )/oN..

To determine the carbon potential y; of the solid phase,
which is the steel containing Ni, Cr, Mn, Si as alloying ma-
terials whose chemical composition is close to SHKH15SG
steel, it is necessary to know agl — carbon activity in aus-
tenite in the presence of alloying elements [15]:
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where f¢ is the activity coefficient taking into account the
effect of alloying elements on carbon activity in austenite; a¢

is the carbon activity in unalloyed austenite:
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From [11], it follows that:

Je =1,

where f/ is the activity coefficient taking into account the
influence of the j-th alloying element on the carbon activity
in austenite. The influence of Ni, Cr, Mn, Si is determined
from the empirical dependencies proposed in [11].
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In (4), Nj is the atomic fraction of the alloying element
in the alloy:

M=l [+ e

where A; is the atomic weight of the j-th element; [m)] is the
element content in the alloy.
Carbon potential of the solid phase [15]:

te=p’ (T)+RTtnal, 5)

where ugr is the carbon potential of graphite in the standard
state.

If near the interphase surface, the difference in chemical
potentials of the elements is small, then the interfacial car-
bon flow can be represented as a linear function [11]

Je=Be(T)(ue—Tle)=FcAuc.

On the other hand, the diffusion flow Jo=pcAC¢, where

B/
ACC = BC AHC’

C

where B'c(T) is the phenomenological mass transfer coeffi-
cient; B¢ is the carbon mass transfer coefficient from the wall
to the flow, referred to the difference in carbon concentra-
tion AC, across the boundary layer.

When heated, the gas-dynamic boundary layer is formed
at the metal surface, which practically determines the decar-
burization process [14].

Oxygen-containing gases diffuse from the gas boundary
layer into the metal, interacting with the metal carbon and
the metal itself, oxygen forms carbon oxide and the process
of scale formation occurs. At the same time, carbon is trans-
ported in the opposite direction (decarburization process)
[15]. Both processes cause a decrease in the oxygen content
in the boundary layer with respect to the main gas flow.

In [16], it is shown that under the diffusion regime of car-
bon particle burning in the oxygen-containing atmosphere,
near the particle surface there is practically no pure oxygen
in the molecular or atomic form. At the same time, the max-
imum content of carbon-containing components due to the
reaction of CO, coal conversion at the surface: COy+C(T)=
=2 CO. Oxidation of COy and CO occurs in the layer at
some distance from the particle, and with further removal,
the share of oxygen-containing components increases. Thus,
in the gas layer, as the particle approaches the latter, the
oxidizer-to-fuel ratio oo decreases and a decrease in the share
of oxygen-containing components ACo(Y) corresponds to
an increase in the share of carbon-containing substances
AC(Y). Assume that:

AC(Y)==Q(Y)AC,(Y),

where Q(Y) is the proportionality coefficient.
The rate of change of carbon concentrations in the
boundary layer will be bound by [11]:

dc. 0Q(Y)

dc,
dy Co(Y) oY

dy’

-Q(Y) (6)

Based on the assumption of triple analogy (heat, mass, mo-
mentum transfer), for the boundary layer of the heated product
under the assumption of equal thickness of the thermal and
diffusion layers, Le=Ler=Sc=Scr can be written:

AC, AT
AC,, AT,’

)

where ACp and ACo,, are the current and maximum changes
of oxygen concentration in the boundary layer, respectively;
AT, AT, are the current and maximum temperature changes
in the boundary layer, respectively; Le=Ler=Sc=Scr are the
Lewis and Schmidt numbers, respectively.

We differentiate (6) by the thickness of the boundary
layer:
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The temperature distribution in the boundary layer is
determined by [17]:
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where Ty, T}, Ty, T.. are the temperatures of the surface of the
metal treated in the environment of combustion products
and laminar sublayer boundaries, the intermediate layer and
the main flow outside the boundary layer, respectively; gq” is
the heat flow density; 1o is the wall shear stress; p is the gas
(combustion products) density; c is the gas heat capacity; U..
is the gas phase velocity outside the boundary layer (flow
rate); Pr=v/a is the Prandtl number; v is the coefficient of ki-
nematic viscosity; a is the coefficient of thermal diffusivity.

In (8), the density p and the heat capacity of the gas ¢
were calculated at an average temperature of 0.5 (Ty+T7)).
Considering that

T _
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where f,=0.059 Re %2 is the local coefficient of friction;
Re=U..L/v is the Reynolds number; L is the length of the

flow area.
When using average integral f, on the length L, we get:

T, 0,059(5) o,
p 1,6 \v
Taking into account the adopted two-layer (diffusion
and thermal) model of the boundary layer, it is possible to
calculate the value of the carbon concentration gradient at
the treated surface:

¢ ACOm T1 _TO —
dyY T.-T, vy,

:_Q& M U*,
T.-T,\ 5v

surf = -Q

(10)

where y/=5v/Uis the laminar sublayer thickness; U" = \/t, / p
is the dynamic speed;

_ACL -

AC, =

. Q' (11, —p,).

From (10), it follows that the gradient of carbon concen-
trations in the gas phase at the metal surface and, therefore,
the carbon flow are also determined by the gas phase tempera-
ture and structure of the boundary layers (dynamic, thermal).

o . .. dcC .
Taking into account the sign of the gradient ——={_ , it

dy

is obvious that at IT¢>, there is the process of decarburiza-

tion of the steel surface.

5. Analysis of the results of thermodynamic calculations

In accordance with the described method of determin-
ing the chemical potentials of the gas and solid phases of the
gas-metal system, we consider the influence of previously little
studied factors: the temperature of combustion products 7., and
the rate of gas flow around the metal U.. with various a. The
calculation was carried out using computer technologies [11].

The following factors were varied in the calculation:
q0"=5-10 kW/m? (step — 1 kW/m?); U.=6-10m/s (step —
2 m/s); L=0.3—1 m (step — 0.1 m); 75=1073-1673 K (step —
100 K).

The processing of the calculation data array was carried
out with the use of the linfit regression function built in the
MathCad mathematical package.

As a result of computer processing, the following depen-
dencies were obtained:

— carbon potential of the gas phase II. on the gas phase
temperature T.. and composition, determined by the oxidiz-
er-to-fuel ratio o

I(T_,0) =
=[-7,719-10° - tan(0,350) +1,189-10° - " | T +

+[13,24tan(0,350) - 46,5307 J; an

dc,
— carbon concentration gradient 7y o the boundary

layer with different compositions of combustion products o

and surface flow rates (base metal temperature Tp=1073 K):

dc‘(Um,oc):[1,178~cosh(1,4(x)+1,5670(8'7]~Um1'3. 12)

dY

3D graphs constructed from (11), (12) are shown in
Fig. 1, 2 respectively.

mole

Fig. 1. 3D graph for nc depending on the gas mixture
temperature 7 and the oxidizer-to-fuel ratio o

With ac{0.6; 0.95}, the carbon potential of the gas phase
decreases both with increasing temperature T and with in-
creasing o.

In this case, temperature increase has no effect on chem-
ical transformations within the set o. Consequently, the
carbon potential of the gas phase will change slightly.
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Fig. 2. 3D graph for 7;, depending on the compositions of
combustion products o and surface flow rate U_

The calculation of the carbon concentration gradient in
the boundary layer dC¢/dY depending on the oxidizer-to-fu-
el ratio (o) shows that steel decarburization is influenced by
two factors: gas phase temperature of the metal 7., and flow
rate (U..). The higher the gas phase temperature and surface
flow rate, the higher the carbon concentration gradient in
the boundary layer (dC/dY), therefore, the more the metal
will be decarburized.

The conclusion about the influence of the gas phase tem-
perature on the diffusion flow in the boundary layer with a
constant composition of the gas phase qualitatively confirms
the results of [18] in the field of chemical-heat treatment in
special atmospheres. Experimental studies of decarburiza-
tion of steel blanks in heating and heat-treatment furnaces
confirm the obtained dependences [19].

Verification of the results of analytical studies on steel
decarburization was carried out on the experimental stand

(Fig. 3).
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Fig. 3. Scheme of the experimental stand for conducting
research on the effect of the heating method on steel
decarburization: 1 — furnace lining; 2 — base for the test
samples; 3 — test sample; 4 — flat-flame burner; 5 — GAP
burner; 6 — smoke exhaust channels; 7 — central smoke
exhaust flue

Two different heating systems were implemented on the
stand:

— heating based on the principle of indirect radiant heat-
ing (IRH) using the flat-flame burner located in the roof
(Fig. 3, pos. 4);

— traditional heating system (TH) with a short-flame
burner GAP with side arrangement (Fig. 3, pos. 5).

Fuel — natural gas, oxidizer — air. Witness samples
were specially prepared plates with a polished surface
of SHH15SG steel. In total, 48 experiments — 24 exper-
iments with each heating method on 96 samples were
conducted.

In each of the experiments, heat studies were con-
ducted (composition of combustible gas, metal heating
temperature, furnace temperature, temperature of the
layer of combustion products at the heated metal surface,
composition of the gaseous medium, etc.). Metallographic
studies on the depth of the decarburized layer, structure,
scale layer thickness, scale grain-size indices were con-
ducted. The chemical composition of the scale was also
determined [13].

6. Discussion of the results of the study of the fire stand

As aresult of the study, it was found that during heating
the heat unit based on the principle of indirect radiant burn-
ing (IRH) during the operation of the flat-flame burner,
the main gas volume has a temperature significantly lower
than the layer adjacent to the lining. This is due to the fact
that the operation of the flat-flame burner is based on the
continuous flow of combustion products around the forming
surfaces of the working space in which it is installed (Coan-
da effect). In this case, the maximum temperatures are con-
centrated in the lining and the radiation component of the
heating process is prevalent.

The temperature difference T;,—T.. (the main gas layer Ty
and the layer of witness samples T.. in the compared heating
systems) is even higher +(35+120) K with the heating sys-
tem based on the IRH principle and — (25+65) K — with
the traditional heating system (TH). This is explained by
the fact that in the implementation of the heating system
with a short-flame burner GAP, the main gas volume in
the working space has a temperature significantly higher
than during the operation of a flat-flame burner, which
is determined by the principle of the short-flame burner
GAP. This makes it possible to assert that T.. with the
IRH system is 100 or more K less than during heating
with the TH system.

Thus, heating and heat treatment of various grades of
steels in IRH furnaces equipped with flat-flame burners
reduces the loss of metal with decarburization. This is
due to:

—high degree of uniformity of metal heating in the
absence of local overheating, which is a consequence of the
high rate of circulation of natural gas combustion products
in the working space of the furnace, due to the principle of
flat-flame burners;

— practical uniformity of combustion products at the
surface of heat-treated products and the absence of metal
contact with products of incomplete combustion of natural
gas, including atomic oxygen and radicals;

— lower average mass temperature of the layer of com-
bustion products and gases that are in direct contact with
heat-treated products.

Assessment of reliability of the studies and correspond-
ing scientific findings is confirmed by the practice of in-
troducing IRH furnaces with flat-flame burners for heat
treatment and heating of products in the temperature range
of 800-1,600 K in various industries, including mechanical
engineering, metallurgy, etc. [20, 21].



7. Conclusions

1. The analytical method for calculating the chemical
potentials of components in the gas-solid system based on
thermodynamic calculations of carbon potentials of the
C—O-H-N gas mixture (combustion products of the meth-
ane-air mixture) and the solid phase (alloyed steel) is devel-
oped. Its distinctive feature is the calculation of the rate of
change of carbon concentrations in the boundary layer based
on the assumption of triple analogy (heat, mass, momentum
transfer) for the boundary layer of the heated product. The
value of the carbon concentration gradient at the treated
surface was determined taking into account a two-layer
(diffusion and thermal) boundary layer model. Thermody-
namic calculations of carbon potentials of alloyed steel and
combustion products of natural gas of different composition
(0=0.2+1.2), metal and combustion products temperatures
of 1,100+1,500 K are performed.

2. Based on the analysis of the structure of the thermal
and diffusion boundary layers, it is proved that a decrease in

the temperature of the layer of combustion products flowing
around the solid product and the surface flow rate reduces
the diffusion flow of carbon in the boundary layer. This con-
tributes to reducing the decarburization of steel. The influ-
ence of the heating system of the heat unit on the metal loss-
es associated with decarburization is investigated. It is found
that the method of heating of the heat unit based on indirect
radiant heating using flat-flame burners reduces metal loss
with decarburization compared to furnaces of the traditional
heating system. This effect is achieved by providing uniform
temperature fields in the working space of the heat unit and
over the heat-treated surface. As well as practical uniformity
of the composition of combustion products and exception of
the contact of the treated surface (metal) with products of
incomplete combustion, directly flowing around the metal,
with a reduced flow rate of combustion products around the
metal. Dependences describing the effect of the main param-
eters of heating the medium composition, flow rate, and their
interaction on metal losses associated with decarburization
are obtained.
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Po3pobieno mexnonozito 6u20moeeHHA CKI0368’A30K-AKMUBAMO-
pie 0aa inmencudixauii cnikanns KepamiMHux mamepiaiis, 30Kkpema —
aneobnux noxpummie. IIpoeedeno nopisnanvHUN anani3 CKA036’s-
30K, OMpUMaAHux 3a 00NOM02010 MPAOUUIIHOT 6APKU CKAA MA WTAXOM
3071b-2¢16 cunme3y. Bcmanoeneno snauny epexmusnicms ocmannvozo,
OCKIIbKU 3MEHUYIOMbCSL EHEP2OGUMPAMU HA MEPMOOGPOOKY KOMNO3U-
uii (3amicmo eéapxu cxaa npu 1300—1400 °C nompiona mepmooopoora
2eno 0o 600 °C) ma nideuwyemvcs 00HOPIOHICMb CKA036 A3KU (XiMin-
HUIL CK1a0 KOMNO3UUTE YCepeOHIOEMbC HA MOJIEKYAAPHOMY PI6HI).

Jocnioxceno maxodic pisni 30716-2eb CROCOOU 00ePHCAHHA CKI038 51~
30K-aKMuGaAmMopis: nNOpoOwKoGuUll 3071b-2e71b CNOCIO 0e3 npoicapio-
6ants; 30b-2e/ib CNOCIO NPUOMYBANHA PO3UUNIE COJIell; NOPOUKO-
6UIl 30/1b-2elb CNOCIO 3 NIAGAEHHAM KOMNO3UUTL. 3a3HaeHi cnocoou
BIOPI3HAIOMBCA NOCAID06HICMIO MA MEMOOOM 3MIMYBAHHA BUXIOHUX
KoMnonenmie, ane 0006°43K06010 € ducnepzauis é 2eJeymeopioro-
my azenmi — emuacunikami ETC-40. B saxocmi ocnosnux cknadosux
axmusamopa oopano posuunni coni AI(NO3)39H,0, Ca(NO3),; ma
NaNOjs. Busueno ocooaueocmi 3minu (paz06020 ckiady cCKa03e’a30x
nio uac ix nazpiey 0o 600 °C ma 6cmanoeieno, wo ompumamni KOMno3u-
uii naduicyromoscs 00 amoprozo cmany npu memnepamypax ~600 °C.
IIpu nodanvuwomy nazpisanni docaionux cxno3e’sazox do 1000 °C 6io-
Oysaemvcs ix inmenHcusHe nAABAEHHS, NPU YOMY Y NEPUUX 0BOX CHO-
cobax 6’a3Kicmv ma noeepxuesull Hamsz PoO3NNAGIE € MEHWUM, Y
NOPIBHAHHI 31 36UMAUHUM CKILOPO3NIABOM, MOMY 3MOUYEANLLHA 30am-
HiCMb CKJ1038°A30K-AKMUBAMOPIE € GUWO10.

Ilpu e6edenni danux axmusamopis cnikanns 00 CKaA0I8 KepamiuHux
noxpummie 6Cmanoeneno, wo HAubLILW edexmuenum € axmueamop,
ompumanuii cnoco6om npuzomyeanns pozuuie coeii. Came in nicis
eunany npu 1170 °C 3abesneuye popmyeanns naiidinout wiavHoi cmpyi-
mypu cnewenoz0 NOKPUmMmMs 3i 3HUNCEHUM 6000NOZIUHAHHAM (He Olrvute
0,05 %) ma eucoxoro 6irusnoro nosepxni (87—88 %). Pospobneni axmu-
8AMOPU MONCYMb CMAMU ATLMEPHAMUBOI0 MPAOUUTIHUM CKII036 ’A3KAM,
0715 6apKU AKUX NOMPEOYIOMbCA 3HAMHI eHeP2OPeCyYPCU.

Kmouosi caosa: 30nw-2eav cnocié, axmusamop cnikauus, amzoo,
euna, 6000n02AUHAHNS
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1. Introduction

Under conditions of constant growth of energy costs and
the deficit of energy resources, a pressing issue in the ceram-
ic industry where products are annealed at high tempera-
tures is energy efficiency. In order to ensure the intensive
sintering process of ceramic products and coatings, it is re-
quired to achieve a high degree of activity of all components
in the ceramic charge [1]. However, the activity of starting
components under actual industrial conditions is often quite

low, which leads to the necessity to sinter materials at high
temperatures. Otherwise, one observes a deterioration in
the physical-mechanical characteristics of the fabricated
products.

One of the possible solutions to the specified task is the
application as part of the charge of specialized sintering acti-
vators [2], which would make it possible to significantly im-
prove products quality, without introducing radical changes
to the technological process, and to considerably reduce the
temperature of their annealing.




