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Abstract. The results of studies of thermophysical and operational characteristics of heat-resistant glass-ceramic coating on 12Cr18Nil0Ti
steel in high-speed air plasma flow are presented. The coating was obtained using the slurry-firing technology. The heat treatment
was carried out in air at 1400 K for 3 min. The structure of the coating is represented by a matrix based on barium silicate glass with
Cr, 0, particles evenly distributed within it. The outer layer of the coating, ~3-+5 um thick, contains many highly dispersed crystals of
BaSi,0, doped with Cr and Mo, indicating the surface glass phase crystallization. The heat capacity, thermal diffusivity and thermal
conductivity of the coating in the temperature range of 293-573 K and at a pressure of 10° Pa vary in the ranges of 0.68-0.75 J/(g'K),
0.47-0.43 mm?/s and 1.198-1.222 W/(m-K), respectively. The average values of coating’s specific mass loss and entrainment rates
during air plasma flow at a velocity of ~3.5 km/s and heating of the surface to 1593 K were 7.2 mg/cm? and 25.9 mg/(cm?-h).
The spectral emissivity of the coating at a wavelength of 890 nm and the rate of heterogeneous recombination of flux atoms and
ions on its surface were 0.85+0.02 and 1443 m/s. Glass phase provides effective protection of steel from high-temperature oxida-
tion and self-healing of defects. Refractory Cr,O, particles along with surface’s glass phase crystallization increase the resistance
of the coating to erosion entrainment in the high-speed air plasma flow, its emissivity and catalyticity. The reduction of the thermal
conductivity of the coating to 0.04+0.01 W/(m-K) at a temperature of 1054+10 K and a pressure of ~200 Pa is experimentally estab-
lished and confirmed by numerical modelling. The explanation of the effect is presented.
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UccnepoBaHue xapakTepuCTUK
XKapOCTOMKOro CTEKIIOKEPaMUUYECKOrO NOKPbITHS
B CKOPOCTHOM MOTOKE BO3AYLUHOW MNJla3Mbl
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AHHoTayums. TlpencTaBieHbl pe3yJbTaTbl MCCIENOBAHMN TEIUIOU3NUECKUX M OIKCIUTYaTAlMOHHBIX XapaKTEPHCTUK IKAPOCTOU-
KOTO CTeKJIoKepamuiyeckoro mokpbITus Ha ctand 12X18H10T B ckopocTHOM MOTOKE BO3AYIIHOW TuiazMmbl. IlokpbiTHe momyyanu
[0 HITMKePHO-00KUIOBOM TEXHOJOTUH. TepMHuuecKyio 00paboTKy MpOBOIMIM Ha Bo3ayxe mpu Temmeparype 1400 K B Teuenne
3 MuH. CTpyKTypa MOKPBITHS NPEACTABICHA MaTPULICH HA OCHOBE 0apHEeBOCHIMKATHOTO CTEKIA C PABHOMEPHO PACIIPE/Ie/ICHHBIMHU B
neM yactunamu Cr,O;. HapyKHBIA CIIOH MOKPBITHS TOJIMMHON ~3+5 MKM COIEPKMT MHOXKECTBO BHICOKOMCIIEPCHBIX KPUCTAJIIIOB
BaSi,0,, nerupopannbix Cr u Mo, CBUIETEBCTBYIOIIMX O HOBEPXHOCTHOM CUTAIM3alMK cTek10(asbl. TennoeMKkocTs, Temnepary-
POTPOBOZHOCTD M TETLIONPOBOAHOCTH TIOKPBITHS B HHTEpBasie TemMmeparyp 293-573 K npu nasnennn 103 [1a nsmensiores B quana-
3onax 0,68-0,75 JIx/(r'K), 0,47-0,43 mm?/c u 1,198-1,222 B1/(M-K) coorBeTcTBeHHO. CpeiHne 3HAUEHHS YAEIBHON MOTEPU MACCHI
U CKOPOCTH YHOCA MOKPBITHA IPH O0TEKaHUH BO3AYLIHOW IJIa3MOI CO CKOPOCTHIO ~3,5 KM/c M HarpeBe mosepxHocT A0 1593 K
cocrapwin 7,2 mr/em® u 25,9 mr/(cm?-4). CrekTpaibHas W3dydarTelbHas CIOCOOHOCTh TOKPBITHS Ha JUIMHE BOJMHBI 890 HM
U CKOPOCTh F€TePOTreHHOI PeKOMOMHAIINK aTOMOB U HOHOB MOTOKA Ha ero noBepxHocTr coctaBuan 0,85+0,02 u 14+3 m/c. Crexito-
(asza obecreurBaeT APpHEKTUBHYIO 3aLIUTY CTAIH OT BBHICOKOTEMIIEPATypHOrO OKHMCICHHS U camo3aiednBaHue aepexros. Tyro-
miaBkue yacTuipl Cr,O; Hapsy ¢ MOBEPXHOCTHON CHTaLIM3aIUeH cTek10(asbl HOBBIIAIOT CONPOTHBICHAE MOKPBITHS 3PO3UOH-
HOMY YHOCY B CKOPOCTHOM ITOTOKE BO3/YIIHO} TJ1a3MBbl, €0 U3JIy4aTeIbHyI0 CIOCOOHOCTh M KaTAINTUYHOCTb. DKCIIEPUMEHTAIBHO
YCTaHOBJICHO U MOATBEPKICHO YMCICHHBIM MOJCIHPOBAHIEM CHIDKEHHE TeIIONPOBOAHOCTH MOKpbITHs 10 0,04+0,01 B1/(M-K) mpu
temmeparype 1054410 K u gaBnennu ~200 ITa. [Ipencrasneno oobsicuenne addexra.

KnioueBble cnosa: CTEKJIOOMAJIb, CTEKJIOKEPAaMHUYECKOE IOKPLITUE, )KapOCTOﬁKOCTB, OKHUCJICHUE, U3IyvaTe/ibHas CHOCO6HOCTL,
KaTaJIUTUYHOCTD, Ia30AMHAMUYCCKHUE UCIIbITAaHU, MOACIIMPOBAHUE
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project/22-19-00352/.
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roughness, corrosion-erosion pitting, and cavity forma-
tion. These factors, in turn, contribute to greater gas tur-
bulence in boundary regions and intensify the erosion-
induced material degradation. Protecting alloys from
high-temperature gas corrosion and erosion using thin-
layer heat-resistant coatings is often the only viable
method to maintain their high-temperature strength and
functional properties. For this purpose, silicate-based
glass-ceramic and glass-crystalline coatings are widely
employed.

Introduction

High-temperature gas corrosion of alloyed steels
and nickel-based alloys is accompanied by the for-
mation of scale on their surface, consisting of phases
with variable compositions, as well as internal oxi-
dation zones within the subscale layers. This process
leads to the depletion of alloying elements, particu-
larly Nb, Mo, and W in alloys, and decarburization in
steels [1; 2]. These changes in chemical composition,
in turn, result in the degradation of the mechanical
properties and operational performance of the mate-
rials. The challenges become significantly more severe

The compositions of frits (granulated glass ena-
mels) for glass-ceramic coatings used to protect steels

when alloys are exposed to high-velocity flows of oxy-
gen-containing gases [3]. Under such conditions, oxi-
dation processes accelerate, leading to the degradation
and delamination of the oxide films formed on the sur-
face. Additionally, the development of surface micro-
relief becomes more pronounced, resulting in increased

and nickel alloys from high-temperature gas corrosion
generally contain the following main components,
wt. %: 25-85 Si0,, 20-50 BaO, 0-20 B,0,, 0-5 Al,O,,
0-3 MgO, 0-5CaO [4]. To improve the adhesion
properties of the formed coatings, frits include small
amounts of adhesion-promoting oxides such as CoO,
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NiO, MnO, and MoO;. To enhance the functional
properties of the coatings (chemical resistance, ero-
sion resistance, blackness degree, heat reflectivity,
etc.), fillers such as Cr,0,, Al,O,, TiO,, ZrO,, ZrSiO,,
SiB,, SiC, and others are introduced either through
the charge during frit production or as milling additives
during slurry preparation.

At present, an extensive range of resource-efficient
glass-ceramic coatings has been developed, ensu-
ring the operability of the studied materials at tem-
peratures of 1150-1373 K for prolonged periods and
up to 1473 K for short-term exposure, including in
high-speed aggressive gas flows [4—6]. Among these
developments, the majority are heat-resistant coatings
designed for the effective protection of components
and assemblies of gas turbine engines and turbopump
units [1; 6-11]. However, technical solutions aimed
at improving the reliability of structural elements in
liquid rocket engines (for manned and cargo spacecraft,
space stations, etc.) remain relatively scarce [5; 12].
There are virtually no developments in the field
of protecting heat-loaded components of airframes for
high-speed maneuvering aircraft and their propulsion
systems [13—15]. This is primarily due to tempera-
ture-time factors that significantly limit the applica-
bility of traditional structural materials in so-called
hot structures. The challenge of ensuring short-term
operability of steels and nickel alloys at temperatures
of 1523—-1573 K under high-speed flows (air, combus-
tion products) remains highly relevant.

A previous invention [15] described a heat-resistant
glass-ceramic coating with enhanced resistance to ero-
sion in high-speed gas flows, providing effective pro-
tection of steels and nickel alloys during long-term
operation at temperatures up to 1273 K (over 1000 h)
and short-term exposure up to 1623 K (at least 15 min).

The objective of this study was to investigate
the thermophysical and operational characteristics
of this coating under high-speed air plasma flow condi-
tions at surface temperatures reaching 1593 K.

1. Materials and methods

The starting components for frit production included
silicon oxide (SiO,) powders (particle size <20 pm,
purity 99.9 %), barium oxide (BaO) (<63 um, 98 %),
calcium oxide (CaO) (<63 um, 98 %), chromium oxide
(Cr,0,) (<10 pm, 99.9 %), aluminum oxide (Al,0,)
(<10 um, 98.5 %), cobalt oxide (CoO) (<45 um,
98 %), titanium oxide (TiO,) (<20 um, 99.8 %), man-
ganese oxide (Mn,0O;) (<20 um, 99 %), molybdenum
oxide (MoO,) (<3 um, 99.9 %), and silicon tetrabo-
ride (SiB,) (<10 pm, 99.9 %). The components were
mixed according to [15] and ground in a Pulverisette-5
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planetary mill (Fritsch, Germany) using a 500 mL ZrO,
container for 180 min at a rotational speed of 400 rpm,
with a mixture-to-grinding body mass ratio of 1:10.
The prepared charge was placed into a 310 mL plati-
num crucible and melted at 1850 K for 100 min in an
SVK-5163 resistance furnace (Russia) equipped with
chromite-lanthanum heaters and a 3 L chamber volu-
me. Granulation was performed by pouring the melt
from the crucible into cold water.

The frit was dispersed in a high-energy ball mill
“SamplePrep 8000 M-230” (Spex, USA) in a WC con-
tainer with a volume of 55 mL for 60 min at a recipro-
cating frequency of 1080 cycles/min with short lateral
movements, and a frit-to-grinding media mass ratio
of 1:5. The slurry composition was prepared by mix-
ing and wet milling the frit with kaolinite clay from
the Chasov-Yar deposit, and water in the same mill
for 90 min with a slurry-to-grinding media mass ratio
of 1:3. The slurry's readiness was monitored by sieving
it through a 63 pm mesh sieve with virtually no residue.

Austenitic stainless steel samples of grade
12Cr18Nil0Ti (wt. %: C~0.12; Cr~18; Ni~ 10;
Ti ~ 0.8; Fe — balance) were used as substrates, shaped
as U-shaped plates with dimensions of 30x30x0.8 mm
and side heights of 10 mm, as well as cylindrical samp-
les with a diameter of 50 mm and a height of 30 mm.
The sample surfaces were prepared using sandblas-
ting with electrocorundum particles sized 50—63 um
at a pressure of 5 atm, followed by ultrasonic clean-
ing in isopropyl alcohol. The slurry was applied
to the sample surfaces by spray coating using an air-
brush with a nozzle and needle diameter of 0.8 mm.
The coated layers were dried under ambient condi-
tions with warm air (323 K) from a heater for 30 min.
The firing process was conducted in a TK.4.1400.1F
furnace (LLC Termokeramika, Russia) at a temperature
of 1400 K for 3 min. The samples were then cooled in
air at room temperature.

To determine the density and thermal diffusivity
of the coating material, a compact sample with a dia-
meter of 12.37 mm and a thickness of 1.5 mm was
fabricated from the frit. The frit powder was loaded
into a graphite mold and consolidated using the spark
plasma sintering method on the Labox-650 system
(Sinter Land Inc., Japan). The process was carried out in
a vacuum at a residual pressure of 40—50 Pa, a heating
rate of 80 K/min, a temperature of 973 K, a pressure
of 50 MPa, and an isothermal holding time of 20 min.

The density (p) was determined by the hydrostatic
weighing method using GR-202 analytical scales (AND,
Japan) with an accuracy of 10 g. The thermal diffu-
sivity (o) was measured using the laser flash method
on the LFA447 NanoFlash device (Netzsch, Germany)
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in a high-purity argon atmosphere of grade 6.0. The spe-
cific heat capacity (Cp) was determined using a dif-
ferential scanning calorimeter DSC 204 F1 (Netzsch,
Germany) at a heating/cooling rate of 5 K/min within
the temperature range of 373-593 K under an argon
flow of the same grade. The obtained data were pro-
cessed using the Proteus Analysis 6 software (Netzsch,
Germany). Based on the results, the thermal conducti-
vity (L) was calculated using the formula

k=anp. (1)

Gas-dynamic tests of the samples were conducted
on an aerodynamic test stand equipped with an induc-
tion plasma torch, following the methodology described
in [16]. The samples were positioned coaxially
to the flow at a distance of 100 mm from the nozzle exit
to the front surface of the coating. To determine the test
parameters, a computational experiment was con-
ducted, with the mathematical formulation and results
provided in Section 2.3. In this study, the test conditions
included a stagnation temperature 7, ~ 6000+6500 K,
a Mach number M = 4.7, a speed of 3.54 km/s, and spe-
cific heat flux values ¢~ 15+30 W/cm?. The bright-
ness temperature (7,) of the sample front surface was
measured using the VS-CTT-285/E/P-2001 bright-
ness pyrometer (LLC Videoscan, Russia) at a wave-
length of 890 nm. Changes in the spectral emissivity
of the samples during testing were assessed by analy-
zing the ratio of radiation intensities at the brightness
and spectral temperatures, measured simultaneously
using the USB2000+ spectrometer (Ocean Optics,
USA) from the sample’s front surface. The thermo-
dynamic (true) temperature (7)) of the sample's front
surface was determined by recalculating the brightness
temperature measured by the pyrometer, accounting for
the established variation in emissivity at a wavelength
of 890 nm. The mass of the samples before and after
fire testing was measured using the same analytical
scales as in the hydrostatic weighing method.

The heterogeneous recombination rate constant
of atoms and ions (K ) on the active centers of the
coating surface was determined based on the diffe-
rence in the heat flux density between the reference
and the investigated compositions, tested under iden-
tical conditions. Using parametric numerical model-
ing of the flow and heat transfer around the samples,
the derivative dK /dT, [16] was calculated [16].
The value of K for the investigated coating was deter-
mined based on the known value of K for the refe-
rence sample, the magnitude of dK /dT, and the dif-
ference in brightness temperatures AT, of the thermally
insulated investigated and reference samples, accor-
ding to the following formula [16]:

K, =K, + k., AT, )
dT,

The product of K and the concentration of atoms
and ions n indicates the number of atoms and ions
recombining on a unit surface of the coating per
second. As reference samples, samples made of fibrous
thermal protection material quartz TZMK-25 with
a heat-resistant enamel coating EVCH-4M1U [17]
were used, for which K| = 0.1+0.3 m/s at temperatures
of 400-1550 K.

The chemical composition of the frit powder was
determined using X-ray fluorescence (XRF) analysis on
an ARL OPTIM’X wavelength spectrometer (Thermo
Fisher Scientific, Switzerland), which does not allow
for the identification of light elements such as boron,
carbon, and oxygen.

X-ray diffraction (XRD) patterns were recorded
using the Bragg—Brentano geometry on an ARL X’tra
diffractometer (Thermo Fisher Scientific, Switzerland)
equipped with a Peltier detector and a copper anode
CukK . The measurements were performed with a step
size of 0.02° at a goniometer radius of 520 mm,
at a scanning speed of 0.5 °/min, within the angular
range of 20 = 10+90°. For qualitative phase analysis,
the Crystallographica Search-Match software (Oxford
Cryosystems, UK) and the ICDD PDF-2 database
(2010) of standard X-ray patterns were used.

Microstructural studies were conducted using an
EVO-40 scanning electron microscope (SEM) (Carl
Zeiss, Germany), equipped withan X-Max 50 energy-dis-
persive X-ray spectrometer (EDS) (Oxford Instruments,
UK). Imaging was performed in both secondary and
backscattered electron modes. Quantitative information
on the local elemental composition of the phases was
obtained using EDS at an accelerating voltage of 15 kV
and a probe current of 0.5-1.5 nA. For the preparation
of metallographic sections, precision equipment from
Struers (Denmark) was used.

2. Results and discussion

2.1. Composition, structure,
and properties
of the glass-ceramic coating

The chemical composition of the melted frit,
expressed in terms of oxides (wt. %), is as follows):
BaO - 34.4; Si0, - 30.9; Cr,0; — 22.3; CaO - 3.5;
TiO,-2.1; CoO - 1.9; MnO - 1.9; A1,O, - 1.6; MoO, —
1.4. X-ray phase analysis revealed that Cr, O, is the only
crystalline phase in the frit, exhibiting rhombohedral
symmetry with unit cell parameters of a = 0.49553 nm
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and ¢=1.3581 nm. The absence of other crystalline
phases, particularly SiO,, suggests that the synthesized
barium silicate glass is in an X-ray amorphous state.
The composition of the resulting frit meets the concent-
ration limits specified in the invention [15].

Fig. 1 presents the microstructures of the cross-
section and surface of the glass-ceramic coating
on 12Cr18Nil0Ti steel, shown in reflected and secon-
dary electron images, characteristic X-ray radiation
of elements, and a multilayer composite image created
by combining electron micrographs and X-ray maps.
The coating exhibits a heterogeneous structure, con-
sisting of a barium silicate glass matrix with uniformly
distributed Cr,O, particles, with a size of no more than
10 um. The coating thickness is 50+5 um. The structure

i 8 i e [Ba] @[ S]] _Erccronic |

10 um
—

of the coating reveals the presence of sporadic pores
and gas bubbles (Fig. 1, a, b) ranging from 4-6 pm
in size (occasionally up to 10 um). Their formation
occurs during the firing process and is associated with
the encapsulation of gaseous reaction products within
the viscous glass phase.

According to SEM and EDS data, the formation
of the coating is accompanied by a decrease in Cr
content and an increase in Fe, Ni, and Ti concentra-
tions in the surface layers of the substrate to a depth
of 3—4 um (Table 1). The glass phase near the “sub-
strate—coating” interface contains an increased pro-
portion of Cr,0,, along with small amounts of iron
and nickel oxides. According to [4], the dissolution
of Cr,O; in the glass ceases once its content reaches

10 pm
—

Fig. 1. Microstructure of cross section (a, c—h) and surface (b) of glass-ceramic coating
in initial state on steel 12Cr18Nil0Ti: in reflected (a) and secondary (b) electrons; combined image (¢);
maps of element distribution in characteristic X-ray radiation: OK, (d); CrK,, (e); SiK,, (f); BaL, (g); FeK, (h)

Puc. 1. MUKpOCTpPYKTypa MOMEPEUHOro ceueHus (@, ¢—h) v TOBEpXHOCTH (b) CTEKIOKEPAMUIECCKOTO MTOKPBITHS
B HCXOIHOM cocTostHuH Ha ctany 12X18H10T: B oTpaxkeHHBIX (@) ¥ BTOPHYHBIX (b) 3JI€KTpOHAX;
KOMOMHHPOBaHHOE N300paXkeHHe (¢); KapThl pacipe/IeIeH s 2IEMEHTOB B XapaKTePHCTHIECKOM

penTreHosekoM usiydennn: OK, (d); CrK, (e); SiKal (N); BaL, (g); FeK,, (h)
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Table 1. Local chemical composition of areas on the cross section
of 12Cr18Nil0Ti specimen with glass-ceramic coating in the initial state

Tabamya 1. JlokanbHbIH XMMHUYecKHil cocTaB o0s1acTeil Ha MoNMepeYHOM ceyeHnU o0pa3ua
u3 12X18H10T co cTek/10kepaMu4eCKHM NOKPBLITHEM B HCXOHOM COCTOSIHUH

Spect- Element content
rum No. Analysis location . ] ]
in Fig. 1, ¢ % O | Ni | Fe | Cr | Si | Ba Mo | Ca| Co|Mn | Al | Ti
i 3=7wm from the coating | 1oy o183 03 - | - | - | - | - | = |02
interface
2 273 pm from the coating o -1 gg qag s - -~ — |~ | — | - |03
interface
3 At the coating interface wt. | — [10.0/77.5/104] 02 | — - - - - | 1206
4 Glass phase 2-3 um from | | 55 51 o4 | 38 | 50 |194|92 |02 15|07 |08 |14 —
the substrate
5 Glass phase 6-8 um from | 16y 01— | _ 1 47 194/ 93 03| 16| 04 | 09 | 14 | -
the substrate
6 Glass phase 6-8 um from | 16y 51 | 56 1190]92 03 17]07 09|12 -
the coating surface
at. |57.7| - - 191 |134|146| 26| 14 | — - 112 -
Outer coating layer at. | 584 | - - | 111138 |11.2| 1.7 | 1.3 | 06 | 0.8 | 1.1 | —
9 at. |57.1| — - |83 |165|125, 12|18 0608 |12 | —
10 Cr, O, particle in the glass at. 1619 — _ 378 03 | — B B B B B B
phase

approximately 2.5 wt. %. At a distance of 6-8 pm
from the substrate interface, the glass phase acquires
the characteristic chemical composition of the coating
(Table 1). The presented data indicate that the enamel
melt of the coating dissolves the primary scale that
forms on 12Cr18Nil0Ti steel during the initial stage
of firing. The formation of this scale occurs as oxy-
gen penetrates the substrate surface through through-
pores in the yet unmelted slurry layer. The dissolution
of scale in the glass enamel during firing, along with
the presence of adhesion-promoting oxides (CoO,
MnO, and MoO;), contributes to improved adhesion
between the coating and the substrate.

The coating surface is characterized by a glassy
luster and a dark green color. The outer coating layer,
approximately 3—5 um thick, contains numerous highly
dispersed crystals with a high content of Ba, Cr, and Mo
(Table 1), indicating surface crystallization of the glass
phase. This corresponds to the upward mass transfer
of Ba%', Cr**, and Mo®" cations towards the surface,
moving opposite to the concentration gradient. The crys-
tal sizes range from 1.5-2.0 to 3—4 um (Fig. 1, b).

According to X-ray diffraction analysis, the pri-
mary crystalline phase in the coating, as in the frit, is
Cr,0; with a rhombohedral crystal system. In addi-
tion, the presence of the BaSi,O, phase with a trigonal
structure and unit cell parameters of ¢ = 1.1338 nm and
¢ =0.4548 nm was identified. The observed increase

in these parameters compared to the reference values
(a=1.12469 nm and ¢ = 0.44851 nm [18]) is likely due
to the doping of the lattice with chromium and molyb-
denum cations, which is consistent with EDS data.
Notably, the BaSi,O, phase is known only as a high-
pressure polymorph [18], and its formation through
surface crystallization of the glass phase requires
further investigation. The absence of other crystalline
phases indirectly suggests that the matrix phase based
on barium silicate glass remains in an X-ray amorphous
structure.

The average density of the coating, deter-
mined by the hydrostatic weighing method, was
p=3.813 g/cm?®. Fig.2 presents the thermophysical
properties of the coating within the temperature range
of 373-593 K. As the temperature increases, the heat
capacity increases in a non-linear manner, while
the thermal diffusivity decreases linearly. The latter
behavior is typical for glass-ceramics and is attributed
to increased phonon scattering with rising temperature.
The coating exhibits relatively low heat capacity, with
C,=0.68+0.75 J/(g'K) within the temperature range
of 373+593 K. The thermal diffusivity of the coating
decreases linearly from 0.47 to 0.43 mm?/s in the range
0f293-573 K. Dataapproximation was performed using
regression analysis in Microsoft Excel. The approxi-
mation results and their reliability (coefficient of deter-
mination R?) are shown in Fig. 2. The thermal con-
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Fig. 2. Temperature dependencies of heat capacity (C/ ;) and thermal diffusivity (o)) of glass-ceramic coating

Puc. 2. TemneparypHbIe 3aBUCHMOCTH TEIUIOEMKOCTH (Cp) U TEMIIEPATYPOIPOBOAHOCTH (0) CTEKJIOKEPAMHUYECKOTO TOKPHITHS

ductivity of the coating, calculated using equation (1),
shows minimal variation within the temperature range
0f293-573 K and is A = 1.21£0.012 W/(m-K).

2.2. Results of gas-dynamic testing
of the glass-ceramic coating

Samples made of 12Cr18Nil10Ti steel in the form
of U-shaped plates with a glass-ceramic coating
were sequentially installed into a cylindrical holder
with a diameter of 50 mm, made of TZMK-25,
flush with its end surface. A non-fired coating
of the Si-TiSi,~MoSi,~TiB,-SiO, system [19] was
applied to the holder's end surface to enhance its ero-

2500
2250
2000
1750
1500
1250
1000

750

500

250

T, T,,K; W,-10, kW;
P, 10", Pa

0

. Nozzle

8

Model
(sample in holder)

sive resistance and increase its emissivity. The tests
were carried out under stepwise gas-dynamic heating
conditions using an air plasma flow, with the front
surface temperature ranging from 7, = 1193+1593 K.
Typical fire test results are shown in Fig. 3, a as profiles
of the brightness temperature (7,) and thermodynamic
temperature (7)) at the critical point of the front sur-
face (curves / and 2), the preheater chamber pressure
(P,, curve 3) and the anode power input (W, curve 4).
Fig. 3,5 and c¢ display photographs of the sample
during testing and the coating's front surface after
testing, respectively. The test series included five
samples, and each fire test lasted 1000 s. The results
exhibited good reproducibility, indicating the consis-

TZMK-25 ilolder with
Si=TiSi,~MoSi,-TiB,-SiO,
P\coating

b c

Fig. 3. Results of gas-dynamic tests of a specimen made of 12Cr18Ni10Ti steel with glass-ceramic coating (@), photo of the model
during the test (b) and appearance of the specimen face in a holder made of TZMK-25 after its completion (c)

1 and 2 - brightness (7)) and thermodynamic (7, ) temperature at the critical point of the coating face;
3 — pressure in the heater prechamber (P); 4 — anode input power (/)

Puc. 3. Pe3ynbrarhl ra30inHaMHYECKUX HCIBITaHUi 00pa3ia u3 cramu 12X18H10T
CO CTEKJIOKEpaMHUYECKUM MOKPBITHEM (@), poTorpadust Mmoaenu B mpouecce ucnbiranus (b)
1 BHEIIHUI BUJ JTULIEBOM CTOPOHBI 0Opasua B nepxxaske n3 T3MK-25 nocie ero okoHuanus (¢)

1 n 2 - sapkocrras (T,) u TepmoguHamuyeckas (7)) TeMreparypbl B KPUTHYECKOH TOUKE JIMIEBON IIOBEPXHOCTHU TIOKPBITHSL;
3 — naenenue B popkamepe nogorpesarens (P); 4 — MomHocTs MuTanus anona (W,)
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tency of the physico-chemical processes occurring in
the coating during its interaction with the air plasma, as
well as the low magnitude of random errors. The aver-
age specific mass loss and erosion rate of the coating
during the tests were determined to be 7.2 mg/cm? and
25.9 mg/(cm?-h), respectively. Throughout the fire tests,
the spectral emissivity of the coating at a wavelength
of 890 nm remained nearly constant at € = 0.85+0.02.
The high degree of blackness of the coating is mainly
attributed to the presence of numerous Cr,O, particles
within the structure, which exhibit a high emissivity
(e = 0.9). Additionally, surface crystallization contrib-
utes to enhanced radiation effects at interfacial irregu-
larities. The stability of the emissivity value through-

FeO-(CrFe),0,

10 .pn'l-';
—

out the test confirms the high thermochemical stability
of the coating.

Fig. 4 presents the microstructures of the cross-
section and surface of the glass-ceramic coating on
12Cr18Nil10Ti steel after the fire test, shown as secon-
dary electron images, characteristic X-ray radiation
element maps, and a multilayer composite image.

The coating surface retained its gloss and dark
green color. The structure of the outer layer con-
sists of BaSi,O, phase crystals, whose size increased
to 1015 um (Fig. 4, b) compared to the initial state
(Fig. 1, b). Their growth is likely due to recrystalliza-
tion via the Ostwald mechanism.

+3 + 4

10 wm
—

10 pm
—

Fig. 4. Microstructure of cross section (a, c—h) and surface (b) of glass-ceramic coating on 12Cr18Ni10Ti steel after fire tests:
in secondary electrons (a, b); combined image (¢); maps of element distribution in characteristic X-ray radiation:
OK,, (d); CrK,, (e); SiK,, (f); BaL, (g); FeK,, (h)

Puc. 4. MUKpOCTpYKTypa MOMEPEUHOr0 ceueHUs (@, c—h) 1 MOBEPXHOCTH (b) CTEKIOKEPaMHUECKOTO TTOKPBITHS
Ha ctami 12X18H10T mociie OrHeBOro SKCIEPUMEHTA: BO BTOPHYHBIX 3JICKTPOHAX (a, b); KoMOMHMPOBaHHOE N300paxeHue (¢);
KapThbl pacrpeiesieHUs HJIEMEHTOB B XapaKTEPUCTUUECKOM PEHTICHOBCKOM M3JIy4YEHUU:
OK,, (d); CtK,, (e); SiK,, (f); BaL, (g); FeK, (h)
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The coating exhibits a heterogeneous, low-porosity
structure, comprising a glass phase, Cr,0, and BaSi,0,
particles, as well as spinel particles of complex com-
position (Fe,Co,Ni,Mn)O-(Cr,Fe,Mn,Co),0,, which
are located within a zone extending up to 10-15 pm
from the substrate interface (Fig. 4, ¢). The iron oxide
content in the glass gradually decreases with distance
from the substrate (Table 2). At the substrate-coating
interface, an interface layer with a thickness of appro-
ximately 1.5-2.5 um is formed, based on iron chro-
mite FeO-(Cr,Fe),0, (Fig. 4, ¢, Table 2). In the sur-
face layers of the substrate, up to a depth of 5-6 pm,
a significant decrease in Cr content is observed,
accompanied by an increase in Ni and Fe concentra-
tions. In the FeO-(Cr,Fe),0, phase, iron is present in
excess, allowing for its unrestricted diffusion through
the sublayer, as evidenced by the presence of iron in
the glass phase. Nevertheless, the sublayer acts as
a diffusion barrier, reducing the intensity of compo-
nent mass transfer. The oxidation of the substrate’s
surface layer and the cations diffusing from the alloy
into the coating primarily occurs due to the transport
of oxidizing agents through discontinuities and defects

in the coating, along the interfaces of the glassy matrix
and the mentioned particles. The presence of variable-
valence cations (Fe, Co, Mn, Mo) in the coating pro-
motes oxygen absorption from the gas flow.

According to X-ray diffraction analysis, the main
crystalline phases in the coating after testing, as in
the initial state, are Cr,0O, with a rhombohedral crys-
tal system and BaSi,O, with a trigonal structure.
Additionally, a small amount of Fe,O, (magnetite) phase
in an orthorhombic modification with unit cell parame-
ters a = 0.5912 nm, b = 0.5945 nm, and ¢ = 0.8388 nm
was detected, which correlates well with the SEM
and EDS results. The narrowing and increased inten-
sity of diffraction reflections from the BaSi,O, phase
indicate the gradual progression of crystallization into
the coating depth. The absence of other crystalline
phases indirectly suggests that the barium silicate glass
matrix phase retains its X-ray amorphous state.

Based on the results of the conducted tests and
the presented research data, it can be concluded that
the protective properties of the coating remain intact.
The glass phase effectively shields the substrate from

Table 2. Local chemical composition of areas on the cross section
of 12Cr18Nil10Ti sample with glass-ceramic coating specimen after the fire experiment

Ta6bnuya 2. JlokaJabHbI XUMHYECKHIi COCTAaB 00/1acTell HA MONEPEYHOM ce4eHHH 00pa3na
u3 12X18H10T co cTek/iokepaMHYecKHM MOKPbLITHEM TOCJI€ OTHEBOT0 IKCIePUMEHTA

Spect- Element content
rum No. Analysis location . . . ]
in Fig. 4, ¢ % O | Ni | Fe | Cr | Si | Ba | Mo| Ca | Co | Mn | Al | Ti
I 79 pm from the coating | 1oy 1907 178 04 | — | - | - | - | - | - | -
interface
2 3-5 um from the coating 1 -y 956130 02| - | - | - | - | = | | -
interface
3 172 pm from the coating | o 1 ygn g3 77 |~ | - | - | o | o | o o] -
interface
4 At the coating interface wt. | 50 | 182|654 11.0| - - - - - - - 103
Intermediate layer based
5 on FeO-(Cr.Fe),0, spinel at. |56.7| — |14.1/243|29|10| - | 0.1 | — - 10206
Spinel (Fe,Co,Ni,Mn)Ox
6 *(Cr,Fe,Mn,Co),0, in the glass | at. |56.5| 1.0 | 7.6 |17.5| 6.0 | 2.6 | — | 04 |49 |31 |05 | —
phase
7 Cr,0, particle in the glass at 15911 _ ~ 1401l 05 - B 3 B o2l =
phase
Glass phase at a distance
8 of 3-4 um from the substrate at. [602| — | 67 |44 1757402 | 11|05 |04 1.0] 0.6
Glass phase at a distance
9 of 7-8 um from the substrate at. [59.11 03|52 |30(195|83|02|13|07/]09)|14]| -
Glass phase at a distance
10 of 18-20 um from the substrate at. 599 — | 45|28 (20586 |02 |13 | - [07|15]| -
Glass phase at a distance
11 of 30-32 um from the substrate at. |[63.1| — | 3005120683 |03 |13|03]07]|19]| —
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high-temperature oxidation and facilitates self-healing
of defects. The presence of refractory Cr,O, particles
(melting point 7 = 2708 K), together with the surface
crystallization of the glass phase, enhances the coa-
ting's resistance to erosion in high-speed gas flows and
improves its emissivity.

To evaluate the thermal conductivity and catalytic
activity of the coating, an additional gas-dynamic
experiment was conducted using a cylindrical sam-
ple made of 12Cr18NilOTi steel, with a diameter
of 50 mm and a height of 30 mm, serving as a calorim-
eter. A coating with a thickness of 120+5 was applied
to the end surface of the sample. Three chromel-alumel
(type K) thermocouples (TCs) were welded to the side
surface of the cylinder at distances of 0.2 mm (TC1),
5.0 mm (TC2), and 14.5 mm (TC3) from the coated end.
The sample was placed in a graphite holder with a dia-
meter of 70 mm and a height of 102.5 mm, flush with its
end surface, and insulated from it using a spacer made
of the thermal protection material quartz TZMK-25,
with a diameter of 60 mm and a height of 40 mm. A non-
fired coating of the Si-TiSi,~MoSi,~TiB,-SiO, sys-
tem [19] was applied to the holder’s surface to enhance
its oxidation resistance.

The typical fire test conditions for the calorimeter
cylinder are presented in Fig. 5 as profiles of bright-
ness temperature (7, ) and thermodynamic temperature
(T,) at the critical point of the front surface (curves /
and 2), preheater chamber pressure (P, curve 3),
anode power input (W, curve 4), and thermocouple
readings (TC1, TC2, and TC3; curves 5—7). The figure
also includes a photograph of the sample after 7 test

1400

cycles conducted under this mode, with a total dura-
tion of 25 min. The average values of the specific mass
loss and erosion rate of the coating after 7 test cycles
were determined to be 2.8 mg/cm? and 6.7 mg/(cm?-h),
respectively. The coating retained its performance
characteristics.

The thermal conductivity of the coating was deter-
mined based on the heat flux through it and the tempe-
rature gradient. The thermodynamic surface temperature
of the coating was obtained by recalculating the bright-
ness temperature measured by a pyrometer, taking
into account the established emissivity of &= 0.85
at a wavelength of 890 nm. The temperature beneath
the coating was determined from the TC1 thermo-
couple readings, with a correction applied based on its
placement. The heat flux through the coating was cal-
culated from the heating rate of the sample. As shown
in Fig. 5, the coating demonstrates exceptionally low
thermal conductivity under these conditions. The sur-
face temperature of the coating, 7 ~ 1054+10K,
is reached within the first At, ~25s from the start
of the experiment and remains more than 375 K higher
than the substrate temperature even after At, ~ 185 s
of heating. This corresponds to a thermal conducti-
vity value of A =0.04+0.01 W/(m-K) at a temperature
of T\ ~ 1054 K and a pressure of P = 214.8 Pa, which
is 30.25 times lower than the value measured at tem-
peratures of 293-573 K and pressure P = 10° Pa (see
Section 2.1). The results demonstrated high reprodu-
cibility in subsequent test cycles under identical con-
ditions. To determine the operating parameters and
confirm the observed reduction in thermal conducti-

T
N

1200

T
~

1000

800

P, 10, Pa

600

400

T,, T, K; W, 10, kW

200

80 100 120

T,8

140

160 180 200 220

Fig. 5. Results of gas-dynamic tests of calorimeter sample made of 12Cr18Nil0Ti steel
with glass-ceramic coating and its appearance after 7 test cycles

1 and 2 - brightness (7}) and thermodynamic (7, ) temperature at the critical point of the coating surface;
3 — pressure in the heater prechamber (P); 4 — anode input power (W, ); 5-7 — thermocouples readings TC1, TC2 and TC3

Puc. 5. Pe3ynbrarsl ra30JiHaAMHYECKHX UCTIBITAHUI 00pa3ua-kamopumerpa u3 cranu 12X18H10T co creknokepamudeckum
TOKPBITHEM U €r0 BHEHIHUN BUJ 11OCIIE 7 HUKIIOB UCIBITAHUHI

1 12— spxoctHas (T, ) u repmoauHamuueckas (7 ) TeMIeparypbl B KpUTHYCCKOM TOUYKE JIUIECBOM MOBEPXHOCTH ITOKPBITHUS;
b w
3 — naBnenue B opkamepe noporpesareis (P, ); 4 — MomHocTh nuTanus anonaa (W); 5—7 — nokasanus tepmonap TII1, TTI12 u TII3
0 a
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vity, a computational simulation was performed (see
Section 2.3), with further analysis of the observed
effect provided in Section 2.4.

A significant contribution to the heat flux under
non-equilibrium exposure to air plasma may be due
to the heterogeneous recombination of atoms and ions
in the flow. Therefore, catalytic activity is an important
property of high-temperature materials and coatings.
To assess the catalytic activity of the glass-ceramic
coating, a TZMK-25 cylinder with the reference heat-
resistant coating EVCh-4M1U was installed alongside
the steel calorimeter cylinder in the thermal conducti-
vity measurement setup. Under identical gas-dynamic
conditions, the average brightness temperature
of the reference coating was 1227 K, while the effec-
tive brightness temperature of the tested coating, cal-
culated based on the total heat flux to the steel cylinder,
was 1365 K. The heterogeneous recombination rate
constant of the glass-ceramic coating, calculated using
equation (2), was determined to be K = 14+3 m/s.
This categorizes the tested coating as moderately
catalytic, in contrast to highly catalytic coatings and
oxide films in the HfB,-SiC-HfO,-Zr0O,-Y,0, system
(K, =23 m/s[20]), ZrO,~Y,0, (K =33 m/s [16]), and
HfO, (K, = 32.5 m/s [16]). The relatively high K| value
of the tested coating compared to the reference coa-
ting (K = 0.1+0.3 m/s) is attributed to the significant
heterogeneity of its structure, characterized by the pre-
sence of numerous primary (Cr,0,) and secondary
(BaSi,0,) phase particles (see Section 2.1). This struc-
tural heterogeneity increases the number of active sites
on the coating surface, where recombination of atoms
and ions from the plasma flow occurs.

2.3. Numerical simulation
of flow around and unsteady heating
of the cylinder

To refine the conditions of the fire test, numerical
simulation of the flow around and heat transfer of the cal-
orimeter cylinder in the working section of the setup was
carried out, taking into account the reaction kinetics
of dissociation and exchange processes in an §-compo-
nent mixture: O,, N,, O, N, NO, O", NO", e". The gas
mixture flow was modeled based on the Navier—Stokes
equations, which describe the conservation laws of mass,
momentum, and energy. It was assumed that the heat
flux vector q includes three components: the conductive
component, governed by Fourier's law, the convective
component, caused by shear stress forces, the diffusive
component, described as follows:

K
q=-AVT +1V+) hl, 3)

i=1

50

where A is the thermal conductivity coefficient; T is
the viscous stress tensor; V is gas velocity vector; 4, is
the specific enthalpy of the i-th component, and I, is
the diffusion flux vector of the i-th component.

The diffusion vector was determined using Fick's
law:

I, =-pD,Vg,, 4)

where D, is the diffusion coefficient of the i-th compo-
nent, and g, is the mass fraction of the i-th component
in the mixture.

The continuity equation for the i-th component
in the mixture, accounting for mass sources and diffu-
sion, is written as follows:

op; . .
%—I—dlv(in) =—div(p,1,) + o, (%)
Here, o, represents the mass formation rate of the com-

ponent per unit volume due to chemical reactions:

o, = Mlz (V:;_V;s){kﬁn(%j _krsl_[(%j :l’ (6)

i i

”

where v}, v. are the stoichiometric coefficients

of the reactants and products in the s-th chemical
reaction.

The reaction rate constants were determined using
the Arrhenius equation [21], considering the kinetic
scheme presented in Table 3:

B r C r
kg = Ay T exp(_%j, (7)

where the subscripts fand » correspond to the forward
and reverse reactions, respectively.

The system of equations was closed using the equa-
tion of state for the gas mixture:

X -1
p=PRT. :( &J. )

The specific static enthalpy of the component is
given by:

%+h0i, i=N,0,0% ¢

h=1 kT ©)
——+e, +hy, i=N,, 0,, NO, NO".
2M.

1

Here, h,, is the specific enthalpy of formation of the i-th
component, and e, is the energy associated with
the vibrational degree of freedom:
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Table 3. Kinetic model for an eight-component gas mixture

Ta6nmya 3. Kuneruueckast MojeJib 1Jisi BOCbMHKOMIIOHEHTHOM ra30Boii cMecH

No. Chemical reaction equation (cm? /rf{(;l)"*‘ /s B 2 C/., K (cm® /rfl:),l)”'*‘ /s B, C.K
: N, * N N+N+N 3.00-10% 1.60 | 113200 4.351-10" 1.24 0
2 N,+0 - N+N+0 ' o ' o
3 N,+N, o N+N+N,

4 N,+0, = N+N+O, 7.00-10%! —1.60 | 113200 1.015-10" -1.24 0
5 N, +NO < N+N+NO
6 N,+e o N+N+e 1.20-10% —1.60 | 113200 1.740-10% —1.24 0
7 0,+N-O0+0+N

1.00-10% —1.50 | 59750 5.856-10"° -1.19 0
8 0,+0-0+0+0
9 0,+N, > 0+0+N,

10 0,+0,<-0+0+0, 2.00-10%! —1.50 | 59750 1.171-10" -1.19 0
11 0,+NO -~ O+0+NO
12 NO+Ne&N+O+N
13 NO+O - N+0O+0 1.10-10"7 0 75 500 2.485-101% 0.27 0
14 NO +NO < N+ O+ NO
15 NO+N, > N+0+N,

5.00-10% 0 75 500 1.129-10' 0.27 0
16 | NO+0,-N+0+0,

17 NO+O < N+O, 2.80-10° 1.00 20 000 1.100-10'° 1.00 | 4000
18 N,+0O < NO+N 2.00-10" 0.50 38 000 4.400-10" 0.50 0
19 N+O & NO +e 2.56-10" 0 32200 6.700-10%! —-1.50 0
20 NO"+N <« O"+N, 3.40-10" -1.08 | 12 800 1.028-1013 —0.88 0
21 O+te 0" +e te 3.90-10% -3.78 | 158 500 3.686-10% -5.89 0
22 NO+e < NO"+e +e 6.50-10% -1.68 | 107 370 4.384-10% —4.11 0
23 NO"+0 < NO + 0O 1.82-10" 0 50 130 1.967-10" 0.12 0

RO, (10) The study of the external flow around the cylinder

eiv: @ H
M. | exp| — | -1
[oo( )

where @, is the characteristic vibrational temperature
of the i-th component molecule.

When calculating the thermodynamic proper-
ties of the gas mixture, it was assumed that for each
chemical component, thermodynamic equilibrium
exists between translational, rotational, and vibrational
degrees of freedom of the molecules. The primary tem-
perature dependencies of the gas-dynamic and thermo-
physical parameters for each component were taken
from references [21; 22].

It is worth noting that to reduce computational time
and resource consumption, a decoupled approach was
used instead of a fully coupled solution for the external
flow around and unsteady heating of the solid structure.
The effectiveness of this approach has been confirmed
in [23].

with a glass-ceramic coating was carried out using
a computational grid of the working section, consisting
of approximately 0.3 million cells. Mesh refinement
was applied in the near-wall regions and near the outer
boundary of the shock layer. A two-dimensional axi-
symmetric laminar flow of the gas mixture was simu-
lated. At the inlet of the computational domain, the total
pressure was set to P, =4667.7 Pa. The temperature
was selected to match the test conditions, ensuring that
the average total temperature in the preheater chamber
fell within the range of 7, ~ 6000+6500 K. In the initial
approximation, the mass fractions of oxygen and nitro-
gen were set as follows: g(0,) =0.23, g(N,) =0.77.
In subsequent calculations, the mass fractions
of the components were refined for greater accuracy.

The boundary conditions at the outlet of the compu-
tational domain (outlet pressure P_ ) were set to estab-
lish a steady-state flow regime. Radiative heat trans-
fer was applied as a boundary condition on the model
surface, with the surface emissivity assumed to be
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€=0.85, and the external radiation temperature set
equal to the wall temperature of the working sec-
tion, 7 = 300 K. The front surface of the model with
the glass-ceramic coating was considered catalytic.

The primary calculations were conducted using
the ANSYS Fluent software package (TsAGI license
No. 501024), in which the described 8-component
gas mixture model was implemented. The results
of the flow simulation around the cylinder in the work-
ing section are shown in Fig. 6. The Mach number ahead
of the shock wave reaches M =4.7, and the plasma
speed is 3.54 km/s. A curved shock wave forms at
a distance of Ax~ 17 mm from the front surface
of'the cylinder, followed by a transition to subsonic flow,
with a specific heat ratio y = CP/CV =1.29. The mass
fractions of the main components in the incoming
flow (at the nozzle exit) are as follows: g(O,) = 0.026;

g(N,) =0.727; g(0) = 0.135; g(N) = 0.023; g(NO) = 0.028;

300 831

g(NO™) =0.061;g(0") = 0.325:103;g(e") = 1.767-107"7.
In front of the model, the gas temperature reaches
T=5613.2 K, and the pressure is P =214.8 Pa.

The unsteady heating analysis of the cylinder with
a glass-ceramic coating was conducted on a compu-
tational grid comprising ~0.9 million cells, with
~0.04 million cells assigned to the coating layer with
a thickness of 125 pm.

For the calculation of convective heat transfer
to the model surface, a heat transfer coefficient profile
was applied:

q
o=—2"—) 11
— (11)

wmax

where g and 7, represent the heat flux density and
the surface temperature, respectively, obtained from
the external flow simulation. 7, is the temperature

at the outer boundary of the boundary layer (considered

1363 1894 2425 2957 3488 4019 4554 5082 5613 0 21 43 64 86 107 129 150 172 193 215

i

0 047 094 1.41

1.88 235 282 329 376 4.23 4.70

i

0 0.02 004 006 0.08 o0.11

0.13 0.15 0.17 0.19 0.21

c

d

Fig. 6. Main results of the cylinder’s external flow calculation

a — static temperature field (7, K); b — static pressure field (P, Pa);
¢ — Mach number value field (M); d — mass fraction value field O

Puc. 6. OcHOBHBIE pe3yibTaThl pacuyeTa BHEIIHETo 00TEKaHuUs! LIHIIHHIPA

a — mone craruaeckoii Temneparypsl (7, K); b — mone craruueckoro gasnenus (P, I1a);
¢ — noiie 3HaueHNH ynciaa Maxa (M); d — moine 3HaueHU MaccoBoit o O
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equal to the adiabatic wall temperature and determined
through an additional calculation assuming ¢ =0
on the model surface). The radiative heat transfer cal-
culation was performed using the same conditions as
in the external flow around simulation. The initial tem-
perature of the entire solid structure (the cylinder with
coating and thermal insulation of the lateral surfaces)
was set to 7, = 291.7 K.

The thermophysical properties of the cylinder mate-
rial (12Cr18Nil0Ti steel) were taken from reference
data [24]. For the glass-ceramic coating, the experimen-
tally obtained density value p =3.813 g/cm® and spe-
cific heat capacity as a function C,=0.20957°2% (see
Section 2.1) were used. The dependence of the thermal
conductivity coefficient on the average temperature across
the coating section was adjusted to match the experimen-
tally obtained surface temperature profile and the slope
of the temperature curves, which indicate the rate
of temperature change at the thermocouple installation
points: AT/At ~1.2+1.4 K/s (see Fig.5). Additionally,
surface temperature calculations were conducted for
various values of the thermal conductivity coefficient,
including A = 1.21 W/(m-K), obtained in Section 2.1 for
T=293+573 K at a pressure of P = 10° Pa.

The key results of the unsteady heating simulation
of the coated cylinder are presented in Figs. 7 and 8.
During the test (see Fig. 5), it was found that the sur-
face temperature of the cylinder at the front critical
point initially rose sharply to 7, =1063.5 K, which
is typical for thermal insulation materials, and then
gradually decreased to 7, = 1044.6 K over At~ 185 s.
Based on a series of simulations, the test-obtained sur-
face temperature dependence at the critical point was
reproduced (Fig. 7, a) by adjusting the thermal con-
ductivity coefficient as a function of the average coa-
ting temperature across its thickness. It was shown that
during the test, the surface temperature at the critical
point slightly decreases, while the average temperature
across the coating thickness increases to 7= 840 K
(Fig. 7, b). Meanwhile, the thermal conductivity coef-
ficient increases from A ~ 0.03 W/(m-K) at 7= 690 K
to A~0.057W/(m-K) at T7T=840K (Fig.7,c).
The approximation of the computational data allowed
for the establishment of the relationship A = f(T), pre-
sented in Fig. 7, c. The increase in thermal conductivity
with temperature enables obtaining a monotonically
decreasing dependence 7 = f(t) (Fig. 7, a). The cal-
culated temperatures at the thermocouple installation
points agree within 5 % with the test results (Fig. 8, a).
The calculated values of the heat flux density at the front
critical point were ¢, = 18.2+18.5 W/cm?, which falls
within 2 % of the test-measured values.

Fig. 9 presents a comparison of test and calcu-
lated results for the evolution of surface temperature

at the critical point of the coating for different values
of the thermal conductivity coefficient. In each cal-
culation, the thermal conductivity coefficient was
assumed to be constant. The simulation results were
found to be in good agreement with the test data.
It was demonstrated that at A = 1.21 W/(m-K), the sur-
face temperature at the front critical point increased
only to 7 ~ 730K during the test, which does not
align with the test results. Moreover, the rate of tem-
perature change at the thermocouple installation points
exceeded the test values by approximately 1.4 times
(Fig. 8, b).
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Fig. 7. Results of surface temperature evolution calculation 7, ()
and thickness-averaged temperature of the coating 7, (b)
at the critical point during time; calculated coating’s thermal
conductivity dependence A = f,(T) at pressure P ~ 200 Pa (c)

Puc. 7. Pe3ynsrarsl paciera 3BOIIOLUH TEMIIEPATYPbI
nosepxHocTy 7, (@) ¥ cpeNHEH MO TONIIMHE TEMIEPATYPhI
nokpeitist 7 (b) B KpUTHYECKOH TOYKE BO BPEMEHH;
pacyeTHast 3aBUCHMOCTb TEILIONPOBOAHOCTH MOKPBITHS

A= f,(T) npu nasnenun P ~ 200 Ila (c)
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Fig. 8. Comparison of experimental and calculated results of temperature evolution at the thermocouple installation points
at different values of the coating’s thermal conductivity coefficient: A = f,(T) (@) and A = 1.21 W/(m-K) (b)

1-3 — calculation; 1'-3"— experiment
1,1'-TC1; 2,2'-TC2; 3,3'-TC3

Puc. 8. CpaBHeHHE SKCIIEPUMEHTAIIBHBIX M PACUCTHBIX PE3YJIBTATOB BOJIOLMH TEMIICPATYPhI B TOYKAX YCTAHOBKH TEPMOIIAP
TIPH Pa3IMYHBIX 3HAYCHUAX Kod(duimenta temionposoaHoctu nokpbitus: A = f,(7) (a) u A = 1,21 Br/(m°K) (b)

1-3 — pacyer; 1'-3' — SKCTIEPUMEHT
1,1'-TIIl; 2,2'—-TII2; 3, 3'— TII3

Thus, numerical simulation of the gas-dynamic test
confirmed that at low pressures (P ~ 200 Pa), a signifi-
cant reduction in the thermal conductivity of the glass-
ceramic coating occurs. The obtained thermal con-
ductivity values of A =0.030+0.057 W/(m-K) were
observed within the temperature range 7' = 690+840 K
and the average value of thermal conductivity coef-
ficient, determined during the test At~ 185s, was
A ~0.04 W/(m-K), which is in full agreement with
the test-derived value (see Section 2.2).

1200

2.4. Effect of reduced
thermal conductivity
with decreasing pressure

The thermal conductivity of the glass-ceramic
coating is primarily determined by atomic thermal
vibrations, known as the phonon transport mecha-
nism. A decrease in thermal conductivity occurs as
the phonon mean free path is reduced due to phonon
scattering at structural defects, such as impurity atoms,
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Fig. 9. Calculated and experimental cylinder-calorimeter surface temperatures evolution results comparison
at different values of the thermal conductivity coefficient of the glass-ceramic coating

1-9 — calculation; 10 — experiment
A, W/(m-K): 0.03 (1); 0.04 (2); 0.05 (3); 0.06 (4); 0.08 (5); 0.10 (6); 0.20 (7); 0.50 (8); 1.21 (9)

Puc. 9. CpaBHeHHE PACUCTHBIX U AKCIICPUMEHTAIBHBIX PE3YJIbTATOB BOJIOLMHI TEMIICPATyPbl TOBEPXHOCTH LIMIHHIPA-KAIOPUMETpPa
TIPU PA3IMIHBIX 3HAYCHUAX KOI(PPUIHEHTA TETIIONPOBOIHOCTH CTEKIOKEPAMUIECKOTO MOKPBITHS

1-9 — pacuer; 10 — 3KCIEpUMEHT
A, Br/(M-K): 0,03 (1); 0,04 (2); 0,05 (3); 0,06 (4); 0,08 (5); 0,10 (6); 0,20 (7); 0,50 (8); 1,21 (9)
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grain boundaries, phase interfaces, and voids, as well
as interactions with other phonons. As temperature
increases, phonon-phonon interactions intensify, and
in combination with the highly disordered (amorphous)
structure of the glass phase, this results in extremely
short phonon mean free paths. When external pres-
sure decreases, the phonon mean free path is further
shortened due to the reduced propagation velocity
of acoustic waves resulting from the lower density
of the medium.

In the presence of structural inhomogeneities, such
as pores, voids, and cracks, the thermal conductivity
of dielectrics is influenced not only by the phonon
mechanism but also by convective gas transport
within these discontinuities. The extent of convec-
tion is strongly dependent on the distribution and
geometry of the discontinuities, as well as the ther-
mal conductivity of the enclosed gas. The convective
effect diminishes with decreasing discontinuity size,
reduced interconnectivity, and lower surrounding gas
pressure.

The investigated coating contains voids with sizes
up to ~5—10 pm (see Fig. 1). It is known [25] that at low
pressures (P < 10 Pa), when the mean free path of gas
particles / is much greater than the void size L (/> L),
the thermal conductivity of porous materials is propor-
tional to the gas pressure, increases with rising tem-
perature, and approaches zero as pressure decreases.
This phenomenon is likely due to the fact that when
/> L, gas particles remain adsorbed on the surface
of the voids for a long period before experiencing col-
lisions. As pressure decreases, the number of gas par-
ticles in the voids is reduced, and an increasing fraction
of them becomes adsorbed on the void surfaces, lea-
ding to a decrease in the convective component of heat
transfer. At temperatures above 1200 K, radiative heat
transfer in discontinuities should also be considered,
as its contribution to overall thermal conductivity
increases with temperature. It should be noted that in
the fire tests conducted to determine the thermal con-
ductivity of the glass-ceramic coating, the pressure
at the sample surface was P ~ 200 Pa, and the tem-
perature 7 ~ 1050 K, satisfying the condition /> L.
This, combined with the reduced phonon mean free
path, explains the extremely low thermal conductivity
of the coating.

A threefold reduction in thermal conductivity
(from 0.05t0 0.0167 W/(m-K) at 293 K) with a decrease
in external pressure (from 10° to 133.3 Pa) was pre-
viously observed during tests of the highly porous
quartz thermal protection material TZMK-10 [26].
The explanation of this observed effect is presented
here for the first time.

The conducted studies of the glass-ceramic coa-
ting have enabled its application in thermal testing
of various steel models in the TsAGI aerodynamic wind
tunnels [27]. The high and stable emissivity of the coa-
ting over time enhances the accuracy of temperature
measurements of models using optical methods under
illumination conditions. The coating’s heat and ero-
sion resistance slow down oxidation processes, reduce
mechanical erosion, and prevent the formation of cor-
rosion-erosion pitting and cavities on model surfaces,
which further contributes to the improved accuracy
of conducted studies and measurements.

Conclusion

A thin-layer heat-resistant glass-ceramic coating
was obtained on 12Cr18Nil0Ti steel samples using
the slurry-firing deposition method. The coating exhi-
bits a heterogeneous structure, consisting of a barium
silicate glass matrix with uniformly distributed Cr,O,
particles. In the outer layer of the coating, with a thick-
ness of approximately 3—5 um, numerous highly dis-
persed BaSi,O, crystals doped with Cr and Mo were
identified, indicating surface crystallization of the glass
phase. The coating is characterized by a low density
of 3.813 g/cm® and a highly continuous structure.
The heat capacity, thermal diffusivity, and thermal con-
ductivity of the coating within the temperature range
of 293-573 K and at a pressure of 103 Pa vary within
the ranges of 0.68-0.75 J/(g'K), 0.47-0.43 mm?/s, and
1.198-1.222 W/(m-K), respectively.

Fire tests of the coating were conducted under con-
ditions of aerogas-dynamic flow and non-equilibrium
heating by air plasma at a speed of approximately
3.5km/s and a specific heat flux of 15-30 W/cm?,
achieving temperatures of up to 1593 K on the front
surface. The average values of specific mass loss
and erosion rate of the coating were 7.2 mg/cm? and
25.9 mg/(cm?-h), respectively. The spectral emissivity
of the coating at a wavelength of 890 nm and the hete-
rogeneous recombination rate of atoms and ions on its
surface were determined to be 0.85+0.02 and 14+3 m/s,
respectively. The glass phase effectively protects
the steel from high-temperature oxidation and facili-
tates self-healing of defects. The presence of refractory
Cr,0, particles, along with the surface crystallization
of the glass phase, enhances the coating’s resistance
to erosion in high-speed air plasma flow, its emissivity,
and catalytic activity.

A reduction in the coating’s thermal conductivity
to 0.04+0.01 W/(m-K) at a temperature of 1054=10 K
and a pressure of ~200 Pa was experimentally estab-
lished and confirmed by numerical simulation.
An explanation of this effect has been provided.

55



DM v on

W3BECTUA BY30B

W3BECTUA BY30OB. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2025;19(1):40-57
Acmanos A.H., }{ecmkoe b.E., Pmuwesa A.C. ViccneaoBaHue XapaKTePUCTUK KapOCTOMKOIO CTEKNOKEPAMMYECKOTO ...

56

References / Cnucok nutepatypbl

Zakalashniy A.V., Denisova V.S., Kulikova O.V., Agar-
kov A.B. Polyfunctional heat-resistant coating for protect-
ing corrosion-resistant steel parts. Glass and Ceramics.
2024;80:404—-408.
https://doi.org/10.1007/s10717-023-00623-4

3akanamHbiii A.B., JlenucoBa B.C., KymukoBa O.B.,
ArapkoB A.b. XKapocroiikoe MonupyHKIHOHAIBHOE T10-
KPBITHE JUTS 3alIUThI eTajell U3 KOPPO3HMOHHO-CTOMKIX
craneit. Cmekino u kepamuka. 2023;96(10):3-9.
https:/doi.org/10.14489/glc.2023.10.pp.003-009

Fu G.Y., Wei L.Q., Zhang X.M., Cui Y.B., Lv C.C,,
Ding J., Yu B., Ye S.F. A high-silicon anti-oxidation coa-
ting for carbon steel at high temperature. Surface and Coa-
tings Technology. 2017;310:166—-172.
https://doi.org/10.1016/j.surfcoat.2016.12.084

Terentieva V.S., Astapov A.N., Rabinskiy L.N. State
in the field of heat-resistant coatings for heat-proof
nickel alloys and steels. Periodico Tche Quimica.
2019;16(33):561-572.  http://dx.doi.org/10.52571/PTQ.
v16.133.2019.576_Periodico33 pgs 561 572.pdf
Solntsev S.S. Protective technological coatings and refrac-
tory enamels. Moscow: Lenand, 2016. 304 p. (In Russ.).

Connues C.C. 3amuTHbIE TEXHOIOTUYECKUE TOKPBITUS U
TyroriaBkue amanu. M.: Jlenann, 2016. 304 c.

Aviation materials: Handbook. In 12 vol. Vol. 9. Heat-
protective, thermal insulation and composite materials,
high-temperature non-metallic coatings. Ed. E.N. Kablov.
Moscow: VIAM, 2011. 176 p. (In Russ.).

Asuanuonssle Marepuansl: Cropasounuk. B 12 . T. 9. Te-
IUIO3aIIMTHBIC, TEIUIOM30JIIHOHHBIE W KOMITO3HLIOHHBIC
MaTepHuasl, BEICOKOTEMITIEPaTypHbIC HEMETAJUTNYCCKHE T10-
kpbrtust. [ox pen. E.H. Ka6nosa. M.: BUAM, 2011. 176 c.
Denisova V.S., Vlasova O.V.,, Malinina G.A. Effect
of the addition of silicon tetraboride on the thermal sta-
bility of reaction cured coatings. Aviation Materials and
Technologies. 2020;59(2):50-55. (In Russ.).
https://doi.org/10.18577/2071-9140-2020-0-2-50-55

Jlenncosa B.C., Bnacosa O.B., Manuauna I'A. Biusaue
n00aBKU TeTpadopuaa KPeMHUsI Ha TEPMOCTOMKOCTh pe-
AKIIMOHHOOTBEP)KIAEMBIX MOKPBITHH. AGuayuonuvie ma-
mepuanvt u mexronozuu. 2020;59(2):50-55.
https://doi.org/10.18577/2071-9140-2020-0-2-50-55
Bettridge D. Metallic article having a protective coating
and a method of applying a protective coating to a metallic
article: Patent 6444332 (USA). 2002.

Solntsev S.S., Isaeva N.V., Shvagireva V.V., Solov'e-
va G.A. Heat-resistant coating: Patent 2273609 (RF).
2006. (In Russ.).

Comanes C.C., Hcaesa H.B., IlIBarupesa B.B., Conosne-
Ba [ A. XKapocroiikoe nokpsitue: ITarent 2273609 (PO).
2006.

Solov'eva G.A., Grashchenkov D.V., Isaeva N.V., Shva-
gireva V.V. Heat-resistant coating: Patent 2358925 (RF).
2009. (In Russ.).

ConoseeBa [A., I'pamenkos /[.B., Hcaesa H.B., 1lIBa-
rupeBa B.B. Xapocroiikoe noxpsitue: ITatent 2358925
(P®D). 20009.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Hazel B.T., Murphy J.A., Skoog A.J., Bojanowski B.T.,
Weimer M.J. Strain tolerant corrosion protecting coating
and spray method of application: Patent 7754342 (USA).
2010.

Kablov E.N., Solntsev S.S., Rozenenkova V.A., Deniso-
va V.S. Heat-resistant cover: Patent 2598657 (RF). 2016.
(In Russ.).

Kab6mos E.H., Connnes C.C., Pozenenkosa B.A., Jlenuco-
Ba B.C. Xapocroiikoe nokpsitue: [Tarent 2598657 (PD).
2016.

Miller T.J., Pinera A., Brooks S.M., Appleby Jr. JW.,,
Leonard T.G. Turbopump with a single piece housing
and a smooth enamel glass surface: Patent 2017/0082070
(USA). 2017.

Lima R.S., Cojocaru C.V., Moreau C., Wang Y. Method
and apparatus for depositing stable crystalline phase coat-
ings of high temperature ceramics: Patent 2014/0329021
(USA). 2014.

Russell J.C., White T.L., Shiflett B., Cherinet P., Wad-
ley S., Barnhart C., Khozikov V., Nakamoto K. Nano-
coating thermal barrier and method for making the same:
Patent 2576864 (EP). 2018.

Astapov A.N., Barabanov B.N., Eremina A.I., Lifanov L.P.
Method of producing heat-resistant glass-ceramic coating:
Patent 2679774 (RF). 2019. (In Russ.).

Acranos A.H., bapabdanos b.H., Epemuna A.W., Jluda-
HoB M.II. Cnoco6 momy4eHust xapoCTOHKOr0 CTEKIIOKe-
pamuueckoro nokpeitus: [latenr 2679774 (P®). 2019.
Astapov A.N., Zhestkov B.E., Senyuev 1.V., Shtapov V.V.
Methodology of studying high-velocity plasma flow im-
pact on high-temperature materials. AIP Conference Pro-
ceedings. 2023;2549(1):2100009.
https://doi.org/10.1063/5.0109458

Zhestkov B.E., Shtapov V.V. Methodology of studying
materials in hypersonic plasma flow. Zavodskaya labora-
toriya. Diagnostika materialov. 2016;82(12):58-65. (In
Russ.).

KectxkoB B.E., IlltanoB B.B. HccinemoBanue coctosi-
HUsI MaTe€PUaJiOB B THUIEP3BYKOBOM MOTOKE IIa3Mbl. 3a-
6o0ckas aabopamopus.  [luacnocmuka mamepuanos.
2016;82(12):58-65.

Hazen R.M., Yang H., Finger L.W., Fursenko B.A. Crys-
tal chemistry of high-pressure BaSi,O, in the trigonal (P3)
barium tetragermanate structure. American Mineralogist.
1999;84:987-989.
https://doi.org/10.2138/am-1999-5-636

Astapov A.N. Heat-resistant non-fired repair coatings
for protection of carbon-base materials. International
Journal of Nanomechanics Science and Technology.
2014;5(4):267-285.
https://doi.org/10.1615/NanomechanicsSciTechnollnt].
v5.14.20

Kablov E.N., Zhestkov B.E., Grashchenkov D.V., Soro-
kin O.Yu., Lebedeva Yu.E., Vaganova M.L. Investigation
of the oxidative resistance of high-temperature coating on
a SiC material under exposure to high-enthalpy flow. High
Temperature. 2017;55(6):873—879.
https://doi.org/10.1134/S0018151X17060086

Gupta R.N., Yos J.M., Thompson R.A., Lee K.-P. A re-
view of reaction rates and thermodynamic and transport


https://doi.org/10.1007/s10717-023-00623-4
https://doi.org/10.14489/glc.2023.10.pp.003-009
https://doi.org/10.1016/j.surfcoat.2016.12.084
http://dx.doi.org/10.52571/PTQ.v16.n33.2019.576_Periodico33_pgs_561_572.pdf
http://dx.doi.org/10.52571/PTQ.v16.n33.2019.576_Periodico33_pgs_561_572.pdf
https://doi.org/10.18577/2071-9140-2020-0-2-50-55
https://doi.org/10.18577/2071-9140-2020-0-2-50-55
https://doi.org/10.1063/5.0109458
https://doi.org/10.1615/NanomechanicsSciTechnolIntJ.v5.i4.20
https://doi.org/10.1615/NanomechanicsSciTechnolIntJ.v5.i4.20
https://doi.org/10.1134/S0018151X17060086

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2025;19(1):40-57
Astapov A.N., Zhestkov B.E., Rtishcheva A.S. Research of heat-resistant glass-ceramic coating ...

properties for the 11-species air model for chemical and
thermal nonequilibrium calculations to 30 000 K. NASA
Reference Publication. 1990;1232. 91 p.

22. McBride B.J., Gordon S., Reno M.A. Coefficients for
calculating thermodynamic and transport properties
of individual species. NASA Technical Memorandum.
1993;4513. 94 p.

23. Drozdov S.M., Rtishcheva A.S. Analysis of flow-field and
heat exchange for a blunted cone at hypersonic speeds.
Journal of Physics: Conference Series.2020;1683:022030.
http://doi.org/10.1088/1742-6596/1683/2/022030

24. Steel and alloy brand book: Handbook. Ed. V.G. Sorokin.
Moscow: Mashinostroenie, 1989. 640 p. (In Russ.).

Mapounuk craneir u cmaBoB: CrpaBounuk. [lom pen.
B.I. Copokuna. M.: Mamunoctpoenue, 1989. 640 c.

25. Physical quantities: Handbook. Eds. I.S. Grigor’ev, E.Z. Mei-
likhov. Moscow: Energoatomizdat, 1991. 1232 p. (In Russ.).

duznyeckne Bemmuuabl: CripaBounuk. [lox pen. U.C. I'pu-
ropeesa, E.3. Meitnmuxosa. M.: Dueproaromusaar, 1991.
1232 c.

26. Shchetanov B.V. Tile material for external high-tempera-
ture thermal protective coating of the Buran orbital space-
craft. Aviation Materials and Technologies. 2013;S1:41—
50. (In Russ.).

IleranoB b.B. Marepuan miuTKy Jisl BHEITHETO BBICO-
KOTEMIIEPAaTyPHOTO TEIUIO3aIUTHOTO TIOKPBITHS OpOH-
TaJILHOTO Kopabns «bypany». Asuayuonnvie mamepuanvt u
mexnonocuu. 2013;S1:41-50.

27. Rtishcheva A.S. Application of numerical modeling to de-
termine heat flux on the surface of bodies in a thermal ex-
periment. In: Models and methods of aerodynamics: Pro-
ceedings of the XXII International school-seminar (Sochi,
4-9 September 2022). Moscow: TsAGI, 2022. P. 70-72.
(In Russ.).

Prumesa A.C. [IpumeHeHne YMCICHHOTO MOJICTMPOBAHUS
JUIsS OTIpeNeNIeHHs TEIUIOBOTO ITOTOKA HAa IOBEPXHOCTH
TeJ B TEIJIOBOM JKcriepumenrte. B ¢0.: Moderu u memo-
obl aspoounamuru: Marepuansl XXII mMexayHapomHOM
mkosbl-ceMunapa (1. Coun, 04—-09 centsaops 2022 r.). M.
HATI'H, 2022. C. 70-72.

Information about the Authors

Alexey N. Astapov - Cand. Sci. (Eng.), Associate Professor of the
Department of Advanced Materials and Technologies for Aerospace
Application, Researcher, Moscow Aviation Institute (National Re-
search University)

ORCID: 0000-0001-8943-2333
& E-mail: lexxa1985@inbox.ru

Boris E. Zhestkov - Cand. Sci. (Eng.), Senior Researcher, Head of
Laboratory, Central Aerohydrodynamic Institute named after pro-
fessor N.E. Zhukovsky (TsAGI)
& E-mail: bzhestkov@mail.ru

Alena S. Rtishcheva - Cand. Sci. (Eng.), Associate Professor, Head
of Sector, TsAGI
B3 E-mail: al.rtisheva@mail.ru

Contribution of the Authors

A. N. Astapov - formation of the basic concept, setting the goal and
objectives of the research, conducting structural studies, determi-
nation of thermophysical properties, critical analysis of the results,
article text preparation, formulation conclusions.

B. E. Zhestkov - preparing, conducting and analysing the results of
gas-dynamic experiments.

A. S. Rtishcheva - formulation of the model, numerical solution
construction, analysis of the results of computational experiment,
article text preparation.

@

@

CBegeHuns 06 aBTopax

Anekceii Hukonaesuy Acmanose - K.T.H., JoUeHT Kadepsl «Ilep-
CNeKTHBHble MaTepuasbl U TEeXHOJOTMU a3pPOKOCMHUYECKOro Ha-
3HaueHHUsA», Hay4. COTPYAHHUK, MOCKOBCKMH aBUALMOHHBIN UHCTH-
TYT (HalMOHa/bHBIH HCCIe0BaTeNbCKUH YHUBEPCUTET)

ORCID: 0000-0001-8943-2333
& E-mail: lexxa1985@inbox.ru

Bbopuc Eszenveeuu Xecmkoe - K.T.H., CT. Hay4. COTPYJHUK, Ha-
YaJIbHUK JJaGopaTopuH, LleHTpasbHbIN a3poruipoAMHaMUYecKH i
MHCTUTYT UM. npodeccopa H.E. XKykosckoro (LLAT'H)

B2 E-mail: bzhestkov@mail.ru

Anena CepzeeeHa Pmuujega - K.T.H., I0LeHT, Ha4aJIbHUK CEKTOPa,
LA
& E-mail: al.rtisheva@mail.ru

Bknap aBTopoB

A. H. Acmanos - bopMupoBaH/e OCHOBHOW KOHIIENIIUH, TOCTAHOB-
Ka IleJIM U 33/]a4 UCCIe[l0BaHuUsl, NPOBeieHHe CTPYKTYPHbBIX HCCJie-
JIOBaHUH, onpesiesieHUe TeN0pU3NYeCKUX CBOUCTB, KPUTUYECKU I
aHaJIM3 pe3y/bTATOB, IOJrOTOBKA TEKCTA CTaTbH, GOPMYJIUPOBKA
BBIBOJIOB.

b. E. ’)Kecmkoe - n1oAroToBKa, IpOBe/ileHNe U aHa/Iu3 pe3y/IbTaToB
raso/JMHaMH4YeCKHX IKCIIEPUMEHTOB.

A. C. Pmuwesa - $opMyMpoOBKa MOJE/IH, NOCTPOEHHE YHUCJIEH-
HOTO pellleHUs], aHaJIU3 Pe3yJIbTaTOB BbIYUCIUTEIbHOI'0 IKCIIepH-
MEHTA, I0/IrOTOBKA TEKCTA CTAThH.

Received 06.12.2024
Revised 26.12.2024
Accepted 27.12.2024

CraTbsa noctynuia 06.12.2024 r.
JlopaboTaHa 26.12.2024 1.
[IpuHsaTa K ny6aukauuu 27.12.2024 r.

57


https://orcid.org/0000-0001-8943-2333
mailto:lexxa1985@inbox.ru
mailto:bzhestkov@mail.ru
mailto:al.rtisheva@mail.ru
https://orcid.org/0000-0001-8943-2333
mailto:lexxa1985@inbox.ru
mailto:bzhestkov@mail.ru
mailto:al.rtisheva@mail.ru
http://doi.org/10.1088/1742-6596/1683/2/022030

