
40

UDC 666.29 + 620.193

https://doi.org/10.17073/1997-308X-2025-1-40-57

Research article 
Научная статья

© 2025.  A. N. Astapov, B. E. Zhestkov, A. S. Rtishcheva

  lexxa1985@inbox.ru
Abstract. The results of studies of thermophysical and operational characteristics of heat-resistant glass-ceramic coating on 12Cr18Ni10Ti 

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 
Cr2O3 particles evenly distributed within it. The outer layer of the coating, ~3÷5 µm thick, contains many highly dispersed crystals of 
BaSi4O9 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 105 Pa vary in the ranges of 0.68–0.75 J/(g·K), 
0.47–0.43 mm2/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/cm2 and 25.9 mg/(cm2·h). 
The spect ral 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 14±3 m/s. Glass phase provides effective protection of steel from high-temperature oxida-
tion and self-healing of defects. Refractory Cr2O3 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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Аннотация. Представлены результаты исследований теплофизических и эксплуатационных характеристик жаростой-

кого стеклокерамического покрытия на стали 12Х18Н10Т в скоростном потоке воздушной плазмы. Покрытие получали 
по шликерно-обжиговой технологии. Термическую обработку проводили на воздухе при температуре 1400 К в течение 
3 мин. Структура покрытия представлена матрицей на основе бариевосиликатного стекла с равномерно распределенными в 
нем частицами Cr2O3 . Наружный слой покрытия толщиной ~3÷5 мкм содержит множество высокодисперсных кристаллов 
BaSi4O9 , легированных Cr и Mo, свидетельствующих о поверхностной ситаллизации стеклофазы. Теплоемкость, температу-
ропроводность и теплопроводность покрытия в интервале температур 293–573 К при давлении 105 Па изменяются в диапа-
зонах 0,68–0,75 Дж/(г·К), 0,47–0,43 мм2/с и 1,198–1,222 Вт/(м·К) соответственно. Средние значения удельной потери массы 
и скорости уноса покрытия при обтекании воздушной плазмой со скоростью ~3,5 км/с и нагреве поверхности до 1593 К 
составили 7,2 мг/см2 и 25,9 мг/(см2·ч). Спектральная излучательная способность покрытия на длине волны 890 нм 
и скорость гетерогенной рекомбинации атомов и ионов потока на его поверхности составили 0,85±0,02 и 14±3 м/с. Стекло-
фаза обеспечивает эффективную защиту стали от высокотемпературного окисления и самозалечивание дефектов. Туго-
плавкие частицы Cr2O3 наряду с поверхностной ситаллизацией стеклофазы повышают сопротивление покрытия эрозион-
ному уносу в скоростном потоке воздушной плазмы, его излучательную способность и каталитичность. Экспериментально 
установлено и подтверждено численным моделированием снижение теплопроводности покрытия до 0,04±0,01 Вт/(м·К) при 
температуре 1054±10 К и давлении ~200 Па. Представлено объяснение эффекта.  

Ключевые слова: стеклоэмаль, стеклокерамическое покрытие, жаростойкость, окисление, излучательная способность, 
каталитичность, газодинамические испытания, моделирование
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IntroductionIntroduction
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 
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 

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 viab le 
method to maintain their high-temperature strength and 
functional properties. For this purpose, silicate-based 
glass-ceramic and glass-crystalline coatings are widely 
employed.

The compositions of frits (granulated glass ena-
mels) for glass-ceramic coatings used to protect steels 
and nickel alloys from high-temperature gas corrosion 
ge  ne  rally contain the following main components, 
wt. %: 25–85 SiO2 , 20–50 BaO, 0–20 B2O3 , 0–5 Al2O3 , 
0–3 MgO, 0–5 CaO [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 MoO3 . To enhance the functional 
properties of the coatings (chemical resistance, ero-
sion resistance, blackness degree, heat reflectivity, 
etc.), fillers such as Cr2O3 , Al2O3 , TiO2 , ZrO2 , ZrSiO4 , 
SiB4 , 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 
li quid 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 methods1. Materials and methods
The starting components for frit production included 

silicon oxide (SiO2 ) powders (particle size <20 µm, 
purity 99.9 %), barium oxide (BaO) (<63 µm, 98 %), 
calcium oxide (CaO) (<63 µm, 98 %), chromium oxide 
(Cr2O3 ) (<10 µm, 99.9 %), aluminum oxide (Al2O3 ) 
(<10 µm, 98.5 %), cobalt oxide (CoO) (<45 µm, 
98 %), titanium oxide (TiO2 ) (<20 µm, 99.8 %), man-
ganese oxide (Mn2O3 ) (<20 µm, 99 %), molybdenum 
oxide (MoO3 ) (<3 µm, 99.9 %), and silicon tetrabo-
ride (SiB4 ) (<10 µm, 99.9 %). The components were 
mixed according to [15] and ground in a Pulverisette-5 

planetary mill (Fritsch, Germany) using a 500 mL ZrO2 
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 µm mesh sieve with virtually no residue.

Austenitic stainless steel samples of grade 
12Cr18Ni10Ti (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 30×30×0.8 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 µm 
at a pressure of 5 atm, followed by ultrasonic clean-
ing in isopropyl alcohol. The slurry was applied 
to the samp le 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 hea ting 
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 (ρ) was determined by the hydrostatic 
weighing method using GR-202 analytical scales (AND, 
Japan) with an accuracy of 10–4 g. The thermal diffu-
sivity (α) was measured using the laser flash method 
on the LFA447 NanoFlash device (Netzsch, Germany) 

Известия вузов. Порошковая металлургия и функциональные покрытия. 2025;19(1):40–57 
Астапов А.Н., Жестков Б.Е., Ртищева А.С. Исследование характеристик жаростойкого стеклокерамического ...



43

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 (λ) was calculated using the formula

            λ = αCp ρ. (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 T0 ~ 6000÷6500 K, 
a Mach number М = 4.7, a speed of 3.54 km/s, and spe-
cific heat flux values qw ~ 15÷30 W/cm2. The bright-
ness temperature (Tb ) 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 (Tw ) 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 cons tant 
of atoms and ions (Kw ) 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 dKw /dTb [16] was calculated [16]. 
The value of Kw for the investigated coating was deter-
mined based on the known value of Kws for the refe-
rence sample, the magnitude of dKw /dTb and the dif-
ference in brightness temperatures ΔTb of the thermally 
insulated investigated and reference samples, accor-
ding to the following formula [16]:

               (2)

The product of Kw and the concentration of atoms 
and ions n indicates the number of atoms and ions 
recombining on a unit surface of the coating per 
se cond. 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 Kws = 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 
CuKα . 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 2θ = 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 with an X-Max 50 energy-dis-
persive X-ray spectrometer (EDS) (Oxford Instruments, 
UK). Imaging was performed in both se con dary 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 discussion2. Results and discussion

2.1. Composition, structure,  2.1. Composition, structure,  
and properties  and properties  

of the glass-ceramic coatingof the glass-ceramic coating
The chemical composition of the melted frit, 

expressed in terms of oxides (wt. %), is as follows): 
BaO – 34.4; SiO2 – 30.9; Cr2O3 – 22.3; CaO – 3.5; 
TiO2 – 2.1; CoO – 1.9; MnO – 1.9; Al2O3 – 1.6; MoO3 – 
1.4. X-ray phase analysis revealed that Cr2O3 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 c = 1.3581 nm. The absence of other crystalline 
phases, particularly SiO2 , 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 12Cr18Ni10Ti 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 Cr2O3 particles, with a size of no more than 
10 µm. The coating thickness is 50±5 µm. The structure 

of the coating reveals the presence of sporadic pores 
and gas bubbles (Fig. 1, a, b) ranging from 4–6 µm 
in size (occasionally up to 10 µm). 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 µm (Table 1). The glass phase near the “sub-
strate–coating” interface contains an increased pro-
portion of Cr2O3 , along with small amounts of iron 
and nickel oxides. According to [4], the dissolution 
of Cr2O3 in the glass ceases once its content reaches 

Fig. 1. Microstructure of cross section (а, c–h) and surface (b) of glass-ceramic coating  
in initial state on steel 12Cr18Ni10Ti: in reflected (а) and secondary (b) electrons; combined image (c);  

maps of element distribution in characteristic X-ray radiation: O  (d); Cr  (e); Si  (f); Ba  (g); Fe  (h) 

Рис. 1. Микроструктура поперечного сечения (а, c–h) и поверхности (b) стеклокерамического покрытия  
в исходном состоянии на стали 12Х18Н10Т: в отраженных (а) и вторичных (b) электронах;  
комбинированное изображение (c); карты распределения элементов в характеристическом  

рентгеновском излучении: O  (d); Cr  (e); Si  (f); Ba  (g); Fe  (h)
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approximately 2.5 wt. %. At a distance of 6–8 µm 
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 12Cr18Ni10Ti 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 MoO3 ), 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 µm 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 Ba2+, Cr3+, and Mo6+ cations towards the surface, 
mo ving opposite to the concentration gradient. The crys-
tal sizes range from 1.5–2.0 to 3–4 µm (Fig. 1, b).

According to X-ray diffraction analysis, the pri-
mary crystalline phase in the coating, as in the frit, is 
Cr2O3 with a rhombohedral crystal system. In addi-
tion, the presence of the BaSi4O9 phase with a trigonal 
structure and unit cell parameters of a = 1.1338 nm and 
c = 0.4548 nm was identified. The observed increase 

in these parameters compared to the reference values 
(a = 1.12469 nm and c = 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 BaSi4O9 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 
ρ = 3.813 g/сm3. 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 
Cp = 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 mm2/s in the range 
of 293–573 K. Data approximation was performed using 
regression analysis in Microsoft Excel. The approxi-
mation results and their reliability (coefficient of deter-
mination R2) are shown in Fig. 2. The thermal con-

Table 1. Local chemical composition of areas on the cross section  
of 12Cr18Ni10Ti specimen with glass-ceramic coating in the initial state 

Таблица 1. Локальный химический состав областей на поперечном сечении образца  
из 12Х18Н10Т со стеклокерамическим покрытием в исходном состоянии

Spec t-
rum No. 

in Fig. 1, c
Analysis location

Element content

% O Ni Fe Cr Si Ba Mo Ca Co Mn Al Ti

1 5–7 µm from the coating 
interface wt. – 9.1 72.1 18.3 0.3 – – – – – – 0.2

2 2–3 µm from the coating 
interface wt. – 9.8 74.8 15.1 – – – – – – – 0.3

3 At the coating interface wt. – 10.0 77.5 10.4 0.2 – – – – – 1.2 0.6

4 Glass phase 2–3 µm from 
the substrate at. 57.5 0.4 3.8 5.0 19.4 9.2 0.2 1.5 0.7 0.8 1.4 –

5 Glass phase 6–8 µm from 
the substrate at. 62.0 – – 4.7 19.4 9.3 0.3 1.6 0.4 0.9 1.4 -

6 Glass phase 6–8 µm from 
the coating surface at. 61.2 – – 5.6 19.1 9.2 0.3 1.7 0.7 0.9 1.2 –

7
Outer coating layer

at. 57.7 – – 9.1 13.4 14.6 2.6 1.4 – – 1.2 –
8 at. 58.4 – – 11.1 13.8 11.2 1.7 1.3 0.6 0.8 1.1 –
9 at. 57.1 – – 8.3 16.5 12.5 1.2 1.8 0.6 0.8 1.2 –

10 Cr2O3 particle in the glass 
phase at. 61.9 – – 37.8 0.3 – – – – – – –
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ductivity of the coating, calculated using equation (1), 
shows minimal variation within the temperature range 
of 293–573 K and is λ = 1.21±0.012 W/(m·K).

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

Samples made of 12Cr18Ni10Ti steel in the form 
of U-shaped plates with a glass-ceramic coa ting 
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–TiSi2–MoSi2–TiB2–SiO2 system [19] was 
applied to the holder's end surface to enhance its ero-

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 Tw = 1193÷1593 K. 
Typical fire test results are shown in Fig. 3, a as profiles 
of the brightness temperature (Tb ) and thermodynamic 
temperature (Tw ) at the critical point of the front sur-
face (curves 1 and 2), the preheater chamber pressure 
(P0 , curve 3) and the anode power input (Wa , curve 4). 
Fig. 3, b 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-

Fig. 2. Temperature dependencies of heat capacity (Cp ) and thermal diffusivity (α) of glass-ceramic coating 

Рис. 2. Температурные зависимости теплоемкости (Cp ) и температуропроводности (α) стеклокерамического покрытия

Fig. 3. Results of gas-dynamic tests of a specimen made of 12Cr18Ni10Ti steel with glass-ceramic coating (а), 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 (Tb ) and thermodynamic (Tw ) temperature at the critical point of the coating face;  
3 – pressure in the heater prechamber (P0 ); 4 – anode input power (Wa )

Рис. 3. Результаты газодинамических испытаний образца из стали 12Х18Н10Т  
со стеклокерамическим покрытием (а), фотография модели в процессе испытания (b)  

и внешний вид лицевой стороны образца в державке из ТЗМК-25 после его окончания (c)
1 и 2 – яркостная (Tb ) и термодинамическая (Tw ) температуры в критической точке лицевой поверхности покрытия;  

3 – давление в форкамере подогревателя (P0 ); 4 – мощность питания анода (Wa )
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Fig. 4. Microstructure of cross section (а, c–h) and surface (b) of glass-ceramic coating on 12Cr18Ni10Ti steel after fire tests:  
in secondary electrons (а, b); combined image (c); maps of element distribution in characteristic X-ray radiation:  

O  (d); Cr  (e); Si  (f); Ba  (g); Fe  (h) 

Рис. 4. Микроструктура поперечного сечения (а, c–h) и поверхности (b) стеклокерамического покрытия 
на стали 12Х18Н10Т после огневого эксперимента: во вторичных электронах (а, b); комбинированное изображение (c);  

карты распределения элементов в характеристическом рентгеновском излучении:  
O  (d); Cr  (e); Si  (f); Ba  (g); Fe  (h)

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/cm2 and 
25.9 mg/(cm2·h), respectively. Throughout the fire tests, 
the spectral emissivity of the coating at a wavelength 
of 890 nm remained nearly constant at ε = 0.85±0.02. 
The high degree of blackness of the coating is mainly 
attributed to the presence of numerous Cr2O3 particles 
within the structure, which exhibit a high emissivity 
(ε = 0.9). Additionally, surface crystallization contrib-
utes to enhanced radiation effects at interfacial irregu-
larities. The stability of the emissivity value through-

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 
12Cr18Ni10Ti 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 BaSi4O9 phase crystals, whose size increased 
to 10–15 µm (Fig. 4, b) compared to the initial state 
(Fig. 1, b). Their growth is likely due to recrystalliza-
tion via the Ostwald mechanism.
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The coating exhibits a heterogeneous, low-porosity 
structure, comprising a glass phase, Cr2O3 and BaSi4O9 
particles, as well as spinel particles of complex com-
position (Fe,Co,Ni,Mn)O·(Cr,Fe,Mn,Co)2O3 , which 
are located within a zone extending up to 10–15 µm 
from the substrate interface (Fig. 4, c). 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 µm is formed, based on iron chro-
mite FeO·(Cr,Fe)2O3 (Fig. 4, c, Table 2). In the sur-
face layers of the substrate, up to a depth of 5–6 µm, 
a significant decrease in Cr content is observed, 
accompanied by an increase in Ni and Fe concentra-
tions. In the FeO·(Cr,Fe)2O3 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 Cr2O3 with a rhombohedral crys-
tal system and BaSi4O9 with a trigonal structure. 
Additionally, a small amount of Fe3O4 (magnetite) phase 
in an orthorhombic modification with unit cell parame-
ters a = 0.5912 nm, b = 0.5945 nm, and c = 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 BaSi4O9 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 12Cr18Ni10Ti sample with glass-ceramic coating specimen after the fire experiment 

Таблица 2. Локальный химический состав областей на поперечном сечении образца  
из 12Х18Н10Т со стеклокерамическим покрытием после огневого эксперимента

Spect-
rum No. 

in Fig. 4, c
Analysis location

Element content

% O Ni Fe Cr Si Ba Mo Ca Co Mn Al Ti

1 7–9 µm from the coating 
interface wt. – 9.1 72.7 17.8 0.4 – – – – – – –

2 3–5 µm from the coating 
interface wt. – 11.2 75.6 13.0 0.2 – – – – – – –

3 1–2 µm from the coating 
interface wt. – 19.2 73.1 7.7 – – – – – – – –

4 At the coating interface wt. 5.0 18.2 65.4 11.0 – – – – – – – 0.3

5 Intermediate layer based 
on FeO·(Cr,Fe)2O3 spinel at. 56.7 – 14.1 24.3 2.9 1.0 – 0.1 – – 0.2 0.6

6
Spinel (Fe,Co,Ni,Mn)O×

×(Cr,Fe,Mn,Co)2O3 in the glass 
phase

at. 56.5 1.0 7.6 17.5 6.0 2.6 – 0.4 4.9 3.1 0.5 –

7 Cr2O3 particle in the glass 
phase at. 59.1 – – 40.1 0.5 – – – – – 0.2 –

8 Glass phase at a distance 
of 3–4 µm from the substrate at. 60.2 – 6.7 4.4 17.5 7.4 0.2 1.1 0.5 0.4 1.0 0.6

9 Glass phase at a distance 
of 7–8 µm from the substrate at. 59.1 0.3 5.2 3.0 19.5 8.3 0.2 1.3 0.7 0.9 1.4 –

10 Glass phase at a distance 
of 18–20 µm from the substrate at. 59.9 – 4.5 2.8 20.5 8.6 0.2 1.3 – 0.7 1.5 –

11 Glass phase at a distance 
of 30–32 µm from the substrate at. 63.1 – 3.0 0.5 20.6 8.3 0.3 1.3 0.3 0.7 1.9 –
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high-temperature oxidation and facilitates self-healing 
of defects. The presence of refractory Cr2O3 particles 
(melting point Tm = 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 
expe riment was conducted using a cylindrical sam-
ple made of 12Cr18Ni10Ti steel, with a diameter 
of 50 mm and a height of 30 mm, serving as a calorim-
eter. A coa ting 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 cy linder 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–TiSi2–MoSi2–TiB2–SiO2 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 (Tb ) and thermodynamic temperature 
(Tw ) at the critical point of the front surface (curves 1 
and 2), preheater chamber pressure (P0 , curve 3), 
anode power input (Wa , curve 4), and thermocouple 
readings (TC1, TC2, and TC3; curves 5–7). The figure 
also includes a photograph of the sample after 7 test 

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/cm2 and 6.7 mg/(cm2·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 ε = 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, Tw ~ 1054±10 K, 
is reached within the first Δτ1 ~ 25 s from the start 
of the experiment and remains more than 375 K higher 
than the substrate temperature even after Δτ2 ~ 185 s 
of heating. This corresponds to a thermal conducti-
vity value of λ = 0.04±0.01 W/(m·K) at a temperature 
of Tw ~ 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 = 105 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-

Fig. 5. Results of gas-dynamic tests of calorimeter sample made of 12Cr18Ni10Ti steel  
with glass-ceramic coating and its appearance after 7 test cycles

1 and 2 – brightness (Tb ) and thermodynamic (Tw ) temperature at the critical point of the coating surface;  
3 – pressure in the heater prechamber (P0 ); 4 – anode input power (Wa ); 5–7 – thermocouples readings TC1, TC2 and TC3 

Рис. 5. Результаты газодинамических испытаний образца-калориметра из стали 12Х18Н10Т со стеклокерамическим 
покрытием и его внешний вид после 7 циклов испытаний

1 и 2 – яркостная (Tb ) и термодинамическая (Tw ) температуры в критической точке лицевой поверхности покрытия;  
3 – давление в форкамере подогревателя (P0 ); 4 – мощность питания анода (Wa ); 5–7 – показания термопар ТП1, ТП2 и ТП3
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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 Kw = 14±3 m/s. 
This categorizes the tested coating as moderately 
catalytic, in contrast to highly catalytic coatings and 
oxide films in the HfB2–SiC–HfO2–ZrO2–Y2O3 system 
(Kw = 23 m/s [20]), ZrO2–Y2O3 (Kw = 33 m/s [16]), and 
HfO2 (Kw = 32.5 m/s [16]). The relatively high Kw value 
of the tested coating compared to the reference coa-
ting (Kws = 0.1÷0.3 m/s) is attributed to the significant 
hete rogeneity of its structure, characterized by the pre-
sence of numerous primary (Cr2O3 ) and secondary 
(BaSi4O9 ) phase particles (see Section 2.1). This struc-
tural hete rogeneity 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  2.3. Numerical simulation  
of flow around and unsteady heating  of flow around and unsteady heating  

of the cylinderof the cylinder
To refine the conditions of the fire test, numerical 

simu lation 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 8-compo-
nent mixture: О2 , N2 , О, 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:

              (3)

where λ is the thermal conductivity coefficient; τ is 
the viscous stress tensor; V is gas velocity vector; hi is 
the specific enthalpy of the i-th component, and Ii is 
the diffusion flux vector of the i-th component.

The diffusion vector was determined using Fick's 
law:

          (4)

where Di is the diffusion coefficient of the i-th compo-
nent, and gi 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:

       (5)

Here, ωi represents the mass formation rate of the com-
ponent per unit volume due to chemical reactions:

  (6)

where  ,  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:

        (7)

where the subscripts f and r correspond to the forward 
and reverse reactions, respectively.

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

            (8)

The specific static enthalpy of the component is 
given by:

      (9)

Here, h0i is the specific enthalpy of formation of the i-th 
component, and eiv is the energy associated with 
the vibrational degree of freedom:
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              (10)

where Θi 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].

The study of the external flow around the cylinder 
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 P0 = 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 T0 ~ 6000÷6500 K. In the initial 
approximation, the mass fractions of oxygen and nitro-
gen were set as follows: g(O2 ) = 0.23, g(N2 ) = 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 Pout ) 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 

Table 3. Kinetic model for an eight-component gas mixture 
Таблица 3. Кинетическая модель для восьмикомпонентной газовой смеси

No. Chemical reaction equation Af  ,
(cm3/mol)n–1/s Bf Cf  , K

Ar ,
(cm3/mol)m–1/s Br Cr , K

1 N2 + N ↔ N + N + N
3.00·1022 –1.60 113 200 4.351·1019 –1.24 0

2 N2 + O ↔ N + N + O
3 N2 + N2 ↔ N + N + N2

7.00·1021 –1.60 113200 1.015·1019 –1.24 04 N2 + O2 ↔ N + N + O2

5 N2 + NO ↔ N + N + NO
6 N2 + e– ↔ N + N + e– 1.20·1025 –1.60 113 200 1.740·1022 –1.24 0
7 O2 + N ↔ O + O + N

1.00·1022 –1.50 59 750 5.856·1019 –1.19 0
8 O2 + O ↔ O + O + О
9 O2 + N2 ↔ O + O + N2

2.00·1021 –1.50 59 750 1.171·1019 –1.19 010 O2 + O2 ↔ O + O + O2

11 O2 + NO ↔ O + O + NO
12 NO + N ↔ N + O + N

1.10·1017 0 75 500 2.485·1015 0.27 013 NO + O ↔ N + O + O
14 NO + NO ↔ N + O + NO
15 NO + N2 ↔ N + O + N2 5.00·1015 0 75 500 1.129·1014 0.27 0
16 NO + O2 ↔ N + O + O2

17 NO + O ↔ N + O2 2.80·109 1.00 20 000 1.100·1010 1.00 4000
18 N2 + O ↔ NO + N 2.00·1012 0.50 38 000 4.400·1011 0.50 0
19 N + O ↔ NO+ + e– 2.56·1012 0 32 200 6.700·1021 –1.50 0
20 NO+ + N ↔ O+ + N2 3.40·1013 –1.08 12 800 1.028·1013 –0.88 0
21 O + e– ↔ O+ + e– + e– 3.90·1033 –3.78 158 500 3.686·1044 –5.89 0
22 NO + e– ↔ NO+ + e– + e– 6.50·1023 –1.68 107 370 4.384·1036 –4.11 0
23 NO+ + O ↔ NO + O+ 1.82·1013 0 50 130 1.967·1012 0.12 0

Powder Metallurgy аnd Functional Coatings. 2025;19(1):40–57 
Astapov A.N., Zhestkov B.E., Rtishcheva A.S. Research of heat-resistant glass-ceramic coating ...



52

ε = 0.85, and the external radiation temperature set 
equal to the wall temperature of the working sec-
tion, Tr = 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 ∆x ~ 17 mm from the front surface 
of the cy linder, followed by a transition to subsonic flow, 
with a specific heat ratio γ = Cp /Cv = 1.29. The mass 
fractions of the main components in the incoming 
flow (at the nozzle exit) are as follows: g(O2 ) = 0.026;  
g(N2 ) = 0.727; g(O) = 0.135; g(N) = 0.023; g(NO) = 0.028;  

g(NO+) = 0.061; g(O+) = 0.325∙10–3; g(e–) = 1.767∙10–17. 
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 µm.

For the calculation of convective heat transfer 
to the model surface, a heat transfer coefficient profile 
was applied:
         (11)

where qw and Tw max represent the heat flux density and 
the surface temperature, respectively, obtained from 
the external flow simulation. Te is the temperature 
at the outer boundary of the boundary layer (considered 

Fig. 6. Main results of the cylinder’s external flow calculation
а – static temperature field (T, K); b – static pressure field (P, Pa);  
c – Mach number value field (M); d – mass fraction value field O 

Рис. 6. Основные результаты расчета внешнего обтекания цилиндра
а – поле статической температуры (T, К); b – поле статического давления (P, Па);  

c – поле значений числа Маха (М); d – поле значений массовой доли О
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equal to the adiabatic wall temperature and determined 
through an additional calculation assuming qw = 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 T0 = 291.7 K.

The thermophysical properties of the cylinder mate-
rial (12Cr18Ni10Ti steel) were taken from reference 
data [24]. For the glass-ceramic coating, the experimen-
tally obtained density value ρ = 3.813 g/cm3 and spe-
cific heat capacity as a function Сp = 0.2095T0.2006 (see 
Section 2.1) were used. The dependence of the thermal 
conductivity coefficient on the average temperature across 
the coa ting 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: ∆T/∆τ ~ 1.2÷1.4 K/s (see Fig. 5). Additionally, 
surface temperature calculations were conducted for 
various values of the thermal conductivity coefficient, 
including λ = 1.21 W/(m·K), obtained in Section 2.1 for 
T = 293÷573 K at a pressure of P = 105 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 Tw = 1063.5 K, which 
is typical for thermal insulation materials, and then 
gradually decreased to Tw = 1044.6 K over ∆τ ~ 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 T = 840 K 
(Fig. 7, b). Meanwhile, the thermal conductivity coef-
ficient increases from λ ~ 0.03 W/(m·K) at T = 690 K 
to λ ~ 0.057 W/(m·K) at T = 840 K (Fig. 7, c). 
The approximation of the computational data allowed 
for the establishment of the relationship λ = f1(T), pre-
sented in Fig. 7, c. The increase in thermal conducti vity 
with temperature enables obtaining a monotonically 
decreasing dependence Tw = f2(τ) (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 qw = 18.2÷18.5 W/cm2, 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 valu es 
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 λ = 1.21 W/(m·K), the sur-
face temperature at the front critical point increased 
only to Tw ~ 730 K 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).

Fig. 7. Results of surface temperature evolution calculation Tw (а) 
and thickness-averaged temperature of the coating Tcoat (b)  

at the critical point during time; calculated coating’s thermal  
conductivity dependence λ = f1(T) at pressure P ~ 200 Pa (c) 

Рис. 7. Результаты расчета эволюции температуры 
поверхности Tw (а) и средней по толщине температуры 

покрытия Tпок (b) в критической точке во времени;  
расчетная зависимость теплопроводности покрытия  

λ = f1(T) при давлении P ~ 200 Па (c)
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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 λ = 0.030÷0.057 W/(m·K) were 
observed within the temperature range T = 690÷840 K 
and the average value of thermal conductivity coef-
ficient, determined during the test ∆τ ~ 185 s, was 
λ ~ 0.04 W/(m·K), which is in full agreement with 
the test-derived value (see Section 2.2).

2.4. Effect of reduced  2.4. Effect of reduced  
thermal conductivity  thermal conductivity  

with decreasing pressurewith 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, 

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: λ = f1(T) (а) and λ = 1.21 W/(m·K) (b)

1–3 – calculation; 1′–3′ – experiment
1, 1′ – TC1; 2, 2′ – TC2; 3, 3′ – TC3 

Рис. 8. Сравнение экспериментальных и расчетных результатов эволюции температуры в точках установки термопар  
при различных значениях коэффициента теплопроводности покрытия: λ = f1(T) (а) и λ = 1,21 Вт/(м·К) (b)

1–3 – расчет; 1′–3′ – эксперимент
1, 1′ – ТП1; 2, 2′ – ТП2; 3, 3′ – ТП3

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
λ, 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) 

Рис. 9. Сравнение расчетных и экспериментальных результатов эволюции температуры поверхности цилиндра-калориметра 
при различных значениях коэффициента теплопроводности стеклокерамического покрытия

1–9 – расчет; 10 – эксперимент
λ, Вт/(м·К): 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 conducti vity 
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 conducti vity of the enclosed gas. The convective 
effect dimi nishes with decreasing discontinuity size, 
reduced interconnectivity, and lower surrounding gas 
pressure.

The investigated coating contains voids with sizes 
up to ~5–10 µm (see Fig. 1). It is known [25] that at low 
pressures (Р < 103 Pa), when the mean free path of gas 
particles l is much greater than the void size L (l  L), 
the thermal conductivity of porous mate rials 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  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 Р ~ 200 Pa, and the tem-
perature Tw ~ 1050 K, satisfying the condition l  L. 
This, combined with the reduced phonon mean free 
path, explains the extremely low thermal conductivity 
of the coating.

A threefold reduction in thermal conducti vity 
(from 0.05 to 0.0167 W/(m·K) at 293 K) with a decrease 
in external pressure (from 105 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 va rious 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 me thods 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.

ConclusionConclusion
A thin-layer heat-resistant glass-ceramic coating 

was obtained on 12Cr18Ni10Ti 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 Cr2O3 
particles. In the outer layer of the coating, with a thick-
ness of approximately 3–5 µm, numerous highly dis-
persed BaSi4O9 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/cm3 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 105 Pa vary within 
the ranges of 0.68–0.75 J/(g·K), 0.47–0.43 mm2/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 
3.5 km/s and a specific heat flux of 15–30 W/cm2, 
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/cm2 and 
25.9 mg/(cm2·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 
Cr2O3 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.
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