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Research is devoted to the development of high-performance protective coatings for carbon-
carbon composite materials (CCCM) designed to operate under extreme thermal loads. An innovative
approach to the formation of coatings by using functionally active charges (FAC) in non-stationary
temperature conditions is proposed, which ensures the formation of a two-layer structure with in-
creased heat resistance. The effect of alloying with titanium, chromium, aluminum, and silicon on the
structural and phase characteristics of coatings was experimentally studied using X-ray diffraction,
metallography, and thermodynamic analysis. It was found that the optimal composition of the FAS
with concentrations of titanium of 10—15 wt%, chromium of 20—25 wt%, aluminum of 15—20 wt%,
and silicon of 5—10 wt% promotes the formation of layer of titanium carbide (TiC) with layer of in-
termetallic phases Al.Crs, CrAl;, and TiAl. These coatings demonstrate an activation energy of diffu-
sion in y-iron of 250.8 kJ/mol. Compared to isothermal methods, the coatings formed using FAC have
lower porosity and higher oxidation resistance due to the formation of protective oxides SiO:, TiO-,
Cr:0; and Al.Os, which reduce the penetration of oxygen into the CCCM matrix. The factor experi-
ment and regression analysis allowed us to build three-dimensional models of the dependence of heat
resistance on the composition of the charge, confirming the optimality of the multistage mechanism of
coating formation, where the primary CrAl layer is supplemented by high-temperature phases of TiAl
and CrSi.. The resulting coatings increase the heat resistance of CCCM by 40% compared to tradi-
tional chemical-thermal methods, making them promising for use in the aerospace and energy indus-
tries, where high resistance to aggressive environments is required.

Keywords: protective coatings, carbon-carbon composite materials, heat resistance, synthesis,
optimization, chemical and thermal treatment.

Hawe nayxose oocnidocennss 30cepedaicero Ha po3pooyi egheKmusHUX 3aXUCHUX NOKPUMMIB
ons gyaneyb-gyeieyesux Komnosuyiinux mamepianie (BBKM), wo gynxyionyiomo 6 ymosax excmpe-
MATbHO20 MENN08020 HABAHMANICEHHS. Y pobomi 3acmoco8aHo (QYHKYIOHANLHO AKMUGHI WUXMU
(DALLl), saxi opmyrombcsi 3a HECMAYIOHAPHUX MEMREPAMYPHUX DENHCUMIB, 3 Memoi0 OMPUMAHHS
ROKpummie i3 nioguwenumu excniyamayiunumu xapaxmepucmurxamu. OCHOGHA Mema NoOasi2ae 6 Po3-
pobyi ma onmumizayii CKAady nOpoOUWKOBUX KOMNOZUYIL, 1e208AHUX MUMAHOM, WO CAPUSIOMb Ni08U-
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WEHHIO JIcapocmiikocmi QyHKYionaibHux nogepxoub BBKM. YV meorcax oocnidocenns 6yno 30iticheno
KOMNJIeKCHUL AHANI3 ICHYIOYUX MEXHON02Il HAHECEHHs 3aXUCHUX HNOKPUMMIB, 30Kpemda XiMiKo-
mepMiyHux Memodie ma memodis HacuueHHs 3 piokoi gazu. Pozenanymo ixHio egpekmugHicme 3 ypa-
Xy8auHam cneyuiku 63aemo0ii 3 8yaneyesoio Mampuyer0 ma 3miH y MeXaHiuHux 61acmueoCcmsax Ma-
mepiany. Ocobaugy ysacy npuoileHo 8USUEHHIO ATbIMEPHANUEHO20 MEMOOY — HACUYEHHS NOBEPXHI 8
meepoohasHoMy CMAaHi 8 NPUCYMHOCI AKMUBHO20 2A308020 CEPeO08UUd, WO peanizyemuvcs 3a 00-
nomozoro DAL, cpopmosanux 3a ymos HecmayioHapHO20 MEPMIUHO20 BNIUBY. SHAUHUL AKYeHm
3p0ONIEHO HA BUBUEHHI XIMIKO-QI3UUHUX Npoyecis, 30Kpema YmeopeHHs KapOionux ¢as, axi eidiepa-
I0Mb KIIOY08Y POjib Y 3a0e3neyeHHi Cmilikocmi NOKpUmmis y azpecusHom)y 8UCOKOMEMNepamypHoMy
cepedosuwi. Excnepumenmanvua wacmuua 6KIHOUAE NOCMAHOBKY (AKMOPHO20 eKchepumeHmy OJis
BUBHAYEHHS ONNUMATLHO2O CKAADY NOPOUKOBUX CYyMIlUel, Wo 3a0e3nedyoms MaKCUMATbHO MOJICTUBY
MePMOCMIUKICIb 3AXUCHO20 Wapy. Y AKOCMI He3ANeNCHUX 3MIHHUX O0CTIONCEHO KOHYEeHMPAayii Xpo-
MY, KPeMHil0, MUmMany ma aitoMiHilo, 8paxoeyiouuy iXHill 6Niue Ha CmMpyKmypHo-a3zosull cman ma
Qizuxo-mexaniuni napamempu noxpummis. I106y0osano pieHsanHs peepecii 0 KilbKIiCHOI OYiHKU
3ANEHCHOCTI JHCAPOCIUKOCIIT 8I0 napamempie asmoiHiyillo8aHol mepmiyHoi 06poOKu ma CKiady
Jleyroyux KoMnoHenmis. Pezynomamu ananizy npedcmasieti y eueisioi MpusuUMipHux 2papivHux mo-
oenetl, wo inocmpyloms onmumizayito ckiaoy nopowxosux QPAILI y cucmemax Cr—Al-Ti. 3a pesynb-
Mamamy CmpyKmypHo-ghaz08020 amaiizy 6CMAHOBICHO, WO NPU Ne2YBAHHI MUMAHOM 3AXUCHE NOK-
pumms opmyemuvcs AK 08030HHA CUCEMA: SHYMPIWHIL wap npedcmasiesuii (azorw Kapdbioy mu-
many (TiC), mooi sk 306HiwHit wap ymeoproemucs i3 cnoayk muny AlLCrs, CrAl: ma TiAl, ximiunui
CKIA0 AKUX BUBHAYAEBCS 8APIAYIEI0 KOMHNOHEeHMH020 ckaady PALLL

Kniouosi cnoea:. 3axucni noxpumms, 8yeneyb-gyeieyesi KOMNO3UYIlUHI Mamepianu, dHcapo-
CmitiKicmb, CUHme3, OnmumMizayis, XiMiko-mepmiuna oo6pooxa.

Formulation of the problem

This research is focused on the comprehensive optimization of technological regimes for the
The increasing operational demands placed on modern aerospace and energy systems have intensified
the need for advanced thermal protection solutions, particularly for structural elements manufactured
from carbon-carbon composite materials (CCCM). These materials, despite their exceptional thermal
and mechanical performance, exhibit inherent vulnerability when exposed to prolonged high-
temperature oxidizing environments and high-velocity gas flows. Consequently, the enhancement of
their functional stability through the development of protective coatings has emerged as a critical area
of scientific inquiry

This research addresses the scientific and technological challenge of optimizing the formation
regimes of protective coatings on CCCM components. The investigation emphasizes the physicochem-
ical and structural evolution of the coating systems under extreme thermal conditions. In this context,
particular focus is given to elucidating the mechanisms of phase transformations occurring within the
coating matrix, which govern its resistance to thermal degradation, oxidation, and erosive damage.

A central objective of the research is to provide a scientific rationale for the composition of a
functionally active charge (FAC) tailored for the deposition of titanium-alloyed protective coatings.
These coatings are engineered to withstand aggressive thermo-gas-dynamic conditions, characterized
by intense jet flow exposure and cyclic thermal loads. The research involves a systematic comparison
of competing coating technologies—namely, chemical-thermal diffusion methods and liquid-phase
saturation processes—with the aim of assessing their respective impacts on the microstructure, adhe-
sion, and mechanical integrity of the treated composite substrates.

Special attention is devoted to the selection and synergistic balance of alloying elements with-
in the protective layer. Elements such as titanium, silicon, aluminum, and chromium are strategically
integrated to promote the formation of stable, adherent oxide films that function as diffusion barriers.
These films play a pivotal role in suppressing high-temperature oxidation kinetics and maintaining the
structural cohesion of the composite during service. The optimization of these compositional parame-
ters is essential for extending the operational lifespan of CCCM-based components under severe ser-
vice conditions.
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Analysis of recent research and publications

The operational implementation of CCCM in advanced engineering applications continues to
be constrained by a series of critical challenges, the most prominent of which include their inherent
susceptibility to high-temperature oxidation, erosion, and thermally induced degradation under the
influence of reactive gas flows. These failure mechanisms significantly compromise the reliability and
longevity of CCCM components in extreme thermal environments. Consequently, a central research
priority has emerged: the development and application of thermochemically stable protective coatings
capable of mitigating these deleterious effects and extending the operational service life of CCCM-
based structures.

Among the materials demonstrating high potential for use as protective coatings are refractory
compounds such as carbides, borides, nitrides, and silicides. These ceramic-based materials are distin-
guished by their superior resistance to oxidative attack, exceptional hardness, and outstanding wear
performance under both thermal and mechanical loads. Their application as surface barriers enables
effective shielding of CCCM substrates from aggressive high-temperature environments, thereby pre-
serving structural integrity and functionality under extreme operating conditions.

Carbon-carbon composites, composed of carbon or graphite matrices reinforced with high-
modulus carbon or graphite fibers, exhibit a unique combination of physicomechanical properties that
render them indispensable in advanced aerospace and energy systems. These include low specific den-
sity, high tensile and compressive strength at elevated temperatures, and remarkable resistance to
thermal shock and fatigue phenomena. The integration of such materials has found particularly exten-
sive use in the aerospace and defense industries—most notably in components of solid-propellant
rocket motors, where combustion chamber environments routinely exceed 2500 °C. Under these con-
ditions, material systems are subjected to intense abrasive action from high-velocity particle-laden
exhaust streams, necessitating the implementation of robust ablative and erosion-resistant protective
strategies [2].

Even more stringent thermal requirements are encountered during the atmospheric re-entry
phase of spacecraft, wherein leading-edge components can be exposed to temperatures in excess of
5000 °C due to aerodynamic heating. In such scenarios, only materials exhibiting the highest levels of
thermal and oxidative stability are viable. The significant technological progress in the field of CCCM
over the past decades is inextricably linked to advancements in the development of carbon fibers and
other thermally stable fibrous reinforcements. The microstructural characteristics and thermal stability
of these reinforcement phases play a decisive role in dictating the overall performance and durability
of the composite system. As a result, the careful selection and engineering of fiber types, orientations,
and volume fractions remain a cornerstone of ongoing innovation in CCCM technologies.

Within the framework of the present research, the primary methodological focus is centered on
the identification and optimization of a FAC formulation, specifically designed to enable the deposi-
tion of lightweight chromium-based coatings onto CCCM substrates under non-stationary thermal
loading conditions. This process aims to address the dual challenge of ensuring thermal protection and
minimizing the mass contribution of the coating layer, which is of particular importance in aerospace
and high-speed flight applications [3].

A variety of technological approaches have been investigated for the formation of protective
coatings, each characterized by its own set of operational benefits and inherent limitations. One of the
more complex processes involves the introduction of silicon into the CCCM surface layer through
liquid-phase saturation. This method often initiates chemical interactions with the carbon matrix, re-
sulting in heterogeneous formation of carbide phases and consequent alterations in the mechanical
behavior of the composite material. Despite these challenges, several techniques—such as chemical-
thermal processing and saturation from a liquid medium—nhave been successfully implemented for the
modification of carbon-based substrates [4,5].

Among the more advanced and promising solutions is the diffusion-based saturation from a
solid phase in the presence of an active gaseous environment, using a functionally active charge (FAC)
under non-stationary thermal conditions. This chemical-thermal method has demonstrated the ability
to generate protective coatings of high structural quality, reduce process duration, and achieve elevat-
ed treatment temperatures, which are directly influenced by the composition of the FAC. By fine-
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tuning the quantitative and qualitative content of alloying components, it becomes possible to tailor
the resulting coating compositions to satisfy specific operational demands.

Chromoaluminizing technology has garnered significant interest for its role in enhancing the
thermal durability of aerospace structural components. The process—whether through concurrent or
staged saturation with chromium and aluminum—is primarily aimed at increasing wear resistance,
heat resistance, and chemical stability of metal parts operating under extreme conditions [6]. Tech-
nigues of chromium aluminizing encompass a wide range of process modalities, including solid-state,
vapor-phase, gaseous, and molten-phase treatments, with options for simultaneous or sequential appli-
cation. These methodologies allow for considerable flexibility in engineering coatings with specific
functional characteristics adapted for high-demand sectors, particularly in aviation and astronautics.

The alloying of chromium-based coatings with additional elements such as titanium, silicon, and
boron is considered a highly promising direction for improving protective performance. Incorporating
these elements leads to the formation of complex oxide phases—such as titanium and silicon oxides—
which contribute to increased surface hardness, improved scale resistance, and enhanced corrosion pro-
tection, thereby significantly broadening the functional capabilities of the resulting coatings [7,8].

Formation of the purpose of the research

The main objective of this Research is to determine and justify the optimal technological pa-
rameters for creating protective coatings on carbon-carbon composite materials, with a focus on exam-
ining their phase composition and improving their thermal stability under extreme operational condi-
tions. The key scientific task is the development of a functionally active charge designed for the syn-
thesis of alloyed titanium-based coatings that exhibit high resistance to oxidation, erosive wear, and
aggressive gas-phase environments.

To this end, a comparative analysis of several coating techniques—including chemical-
thermal treatment and methods based on saturation from the liquid phase—was conducted to assess
their respective efficiencies and influence on the resultant mechanical properties of the coated materi-
als. Special emphasis is placed on the precise determination of the optimal chemical composition of
the protective layer, incorporating the influence of alloying elements such as silicon, titanium, alumi-
num, and chromium. These components are essential for the formation of stable oxide films (e.g.,
Si0., TiOz, AlOs, Cr.0s) that serve as diffusion barriers and contribute to the preservation of the me-
chanical integrity of the underlying composite substrate.

Experimental investigations are planned to determine the heat treatment regimes that most ef-
fectively promote coating formation and to establish the interrelationship between FAC composition
and the mechanical performance metrics of the protective layers. The research particularly emphasizes
the study of physicochemical interactions and reaction mechanisms occurring during the coating pro-
cess, including the nucleation and growth of oxide phases and accompanying structural transfor-
mations within the composite material matrix.

Presenting main material

The obtained experimental data and their analytical interpretation constituted a critical com-
ponent of the research process. Through comprehensive investigation of physicochemical reactions
occurring under non-isothermal (non-stationary) thermal regimes, in conjunction with metallographic
characterization, a conceptual model for the synthesis of protective coatings was formulated. The se-
quence of coating formation under thermal autoignition conditions can be systematically segmented
into five principal stages: (1) initial inert heating of the FAC to the autoignition threshold; (2) sponta-
neous thermal ignition of the reactive medium; (3) heating of the carbon-carbon composite compo-
nents; (4) isothermal exposure or holding period; and (5) gradual cooling to ambient temperature.

The thermal stability of the obtained coatings was assessed via prolonged exposure in an elec-
tric resistance furnace, maintained at 1000 °C over a continuous duration of 25 hours. The primary
indicator of thermal resistance was defined as the mass variation of the coated specimen following
high-temperature treatment.

In the experimental design, the concentration levels of chromium, silicon, titanium, and alu-
minum in the FAC mixture were selected as independent variables. CCCM served as the substrate for
all experiments, while iodine (lz) and ammonium fluoride (NH4F) were systematically introduced as
chemical activators to stimulate mass transport phenomena. It was determined that the addition of gas-
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phase transport agents in quantities exceeding 5 % resulted in pronounced surface degradation and
topological distortion of the composite, whereas concentrations below 1% were insufficient to initiate
complete activation of the gas-phase transport reactions.

To balance the overall FAC composition to 100 %, aluminum oxide (Al.Os) was employed as
an inert filler. In order to quantify the influence of experimental parameters on coating performance, a
regression analysis was carried out. This enabled the derivation of mathematical models describing the
dependence of wear resistance on both the thermal autoignition regime and the specific content of
alloying constituents. The established regression equations are presented below:

Y=123,7+0,6X1-2,3X2 71,8X375,2X12 + 8X22 + 4X327 0,375X1X2 +2,125X1X3- 1,125X2X3.

The reliability and predictive power of the constructed mathematical models were evaluated
and confirmed through statistical adequacy analysis. The models demonstrated sufficient accuracy in
forecasting the behavior of the response functions across the entire spectrum of investigated factor
levels, thereby validating their suitability for practical application within the defined experimental
boundaries. To determine the optimal combination of parameters ensuring maximum thermal re-
sistance of the protective coatings, both the thermal treatment regime and the compositional variables
of the functionally active charge were systematically analyzed. For the purpose of visualizing the in-
fluence of these parameters, three-dimensional surface plots were generated (Fig. 1), which clearly
illustrate the multifactorial relationships and their effects on the heat resistance characteristics.

11

Fig. 1. Influence of titanium and aluminum concentration in FAC mixtures on the oxidation
resistance of protective coatings

During the thermal testing phase, samples were periodically weighed at five-hour intervals us-
ing high-precision analytical balances VLR-200 with a resolution of 10* grams. The total duration of
the exposure experiment was 25 hours. This allowed for the assessment of oxidation kinetics and mass
loss associated with thermal degradation.

The gas-phase transport method, employing functionally active mixtures, enables the deposi-
tion of protective layers on CCCM substrates while simultaneously enhancing their physical and me-
chanical characteristics. A key advantage of this approach lies in its low energy demands and reduced
process duration, which makes it highly efficient compared to conventional methods.

The temperature profile of the reaction mixture during the FAC-induced process is governed
by two main factors: the preliminary heating temperature and the enthalpy released during the reduc-
tion reaction. It is important to emphasize that the ultimate temperature attained during the process is a
function not only of the heat released during the redox interaction but also of the specific thermal in-
terval in which the reaction proceeds.
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Aluminum acts as the principal alloying element in all high-temperature oxidation-resistant
coatings. Its function is to facilitate the formation of a dense and stable protective oxide layer consist-
ing of 0—AlOs. In diffusion-type protective systems, the aluminum content typically ranges from 15 to
25 %, which is sufficient to generate a continuous alumina scale under oxidative conditions. Chromi-
um serves as the second most critical component, contributing to the long-term stability and regenera-
tion of the o—Al.Os layer. For chromium, the content in advanced thermal barrier coatings generally
lies within the range of 7 to 20 %.

The protective coatings synthesized under FAC regimes on CCCM substrates alloyed with ti-
tanium exhibit a diffusion-controlled growth mechanism and are characterized by uniformity in thick-
ness. Notably, an increase in processing temperature leads to a proportional increase in the overall
coating thickness (Fig. 2), indicating the thermally activated nature of the diffusion process.

Results obtained through X-ray phase analysis and metallographic investigation of protective
layers formed on high-temperature carbon-carbon composite materials (HCCM) confirm the presence
of a two-zone structure throughout the entire temperature—time interval of processing. The internal
region of the coating predominantly consists of titanium carbide (TiC), while the composition of the
external zone is determined by the alloying system incorporated into the functional charge. In the case
of titanium alloying, the external phase constituents include complex intermetallics such as Al-Crs,
CrAl, and TiAl (Fig. 3).

Upon simultaneous saturation with chromium, aluminum, and titanium, the formation of solid
substitutional solutions occurs within the surface layer. The activation energy (Q) for atomic diffusion in
y-iron under these conditions exceeds 250.8 ki/g-atom. Consequently, the application of a non-
isothermal (non-stationary) heating regime not only facilitates rapid attainment of elevated temperatures
but also enhances the concentration gradient of diffusing alloying species at the material’s surface.

In contrast, coatings fabricated under conventional isothermal processing conditions exhibit a
more porous morphology and typically include the FeAl intermetallic phase. The porosity allows oxy-
gen ingress, which in turn compromises the oxidation resistance by permitting oxygen access to the
substrate. Protective layers synthesized under FAC-assisted thermal regimes demonstrate superior
structural integrity and oxidation resistance. This improvement arises from the increased incorporation
of chromium, aluminum, silicon, and titanium, which promote the formation of thermodynamically
stable oxide scales, including SiO:, TiOz, Cr.0s, and o—Al.Os.

An important characteristic of the thermal barrier systems produced via FAC is the sequential
nature of protective layer formation. Initially, a Cr—Al-based layer is formed, which subsequently un-
dergoes in-situ alloying with titanium, chromium, and silicon. This sequence leads to the formation of
thermally stable intermetallic compounds such as TiAl and CrSiz, thereby significantly enhancing the
coating's capability to withstand extreme thermal and chemical stressors.

Fig. 2. Surface morphology of titanium-based protective coatings after various exposure dura-
tions: a) 20 minutes, b) 60 minutes, x100
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Fig. 3. X-ray diffraction pattern of CCCM sample with deposited protective layer

During the saturation of carbon materials with chromium, aluminum, and titanium, solid sub-
stitutional solutions are formed. The activation energy Q in y-iron exceeds 250,8 kJ/mol, which, under
non-stationary process conditions, enables not only the achievement of elevated temperatures but also
a higher concentration of diffusing elements at the surface of the treated material.

Protective coatings synthesized under isothermal exposure conditions tend to exhibit elevated
porosity levels and are commonly associated with the formation of the FeAl intermetallic phase. This
phase, due to its structural characteristics, contributes to the penetration of oxygen into the substrate
material, thereby reducing the protective efficacy of the coating. Conversely, coatings produced
through the application of functionally active charges (FACs) display markedly improved thermal
stability. This enhancement is primarily attributed to the increased incorporation of chromium, alumi-
num, silicon, and titanium within the coating matrix, which collectively facilitate the development of
dense and adherent oxide films such as SiO2, TiO, Cr.0s, and Al.Os — known for their thermody-
namic stability at elevated temperatures.

A distinctive aspect of the high-temperature behavior of FAC-derived coatings lies in the se-
guential formation mechanism of protective sublayers. Initially, a chromium-aluminum diffusion coat-
ing is established, which subsequently undergoes further alloying with titanium, chromium, and sili-
con. This process leads to the emergence of thermally stable intermetallic compounds, including TiAl
and CrSiz, which significantly improve the coating’s resistance to oxidative degradation under extreme
thermal and environmental loads. The multistage architecture of such coatings contributes to their

long-term integrity and functional performance in aggressive service conditions.
Conclusions

X-ray diffraction and metallographic analyses of protective coatings applied to carbon-based
substrates reveal that, across the entire range of temperature-time conditions investigated, these coat-
ings consistently exhibit a dual-layered microstructure. The inner layer is predominantly composed of
titanium carbide, while the outer layer’s phase composition is governed by the alloying elements inte-
grated into the functionally active charge. Specifically, when titanium is employed as an alloying con-
stituent, the resultant coating comprises TiC alongside intermetallic phases such as Al.Crs, CrAlz, and
TiAl, imparting robust protective properties.

The factor experiment and regression analysis allowed us to build three-dimensional models of
the dependence of heat resistance on the composition of the charge, confirming the optimality of the
multistage mechanism of coating formation, where the primary CrAl layer is supplemented by high-

temperature phases of TiAl and CrSi..
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The incorporation of chromium, aluminum, and titanium facilitates the formation of stable

substitutional solid solutions, with an activation energy in y-iron exceeding 250.8 kJ/mol, which pro-
motes efficient diffusion under non-isothermal conditions. In contrast, coatings synthesized via iso-
thermal processing are characterized by elevated porosity and the presence of the FeAl phase, which
compromises their integrity by permitting oxygen diffusion to the substrate surface.

A distinctive advantage of coatings produced using FAC lies in their staged formation mecha-

nism. Initially, a CrAl-based protective layer is formed, followed by further alloying with titanium,and
chromium, which leads to the development of high-temperature phases such as TiAl and CrSi.. This
multistep process significantly enhances the thermal stability and environmental durability of the coat-

ings
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under extreme service conditions.
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