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Abstract. Titanium carbide (TiC) coatings were produced on the surface of graphite components using a low-cost liquid-phase tech-

nique involving application of a TiO2-based reaction mixture followed by carbothermal annealing in vacuum at 1900 °C. Typical 
grades of structural graphite (GMZ, MPG-6, and I-3) commonly used in high-temperature graphite assemblies were employed as 
substrates for the protective coating. The resulting polycrystalline titanium carbide films (NaCl-type structure) exhibited an axial 
growth texture [111] and thermal stresses that depended on the graphite grade, caused by the difference in the coefficients of thermal 
expansion between titanium carbide and graphite. Typical coating thicknesses ranged from 10 to 20 µm. Graphite components with 
TiC coatings were successfully tested under high-temperature silicon carbide single-crystal growth conditions. The tribological 
properties of the coatings were also evaluated. The use of denser grades of isostatic graphite (I-3) is preferable due to the formation 
of a dense two-dimensional structure of the protective layer on the graphite surface. 
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Аннотация. Покрытия из карбида титана (TiC) создавали на поверхности графитовых изделий посредством дешевого «жидко-

фазного» способа, включающего нанесение жидкой реакционной смеси на основе TiO2 и ее последующий карботерми
ческий отжиг в вакууме при температуре 1900 °С. В качестве основы для нанесения защитного покрытия выбраны типовые 
марки конструкционных графитов, используемых в промышленности для создания элементов высокотемпературной графи-
товой арматуры (ГМЗ, МПГ-6 и И-3).  Полученные поликристаллические пленки карбида титана (структурный тип NaCl) 
характеризовались ростовой аксиальной текстурой  [111] и наличием «температурных» механических напряжений, зави-
сящих от марки графита, вследствие разности температурных коэффициентов линейного расширения между карбидом 
титана и графитовой основой. Типовые толщины покрытий составляли 10–20 мкм. Графитовые компоненты с покрытием 
TiC успешно протестированы в условиях высокотемпературного процесса синтеза монокристаллов карбида кремния. 
Проведена оценка трибологических свойств покрытий. Использование наиболее плотных разновидностей изостатического 
графита (И-3) является предпочтительным вследствие формирования двумерной плотной структуры защитного слоя на 
поверхности графита.  
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IntroductionIntroduction
Single-crystal silicon carbide is currently in demand 

for manufacturing components of power, high-frequency, 
and high-temperature electronic devices  [1]. Single-
crystal SiC ingots are typically grown by the sublimation 
method (modified Lely process), developed by Tairov and 
Tsvetkov at LETI Institute, on their own seeds, in vacuum 
or in an inert atmosphere (usually argon) at a temperature 
of about 2000 °C, using high-purity silicon carbide pow-
der as the source material. The graphite components used 
in the standard process of the modified Lely method are 
exposed to  an  aggressive vapor–gas environment con-
taining volatile species Si, SiC2 , and Si2C, which causes 
corrosion and leads to contamination of the crystal ingot 
with graphite particles [2]. 

To protect the surface of graphite assemblies, tanta-
lum carbide films are typically used [3]. They remain 
stable at  t > 2000 °C and can be produced by various 

methods. However, tantalum carbide coatings are rela-
tively expensive, particularly when applied to compo-
nents intended for single use. Therefore, it is necessary 
to search for more cost-effective coating materials that 
can serve as efficient protective barriers to prevent cor-
rosion of graphite assemblies. Their surface can also be 
protected using other high-temperature carbides such 
as TiC, WC, VC, and others [4; 5]. Among them, tita-
nium carbide is of  greatest interest, as it provides an 
optimal balance of high hardness (up to 2400 HV and 
higher), corrosion resistance, and thermal stability. 

The properties of  TiC depend on the  synthe-
sis method  [6]. Chemical vapor deposition (CVD) 
methods  [7–9] are widely used industrially for 
corrosion-resistant materials; the  resulting coatings 
exhibit high adhesion and uniformity on flat surfaces. 
However, these methods are costly (due to equipment 
and large consumption of carrier gases) and characte
rized by low growth rates (typically producing coatings 
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about 2–3 µm thick), as well as by the use of toxic or 
pyrophoric precursors  [9]. The use of plasma enables 
coating of  substrates and surfaces sensitive to  high 
temperatures; such coatings are distinguished by high 
adhesion and low surface roughness [10]. 

The family of  physical vapor deposition (PVD) 
methods includes thermal evaporation, ion sputtering, 
cathodic arc deposition, and electron-beam evapora-
tion [11–13]; the most common heating method among 
them is indirect resistive heating. The coatings pro-
duced by these methods exhibit high hardness and 
wear resistance but insufficient adhesion to  the  sub-
strate. Moreover, nonuniform coating thickness is 
observed inside cavities or on components with comp
lex geometry.

The use of  magnetron sputtering systems, inclu
ding reactive and radio-frequency sputtering  [14–17], 
enhances process efficiency by enabling deposition 
of uniform films over large areas. Additional annealing 
of coatings [14] improves the crystallinity of TiC films 
and increases the grain size. The actual coating thick-
ness achieved and applied in practice remains small 
(a few micrometers), yet such films have a dense struc-
ture without cavities or cracks. The challenge of coa
ting sidewalls and complex profiles is addressed using 
advanced magnetron control mechanisms. 

Laser cladding of titanium carbide–reinforced com-
posite coatings is effectively employed for surface 
passivation or surface hardening [18], but it cannot be 
used for large-area deposition. Pulsed laser deposition 
(PLD) involves the  use of  a laser to  ablate material 
from a target  [19]. The disadvantages of  this method 
include its limited suitability for mass production, 
the dependence of  ablation on laser energy, and non-
uniform coating formation on complex surfaces.

Titanium carbide coatings can also be produced 
by several other methods. In  [20], a TiC-containing 
coating was produced by plasma transferred arc weld-
ing  (PTAW), which increased the  corrosion potential 
of the substrate and significantly reduced the corrosion 
current density. Methods based on in-situ carburizing 
of  titanium in a CaCl2–CaC2 molten salt  – the  salt-
thermo-carburizing route  [21]  – or on anodic polari
zation–accelerated TiC coating formation in molten 
salt  [22] are also applicable. These approaches are 
simple and provide high coating growth rates (over 
100 µm in 8 h [21] and about 15 µm in 0.7 h [22]). 

Overall, none of  the  methods reviewed combines 
all the required characteristics for producing low-cost 
functional corrosion-resistant TiC-based coatings for 
graphite components used in high-temperature pro-
cesses of silicon carbide and aluminum nitride synthe-
sis. Therefore, there is a need to identify the most eco-

nomical coating techniques that do not require expen-
sive equipment and can yield dense protective layers 
tens of micrometers thick.

Experimental procedureExperimental procedure
In this study, a titanium carbide (TiC) film coating 

was produced by applying a reaction mixture containing 
powdered titanium dioxide TiO2 (OSCh 7–3), an adhe-
sive, and a solvent onto graphite components. Various 
phenol–formaldehyde resins were used as adhesives, 
and ethyl alcohol served as the  solvent. The  mix-
ture was applied at room temperature to  the  surface 
of  graphite components made of  different graphite 
grades. The  coated components were dried in air 
at t = 80÷100 °C, followed by annealing of the applied 
coating in forevacuum at  temperatures up to 1900 °C 
for 4–5 h. 

Graphite parts of commonly used domestic grades 
were employed as substrates for titanium carbide 
coating deposition, namely low-ash extruded gra
phite GMZ  [23], fine-grained dense pressed graphite 
MPG-6 [24], and isostatic graphite I-3 [25]. 

The resulting coatings were examined by X-ray dif-
fraction (XRD) for structural and phase composition 
analysis, scanning electron microscopy (SEM), opti-
cal microscopy (OM), energy-dispersive spectroscopy 
(SEM–EDS), profilometry, and tribometry.

The phase composition of  the  products at diffe
rent stages of synthesis was studied using a D2 Phaser 
X-ray diffractometer (Bruker AXS, Germany) equipped 
with a  copper anode X-ray tube and a nickel β-filter. 
The phase identification was carried out using the EVA 
software package (Bruker AXS, Germany) with 
the  ICDD PDF-2 diffraction database, release 2014 
(PDF-2 Powder Diffraction File-2, ICDD, 2014). To cal-
culate the unit cell parameters of TiC, sodium chloride 
(NaCl) was used as an internal standard, certified with 
the XRD powder standard Si640f (NIST, Gaithersburg, 
Maryland, USA). The calculations were performed 
using the Rietveld refinement method implemented in 
Topas-5 (Bruker). The error did not exceed ±0.0001 Å.

XRD analysis was used to  determine the  lattice 
parameters, texture, crystallite size, and second-order 
microstrain.

Second-order stresses (microstresses within crystal-
lite or mosaic block volumes) and the size of the cohe
rent scattering regions (CSR) were estimated from 
the broadening of X-ray reflections obtained from θ/2θ 
scans on the  diffractometer. The observed line broa
dening generally includes the following contributions: 
instrumental broadening, size broadening due to small 
crystallite size (i.e., CSR dimension), and strain 
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broadening caused by lattice microdeformation  [26]. 
The size–strain separation was performed using 
the  Williamson–Hall method  [26], which considers 
the dependence of reflection broadening on the reflec-
tion order (for the  first and third orders  – 111 and 
333 –of the cubic titanium carbide lattice). The instru-
mental contribution was determined from peak widths 
of nearly perfect single crystals (Si and Ge) measured 
at similar diffraction angles. 

For Bragg angles corresponding to  the  111 and 
333 reflections of TiC, high-quality single-crystal sili-
con and germanium standards were used to  evaluate 
the  instrumental broadening. For the  111 reflection 
at 2θ ≈ 35.9°, the instrumental component was

βinstr = 1.9∙10–4 rad,

and for the 333 reflection (2θ ≈ 135.1°) it was

βinstr = 7.0∙10–4 rad.

The diffraction profiles followed a Gaussian distri-
bution; therefore, the total line broadening was calcu-
lated by summing the squared components from diffe
rent sources as follows:

where βΣ  is the  total broadening; βinstr  is instrumen-
tal broadening;   is the  broadening caused by lat-
tice strain along the  diffraction vector;   is the  size 
broadening due to  the  finite CSR dimension; βphys is 
the physical broadening. It is known that

		          	 (1) 

		        	 (2)

where εn = Δd/d, d is the interplanar spacing.
The coating thicknesses were determined by SEM, 

SEM–EDS, and OM from polished cross-sections 
of  the  “titanium carbide – graphite substrate” struc-
tures. Cross-sections were prepared from the end faces 
of  the  structures by breaking or cutting samples, fol-
lowed by facing, grinding, and polishing operations. 

The tribological properties of  the  TiC coating 
(10 μm thick) on a graphite substrate (grade I-3) were 
evaluated using counterbodies made of structural steel 
(ShKh-15) and zirconia (ZrO2 ) on an FMT-5000 tri-
bometer according to  the  standard disk–ball test con-
figuration. The disk rotation speed was 60 rpm (linear 
speed 0.03 cm/s), the wear track radius was 5 mm, and 
the applied load range was 10–200 N.

To assess the  chemical stability, graphite compo-
nents with TiC protective coatings were held at 2100 °C 
for 10 h in the presence of SiC powder.

Results and discussionResults and discussion
Synthesis mechanism. According to  estimates 

reported in  [27], the  chemical reaction between tita-
nium oxide and carbon powders starts at t = 1300 °С, 
and a single-phase titanium carbide is formed at about 
1500 °C It was also noted in  [28] that the  degree 
of  conversion of  titanium dioxide to  titanium car-
bide approaches unity in the  temperature range 
of 1500–3340 K. XRD phase identification of the pro
duct obtained by holding the TiO2-based reaction mix-
ture applied to graphite components at 1500 °C for 1 h 
in forevacuum (<1 Pa) (Fig. 1, a) revealed a mixture 
of the oxides Ti2O3 and TiO together with the titanium 
carbides TiC0.957 and TiC. 

Thus, it can be assumed that the transformation pro-
ceeds through intermediate stages involving the forma-
tion of  lower oxides (TiO and Ti2O3 ), in accordance 
with the principle proposed by A.A. Baykov [29]:

TiO2 → Ti2O3 → TiO → TiC.

Fig. 1. X-ray diffraction patterns (CuKα radiation)  
of TiO2–carbon reaction products

a – t = 1500 °C, τ = 1 h; b – 1900 °C, 1 h 

Рис. 1. Рентген-дифрактограмма (CuKα-излучение)  
продуктов взаимодействия TiO2 с углеродом

a – t = 1500 °С, τ = 1 ч; b – 1900 °С, 1 ч
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After holding at t = 1900 °С for 1 h under foreva
cuum conditions (Fig. 1, b), the reaction of carbide for-
mation was complete for all graphite grades. The main 
phase was cubic TiC0.957 (hamrabayevite, NaCl-type 
structure) with a small amount of  graphite, which 
apparently resulted from carbonization of the adhesive.

As noted in  [30], the  high rate of  solid-state 
carbothermal reactions of  oxide carburization can 
be explained by the  formation of  a vapor phase that 
adsorbs onto carbon surfaces. In this study, in addition 
to  vapor-phase transport, we observed redistribution 
of  the reaction mixture along the graphite surface via 
flows of a liquid phase (likely TiO2 ). 

Coating thickness. In fracture cross-sections 
of  the  TiC-on-graphite structure, the  coating thick-
ness could not be determined by optical microscopy 
(OM) because of insufficient contrast. After polishing, 
a strong optical contrast appeared due to the substantial 

difference in mechanical properties between titanium 
carbide and graphite, enabling thickness estimation 
(Fig. 2). Since graphite is highly porous and the trans-
formation of oxides into carbide occurs via participa-
tion of  a liquid phase, OM observations of  polished 
sections may overestimate the coating thickness. 

SEM–EDS mapping of  the  same structure (Fig. 3) 
yielded significantly smaller thickness values  – 
20–25 μm compared to 50–60 μm in Fig. 2.

Penetration of  the  liquid oxide into graphite pores 
and its reaction with the  substrate lead to  blurring 
of  the  TiC–graphite interface and to  the  formation 
of  an  extended composite interlayer beneath the  TiC 
coating, composed predominantly of  graphite. This 
interfacial blurring is evident in Fig. 4.

Fig. 2. Optical micrograph of a polished cross section 

Рис. 2. Оптическая микрофотография участка шлифа

Fig. 3. SEM–EDS image of a polished cross section (see Fig. 2) 

Рис. 3. РЭМ ЭДС-изображение участка шлифа (см. рис. 2)

Fig. 4. SEM image of a polished cross section  
in backscattered electron (BSE) contrast 

Рис. 4. РЭМ-изображение шлифа  
в упругоотраженных электронах (BSE контраст)
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Morphology. On isostatic graphite, the  titanium 
carbide coating generally exhibited a dense, flat surface 
composed of fused crystallites with sizes of 10–30 μm 
(Fig. 5, a). For less dense graphite grades, the surface 
appeared more developed, consisting of columnar crys-
tallites poorly bonded to each other (Fig. 5, b).

Structural defects. In thicker coatings (>30 μm), 
local cracking was observed, evidently caused by 
the  difference in the  linear coefficients of  thermal 
expansion (CTE) between the  coating and the  sub-
strate for all graphite grades (Fig. 6). First-order 
(macroscopic) stresses were confirmed by XRD (see 
Table 2). 

Texture analysis. Protective coatings obtained 
on graphite components by chemical vapor deposi-
tion (CVD) methods usually exhibit a pronounced axial 
growth texture oriented normal to the graphite surface 
(for example, this is noted for tantalum carbide coa
tings in [31]). 

For protective applications, the  most favorable 
state is texture-free, as it is associated with the absence 
of  through cracks  [31]. However, a weak growth tex-
ture contributes to  improved crystallite bonding and 
enhances the smoothness and continuity of the coating 
layer.

To evaluate the growth texture, XRD (θ–2θ) reflec-
tion intensities were measured after background sub-
traction for TiC films deposited on graphite plates 
made from the  selected grades (sample 1  –  GMZ, 
2  – MPG-6, 3  –  I-3). A polycrystalline TiC reference 
from the ASTM card No. 35-0801 [32] and a TiC pow-
der synthesized in-house (without a graphite substrate) 
were used for comparison. The reflection intensities 
normalized to  the  intensity of  the  (111) reflection 
of the corresponding sample are presented in Table 1.

According to  Table 1, samples 1–3 are, with high 
confidence, characterized by a pronounced axial [111] 
growth texture.

Fig. 6. SEM image of the coating surface on GMZ graphite at different magnification
The arrows indicate surface crack 

Рис. 6. РЭМ-фотографии поверхности покрытия на графите ГМЗ с разным увеличением
Стрелки указывают на трещины на поверхности

Fig. 5. Surface morphology of the protective coating (optical microscopy image)
a – on I-3 graphite; б – on MPG-6 graphite 

Рис. 5. Морфология поверхности защитного покрытия (ОМ)
а – на графите И-3; б – на графите МПГ-6
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Determination of the lattice period and first-
order stresses. The measured lattice parameters 
of  TiC are presented in Table 2 (the measurement 
uncertainty was ±0.0001 Å). According to  the ASTM 
database, the equilibrium lattice parameter of titanium 
carbide is аeq = 4.3274(2) Å. The values of TiC lattice 
strain on graphite substrates of different grades, listed 
in Table 2, are of  the  same sign in all cases, which 
suggests the  presence of  thermal stresses at the TiC–
graphite interface. As is well known, graphite grades 
exhibit high anisotropy and a wide range of linear coef-
ficients of  thermal expansion  (CTE); however, litera-
ture data on CTE values for specific graphite grades are 
scarce [33–36]. An exception is represented by isostatic 
graphites, which are characterized by isotropic physical 
properties. The CTE values of the graphite grades used 
are also given in Table 2. For comparison, the  CTE 
of titanium carbide is (7.0÷8.0)∙10–6 K–1 [29; 37].

As can be seen from Table 2, the  strain values 
are not only of the same sign (positive) but also cor-
relate with the  differences between the  CTE of  TiC 
and that of the corresponding graphite substrate. Note 
also that isostatic graphite is not the best substrate for 
a TiC film owing to the high stress level generated in 
the coating.

Measurement of  crystallite size and inhomo-
geneous lattice microstrain. The calculated results 
are summarized in Table 3.

It is well known that, according to Eqs. (1) and (2), 
the ratio β333/β111 lies within the bounds

.

When β333/β111 approaches the  cosine ratio, the  line 
broadening is governed primarily by the finite crystal-
lite size (i.e., the  limited coherent scattering region, 
CSR). Conversely, when the ratio approaches the tan-
gent ratio, microstrain provides the  dominant contri-
bution to  broadening. As seen from Table 3, for all 
graphite substrates the  principal contribution arises 
from the limited CSR (crystallite) size, which – within 
the measurement uncertainty – is on the order of 103 Å.

Tribological testing. During wear testing 
of  the TiC coating (Vickers hardness 3000 HV, thick-
ness 10 µm) deposited on a graphite substrate (500 HV) 
in disk configuration and tested against a ShKh15 steel 
ball (1900 HV), no coating wear was observed. When 
the TiC coating was tested against zirconium dioxide 
(ZrO2 , 12,000 HV), coating wear occurred, and it was 

Table 1. Intensities of X-ray diffraction peaks  
for TiC samples 

Таблица 1. Интенсивности рефлексов  
обзорных дифрактограмм образцов TiC

Reflection
Intensity, arb. units

Sample ASTM, 
035-0801

TiC 
powder1 2 3

111 100 100 100 100 100
200 64 86 52 137 110
220 37 42 18 82 82
311 19 22 16 41 65
222 16 16 22 23 47
400 4 5 5 14 30

Table 2. Lattice parameter a of TiC and related characteristics on graphite substrates of different grades 
Таблица 2. Параметры решетки TiC на деталях из различных марок графита

Graphite 
grade

TiC lattice 
parameter а, Å

TiC lattice strain (first-order), 
(а – аeq)/аeq

Graphite CTE,  
10–6 K–1

∆CTE (TiC – graphite), 
10–6 K–1 

GMZ 4.3305 +7.2·10–4 4.5 2.5–3.5
MPG-6 4.3290 +3.7·10–4 6–8 0–1.0

I-3 4.3340 +1.5·10–3 3–5 2.0–5.0

Table 3. Analysis of X-ray peaks broadening factors 
Таблица 3. Анализ факторов уширения рентгеновских линий

Graphite grade Reflection βphys , 10–3 rad β333/β111 εn Ln , Å

GMZ
111 2.15

2.06 – 750–900
333 4.44

MPG-6
111 1.39

2.84 – 1000–1150
333 3.95

I-3
111 2.08

2.33 – 750–850
333 4.84
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four times greater than the wear of  the ZrO2 ceramic 
ball. In this case, the TiC coating began to fail at loads 
≥90 N, accompanied by a sharp increase and scatter 
(instability) in the  friction force and an exponential 
increase in the  penetration rate of  the  ZrO2 ball into 
the coating during sliding as the load increased.

In the  initial state, the  profilometric parame
ters of  the  coating were, μm: Ra = 1.973; Rq = 2.550; 
Rz = 14.096; and Rt = 17.547. After testing, the surface 
roughness increased approximately 1.2-fold.

Testing under SiC single-crystal growth con-
ditions. After holding the coated graphite components 
in contact with SiC powder at 2100 °C under an argon 
atmosphere (200 Pa) for 10 h, no changes in the coa
ting’s morphology or phase composition were observed. 

ConclusionConclusion
A simple and inexpensive two-stage liquid-phase 

process for depositing titanium carbide from a TiO2-
based mixture can be used to produce passivating layers 
on graphite assembly components operating in high-
temperature processes under aggressive gaseous envi-
ronments. Isotropic graphites with minimal porosity are 
preferable as structural materials for graphite assem-
blies, as they exhibit a more favorable morphology 
of  the  protective coating. The resulting coatings are 
characterized by a [111] texture and by thermal stresses 
whose magnitude depends on the graphite grade.
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