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Abstract. The properties, application, and methods for producing chromium and zirconium carbides are considered. These carbides are oxygen-free refractory 

metal-like compounds. As a result, they are characterized by high values of thermal and electrical conductivity. Their hardness is relatively high. 
Chromium and zirconium carbides exhibit significant chemical resistance in aggressive environments. For these reasons, they have found application in 
modern technology. Chromium carbide is used mainly as component of surfacing mixtures to create protective coatings that resist intensive abrasive wear, 
including at elevated temperatures (up to 800 °C) in oxidizing environments. This compound is also used in the manufacture of tungsten-free hard alloys 
and carbide steels. Chromium carbide, along with vanadium carbide, is used as a grain growth inhibitor in WC – Co hard alloys. Powdered zirconium 
carbide can be used to polish the surface of items made of ferrous and non-ferrous metals. The properties of refractory compounds depend on the content 
of impurities and dispersion (particle size). To solve a specific problem associated with the use of refractory compounds, it is important to choose the 
right method for their preparation, to determine the permissible content of impurities in the initial components. This leads to the existence of different 
methods for the synthesis of carbides. The main methods for their preparation are: synthesis from simple substances (metals and carbon), metallothermal 
and carbothermal reduction. Plasma-chemical synthesis (vapor-gas phase deposition) is also used to obtain carbide nanopowders. A characteristic is given 
to each of these methods. Information on the possible mechanism of the processes of carbothermal synthesis is presented. 

Keywords: chromium carbide, zirconium carbide, refractory oxygen-free compounds, hardfacing, fields of application, production methods

Acknowledgements: The work was performed in accordance with the state order of the Ministry of Science and Higher Education of the Russian 
Federation (code FSUN-2020-0008).

For citation: Krutskii Yu.L., Gudyma T.S., Krutskaya T.M., Semenov A.O., Utkin A.V. Carbides of transition metals: Properties, application and 
production. Review. Part 2. Chromium and zirconium carbides. Izvestiya. Ferrous Metallurgy. 2023;66(4):445–458.

 https://doi.org/10.17073/0368-0797-2023-4-445-458

1 Novosibirsk State Technical University (20 K. Marksa Ave., Novosibirsk 630073, Russian Federation)
2 Novosibirsk State University of Architecture and Civil Engineering (113 Leningradskaya Str., Novosibirsk 630008, Russian Federation)
3 National Research Tomsk Polytechnic University (30 Lenina Str., Tomsk 634050, Russian Federation)
4 Institute of Solid State Chemistry and Mechanochemistry, Siberian Branch of the Russian Academy of Sciences (18 Kutate-
ladze Str., Novosibirsk 630090, Russian Federation)

Карбиды некоторых переходных металлов: 
свойства, области применения и методы получения.  

Часть 2. Карбиды хрома и циркония (обзор)
Ю. Л. Крутский 1 , Т. С. Гудыма 1, Т. М. Крутская 2, 

А. О. Семенов 3, А. В. Уткин 4

1 Новосибирский государственный технический университет (Россия, 630073, Новосибирск, пр. Карла Маркса, 20)
2 Новосибирский государственный архитектурно-строительный университет (Россия, 630008, Новосибирск, ул. Ленин-
градская, 113)
3 Национальный исследовательский Томский политехнический университет (Россия, 634050, Томск, пр. Ленина 30)
4 Институт химии твердого тела и механохимии Сибирского отделения Российской академии наук (Россия, 630090, 
Новосибирск, ул. Кутателадзе 18)

Physico-chemical basics 
of metallurgical processes

Физико-химические основы
металлургических процессов

mailto:krutskii%40yandex.ru?subject=
mailto:krutskii%40yandex.ru?subject=
https://fermet.misis.ru/index.php/jour/search/?subject=chromium carbide
https://fermet.misis.ru/index.php/jour/search/?subject=zirconium carbide
https://fermet.misis.ru/index.php/jour/search/?subject=refractory oxygen-free compounds
https://fermet.misis.ru/index.php/jour/search/?subject=hardfacing
https://fermet.misis.ru/index.php/jour/search/?subject=fields of application
https://fermet.misis.ru/index.php/jour/search/?subject=production methods
https://doi.org/10.17073/0368-0797-2023-4-445-458
mailto:krutskii%40yandex.ru?subject=


Известия вузов. Черная металлургия. 2023;66(4):445–458.
Крутский Ю.Л., Гудыма Т.С. и др. Карбиды некоторых переходных металлов: свойства, области применения и методы получения ...

446

 Introduction

Chromium and zirconium carbides exhibit a range 
of distinct properties, such as refractoriness, substantial 
chemical resistance in diverse aggressive environments, 
elevated hardness, as well as impressive thermal and elect-
rical conductivity. As a result, their utilization within 
the realms of industry and technology has been steadily 
increasing. Chromium carbide finds practical application as 
a constituent in wear-resistant coatings, and it also serves 
a role in the production of tungsten-free hard alloys and car-
bide steels. Another avenue of application lies in its func-
tion as an inhibiting additive in tungsten carbide hard alloys. 
The substantial hardness of zirconium carbide renders it 
suitable as an abrasive for the refinement and polishing 
of metal products. The primary techniques for synthesizing 
transition metal carbides encompass carbothermal, metal-
thermal, and elemental source-based synthesis methods.

The objective of this study is to conduct an analysis 
of information pertaining to the properties, applications, 
and methodologies involved in the synthesis of chromium 
and zirconium carbides.

 Basic properties of chromium
 

and zirconium carbides

Figure depicts state diagrams for the Cr – С and Zr – С 
systems [1]. Within the Cr – C system, three distinct car-
bides (Cr23C6 , Cr7C3  and Cr3C2) with fixed compositions 
are presented. Carbide Cr3C2 exhibits the highest mel-
ting temperature, approximately 1900 °C. When the car-
bon content within the considered system surpasses 
40 at. %, carbon coexists with Cr3C2 carbide. For the pro-
duction of powdered higher chromium carbides devoid 
of free carbon impurities, the synthesis temperature should 

theoretically remain below 1900 °C, aligning with the com-
position required for obtaining the Cr3C2 reaction product. 
In practice, even minor inconsistencies in the mixture (such 
as those caused by delamination during extended storage or 
vibration) can lead to the formation of a liquid phase within 
the system at temperatures as low as around 1500 °C. 
Hence, it is prudent to conduct the synthesis at tempera-
tures not exceeding this threshold. 

In the Zr – C system, a solitary compound, zirconium 
carbide, prevails, characterized by a wide range of homo-
geneity (approximately from 35 to 50 at. % C). Zirconium 
carbide ZrC boasts a melting point of about 3530 °C. A sig-
nificant reduction in the melting point of zirconium carbide 
occurs as the carbon content diminishes (1800 °C at approxi-
mately 35 at. % C). Likewise, the microhardness experiences 
a notable decrease (with a C/Zr atomic ratio of 1.0, the value 
is 3100 kg/mm2, and at C/Zr = 0.6, it is 1900 kg/mm2) [2]. 
When the carbon content surpasses 50 at. %, carbon coexists 
with zirconium carbide. Consequently, to produce powdered 
zirconium carbide devoid of free carbon, while maintain-
ing its high melting point and microhardness in the resul-
ting ceramic, the synthesis temperature should not surpass 
3530 °C. Moreover, the mixture’s composition should align 
with the target reaction product, ZrC composition.

Information pertaining to certain properties of these 
compounds, drawn from [3], has been consolidated in Table. 
Both chromium and zirconium carbides exhibit robust 
thermodynamic stability, substantiated by their elevated 
heat of formation from basic elements and their isobaric-
isothermal potentials. These carbides demonstrate com-
mendably high coefficients of thermal conductivity and low 
resistivity, mirroring their metal-like refractory nature [4]. 

Examination of the chemical attributes of refractory 
compounds facilitates the formulation of guidelines for 
their application within diverse aggressive environments. 

  krutskii@yandex.ru
Аннотация. Рассмотрены свойства, области применения и методы получения карбидов хрома и циркония, относящихся к бескислородным 

тугоплавким металлоподобным соединениям с высокими тепло- и электропроводностью. Твердость их сравнительно велика. Карбиды 
хрома и циркония проявляют значительную химическую стойкость в агрессивных средах, что способствует их широкому применению 
в современной технике. Карбид хрома используется преимущественно в виде компонентов наплавочных смесей для создания покрытий, 
защищающих от интенсивного абразивного износа, в том числе и при повышенных температурах (до 800 °С) в окислительных средах. 
Это соединение применяется при изготовлении безвольфрамовых твердых сплавов и карбидосталей. Карбид хрома наряду с карбидом 
ванадия используется как ингибитор роста зерен в системе WС – Co твердых сплавов. Порошкообразный карбид циркония может 
использоваться для полирования поверхности изделий из черных и цветных металлов. Свойства тугоплавких соединений зависят 
от содержания примесей и дисперсности (размеров частиц). Для решения конкретной задачи, связанной с применением тугоплавких 
соединений, важно правильно выбрать метод их получения и определить допустимое содержание примесей в исходных компонентах. Это 
обусловливает применение разных методов синтеза карбидов. Основными методами их получения являются синтез из простых веществ 
(металлы и углерод), металлотермическое и карботермическое восстановление. Для получения нанопорошков карбидов применяется 
плазмохимический синтез (осаждение из парогазовой фазы). Представлена характеристика каждого из этих методов. Приведены сведения 
о возможном механизме процессов карботермического синтеза. 

Ключевые слова: карбид хрома, карбид циркония, тугоплавкие бескислородные соединения, износостойкая наплавка, области применения, 
методы получения

Благодарности: Работа выполнена в соответствии с госзаданием Минобрнауки Российской Федерации (код FSUN-2023-0008).

Для цитирования: Крутский Ю.Л., Гудыма Т.С., Крутская Т.М., Семенов А.О., Уткин А.В. Карбиды некоторых переходных метал-
лов: свойст ва, области применения и методы получения. Часть 2. Карбиды хрома и циркония. Известия вузов. Черная металлургия. 
2023;66(4):446–458. https://doi.org/10.17073/0368-0797-2023-4-445-458

mailto:krutskii%40yandex.ru?subject=
https://fermet.misis.ru/index.php/jour/search/?subject=карбид хрома
https://fermet.misis.ru/index.php/jour/search/?subject=карбид циркония
https://fermet.misis.ru/index.php/jour/search/?subject=тугоплавкие бескислородные соединения
https://fermet.misis.ru/index.php/jour/search/?subject=износостойкая наплавка
https://fermet.misis.ru/index.php/jour/search/?subject=области применения
https://fermet.misis.ru/index.php/jour/search/?subject=методы получения
https://doi.org/10.17073/0368-0797-2023-4-445-458


Izvestiya. Ferrous Metallurgy. 2023;66(4):445–458.
Krutskii Yu.L., Gudyma T.S., etc. Carbides of transition metals: Properties, application and production. Review. Part 2 ...

447

The carbides in question exhibit stability when subjected 
to base solutions and numerous mineral acids. Additionally, 
they display resilience against the effects of elevated tem-
peratures and atmospheric oxygen [5].

 Areas of application of chromium
 

and zirconium carbides

 Application of chromium carbide

Chromium carbide is primarily employed as a consti-
tuent within surfacing mixtures, serving to create coatings 
that safeguard against intensive abrasive wear, including 
elevated temperatures of up to 800 °C within oxidizing 
environments. These coatings are applied through methods 
such as cladding or sputtering. The wear-resistant layer pro-
duced through cladding comprises chromium carbide set 
within a matrix of chromium, nickel [6], or chromium-nickel 
alloys [7 – 9]. Domestic industry has successfully mastered 
the production of the powder surfacing tape PL-AN111, which 

incorporates chromium carbide into the core powder com-
position. This tape finds utility in restoring surfaces within 
the contact and intermediate zones of blast furnace char-
ging device cones that operate under forced conditions [10]. 
Another area of application lies in the creation of cermets, 
specifically tungsten-free hard alloys of KKhN grades 
(chromium carbide–nickel) [11]. Furthermore, promising 
prospects are observed for relatively cost-effective chro-
mium carbide hard alloys and carbide steels with binders 
composed of iron and chromium, such as the Kh17N2 and 
Kh13M2 grades [12]. Notably, within the WС – Co hard alloy 
system, chromium carbide, along with vanadium carbide, 
serves as a grain growth inhibitor. Information regarding 
the properties and applications of hard alloys is expounded 
upon in [13]. The integration of inhibiting additives, such 
as these carbides, into hard alloys is commonly achieved 
through electrospark plasma sintering [14 – 16]. However, 
alternative techniques including microwave heating [17], 
hot isostatic pressing [18], and non-pressure sintering [19] 
can also be employed for this purpose. Both chromium and 

Basic thermodynamic, physical and mechanical properties of chromium and zirconium carbides

Основные термодинамические, физические и механические свойства карбидов хрома и циркония

Properties
Relating to the compound
Cr3С2 ZrС

Heat of formation from elements, kJ/mol, at a temperature of 298 K –97.91 –196.65
Isobaric-isothermal potential (Gibbs energy), kJ/mol, at a temperature of 298 K –98.90 –193.26
Pycnometric density, kg/m3 6880 6730
Coefficient of thermal conductivity, W/(m∙K), at a temperature of 20 °С 19.1 11,6
Resistivity, μΩ∙m, at a temperature of 298 K 0.75 0.49
Microhardness, GPa, at a temperature of 293 K 26.6 – 26.8 20.5 – 27.0
Coefficient of linear thermal expansion, K–1·10–6, at temperatures of 300 – 1300 K 11.7 7.1
Ultimate compression strength, MPa, at a temperature of 293 K 1048 830 – 1600 

State diagrams of the systems Cr – C (a) and Zr – C (b) 

Диаграммы состояния систем Cr – C (а) и Zr – C (b)
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vanadium carbides similarly function as grain growth inhi-
bitors within analogues of WС – Co cermets, exemplified 
by composite WC – 10 wt. % Si3N4 [20], as well as within 
cermets founded upon titanium carbonitride Ti(C, N) [21]. 
Porous materials crafted from chromium carbide–nickel 
alloys exhibit marked corrosion resistance in both acidic 
and alkaline solutions [22]. Furthermore, chromium carbide 
finds application as a catalyst in the oxidation of ammonia 
and carbon monoxide [23].

 Application of zirconium carbide

Zirconium carbide serves as an abrasive material in 
pastes used for the finishing and lapping of both ferrous and 
non-ferrous metal components [24]. Beyond its notab le hard-
ness, an added benefit lies in its relatively elevated thermal 
conductivity, which mitigates the risk of burns. Carbon–car-
bon composites (С – С) display promise as materials suited 
for high-temperature applications. In this context, parti-
cularly when exposed to high-speed airflow, effective protec-
tion of the (С – С) composite against high-temperature abla-
tion is achieved through a coating of zirconium carbide. This 
is due to its resistant to thermal shocks [25; 26].

 Chromium and zirconium carbide
 

manufacturing methods

The properties of refractory compounds are contingent 
on factors like impurity content, dispersity, and stoichiomet-
ric balance. Zirconium carbide’s microhardness [2] varies 
with its composition. Therefore, addressing specific challen-
ges associated with refractory compounds necessitates the 
meticulous selection of appropriate preparation methods and 
the determination of acceptable impurity levels within initial 
consti tuents. This reality has led to the proliferation of diverse 
synthesis techniques, which are classified in [27].

The most prevalent methods for carbide synthesis 
encompass:

– synthesis from elemental constituents

      хМе + уС → МехСу ; (1)

– metallothermal (often magnesiothermal) reduction 
of oxides in the presence of carbon

         МеО + Mg + C → MeC + MgO; (2)

– carbothermal reduction of oxides

  МеО + С → МеС + СО. (3)

Synthesis reactions of refractory compounds (car-
bides) from elemental constituents are invariably exother-
mal. If the heat release reaches a threshold of 2400 kJ/kg 
of the mixture, the reaction initiates spontaneously. Should 
the heat release be inadequate, measures such as blend pre-

heating or the utilization of mechanical activation of its 
components become necessary. Conversely, excessive 
heat release calls for the incorporation of inert additives 
into the mixture. These procedures are referred to as SHS pro-
cesses (self-propagating high-temperature synthesis). Under 
optimal conditions, nearly complete conversion of the ini-
tial substances into the final products transpires, typically 
yielding an unreacted substance content of around 1 % by 
mass. Since the synthesis process is devoid of contamination, 
the product’s purity in terms of impurities is roughly equiva-
lent to that of the reagents [28]. Nevertheless, such processes 
are encumbered by the high cost of elemental powders.

During the metallothermal synthesis of carbides, it 
becomes imperative to subject the reaction products to treat-
ment (typically with an acid) in order to eliminate com-
pounds, notably oxides, stemming from the reducing metal – 
commonly magnesium. Owing to magnesium’s comparably 
low boiling point (1090 °C) [29] and the substantial heat lib-
eration inherent in magnesiothermal processes, the emis-
sion of hot blend and reaction byproducts is plausible. To pre-
empt such scenarios, these processes are conducted within 
sealed reactors operating under elevated argon pressure. 
A notable attribute of magnesiothermal and calciumthermal 
reduction processes is the emergence of refractory com-
pound particles enshrouded by layers of magnesium or cal-
cium oxides characterized by elevated melting points [30]. 
Consequently, the resultant products of the reaction exhibit 
high dispersion. Moreover, it’s essential to factor in the high 
cost and toxic nature of powdered magnesium [31].

It is widely considered [4; 32] that the carbothermal syn-
thesis of carbides stands as the most promising approach for 
the large-scale production of these compounds. In the carbo-
thermal method for obtaining transition metal carbides, 
the reagents utilized are typically non-toxic. The processes 
of carbide formation occur within the solid phase. Given 
the endothermic nature of carbide formation, these processes 
are conducted at elevated temperatures. To optimize synthesis 
parameters, the carbon monoxide (CO) pressure is reduced 
by performing the process in an inert gas environment or 
under vacuum conditions. Carbothermal reduction can also 
be accomplished via the sol–gel method. A distinctive trait 
of this approach lies in its relatively lower synthesis tempera-
tures, which arise from the close contact between reagents 
within ultra-dispersed blends [3]. The resultant products are 
in a nanodispersed state. Nonetheless, drawbacks of the sol–
gel method encompass the use of toxic reagents in several 
syntheses, the intricacy (including duration and multi-stage 
nature) of batch preparation processes, and the occurrence 
of incomplete reaction conversion in certain cases.

 Higher chromium carbide manufacturing method

 Synthesis through chromium and carbon

For chromium carbide Cr3C2 , the heat of forma-
tion aligns closely with its enthalpy at relatively low tem-
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peratures (approximately 1140 K) [3]. As a result, ini-
tiating the SHS process for a mixture of chromium and 
carbon at ambient temperature is impractical. Instead, this 
synthesis can be realized through preheating the mixture. In 
the case at hand, mixture’s mechanical activation typically 
preceded the SHS process.

Mechanical activation alone doesn’t inherently lead 
to the synthesis of chromium carbides. Research conducted 
in [33] demonstrated that fullerenes exhibit greater reacti-
vity compared to graphite. While mechanical activation aids 
in reducing synthesis parameters (for instance, the process 
temperature for Cr3C2 carbide synthesis can be lowered by 
around 200 °C) [34], incomplete carbide formation reactions 
were noted in [35; 36]. Nevertheless, employing high-energy 
mechanical activation enables the production of compact 
Cr3C2 carbide products [37]. It’s worth no ting that mechani-
cal activation is a time-consuming (often spanning several 
hours) and energy-intensive procedure.

An alternative approach involves elevating the therma-
lity of the process. As explored in [38], the synthesis of chro-
mium carbides can occur when a portion of carbon black 
is replaced with polytetrafluoroethylene (–CF2 = CF2–)n . 
At temperatures ranging from 900 to 1000 K, this com-
pound decomposes, yielding graphite and fluorine. The lat-
ter substance interacts with chromium, forming chromium 
fluorides. This reaction releases substantial heat, conse-
quently triggering an SHS process for Cr7C3 carbides or 
Cr3C2 carbides with particle sizes measuring 0.5 – 2.0 µm. 
It is imperative to purify the reaction products from chro-
mium fluoride CrF2 . Given the involvement of fluorine, 
the reactor necessitates sealing.

 Metallothermal reduction

The procedure for producing cast chromium carbide 
through the SHS process is documented [39]. The reagents 
employed included chromium oxides (Cr2O3 and CrO3 ), 
aluminum and graphite powders. This synthesis took 
place within an argon environment under pressures ran-
ging from 4 to 20 MPa. The material had to be commi-
nuted to attain the necessary powder. The reaction pro-
ducts contained up to 3 wt. % of aluminum, necessitating 
subsequent removal through acid treatment. These factors 
collectively add complexity to the process. Notably, CrO3 
oxide is highly toxic [40]. An alternate approach, the alu-
minothermal process, was described in [41] for synthe-
sizing chromium carbide. While initially, chromium 
was reduced from aluminum oxide, the reaction mixture 
was subsequently maintained in an argon environment 
at 800 °C for two hours. The resulting product (effectively 
Cr3C2 – Al2O3 compo site) consisted of particles sized 
between 300 and 400 μm.

Additionally, [42] explored the synthesis of chromium 
carbide through the magnesiothermal method:

   3Cr2O3 + 9Mg + 4C = 2Cr3C2 + 9MgO. (4)

Due to the process’s inherent high adiabatic tempera-
ture (1950 °C), the introduction of an inert additive (Cr3C2 ) 
into the mixture was undertaken. This procedure transpired 
within an argon environment. The average size of the pro-
duced chromium carbide particles measures 2 μm. The mag-
nesiothermal synthesis of chromium carbide is elucidated 
in [43]. The concoction of chromium oxide, magnesium, and 
acetone (as the carbon source) underwent thermal treatment 
within an autoclave at a temperature of 700 °C. The reagents 
were combined in a stoichiometric proportion to enable 
the reaction:

3Cr2O3 + 10Mg + 2C3H6O =

     = 2Cr3C2 + 10MgO + C + CO + 6H2 . (5)

Following a 15 h isothermal holding, chromium carbide 
with particle sizes ranging from 35 to 50 nm, enveloped by 
carbon layers measuring 3 – 4 nm in thickness, was suc-
cessfully obtained.

 Carbothermal reduction

The carbothermal reduction of chromium oxide is con-
ducted through the comprehensive reaction:

         3Сr2О3 + 13C = 2Cr3C2 + 9СО. (6)

This process involves the reduction of thermody-
namically robust chromium oxide through the utiliza-
tion of a rela tively feeble reducing agent, carbon monoxi de 
(CO). In this context, the role of carbon is primarily focused 
on regenerating the generated carbon dioxide CO2 [44]. 
From a thermodynamic standpoint, this process might 
seem implausible. Conclusions drawn from [45] suggest 
that the formation of chromium carbides is likely to trans-
pire during the interaction between chromium oxide and 
solid carbon. In [46], the process of reducing chromium 
oxide using various agents (lamp carbon black, petroleum 
coke, thermal anthracite, semi-coke, and graphite) was 
investigated. The content of the reducing agent in the mix-
ture corresponded to the stoichiometric ratio for reaction (3). 
The study revealed that the reduction start temperature dis-
plays weak dependency on the type of carbon material, span-
ning within the range of 1050 – 1100 °С. The gaseous phase 
predominantly consists of carbon monoxide, CO. Among 
the various environments, the most robust carbide forma-
tion occurs in hydrogen, followed by helium, with vacuum 
hosting the slowest process. Notably, the reaction products 
comprise a blend of Cr3C2 and Cr7C3 carbides. Authors 
in [46] propose carbon monoxide, CO, as the reducing agent 
for chromium oxide (contrary to thermodynamics). Mean-
while, [47] presents results from an exploration of chromium 
oxide interaction with diverse carbon materials (sucrose, 
carbon fiber material (CFM), and carbon black). The car-
bon fiber material consists of carbonization products from 
hydrated cellulose fibers. The mixture’s reducing agent con-
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tent corresponded to the stoichiometric value for reaction (6). 
Based on X-ray diffraction data, sucrose initiates Cr3C2 phase 
formation at 1200 °C, while CFM and carbon black begin 
at 1350 °C and 1400 °C, respectively. The lowered tempera-
ture for carbide formation with organic substances (sucrose 
and hydrocarbons) can be attributed to the creation of highly 
dispersed carbon components resulting from their thermal 
degradation within the oxide mixture.

Further insights into this process, focusing on gas phase 
control (continuous monitoring of CO and CO2 oxides) are 
presented in [48; 49]. The charging material was heated 
within an inert gas atmosphere (helium or argon). At approxi-
mately 900 °C, a preference for carbon dioxide CO2 emis-
sion over carbon monoxide CO emission was observed. 
This behavior is linked to carbon’s interaction with adsorbed 
acidic species on its surface. Notably, the carbide phase pre-
dominantly forms on the surface of chromium oxide par-
ticles [4]. Following the establishment of an outer Cr3C2 
carbide layer, interaction with chromium oxide commences, 
resulting in the formation of chromium carbide with a Cr7C3 
composition. In cases where the initial reagent mixture con-
tains insufficient carbon, the resulting product would exhibit 
a mixed-phase composition. The maximum liberation of car-
bon monoxide CO occurs at approximately 1200 °C (with 
a low content of carbon dioxide CO2 at this temperature). 
If the reduction process followed the mechanism postulated 
in [44], the of CO and CO2 oxides in the gas phase during 
chromium oxide reduction would be comparable.

The vapor pressure of chromium oxide at 1700  K (approxi-
mately 1430 °C) is approximately 7·10–5 mm Hg (equivalent 
to about 9·10–3 Pa), which is close to that of carbothermal 
synthesis. The vapor consists of chromium atoms, oxygen, 
and molecules of CrO, CrO2 , O2 [50]. In contrast, the vapor 
pressure over carbon at the same temperature is signifi-
cantly lower, measuring 9.13·10–14 atm (approximately 
9·10–9 Pa) [8]. It is known that the evaporation of chromium 
oxide is notably enhanced in the presence of carbon [49].

The process of synthesizing chromium carbide partially 
involves the transfer of vaporous chromium and its oxides 
to the surface of the carbon reducing agent. This phenom-
enon is supported by the findings in references [51; 52].

Another perspective suggests that the carbothermal reduc-
tion process occurs through the direct interaction between 
solid oxide and carbon. According to the Cr – C system’s phase 
diagram, a liquid phase may emerge at temperatures exceed-
ing 1498 °C, facilitating close contact between the oxide and 
carbon and expediting the reduction process [51].

To summarize the aforementioned points, it can be 
inferred that the carbothermal reduction process of chro-
mium oxide is quite intricate and may follow several mecha-
nisms. Determining which one predominates is challenging. 

In order to obtain reaction product consisting solely 
of carbide, briquettes composed of a calculated blend with 
an additional 5 % dextrin solution were heated in a resis-
tance furnace to 1500 °C for 30 – 40 min and maintained 
at this temperature for 1.5 – 2.0 h in a hydrogen environ-

ment. The resulting carbide contained minimal impurities 
(wt. %: 87 of total Cr; 13.48 total C; 13.34 C bonded with 
a theoretical content of 86.67 Cr and 13.33 C) and exhibited 
an average particle size of 6.94 μm [53]. Reference [54] 
explored a process for producing chromium carbide using 
nano-sized powders of chromium oxide (average particle 
size less than 60 nm) and carbon black with a 14 % excess 
(average particle size less than 50 nm), nearly following 
a stoichiometric ratio to carry out reaction (3). The reduc-
tion initially yielded the lowest oxide, CrO. A single-
phase product containing only Cr3C2 carbide was obtained 
at 1200 °C and held at that temperature for one hour. This 
suggests that under such conditions, the carbide forma-
tion process was completed. However, thermogravimetric 
analysis results revealed that even at 1200 °C, the weight 
loss (15.7 wt. %) was much lower than the value calcu-
lated based on the assumption of complete reaction (3) 
(41.2 wt. %). The average particle size of chromium car-
bide was approximately 50 nm. With an increase in synthe-
sis time, the particles grew in size and aggregated.

In [55], a mixture of powdered chromium oxide Cr2O3 , 
along with graphite or synthetic pitch, was subjected to heat-
ing in an argon gas environment, with the addition of 5 vol. % 
water, at varying temperatures for two hours. Experimental 
findings indicated that when synthetic pitch was employed 
as the reducing agent, a single-phase product (Cr3C2) formed 
at 1100 °C, whereas when graphite was used, this phase 
appeared at 1300 °C. This implies that synthetic pitch func-
tions as a more active reducing agent compared to graphite. 
However, it is worth noting that the manufacturing process 
is time-consuming and labor-intensive. Details concern-
ing particle dispersion were not provided. Reference [56] 
employed ammonium dichromate as a chromium source and 
carbon black as the carbon source. The mixture was heated in 
a vacuum environment at 1100 °C for a duration of 30 min, 
resulting in the formation of a single-phase product (Cr3C2 
carbide). The produced powders were primarily composed 
of spherical particles with an average size of 27.2 nm. X-ray 
photoelectron spectroscopy revealed the presence of not only 
chromium and carbon but also oxygen. Therefore, under 
these specific conditions, the carbide formation process 
remains incomplete. The authors [56] suggest that the cre-
ation of chromium carbide progresses through the devel-
opment of chromium carbide proceeds through the forma-
tion of an intermediate carbide phase

Cr3C2 – x (0 ≤ x ≤0.5) : Cr2O3 → Cr3C2 – x → Cr3C2 .

The synthesis of chromium carbide utilizing a novel type 
of carbon material known as nanofiber carbon (NFC), obtained 
through catalytic decomposition of light hydrocarbons, is out-
lined in references [57; 58]. This material is notably pure, with 
impurities mainly comprising catalyst remnants, constituting 
no more than 1 wt. %. It is distinguished by its substantial spe-
cific surface area (approximately 150 m2/g) [59]. Experiments 
were conducted in an argon environment. Under optimized 
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conditions, the resulting material is characterized by a single 
phase (chromium carbide Cr3C2). Powder particles predomi-
nantly manifest aggregation. The average size of particles and 
aggregates measures 7.8 µm, displaying a wide array of size dis-
tributions. The specific surface area of the samples is 2.2 m2/g. 
Oxidation of chromium carbide commences at 640 °C and 
nears completion at 1000 °C. The ideal synthesis parameters 
were identified as a molar ratio of Cr2O3:C = 3:13 (stoichio-
metric ratio for achieving Cr3C2 compound), and process tem-
perature of 1300 – 1400 °С. Mention exists of the synthesis 
of chromium carbide using this method from ultrafine blends 
in references [60; 61]. Reference [60] formed a precursor 
(chromium tartrate) through a combination of chromium oxide 
CrO3 solutions and tartaric acid, followed by drying. Similarly, 
in [61], a precursor was obtained from ammonium bichromate 
(NH4)2Cr2O7 and glucose. Heat treatment of the blends was 
performed in argon at 1100 °C [60] or in a vacuum environ-
ment (10–2 Pa) [61]. Particle sizes measured 1 – 2 µm [60] or 
approximately 30 nm [61].

Methane [62], along with its blends containing hydro-
gen [63] or argon [64; 65], can serve as effective reducing 
agents. The temperatures required for carbide formation are 
lower compared to those when solid carbon materials are 
used. While it is true that thermodynamically speaking, 
the use of hydrocarbons can lower the initiation tempera-
ture of reduction, this approach adds complexity to the pro-
cess and raises concerns about its fire and explosion risks.

 Vapor deposition

In [66], the production of ultrafine chromium carbonit-
ride powder of Cr3(C0.8N0.2)2 , through plasma-chemical 
synthesis was explored. This process involved reducing 
chromium oxide using a nitrogen-hydrogen plasma flow 
containing propane–butane. However, the exhaust gases 
generated during this process contain hazardous hydro-
gen cyanide. The resulting powder had an average particle 
size of 35 nm, with the primary substance content ranging 
from 90.23 to 94.60 wt. %. It is worth noting that when 
stored in air, the chromium carbonitride powders exhi-
bited significant oxygen and moisture adsorption. In com-
parison to coarser-grained chromium carbide powders [67], 
the thermal oxidative stability of this compound is rela-
tively lower: oxidation initiates at approximately 280 °C 
and is nearly completed at 580 °C. A similar process was 
examined in reference [68]. Experimental results indicated 
that the interaction between chromium oxide and hydrocar-
bons within a plasma flow did not yield higher single-phase 
carbides. Another study in [69] described attempts to pro-
duce chromium carbonitride in a nitrogen plasma flow 
through the interaction of chromium metal powder and nat-
ural gas containing 94 vol. % methane. The resulting syn-
thesis products contained 91.8 – 93.5 wt. % of the target 
compound, with particle sizes ranging from 150 to 600 nm. 

In many of the referenced works ([33 – 35; 38; 39; 
41 – 43; 45 – 47; 49; 51; 52; 54 – 56; 60; 62 – 65; 68] 

which account for approximately 83 % of the total cited 
references, information about the content of impurities in 
the final product was not provided.

 Zirconium carbide manufacturing method

 Synthesis through zirconium and carbon

In [70], zirconium and acetylene carbon black powders 
employed as initial materials. The blend, with a stoichio-
metric composition, underwent “dry” stirring for 2 – 3 h. 
Subsequently, it was compacted into briquettes to expe-
dite diffusion processes. The synthesis occurred under a 
pressure of 1.2·10–4 mm Hg (0.2 Pa). At a temperature 
of 1800 °C and a duration of one hour, zirconium carbide 
(ZrC) was successfully produced. The presence of impuri-
ties in the final product amounted to 0.6 wt. %. However, 
no information regarding particle dispersion was provided.

 Metallothermal reduction

In [71 – 73], magnesiothermal synthesis was conducted 
according to the reaction

        ZrO2 + 2Mg + C = ZrC + 2MgO. (7)

To mitigate the process’s thermal intensity, an inert addi-
tive, such as sodium fluoride, was utilized [71], or blends 
were formulated with an excess of magnesium beyond stoi-
chiometric proportions [72]. In [73], zirconium carbide was 
obtained after subjecting the materials to 30 h of mechani-
cal activation. An alternative means of initiating magnesio-
thermal reduction involves partially oxidizing magnesium 
through its interaction with water [74]. This procedure 
leads to a high-pressure environment due to the evolu-
tion of hydrogen (pressure reaching 49.15 MPa). The resul-
tant zirconium carbide nanoparticles were approximately 
500 nm in size.

In the examined process, sodium [75] can also serve 
as a reducing metal. The process in question involved 
the reagents zirconium chloride ZrCl4 , sodium and tolu-
ene. By heating the solid residue produced after the excess 
toluene had evaporated, zirconium carbide was synthesized 
at a temperature of 700 °C over the course of one hour in 
an argon environment. It’s important to note that sodium 
is highly susceptible to oxidation in air [40], which posed 
challenges during the blend preparation stage.

 Carbothermal reduction

The comprehensive reaction equation is as follows

  ZrO2 + 3C = ZrC + 2CO. (8)

Researchers [76] posit that the reduction of ZrO2 
oxide, which is thermodynamically robust, takes place 
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through carbon rather than the relatively thermodynami-
cally weaker reducing agent (CO). The interaction likely 
involves the transfer of oxide vapors (ZrO2 , ZrO [50]) 
to the oxide’s surface, followed by chemical interaction and 
desorption of the gaseous product (CO) resulting from 
the reaction. Conversely, researchers [44] lean towards 
the notion that CO drives the reduction of zirconium oxide, 
with carbon’s role limited to regeneration. However, this 
viewpoint lacks substantial experimental support. In [77], 
active carbon, carbon black, and graphite powder served 
as carbon materials. These reagents were proportioned 
stoichiometrically to facilitate reaction (8). Monitoring 
of the reduction process was based on the quantity of released 
CO oxide. At temperatures of 1800 and 2000 °C, the con-
version degree approached 100 %, and the oxygen content 
in the reaction products remained below 1 wt. % (except 
for instances involving thermal treatment with graphite). 
Carbothermal regeneration processes of titanium and zirco-
nium oxides share certain similarities, given that zirconium 
carbide forms from oxycarbide ZrOxCy . The particle size 
of the obtained material predominantly fell within the range 
of 2.4 – 7.5 μm, accounting for 90 wt. %. Reference [48] 
also utilized active carbon, carbon black, and graphite pow-
der as carbon materials. The blend was prepared in stoi-
chiometric proportion for reaction (8) and subsequently 
heated in an inert gas flow (helium). The oxycarbide phase 
ZrOxCy emerged at 1450 °C, with the ZrO2 phase already 
absent in samples synthesized at 2000 °C. Oxygen con-
tent in these samples remained around 0.6 wt. %. Notably, 
at synthesis temperatures exceeding 1450 °C, the gas phase 
primarily comprised CO oxide. This serves as unequivocal 
evidence against the feasibility of reducing zirconium oxide 
ZrO2 using carbon monoxide CO, as such a reaction would 
yield a significant quantity of oxide CO2 in the gas phase. 
However, particle size information is not provided. From 
a thermodynamic standpoint, reactions [78] are infeasible

             ZrO2 + CO = ZrC + 1.5O2 ; (9) 

            ZrO2 + 4CO = ZrC + 3CO2 . (10) 

In [78], samples composed of compressed zirconium 
oxide ZrO2 and graphite were subjected to heating within a 
helium environment. The formation of the ZrC phase took 
place at 1800 °C. The primary mechanism behind zirco-
nium carbide formation predominantly involves carbon dif-
fusion into zirconium oxide ZrO2 , as opposed to the vapor 
transfer of ZrO2 and ZrO oxides to the carbon surface, fol-
lowed by chemical interaction).

An examination of the aforementioned published data 
yields the following insights. Challenging is the align-
ment with the viewpoint of the authors in [44] concern-
ing the reduction of zirconium dioxide with carbon mono-
xide. More recent experimental findings [79] suggest 
that the reduction process more likely transpires through 
the transfer of zirconium oxide vapors to the carbon mate-

rial’s surface, accompanied by a chemical reaction and 
subsequent removal of the resulting gaseous product (CO). 
While the possibility of solid-phase interaction involving 
carbon diffusion into zirconium dioxide is not excluded, 
reduction leads to the formation of zirconium oxycarbide 
ZrCxOy , with its oxygen content diminishing over time.

The process of generating zirconium carbide via 
the interaction between zirconium dioxide and carbon was 
outlined in [79 – 81].

A thermodynamic analysis of the process for obtain-
ing zirconium carbide and its synthesis through heating 
a compressed mixture with an argon-hydrogen plasma 
was conducted in [79]. When employing a reactant ratio 
(ZrO2 + C) in accordance with the stoichiometry of Eq. (5), 
the degree of transformation of zirconium dioxide into car-
bide approached unity within the temperature range 
of 1900 – 3800 K. In experiments involving a stoichio-
metric reactant ratio and a thermal treatment time of three 
minutes, the resulting product was single-phase (ZrC) with 
a carbon content of 4.14 wt. % and an oxygen content 
of 0.35 wt. %. However, information regarding the dis-
persity of zirconium carbide was not provided. Zirconium 
carbide was synthesized in [80] using zirconium dioxide 
and carbon black. The mixture of calcined components 
was ball-milled for eight hours and subsequently heated in 
a hydrogen environment. Optimal outcomes were achieved 
at a temperature of 2200 °C and a holding time of 60 min. 
The content of bonded carbon amounted to 11.30 wt. %, 
while the calculated content was 11.65 wt. %. Unfortu-
nately, no information concerning powder dispersity was 
provided. In [81], the reagents comprised zirconium dioxide 
and graphite powders, with the blend’s composition aligning 
with the stoichiometry of Eq. (8). Consequently, the reduc-
tion of zirconium dioxide to carbide does not involve car-
bon oxide (CO). The blend underwent high-energy grind-
ing in a planetary mill for 20 h, followed by heat treatment 
at temperatures ranging from 1300 to 1600 °C for two hours 
under vacuum conditions. Full transformation of the reac-
tants was achieved at 1400 °C. This indicates that the uti-
lization of high-energy grinding enables a reduction in 
the carbide formation temperature by 400 °C. No reports 
of reagent contamination with grin ding media and lining 
materials were made. The resulting powdered material con-
sisted of agglomerates measuring approximately 7 μm in 
size, comprised of particles around 200 nm in size. 

The synthesis of zirconium carbide utilizing nanofibrous 
carbon, characterized by its low impurity content (around 
1 wt. %) and substantial specific surface area (approxi-
mately 150 m2/g) [59], was explored in references [82; 83]. 
The blend was formulated in accordance with the stoichi-
ometry of Eq. (5). It was observed that the use of such mate-
rial led to a reduction in the process temperature by approx-
imately 200 °C, ultimately yielding a highly dispersed 
single-phase product (ZrC) with an average particle size 
of approximately 15 μm. The impurity content remained 
relatively low, approximately 2 wt. %. 
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The series of publications provides comprehensive 
insights into the zirconium carbide production process 
via the carbothermal method from ultrafine blends. Zir-
conium butoxide Zr(OC4H9)4 [84 – 86], zirconium n-pro-
poxide Zr(OC3H7)4 [87 – 89], zirconium tetrachloride 
ZrCl4 [90 – 92], zirconium nitrate Zr(NO3)4∙5H2O [93], 
and zirconium oxychloride ZrOCl2∙8H2O were utilized 
as zirconia sources [94 – 96]. The carbon sources encom-
passed propanol C3H7OH [95], butanol C4H9OH [84; 85], 
furfuryl alcohol С5Н5ООН [92], acetylacetone СН3–СО–
СН2–СО–СН3 [89; 96], sucrose [87; 95], phenolic resin 
[86; 88; 91], salicylic acid С6Н4–ОН–СООН [89], triethyl-
amine C6H15N [89], divinylbenzene C6H4(C2H5)2 [90], glu-
cose [94; 96], chitosan [93], 1,4-butanediol С4Н10О2 [96]. 
The reagents containing zirconium and carbon were stirred 
for 1 – 3 h. Subsequently, the solvent was removed either 
through evaporation or by subjecting the mixture to vac-
uum conditions. The resulting dry residue (ultrafine mix-
ture) underwent heat treatment within an inert gaseous 
medium or under vacuum at conditions at temperatures 
ranging from 1250 to 1600 °C.

It is intriguing to note that in nearly all the aforemen-
tioned publications, the authors carried out calculations 
based on reaction (8) during blend preparation. Conse-
quently, they hold the belief that the reduction of zirconium 
carbide from the oxide takes place through solid carbon, 
rather than involving carbon monoxide CO.

 Vapor deposition

Zirconium carbonitride ZrC0.90N0.06 was synthesized 
within a nitrogen-hydrogen plasma flow through the reduc-
tion of zirconium oxide ZrO2 with propane-butane [66]. 
The content of impurities (ZrO2 and free carbon, Cfree ) 
within the resulting reaction products ranged from 16.88 
to 19.95 wt. %. One potential explanation for such a high 
impurity content lies in the considerable thermodynamic 
stability exhibited by zirconium oxide [11]. The average 
particle size of the synthesized material measured around 
50 nm. It’s essential to highlight that the exhaust gases 
produced during this process contain toxic hydrogen cya-
nide. Additionally, observations indicated that the zirco-
nium carbonitride powders, when exposed to air, exhibited 
a pronounced propensity for oxygen and moisture adsorp-
tion.

 Synthesis through salt melt electrolysis

In [97], zirconium carbide powder with particle size 
ranging from 60 to 100 nm was successfully produced 
through electrolysis in a calcium chloride melt at a temper-
ature of 1123 K (850 °C). A compressed mixture of ZrO2/C 
was utilized as the anode, and the process ran for a dura-
tion of seven hours.

In several of the cited publications ([73 – 75; 78; 81; 84; 
85; 89 – 92; 95 – 97], amounting to approximately 65 % 

of the total references), no information regarding the con-
tent of impurities in the final product was provided.

 Conclusions

This text discusses refractory oxygen-free metal-like 
compounds, specifically chromium and zirconium carbides, 
highlighting their properties and applications. Chromium 
and zirconium carbides are characterized by high thermal 
and electrical conductivity, notable hardness, and chemical 
inertness. They find application across various engineering 
fields, such as abrasives, wear-resistant ceramics, and com-
ponents in surfacing materials. Chromium carbide is utilized 
in tungsten-free hard alloys and carbide steels. Zirconium 
carbide shows promise as an inhibitory additive in hard 
alloy production and can function as a catalyst in organic 
synthesis. The methods for preparing these compounds are 
detailed and analyzed, outlining their distinctive features. 

The majority of research on the synthesis of chromium 
and zirconium carbides focuses on their production from 
simple substances through carbothermal and metallother-
mal processes. Limited information exists on the prepara-
tion of these compounds via vapor-gas deposition. A note-
worthy observation is that many cited publications lack 
details about the purity of the reaction products, often 
relying solely on X-ray phase analysis to gauge the comp-
leteness of the carbide formation processes. A plausible 
mechanism for the formation of these compounds involves 
the transfer of oxide vapors to the surface of carbon mate-
rial particles, followed by subsequent chemical interac-
tion. Additionally, it’s conceivable that carbides may form 
through direct contact between solid reagents.
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