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ABSTRACT 

In binary carbides, one of the constituent elements is carbon whereas other one is a much less electronegative 

element. These compounds show several unique properties. They are extensively used for numerous industrial 

applications. Hence, several routes of synthesis have been developed to synthesise a range of carbides. Normally, 

heat treatment is required to synthesise carbides. In recent years, microwaves as a heating aid, have extensively 

been used in laboratories for chemical synthesis. Microwave assisted synthesis of materials is much less time 

consuming than the conventional heating method. A range of carbides have been synthesised using microwave 

heating as carbon couples with microwaves. The generation of heat in carbon, when exposed to microwaves, is 

explained through conduction mechanism. Microwave assisted synthesis of carbides is fast, simple, cost-effective 

and environmentally friendly. 
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INTRODUCTION 

Carbides are important compounds because of their unique properties and numerous applications [1-17]. Hence, 

several routes of synthesis have been developed for their synthesis [18-81]. These are the compounds of carbon with 

less electronegative elements. Compounds of carbon with nitrogen, phosphorus, oxygen, sulfur and halogens are not 

recognized as carbides [82]. They are classified as follows: 

1. Salt like or ionic carbides: Carbides of highly electropositive elements such as alkali metals, alkaline earth 

metals and aluminum are termed as ionic or salt like carbides. Few of these carbides for example aluminum 

carbide and calcium carbide, behave as if the carbon atom is present in in anionic form as when they are 

treated with water hydroxides of the metals is obtained [82].  

2. Covalent carbides: Metalloids such as silicon and boron form carbides. Covalent bonds exist between the 

metalloid atom (i.e. atoms of silicon and boron) and carbon atom. These are extremely hard, infusible and 

chemically inert [82]. 

3. Interstitial carbides: Carbon atoms occupy the interstitial space in the closed packed array of metal atoms. 

These are very hard with high melting points. They are good conductors of electricity. These can be 

hydrolyzed by water or dilute acids [82]. 

4. Intermediate transition metal carbides: these are formed when the size of transition metal ion is smaller 

than 135 pm. This results in the formation of complex structures. For example, iron reacts with carbon to 

form a range of carbides e.g. Fe3C, Fe7C3 and Fe2C [83]. In this article properties, applications and 

microwave assisted synthesis of binary carbides are reviewed. Microwave heating mechanism is also 

discussed. Generally, carbides are hard materials with excellent wear resistance properties. They are 

chemically not very reactive and show refractory behavior as well. These characteristics make them 

suitable candidates for the fabrication of cutting tools, sharp instruments and hard coatings. The properties 

and applications of few binary carbides are listed in Table 1. 
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Table 1: List of properties and applications of binary carbides 

Sr. 

No. 

Molecular 

Formula  
Properties Applications 

1 SiC 

Low density, high strength, low thermal 

expansion, high thermal conductivity, high 

hardness, high elastic modules, superior 

chemical inertness, wideband-gap 

semiconductor 

Abrasive, ceramics, heat exchangers, seals, 

bearings, hot gas flow liners, fixed and 

moving turbine components 

2 WC Very hard and abrasion resistant  
Fine drills, wear parts, mining and cutting 

tools 

3 Fe3C Hard, brittle, high resistance to oxidation 
Important constituent of steel, in bio-

catalysis, as a recoverable catalyst 

4 B4C 

Extremely hard, good chemical resistance, 

low density, good nuclear properties, 

chemical inertness and high module of 

elasticity 

Abrasives, shielding, control rod and shut 

down pellets, water jet cutters, in automobiles 

and aircraft components, protecting films for 

hard disk and armor, as a neutron absorber in 

nuclear reactors 

5 TaC 

Extremely hard, heavy brown color 

powder, slightly soluble in acids, having 

metallic luster 

In the fabrication of cutting tools, in the 

production of sharp instruments, as a coating 

for steel molds, act as a grain growth inhibitor 

6 TiC 
Synthetic, super-hard, high melting point, 

heat resistant material. 

In the manufacture of metal working tools, 

carbide steel and protective coating 

7 CaC2 
Decomposes when comes in contact with 

water, colorless in pure form 

In the manufacture of acetylene, calcium 

cyanamide, synthetic rubber and plastic 

8 Al4C3 
Soluble in dilute hydrochloric acid, 

moisture sensitive 

In the manufacture of aluminum nitride, in 

generating methane, in reducing metal oxides 

9 Mo2C Insoluble in water Used as a coating material and in cutting tools 

10 ZrC 

High thermal conductivity, high melting 

point, polar covalent compound and 

inertness 

Used as refractory coating in nuclear reactors, 

in thermo-photovoltaic radiators, as an 

abrasive and in cladding 

11 VC 

Cubic crystal structure, chemically stable 

and has excellent high temperature 

property 

As an additive to tungsten carbide to improve 

the property of cermet, control the 

mechanical property of alloy in steel 

12 Cr3C2 

Orthorhombic crystal, good resistance to 

corrosion, ability to resist oxidation even at 

high temperature 

In the production of diamond, used to protect 

steel and various alloys to chemical attack 

13 HfC 
Most refractory compound till date, low 

oxidation resistance, insoluble in water 

Used in hard coatings, often applied by 

processes such as plasma spraying 

14 NbC 
Lowest of all refractory metal carbides, 

low solubility product in austenite. 

Electrical contact coating, in tool bits for 

cutting tools, prevent excessive grain growth 

in steel 

15 Ni3C 

Low friction, shows piezo-resistive 

behavior, having largest bulk module in all 

carbides 

Act as an intermediate in the process of 

dissolving carbon in nickel, also act as a 

source of grain rotation in epitaxial graphene 

16 Co2C 

Paramagnetic and strong metallic- 

compound, its formation is energetically 

favored and has orthorhombic structure 

Used in the production of hydrogen from 

steam reforming of alcohols, important role in 

the synthesis of mixed linear alpha alcohols 

17 Be2C 

Oxidizes in air, reduced by hydrogen, it 

reacts with dilute acids and strong alkalis, 

slowly hydrolyzes in moist air and strongly 

in hot water 

Used in atomic power applications because of 

its nuclear properties 
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SYNTHESIS OF BINARY CARBIDES 

Binary carbides are synthesised through several methods. The various routes of synthesis of binary carbides are 

listed in Table 2. Different methods are employed to synthesise carbides in an attempt to find out the best practice. A 

list of different synthetic routes employed for the preparation of different binary carbides are listed in Table 2 [18-

81]. It was observed that heating is an important aid to bring about the chemical reaction. Normally, the reaction 

mixtures were heated using an electric furnace. It is a long and cumbersome process. To improve these processes the 

electric heating was substituted with microwave heating. It was believed that because of the difference in heating 

mechanism the rate of reaction will increase. The heating mechanisms are discussed in the following sections.  

Table 2: Routes employed for the preparation of binary carbides 

Sr. No. Molecular Formula Route of Synthesis 

1 SiC 

(1) Sol gel route 

(2) Mechanical alloying method 

(3) Liquid phase sintering technique 

(4) Microwave synthesis 

2 WC 

(1) Solid-state synthesis  

(2) Hydrothermal method 

(3) Microwave synthesis 

3 Fe3C 

(1) Biopolymer route 

(2) Combustion method 

(3) Thermal treatment 

(4) High pressure synthesis 

4 B4C 

(1) Carbothermic reduction method 

(2) Microwave carbothermal reduction method 

(3) Low temperature synthesis 

(4) Electro-spinning technique 

(5) Low temperature technique 

(6) Combustion synthesis 

(7) Sol gel synthesis using microwave 

5 TaC 

(1) Liquid precursor route 

(2) Solvothermal route 

(3) Spark plasma sintering 

(4) Vapor phase synthesis 

6 TiC 

(1) Carbothermal reduction process 

(2) Thermal plasma method 

(3) Low temperature method 

(4) Self- propagating high temperature synthesis 

(5) Microwave synthesis 

7 CaC2 

(1) Solid phase synthesis in a plasma reactor 

(2) Solid state synthesis using microwave 

(3) Plasma spout fluid bed method 

(4) Oxygen thermal method 

8 Al4C3 

(1) Low temperature synthesis 

(2) Carbothermal synthesis 

(3) Ball milling technique 

9 Mo2C and MoC 

(1) Thermal carburization method 

(2) Epitaxial synthesis  

(3) Chemical vapor deposition method 

(4) MoC via microwave heating 

10 ZrC 

 (1) Sol-gel route 

 (2) Carbothermal reduction 

 (3) Polymerized complex route 

 (4) Low temperature synthesis 
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11 VC 

(1) Thermal method 

(2) Low temperature synthesis 

(3) Mechanical alloying method 

(4) Thermal refluxing method 

(5) Hydrothermal method 

12 Cr3C2 

(1) Conventional method 

(2) Chemical reduction 

(3) Mechanical- thermal method 

(4) Spark plasma sintering method 

(5) Combustion synthesis 

13 HfC 

(1) Sol-gel route 

(2) Carbothermal reduction method 

(3) Plasma sintering process 

(4) Liquid phase synthesis 

(5) Low temperature synthesis 

14 NbC 

(1) Low temperature treatment 

(2) Carbothermal route 

(3) Mechanochemical method 

(4) Self- propagating high temperature method  

(5) Microwave synthesis  

15 Ni3C 

(1) Thermal decomposition 

(2) Mechanochemical method 

(3) Physical vapor deposition 

16 Co2C 

(1) Low temperature synthesis  

(2) Polyol reaction 

(3) Laser synthesis  

17 Be2C (1) High temperature synthesis  

 

Microwave Assisted Synthesis of Binary Carbides  

Generally, carbides are synthesised at high temperatures. It is also a time-consuming process. To improve this 

process and to reduce the time microwaves was used. The difference is attributed to the difference in heating 

mechanisms. The heating mechanisms are as follows: 

 

The conventional heating mechanism:  

The exterior of the reactants is heated via radiation, convection or conduction. Normally, mixture of all three and 

hence the rate of heating is slow. The rate of flow of heat inside the body is determined by the physical properties of 

the work piece. They are i) specific heat; ii) thermal conductivity and iii) density. The combination of these is 

termed as “thermal diffusivity”. Thermal diffusivity determines the rate of rise of temperature inside the work-piece. 

Time and the thickness of the work-piece play an important role. As thicker the work piece, the greater will be the 

time it will take to transfer heat. Rate of transfer of heat cannot be changed neither the temperature achieved by the 

surface of the work-piece can be increased. Hence, temperature of the inner part of the work-piece depends upon the 

thermal diffusivity as well as the maximum temperature the surface of the work-piece can achieve [84]. In contrast 

to that in microwave heating, the electromagnetic radiation penetrates inside the work piece. It does not depend on 

the temperature of the surface. Hence, rise in temperature inside the work-piece is greater rate in microwave heating 

than the rate of rise of temperature via conventional heating.  

 

The microwave heating mechanism:  

Electromagnetic waves with wavelengths in the range of 1 mm to 1 m and frequency between 0.3 GHz to 300 GHz 

is termed as microwaves. The microwave heating mechanism is explained via the following ways: 

i) Microwave heating due to molecular polarization  

ii) Microwave heating due to conduction 

iii) Microwave heating in metal powder 

iv) Interfacial polarization 
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Microwave heating due to molecular polarisation: The molecules of a work-piece interact with the microwaves. 

Molecules contain both positive and negative charges. When these charges come in contact with the microwaves 

they tend to align with the electromagnetic field. The dipoles get energy from the electromagnetic field for rotation 

but the dipoles lag behind the alternating electric field of the electromagnetic radiation. This lag in rotation causes 

molecular friction which generates heat inside the work-piece. This gives rise to a phase difference. This phase 

difference causes energy to be lost from the dipole, by molecular friction and random collisions, giving rise to heat 

into the body. Thus, the tendency of displacement of charges within the material due to application of microwaves is 

one of the main causes of generation of heat [85-89]. This mechanism is further understood in the categories of 

electronic polarisation, polarisation due to inter-nuclear displacement and dipolar polarisation. Normally, when we 

heat our food in a domestic microwave oven, heat is produced via dipolar polarisation. As our food contain water. 

The molecules of water contain permanent dipole. A domestic microwave oven is tuned for water. 

The above discussed mechanisms can be explained simply as that the oscillating electric and magnetic field of the 

electromagnetic field applies a force on the charged particles thus compelling the molecules to migrate and rotate. 

This molecular movement creates intermolecular friction which in turn produces heat.  

 

Heating effects due to conduction: The microwave heating mechanism when a conducting material is exposed to 

microwaves is explained by the conduction mechanism. The conduction mechanism is discussed in the next section. 

When a material having loosely bound charged particles which are free to travel in the material, for example 

electrons in a sample of carbon such as graphite where labile electrons present in the system, or a solution 

containing ionic salts such as sodium chloride solution in water, are exposed to microwaves the oscillating 

electromagnetic field generates an oscillation of electrons or ions in the material, resulting in an electric current. 

These current faces internal resistance, which heats the material [85].  

 

Microwave heating in metals: Heat is generated when a metal is exposed to microwaves. The mechanism of heat 

generation in metals can be explained by ‘skin effect’. Metals contain labile electrons on their outer surface. The 

electronic structure of metal can be visualised as positively charged ions submerged in a “sea” of electrons. When 

the metal is exposed to microwaves, there is tendency of the microwaves to disperse on the surface of the metal. 

Electric current tends to flow at the surface of the material which is known as the ‘skin effect’ and the measure of 

the distance over which the current falls to 1/e of its original value is known as the ‘skin depth’ [85-92]. The 

mechanism of heat production can be explained using Joule’s law or Ohmic heating. The microwave heating of 

metals often is accompanied by the formation of plasma. 

 

Interfacial polarisation: This mechanism is important for systems comprised of conducting inclusions in a second 

non-conductive material. An example would be a dispersion of metal particles in a microwave transparent material 

such as sulphur. Sulphur is microwave transparent and the metals reflect microwaves yet the combination of the two 

makes the heterogeneous phase mixture microwave absorbent. It can be viewed as a combination of the conduction 

and dipolar polarisation. The formation of a few of the chalcogenides via microwave heating such as synthesis of 

arsenic sulfide [90-92] may be explained by this mechanism. Although arsenic is generally viewed as being a 

metalloid rather than being a true metal, being located in the middle of the ‘p’ block of the Periodic Table.  

 

Microwave Assisted Synthesis of Carbides 

It is possible to synthesise SiC via MW-heating. Graphite powder and carbon black was used as a source of carbon 

whereas silica gel and amorphous silica was used source of silicon. Carbon was taken in excess (SiO2/C = 1/3). The 

presence of excess of carbon prevents the formation of SiO and CO. These reactants were added to solvents like 

water or a mixture of ethanol and water. The mixture (i.e. the mixture of carbon, silica and solvent) was sonicated. It 

was believed that sonication will increase the level of mixing. The mixture was then heated with constant stirring to 

obtain a dry powder. This powder was then pressed to make a pellet. Pelleting increased the contact between carbon 

and silica particles. Pellets were exposed to microwaves (2.45 GHz) in a multimode cavity microwave oven. The 

time of exposure of microwaves varied from 10 minutes to 60 minutes in different sets of experiments. X-ray 

diffraction pattern suggested the formation of -SiC when the pellet was exposed to microwaves for an hour. The 

results obtained from MW-heating were compared with that of the results obtained from carbothermal reaction. In 

this (i.e. in carbothermal method) silica gel and carbon was allowed to react at 1450°C to 1500°C in an electrical 

furnace for two hours. XRD results suggested that SiC was not formed by carbothermal method even after two hours 

of heating whereas the exposure of microwaves for an hour resulted in the formation of pure SiC. The difference in 

results can be attributed to the difference in the heating methodologies used. The mechanism of MW-heating is 
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different from that of the conventional heating method. Heat is generated because of molecular agitation when the 

reactants were exposed to microwaves [19,93]. 

Carbide of boron was synthesised using microwave assisted carbothermal reduction. High purity disordered carbon 

black and boric acids were used as source of carbon and boron. Different ratios boric acid and carbon black were 

added to ethanol in different sets of experiments with an aim to synthesise carbide of boron with different 

percentage of boron. The mixture was then heated at 50°C to partially evaporate the solvent form a paste like 

mixture. The mixture was then extruded and heated at 50°C in a kiln. Samples were exposed to microwaves for 20 

minutes in a domestic oven (2.45 GHz, Cober, USA). The DMO cavity was flushed with argon (rate of flow of 

argon was reported to be 1liter/min) before the experiment. Crystals of boron carbide in nano-meter scale were 

formed. The reaction did not require any catalyst e.g. cobalt. Microwave carbothermal reduction process is fast, 

cost-effective and environmentally friendly [27]. Application of microwaves proved promising when boron carbide 

was synthesised using sol-gel method [32]. 

Titanium carbide and calcium carbide were synthesised via microwave carbothermal reduction. Oxides of titanium 

and calcium were taken as sources of calcium and titanium in these experiments. Carbon black was used as source 

of carbon. Theses starting materials were mixed with organic solvents (absolute ethanol was used for the preparation 

of TiC whereas acetone was used for the preparation of CaC2) and ball milled for several hours (12 hours for the 

preparation of TiC and 24 hours for the preparation CaC2) for intimate mixing. This mixture was dried (6 hours in 

electrical furnace at 80°C for synthesising TiC whereas 24 hours under vacuum for synthesising CaC2). These were 

then exposed to microwaves using a microwave oven. Reactions were carried out in microwave oven working at 

2.45 GHz. Microwave oven from Institute of Metal research (Shengyang, China, CAS. MFM-863III) was used for 

the synthesis of TiC whereas industrial microwave reactor (Hadron Technologies Inc.) was used for the preparation 

of CaC2. TiC and CaC2 were formed in much less time via microwave heating than the conventional heating. CaC2 

was synthesised in 180 minutes in DMO whereas it could be synthesised in 1200 minutes via conventional heating 

method. The success in these can be attributed to the difference in heating mechanisms [40,42]. 

WC is exceptionally resistant towards CO poisoning. This makes them promising materials that can be used with 

electrocatalyst in fuel cells. To increase the surface area of the WC, catalyst-supporting approaches are used. Ma. et. 

al. synthesised mesoporous carbon supported WC using microwave heating. WCl6 was used as source of W whereas 

sucrose was used as source of carbon. WCl6 and sucrose were dissolved in ethanol-water mixture. This mixture was 

then added to a solution of Pluronic F127 (a polymer) in ethanol. In a different set of experiment, WCl6, sucrose and 

the solvent mixture (i.e. ethanol-water mixture) was added to solution mesoporous silica (SBA-15, SBA15 was also 

dissolved in ethanol). The mixtures were then exposed to microwaves (Biotage, Initiator EXP) at 100 C for 60 min. 

The product was then calcinated at 900°C for 3 hours in a controlled environment (i.e. under the flow of argon and 

hydrogen gas). Results suggested that WC was formed in both the cases [94]. 

MoC was also synthesised via microwave heating. Ammonium-heptamolybdate (AMD) was used as source of Mo 

whereas carbon was used as source of carbon. AMD was dissolved in water. Carbon powder was dispersed in this 

solution. The reaction container was flushed with nitrogen in an attempt to remove oxygen. This reaction mixture 

was then exposed to microwaves for 2 minutes at 800 Watts when MoC was synthesised. 

NbC was synthesised through solid-state synthetic route. Powders of Nb and C were mixed and pressed to pellets. It 

was then exposed to microwaves when carbides were formed. A single mode cavity was used. NbC can be formed in 

20 seconds. The occurrence of fast reaction was attributed to the generation of heat at molecular level when the 

reactants were exposed to microwaves. 

Titanium carbide and tantalum carbide were synthesised. Oxides of titanium (TiO2) and tantalum (Ta2O5) were used. 

Powdered carbon black was used as source of carbon. These oxides were mixed thoroughly and exposed to 

microwaves. A multimode microwave oven working at 2.45 GHz was used. The cavity was flushed with argon gas 

to create inert atmosphere. Microwave power was controlled between 500 Watt to 5 kWatt. Rise in temperature of 

the samples were measured using optical device. Rate of increase of temperature was very high which a challenge as 

described by the authors became. Commercial grade TiC cannot be synthesised. This result was attributed to either 

the use of argon atmosphere instead of vacuum or excessive growth of the grain which hindered the reaction. On the 

other hand, TaC was formed in pure phase. Conventionally, it takes about 6 hours to synthesise TaC at ~ 1750°C 

whereas the application of microwaves reduces the time to 60 minutes at 1500°C. 

Oxide of chromium was mixed with carbon in absolute alcohol. The mixture was ball milled for 12 hours. The 

mixture was dried for 4 hours at 100°C. It was then exposed to microwaves in a multimode working at 2.45 GHz 

(Zhongsheng Thermal Technology Co., Ltd., China) in argon gas atmosphere when chromium carbide nano-

powders were formed. It was at least three hours less time consuming than the conventional methods.  
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Oxides of vanadium (V2O5) were mixed with magnesium and amorphous graphite. The mixture was milled for 24 

hours. The milling was done in a controlled environment (in high purity argon atmosphere). It was washed with 

acetic acid to remove oxides of magnesium. The mixture was then irradiated with microwaves at 900 Watts. The 

microwave oven was working at 2.45 GHz frequency. V8C7 nano powder was successfully synthesised. Al4C3 is 

synthesised via microwave heating in 30 minutes at 800 Watts. A microwave oven working at 2.45 GHz was used 

for this purpose. Aluminium metal powder and graphite were used as source of aluminium and carbon. These two 

powders were mixed thoroughly and pressed into pellet for close contact of the two materials. The microwave 

synthesis was much faster as compared to conventional method. Conventionally, it takes about 12 hours. 

CONCLUSION 

A range of carbides are synthesised via microwave heating. Microwave assisted synthesis has been proved to be fast, 

simple, cost-effective and environmentally friendly. This observation can be attributed to the microwave heating 

mechanism. Carbon absorbs microwaves and heat is generated. The mechanism of heat generation in carbon is 

explained by conduction mechanism. Carbon has very important role in microwave assisted synthesis of carbides. It 

reduces the oxides if in case oxides are taken as starting materials on the other hand it also acts as microwave 

absorbers. 
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