
 

Synthesis and Characterization of  

Chromium Carbide (Cr3C2) Nanoparticles 

 

A thesis submitted in partial fulfillment for the 

requirement of degree of 
 

Master of Technology 
in 

Materials and Metallurgical Engineering 

 

 by 

Shalini Rajpoot 

 (Roll No. 601102009) 

 

Under the supervision of 

Dr. O. P. Pandey 

Senior Professor 

   School of Physics and Materials Science 

 

                                                                                            

 
 

School of Physics and Materials Science 

Thapar University 

Patiala-147004, INDIA 

 

July, 2013 

    



 

 

 

 

 

 

 

“Dedicated to my loving parents” 

 







 

 

Abstract 

 
Carbides, a very unique field of research, becoming very attractive and promising candidates in 

modern scientific and technological applications. Among these, chromium carbide exhibit extremely 

good strength, hardness, anti-erosion and corrosion properties, surface characteristic, etc. Also, 

chromium carbide acts as a grain growth inhibitor, widely used in composites by the incorporation of 

different secondary phase, such as fine grains of cemented carbides WC-Co and Al2O3 matrix. 

Because of these inherent properties chromium carbides are found excellent reinforcement for 

toughening purpose owing to its high Young’s modulus, making it most demanding material among 

carbides. These properties are further enhanced by synthesizing chromium carbide in nano scale. 

Nano grained materials exhibit superior properties than conventional one.  

The present work is an attempt to synthesize chromium carbide (Cr3C2) nanoparticles by thermo-

chemical reaction route where chromium oxide (Cr2O3) is reduced to nano- chromium carbide (Cr3C2) 

at temperature range 600-800
o
C. The phase identification of the product phase(s) was done by X-ray 

diffraction and Transmission electron microscope techniques.  
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CHAPTER 1 

 

INTRODUCTION 
 
 

1.1 General information on carbides 

Transition metal carbides are the materials exhibiting numerous industrial applications with 

promising future for scientific community. Although most of their applications are recent though 

the refractory carbides have been known for over one hundred years. Because of their high 

melting point, high hardness, high temperature strength, high Young's modulus, high anti wear 

properties, they are used in cutting tools, dies, abrasives, as anti-wear coating. Moreover, their 

performance under severe temperature gradients, along with thermal shock, fatigue, abrasion, 

attrition and chemically induced wear is better [1, 2]. Apart from these properties, the transition 

metal carbides have large potential to replace Pt/Pd in heterogeneous catalysis also [3]. Due to 

the attractive properties of these metal carbides, they are becoming promising candidates for the 

modern industry in a very short time.  

1.2 Refractory Carbides 

Transition metal forming carbides in Groups IV-VI have very high melting points and are 

therefore referred to collectively as “refractory carbides”. The term refractory means a material 

with high melting point, arbitrarily fixed at >1800
o
C, as well as high degree of chemical stability. 

The intermediate and salt-like carbides do not fulfil one or both of these qualifications and 

therefore, cannot be considered as refractory. Only the interstitial and covalent carbides fulfil 

these conditions [4]. 
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1.3 Classification 

The refractory carbides, their classification and general features are categorized on the basis of 

structural characteristics. These materials can be divided into two major types: 

 The interstitial carbides (formed by element of Box A). 

 The covalent carbides (formed by element of Box B). 

Table 1.1 Periodic table of the elements showing their electro-negativity and elements forming  

              the refractory carbides [4]. 

 

 

 

 

 

 

 

 

 

 

 

 

1.4 Factors controlling carbide formation 

There are three general factors which play vital role in the formation of carbides, i.e. the 

difference in electro-negativity between carbon and the other elements, the size of the respective 

atoms and the bonding characteristics of these atoms. These factors are examined in the 

following three sections: 
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1.4.1 Electronegativity 

The difference in electro-negativity between carbon and other elements forming carbides is an 

important factor in determining the nature of the compound. As shown in the table 1.1, the 

difference in the interstitial carbides is large (Box A) while it is much less pronounced in the 

covalent carbides (Box B). 

1.4.2 Atomic radii 

The atomic radius of the constituent elements is the second factor controlling carbide formation.  

If the difference of atomic radius between carbon and other elements forming a carbide is large, 

interstitial carbides are formed (e.g., Cr3C2) and for the covalent carbides formation, this 

difference is small (e.g., SiC) [5]. Atomic radii of some elements are shown in table 1.2. 

 

Table 1.2 Approximate atomic radius of carbon and selected elements [5]. 

 

 

 

 

 

 

 

 

 

 

 

Element Atomic Number Atomic Radius (nm) 

Boron 5 0.088 

CARBON 6 0.078 

Nitrogen 7 0.074 

Oxygen 8 0.066 

Aluminum 13 0.126 

Silicon 14 0.117 

Titanium 22 0.1467 

Vanadium 23 0.1338 

Chromium 24 0.1267 

Manganese 25 0.1261 

Iron 26 0.1260 

Cobalt 27 0.1252 

Nickel 28 0.1244 

Zirconium 40 0.1597 

Niobium 41 0.1456 

Molybdenum 42 0.1386 

Hafnium 72 0.1585 

Tantalum 73 0.1457 

Tungsten 74 0.1394 
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1.4.3 Bonding properties of carbides 

Interstitial carbides 

The difference in electro-negativity between the two elements of the interstitial carbides is large.  

They are so called interstitial because the carbon atom has a much smaller size than the other 

atoms, allowing it to nest in the interstices of the lattice. For the formation of an interstitial 

structure, the ratio of the radius of the interstitial atom to the radius of the atom of the host metal 

must be less than 0.59. The bonding is partly covalent and ionic, but mostly metallic which 

explains why the interstitial carbides closely resemble metals. Like metallic alloys, their 

electrical and thermal conductivities are high. In addition, they have high melting points, high 

hardness and are chemically inert and fully qualify the ‘‘refractory criteria’’ [6]. 

Covalent carbides 

The difference in electro-negativity between the two elements of the covalent carbides is small. 

Since the carbon atom is slightly smaller than the other atom so they form covalent bond. Only 

two covalent carbides, silicon carbide and boron carbide, fully meet the refractory criteria. Other 

carbides such as Be2C, are only partially covalent while they have high melting point but are 

generally not chemically stable and are therefore, not considered here. 

1.5 Classification on the basis of group of elements 

1.5.1 Group IV carbides (Ti, Zr, and Hf carbides) 

This section shows the characteristics of the interstitial carbides formed by the metals of group 

IV: Titanium, Zirconium and Hafnium. The rationale for reviewing this compound together in 

one chapter is their similarity in atomic bonding, composition and crystallography which is 

summarized as follows: 

    i. The metal-to-metal bond is relatively weak and the metal-to-carbon bond is strong. 
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   ii. The only stable composition is the monocarbide with carbon atoms in all octahedral sites. 

  iii. The major crystalline structure is CCP with FCC symmetry (NaCl). 

1.5.2 Group V carbides (V, Nb and Ta carbides) 

This section shows the characteristics of the interstitial carbides formed by the metals of group 

V: Vanadium, Niobium, and Tantalum. These three carbides have similar atomic bonding, 

composition and crystallography and are summarized below: 

    i. Both metal-to-metal and metal-to-carbon bonds are strong. 

   ii. Unlike the carbides of group IV, they have two compositions: 

 a subcarbide, M2C with carbon atoms in half of the octahedral sites. 

 a monocarbide, MC with carbon atoms in all octahedral sites (at stoichiometry). 

  iii. They have two crystalline structures: HCP (M2C) and CCP (MC) with FCC symmetry 

       (NaCl). 

1.5.3 Group VI carbides (Cr, Mo, and W carbides) 

This section shows the characteristics of the interstitial carbides formed by the metals of group 

VI: Chromium, Molybdenum and Tungsten. These three carbides have similar atomic bonding, 

composition and crystallography. They have a more complex composition and crystallography 

than the carbides of group IV and V. They have several compositions as [7]: 

Cr23C6, Mo2C, W2C, 

Cr7C3, Mo3C2, WC, 

Cr3C2 

Their structural characteristics can be summarized as follows: 

    i. They have two major crystalline structures: Hexagonal and Orthorhombic. 

   ii. The mono carbide form is retained in MoC and WC but, unlike the carbon atoms in MoC  
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       and WC occupy the more spacious trigonal prismatic sites (hexagonal structure) [8, 9]. 

  iii. The metal-to-metal bonds are strong and the metal-to-carbon bonds are weak. 

  iv. The carbides of group VI are important industrial materials, particularly tungsten carbide  

       and chromium carbide. 

1.6 Nano materials 

Miniaturization is a general aim of the technology that is taking place to produce smaller, faster, 

lighter and cheaper materials with greater performance while using fewer raw materials. 

Research on nano materials is a step towards miniaturization of technology that will contribute 

significantly towards a sustainable usage of raw materials and energy. Properties of nano 

particles are different and often superior to their conventional counterparts having polycrystalline 

structure. These properties depend on the microstructure which is determined by the chemical 

composition, grain size, atomic structure, crystallographic orientation and dimensionality. Nano 

particles, due to their smaller size and a large surface to volume ratio, exhibit interesting novel 

properties which include nonlinear optical behaviour, increased mechanical strength, enhanced 

diffusivity, high specific heat, magnetic behaviour and electric resistivity etc.  

The unique properties of nano-sized particles and nano grain bulk materials can be attributed to 

two basic phenomena. The first is that the number of atoms at the surface and/or grain 

boundaries in these materials is comparable to that of the atoms located in the crystal lattice, thus 

the chemical and physical properties are increasingly dominated by the atoms at these locations. 

The second phenomenon is the “quantum size effect” or “quantum confinement effect”. When 

particles approach the nanometer scale range, their photonic and electronic properties can be 

significantly modified as a result of the absence of a few atoms in the lattice and the resulting 

relaxation of the lattice structure.  
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Moreover, for processing of advanced ceramics the particle size of the starting powder is an 

important parameter. Small size particle provides ductility through differential creep mechanisms 

and allow for greater densification because of the dependence of sintering on the inverse fourth 

power of particle size. Fine and uniform distribution of carbides in ductile metal matrix can give 

excellent results like longer tool life. By reducing the size from micro to nano, these materials 

show different properties because of the high surface to volume ratio. This is the reason that the 

interest in synthesis of high surface area materials has grown in recent years. Nano carbides have 

the potential to become the new materials for tools, dies and wear parts. 

1.7 Chromium carbide properties and applications 

Among the transition metal carbides, chromium carbide (Cr3C2) is a hard refractory ceramic that 

exhibits excellent strength, hardness, anti-erosion and corrosion properties, permanent non-

magnetizability and surface characteristics [22]. Therefore, chromium carbides have been widely 

used in a variety of industrial applications, such as shaft bearings, seals, high-temperature 

furnaces, nozzles and metal machining molds [23]. It is usually processed by sintering. It has the 

appearance of grey powder with orthorhombic crystal structure in which the host-metal atoms 

are generally arranged in a close-packed structure and the carbon occupies specific interstitial 

sites in that structure [4]. Chromium carbides (CrCx) consist of three crystallographic structures 

such as cubic Cr23C6, hexagonal Cr7C3 and orthorhombic Cr3C2. Among them, the orthorhombic 

Cr3C2 occurs extremely rare as mineral tongbaite. It is highly corrosion-resistant and does not 

oxidize even at high temperature (1000-1100°C) [14].  

It is well known that alumina is one of most important material in structural ceramic application 

because of its tremendous physical, thermal and chemical properties. Its intrinsic brittleness and 

relatively poor reliability however, made the toughening of alumina ceramics as an important 
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and challenging area of research now days. The aim of the composites is to improve the 

mechanical properties such as hardness, facture strength, toughness and also high temperature 

mechanical properties such as hardness, strength, creep and fatigue facture resistances. There are 

several approaches by the researchers to toughen the alumina matrix by the incorporation of 

different secondary phases. Among all the approaches, chromium carbides are found to be 

excellent reinforcement for toughening purpose owing to its high Young’s modulus and its high 

temperature erosion resistance. 

Alumina-chromium carbide composites are well known for their good mechanical properties in 

comparison with pure alumina or metals. It can be observed that the nanocomposite exhibits 

improved hardness, fracture strength and facture toughness in comparison to monolithic alumina 

[24]. The mechanical properties of monolithic Al2O3 and Cr3C2/Al2O3 nanocomposites are shown 

in the table 1.3. 

Table 1.3 Mechanical property of monolithic Al2O3 and Cr3C2/Al2O3 nanocomposites [24]. 

Material 

 

Hardness 

GPa 

Strength 

(4-point blending) 

MPa 

Toughness 

(Indentation Fracture 

method) 

MPa. m½ 

Al2O3 

 

 

Cr3C2 /Al2O3 

18.4 

 

19.8 

375 

 

520 

4.0 

 

5.5 
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Chromium carbide (Cr3C2) as grain growth inhibitor 

Cermets WC-Co are widely known material for their high wear resistance which are used in 

various applications such as metal cutting and rock drilling tools and wear parts. Cermets which 

are composed of carbo nitride based materials such as TiCN, on the other hand are more wear 

resistant than cemented carbides, but may not be as tough. It is well known that nano sized grain 

and sub-micron WC-Co composites have superior properties than those of the conventional WC-

Co composites. One method to decrease the grain size by using special alloying elements called 

grain growth inhibitors. Grain growth inhibitors are used to palliate grain growth during 

sintering. Refractory carbides mainly vanadium carbide (VC) and chromium carbide (Cr3C2) are 

by far the most effective grain growth inhibitors and are widely practiced in the industry for 

sintering ultrafine WC-Co composite due to their high solubility and mobility in cobalt phase at 

lower temperatures [25]. In addition, the combinations of VC and Cr3C2 shows better inhibition 

effects than that of single one doped [26]. 

The effectiveness of transition metal carbides as grain growth inhibitor is related to its 

thermodynamic stability and they are ranked as follows [27]: 

VC > Mo2C > Cr3C2 > NbC > TaC > TiC > Zr/HfC 

It was also found that there is a maximum level above which no further grain growth inhibitor 

works. This level corresponds to the maximum solubility of the carbide phase in liquid cobalt. A 

liquid phase that is saturated with inhibitor carbide would reduce the solubility of WC and 

thereby reduce its coarsening rate [27]. Some properties of refractory carbides and binder 

materials are shown in table 1.4. 
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Table 1.4 Properties of refractory carbides and binder materials [27]. 

 

Material 

 

Hardness HV 

(50 Kg) 

Modulus of 

elasticity, 

GPa 

Melting 

temperature, 
o
C 

Theoretical 

density, 

gm/cc 

Thermal 

expansion, 

µm/m.K 

WC 2200 696 2800 15.63 5.2 

W2C 3000 - 2777 17.3 - 

TiC 3000 451 3100 4.94 7.7 

VC 2900 422 2700 5.71 7.2 

HfC 2600 352 3900 12.76 6.6 

ZrC 2700 348 3400 6.56 6.7 

NbC 2000 338 3600 7.8 6.7 

TaC 1800 285 3800 14.50 6.3 

Cr3C2 1400 373 1800 6.66 10.3 

Co < 100 207 1495 8.9 16 

Ni <100 207 1455 8.9 15 

 

1.8 Origin of problem 

Interstitial transition metal compounds can be formed by the consolidation of carbon and 

nitrogen into the lattices of transition metals to produce a higher class of compounds with 

exclusive physical and mechanical properties. 
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The applications of the interstitial compounds take advantage of this fact that they are hard, high 

melting point and have a metallic character [10]. In many cases, their catalytic properties are also 

durable and similar with the group VIII metals [11]. The group VI metals (chromium, 

molybdenum, tungsten) come at border line position; Mo and W carbides show simple structures 

as in group IV and V but the chromium carbides have more complex structures [12]. In case of 

chromium, Hagg’s rule shows that if the metal atoms are smaller than the other (carbon), the 

metal lattice undergoes a major distortion when carbon atom is incorporated. The chromium 

carbide (Cr3C2) has direct C-C bonds that form chains. As M-C bonds decrease with increasing 

C-C bonds, the system evolves into graphite by the way of a sequence of metastable states as in 

the case of iron, nickel etc. [13] . Since they are refractory in nature, they are widely used in 

corrosive environments as wear resistant and protective coatings. Moreover, they are also used 

for conventional coatings such as electrochemical hard chrome in mold protection [14]. The low 

surface energy of the coating can also simplify the mold releasing operation of injected parts.  

Chromium carbides as crystalline powder are used as reinforcement agents for composite 

materials and cermets both in bulk form and in thick film coatings deposited by thermal spray 

technique [15]. Moreover, these properties are further enhanced if processed in nano scale. 

In recent years, many synthesis techniques have been proposed to prepare materials having 

particles of nanometer-size such as physical vapour deposition (PVD) [16], metal atom 

vaporization [17], chemical vapor deposition (CVD), reactive evaporation and sputtering [18], 

liquid-phase methods including, sol-gel chemistry [19], gas reduction-carburization [20], and 

mechanical-thermal synthesis [21]. But all of these techniques are high temperature and produce 

low yield. Considering these facts, the present study is planned to synthesize Cr3C2 at low 

temperature to reduce its production cost. 

http://www.sciencedirect.com/science/article/pii/S0257897204007066#bib1
http://www.sciencedirect.com/science/article/pii/S0257897204007066#bib2
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CHAPTER 2 

 

                          LITERATURE REVIEW 
 
 

The invention of the carbide tool materials was first disclosed in 1923 in Karl Schrter’s patent 

application [28]. Then the findings by Schwarzkopf showed that solid solutions of carbides are 

superior to individual carbide which was the starting point of the development of multi-carbide 

cutting tools for high-speed machining of steel [29].  

Carburization of metastable chromium dioxide (CrO2) and chromium (III) oxide (Cr2O3) in 

methane-containing gas mixture, such as CH4–H2–Ar and CH4–H2, can also lead to chromium 

carbide formation [30, 31]. 

The most important advancement in cutting tool technology was the development of coated tools 

in seventies [32, 33]. Coatings are the diffusion barriers and they prevent the interaction between 

the chips formed during machining and the cutting materials. The synthesis of nano structured 

Cr-C started in 1992 [34]. 

Ivanov et al. [34] synthesized chromium carbide by mechanical alloying of Cr and C at low 

temperature. It has been found that using high energy milling, all starting material can be 

transformed directly into one phase as final product. The main drawback of mechanical alloying 

was long milling time required to refine the powders. This makes the efficiency low and induces 

contamination from milling media and atmosphere.  

Lerch et al. [35] reported that the CrO1.9 with high surface area (200–350 m
2
/g) reduced at 

700°C in an atmosphere of methane and hydrogen mixture leading to the formation of stable 

Cr3C2 and metastable Cr3C2−x. The metastable Cr3C2−x powder was also prepared by Loubiere et 

al. [36, 37] using CH4–H2 atmosphere from the carburization of metastable chromium oxide. 
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Walter et al. [38] used plasma source ion implantation (PSII) processes using three gases i.e.  

either ammonia (NH3), methane (CH4), or oxygen (O2) to increase wear resistance of electro-

deposited chromium. Their results indicate the formation of hard compounds, namely 

polycrystalline chromium-nitride (CrN) w.r.t. ammonia (NH3), chromium-carbide (Cr3C2) w.r.t. 

methane (CH4), and chromium-oxide (Cr2O3) w.r.t. oxygen (O2).  They showed that with the 

indentation depth (~25 nm or ~50% of the implantation depth), NH3 implantation increased the 

surface hardness by 24%. At a similar depth, CH4 implantation increased the surface hardness by 

4% and oxygen implantation increased the hardness by 20%. They also reported that the 

hardness of the ion implanted surfaces decreased with increasing depth which reflects the 

decreasing implanted species concentration.  

The synthesis of porous chromium carbide through reactive reaction has been reported by 

Hashimoto et al. [39]. They obtained a mixture of porous chromium carbide, magnesia and 

chromium oxide by heating the mixture of MgCr2O4 and graphite powders at 1400–1650
o
C for 

2h. Chromium carbide was also reported to be formed from the mixtures of chromium oxide, 

magnesium and carbon by the self propagating high temperature synthesis (SHS) process [40].  

Detroye et al. [41] presented the synthesis and the characterization of various chromium carbide 

compounds. In their work, thin Cr23C6 films were deposited by reactive sputtering while Cr7C3 

films were formed by the carburization of chromium films in a CH4/H2 atmosphere. CrxCy 

powders were synthesized from various precursors (Cr, CrN, Cr2O3) by reaction with CH4/H2 at 

temperature (870-1230K) and characterized samples using characterization techniques AES, 

XRD and electron diffraction.  

Preiss et al. [42] used vanadium and chromium tartrate precursors prepared from aqueous 

solutions as pre-ceramic materials for carbothermal reactions with and without simultaneous 
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nitridation. The carbothermal reactions leading either to V8C7, V(C, N, O) solid solution and 

Cr3C2 respectively, proceeded at moderate temperatures between 800 and 1100
o
C. But with 

extensive heat treatment the particles grow and the surface area diminish.  

He et al. [43] synthesized pre-alloyed Cr3C2-25 (Ni20Cr) nanopowder by mechanical ball 

milling in Hexane [H3C(CH2)4CH3]. They found that initially the average powder size decreased 

drastically with time during the first four hours of milling, after that the decrement was slow as 

milling continued up to 20 h. For milling times in excess of four hours, the particle size 

approached 5 microns and reported that the milling times of up to 20 h led to the formation of a 

polycrystal nanocomposite powder system in which chromium carbides, with average size of 

15nm, were uniformly distributed in NiCr matrix. 

Wolfe et al. [44] synthesized titanium carbide/chromium carbide multilayer coatings with 

varying individual layer thicknesses by the co-evaporation of titanium, chromium and carbon 

(through tungsten) ingots using electron beam-physical vapor deposition. The adhesion of the 

multilayer coatings was found to be greater than 50 N. They found the hardness of the titanium 

carbide/ chromium carbide multilayer coatings to increase from 1302 VHN0.050 to 2052 VHN0.050 

by decreasing the thickness of the individual layer from 1.2 to 0.1µm. Also, the average grain 

diameter was found to decrease from 3.315 to 0.356µm by decreasing the thickness of the 

individual layers. In addition, they reported the fracture toughness of the TiC/CrC multilayer 

coatings decreased from 4.179 to 1.411 MPa-m
1/2

 with decreasing layer thickness. 

The major aims of the work of Romero et al. [45] was to obtain Cr/CrC multi-layers with bilayer 

period thickness in the 300–20 nm range with total coating thickness approximately 1.5 μm onto 

steel and silicon substrates by alternatively changing the sputtering gas composition between 

pure argon and a reactive mixture Ar/CH4.  
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Su et al. [46] investigated the tribological properties of Crx%C-coated disks and the cutting 

performance of Crx%C-coated cemented carbide tools. Experimental results indicate that the 

coating microstructures, mechanical properties and wear resistance vary according to the 

chromium content.  

Anacleto et al. [47] examined reduction of chromium oxide (Cr2O3) to chromium carbide 

(Cr3C2) in a bed laboratory reactor in the temperature range 900°C to 1200°C in presence of the 

mixture of CH4-H2-Ar with the addition of CO as the reducing gas. They determined the extent 

and rate of reduction as function of gas composition and temperature by on-line off-gas analysis 

using a mass spectrometer.  

Teng et al. [48] obtained Gibb’s energy (ΔfG
o
) of formation for Cr3C2 that was -58,857 J/mol 

and entropy -22.344TJ.mol
-1

.K
-1

 with total uncertaintity ±1600 J/mol from electromotive force 

(EMF) measurement, in the temperature range 950 to 1150K, using the galvanic cells with CaF2 

single crystals as the electrolyte: Cr, CrF2 |CaF2| CrF2, Cr3C2, C. They also obtained an average 

value of enthalpy (ΔfH°) for Cr3C2 was -71.7 kJ/mol. 

Sen [49] studied the kinetics of chromium carbide-coated high-chromium steel by thermo-

reactive diffusion technique. He found that the activation energy for the process was 278 kJ/mol.  

Lin et al. [50] prepared nano-sized Cr-species particles with a size scale 20–40 nm, which were 

uniformly coated on alumina particles by metal organic chemical vapor deposition (MOCVD) in 

the fluidized chamber using the pyrolysis of Cr(CO)6 precursor. In a graphite furnace, 

carbothermal reactions of Cr-species in an Ar atmosphere at temperature 1250
o
C for 2h as well 

as the microstructure of high pressure sintering specimen were reported. After characterizing the 

deposited powder through an X-ray diffractometer and transmission electron microscopy, they 

analyzed that the deposited powders were metastable CrC1−x and Cr2O3. Thermal treatment as 
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well as high pressure sintering revealed that Cr-species were transferred into stable chromium 

carbide (Cr3C2 and Cr7C3). From the microstructure of sintering specimen, they showed that the 

cluster of coated nano-particles was formed in the fluidized bed which coarsen during 

densification and generally were located on the grain boundary to inhibit the alumina grain 

growth. 

Lin et al. [51] synthesized  chromium carbide films from a Cr target (99.95%) and C2H2/Ar 

gases that varied with two deposition parameters (deposition temperature and substrate bias 

voltage) using a 90
o
 bend filtered cathodic vacuum arc (FCVA) system. They found that as the 

deposition temperature increases from 300 to 500
o
C. The morphology of the growing film 

becomes denser and the microstructure becomes more compact and also analyzed that the film 

cannot be easily deposited at ambient temperature (without heating) because the coating 

adhesion is weak and also the compressive stress increases.  

Osvaldo et al. [52] proposed a mechanical-thermal method to enhance the reaction between Cr 

and C, which was carried out via high energy milling of the mixtures of metallic chromium and 

carbon (graphite) and subsequent heat-treatment in an inert atmosphere.  

Giordano et al. [53] produced a series of nanoparticles of metal nitrides and metal carbides, 

TiN, VN, NbN, GaN, Mo2N, W2N, CrN, NbC(N), TiC(N), WC, Mo2C, and Cr3C2 with the size 

range 3-30 nm except GaN (with an average size of 50-100nm) at relatively low temperature 

(800
o
C) using simple and mainly nontoxic precursor, i.e. using urea or its close derivatives as 

both nitrogen or carbon source are the growth controlling system. 

As per literature, Kumar et al. [54] have first performed the experiment under high pressure in a 

self-designed autoclave to synthesize WC-nanoparticles from WO3 by thermo-chemical reaction 
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route. They also reported that this method can be carried out to find a higher yield having 

uniform and ultrafine particles because of high pressure generated inside the autoclave. 

Wang et al. [55] have synthesized nano-sized chromium carbide by metal-organic chemical 

vapor deposition method in a fluidized bed using mixtures of CH4/H2 at ambient temperature as 

carburization source in the temperature range of 700–850°C.  They found that the carburization 

process involved the sequential deposition of carbon on the outer surface of the Cr2O3 powder 

followed by carbon diffusion into the powder, leading to the formation of metastable Cr3C2-x 

phase and stable Cr3C2. Kahrizsangi et al. [56] formed chromium carbide by reduction of 

chromium oxide in 30%-methane gas mixture at 1000°C.  

Gomari et al. [57] fabricated nanostructure chromium carbides with elemental powders of 

chromium (150µm, 99% purity) and carbon (100µm, 99% purity) by mechanical alloying in a 

Fritsch planetary ball mill and the crystallite size of chromium carbides was found to be about 21 

nm after 12 h of milling. 

Xing et al. [58] synthesized porous chromium carbide structure through reactive sintering of 

chromium oxides in carbonaceous reducing environments (carburization process). They 

performed carburization at 1000
o
C, 1100

o
C, 1200

o
C and 1300

o
C respectively, for 10 h in a 

reducing atmosphere containing 2% methane and 98% hydrogen.  

Zhao et al. [59] used the solution-derived precursor method to synthesize chromium carbide 

(Cr3C2) nano-powders by the carburization at lower temperature where ammonium dichromate 

((NH4)2Cr2O7) and nanometer carbon black were used as raw materials. 

Richert et al. [60] studied the properties of nanostructured Cr3C2-NiCr coatings, deposited by 

high velocity oxy-fuel (HVOF) and thermal spraying processes. They investigated that the 

microhardnes vary with the deposited coatings, such as microhardness was 665 using Cr3C2-
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NiCr-Plasma spraying, 790 for Cr3C2-NiCr- Plasma spraying with propane - butane shield, 863 

for  Cr3C2-NiCr- HVOF and 950 for Cr3C2-NiCr +5%E(Ni17Cr4Fe4Si3.5B1C)- Plasma spraying 

with propane-butane shield. They concluded that introduction of Cr3C2NiCr 

+5%E(Ni17Cr4Fe4Si3.5B1C) - plasma spraying with propane-butane shield in the process of 

deposition contribute to the better properties of the coatings.  

Jiang et al. [61] compared chromium carbide (Cr-C) and chromium nitride (Cr-N) powders with 

a chromium metal powder (Cr-metal) to evaluate their chemical stability in synthetic biological 

fluids of different pH and composition. They found that higher chromium release was observed 

from Cr-N compared with Cr-C and studied that it may be related to differences in solubility of 

CrN and Cr2N where preferential dissolution of one together with partial dissolution of Cr2O3 at 

lower pH resulted in increased chromium release. 

Wang et al. [62] synthesized a series of carbides (TiC, V2C, Mo2C) from the corresponding 

metal oxides (TiO2, V2O5, MoO3), CaC2 and magnesium as starting materials in a stainless steel 

autoclave at 600°C. They could also produce transition metal nitrides (TiN, VN and CrN) 

through similar processes, by employing the corresponding metal oxides (TiO2, V2O5, Cr2O3), 

NaNH2, and magnesium as starting materials at 550 °C.  

Mahajan et al. [63] synthesized V8C7 nanopowders using chemical‐reduction route in a self-

designed and fabricated autoclave relatively at low temperature at 800°C under high pressure. 

Ouyang et al. [64] investigated the influence of Cr3C2 and VC addition on the microstructure 

and mechanical properties of WC–MgO composites hot-pressed at 1650°C for 90 min. They 

found that the grain growth of WC was significantly inhibited and the homogeneity of MgO 

particulate dispersion was effectively improved with the addition of 0.5 wt.% Cr3C2 or 0.5 wt.% 

VC. They also observed that the load-independent hardness was increased and the indentation 
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size effect (ISE) on hardness was restrained by doping grain growth inhibitors. Due to the refined 

WC grains and uniformly dispersed MgO particulates, the improvements on fracture toughness 

of hot-pressed samples were also observed. 

Zheng et al. [65] fabricated porous Cr3C2 with a continuous open pore structure by a reaction 

sintering process. They found that as the carbonization temperature increased from 1000 
o
C to 

1300 
o
C, the average pore size increased from 0.8 μm to 3.5 μm, while the distribution of the 

pore diameters became more dispersed. They also reported that as the porosity increased Young's 

modulus of the porous Cr3C2 decreased rapidly and the hardness of the porous Cr3C2 is mainly 

affected by the pore structure and the value of Vickers hardness varied from 20 to 90 as the 

average pore size increased from 0.8 μm to 3.5 μm. 
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CHAPTER 3 

 

EXPERIMENTAL  
 
 

 

As mentioned in the previous chapter, the basic objective of the present work is to synthesize 

Cr3C2 at low temperature by adopting simple thermo-chemical reaction route. In order to do so 

the procedure adopted for the preparation of sample and its further characterization is discussed 

below. 

3.1 Methodology 

 Sample preparation 

The samples were prepared by thermo-chemical reaction route. Their details are given below: 

Attempts were made to synthesize chromium carbide nano-crystals via a simple thermo chemical 

reaction in a sealed autoclave using organic solvent (acetone) and chromium oxide under the 

autogenic pressure in presence of reducing element, Mg at the temperature ranging from 600-

800
o
C.  

The possible reaction at high temperature and pressure can be formulated as follows: 

3Cr2O3 +2C3H6O + 10Mg  2Cr3C2 + 10MgO + C + CO     + 6H2         

Synthesis of chromium carbide nanoparticles 

Experiments were conducted in a specially designed autoclave of 40 ml capacity. In this 

experiment, effect of reaction time has been studied with variation in temperature at 600
o
C, 

700
o
C and 800

o
C. The experimental procedure followed is shown in fig. 3.1. However, the 

details of ingredients taken for each experiment are given in tabular form in next section for 

simplicity and also to analyse the results properly. 
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Experimental Frame-Work 

 

 

Fig. 3.1 Schematic representation of experimental procedure. 



22 
 

The initial ingredients chromium oxide (Cr2O3), magnesium turnings and a hydrocarbon 

(acetone) as a carbon source were put in the autoclave. After proper sealing, the autoclave was 

heated up to a desired temperature (i.e., 600
o
C, 700

o
C and 800

o
C), held at that temperature for a 

certain time period (i.e., 5h, 10h, 15h, and 20h) and cooled down to room temperature in the 

furnace. The black powder of the reaction product thus obtained was removed. The reaction 

product was further leached by dilute HCl (1:1) to remove the by-products of the reaction 

product to get chromium carbide phase.  

3.2 Characterization techniques 

Characterization is an integral part of the study of the synthesized nano particles. The analysis of 

the synthesized nano powder samples was done by sophisticated techniques like X-ray 

diffraction (XRD) and transmission electron microscope (TEM). The details of these techniques 

are given below: 

3.2.1 X-ray diffraction (XRD) 

As prepared samples were characterized by X-ray diffractometer with CuKα radiation for the 

identification of existing phases and their volume fractions, crystal structure, lattice parameter of 

the crystalline solids. i.e. how the atoms pack together in the crystalline state and what is the 

interatomic distance and angle. The sample is irradiated with monochromatic X-rays and the 

counters record the reflected radiation. The X-ray diffraction patterns were recorded using 

Bruker’s diffractogram with CuKα radiation (λ = 1.5418 Å) obtained from copper target using an 

in built Ni filter.  

The interplanar spacing (d) of samples was calculated using the Bragg’s law. The XRD patterns 

were identified using Powder Diffraction Files (PDF). The 2θ values for XRD patterns, in the 

range of 10
o 

to 90
 o 

are sufficient to cover the most useful part of the powder pattern. Some peaks 
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in the XRD pattern were manually analyzed by comparing measured 2θ values (and d-spacings) 

with information on the relevant ICDD (The International Center for Diffraction Data) cards. 

Crystallite size estimation 

Based on the XRD technique, Debye and Scherer developed an equation to calculate crystal size 

from the broadening of a diffraction line at half the line maximum intensity by employing only 

ordinary principle of optical diffraction. The crystallite size was calculated by the following 

Debye-Sherrer equation: 

                                                              r = 0.9 λ / B cosθB                                                                  (1) 

Where, r represents the crystallite size (Å), λ is the wavelength of X-rays (1.54 Å), B is the line 

width at half maxima (in radian) and θB is the angle of diffraction peaks (degrees). The accurate 

line broadening has been estimated by the following equation: 

                                                      Θcorr=   (θo
2
- θi

2
)
1/2                                                              

(2) 

Where, Θcorr is the corrected value of the line broadening due to particle size, θo is the observed 

crystallite size of the powder samples. 

3.2.2 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is used to obtain information from samples that are 

thin enough to transmit electron. TEM is almost always the first method used to determine the 

size and size distribution of nanoparticle samples. In TEM, the whole area of observation is 

illuminated using an electron source of adequate intensity. The transmitted electrons are 

generally used to form either an image or a diffraction pattern of the specimen. When a crystal of 

lattice spacing ‘d’ is illuminated with electrons of wavelength ‘λ’, the diffracted waves are 

produced at specific angles 2θ for n = 1, satisfying the Bragg’s condition as: 

2d sin θ = n λ 
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The diffracted waves form diffraction spots on the back focal plane. In an electron microscope, 

the use of electron lenses allows the regular arrangement of diffraction spots to be projected on a 

screen and the electron diffraction pattern is observed. If the transmitted and the diffracted beam 

interfere on the image plane, a magnified image can be observed. The space where the 

diffraction pattern forms is called the reciprocal space, while the space at the image plane or at a 

specimen is called the real space. Samples are prepared for imaging by drying nanoparticles on a 

copper grid that is coated with a thin layer of carbon. Materials with electron densities that are 

significantly higher than amorphous carbon are easily imaged. The observational dimension 

selected from the object is usually limited to about 0.1 micrometer in diameter. However, in 

micro diffraction method, the diffraction pattern is obtained from an area correspondingly to only 

a few nanometres in diameter.  

Sample preparation for TEM 

For TEM study, the synthesized samples were first suspended in ethanol and sonicated for 15 

minutes to obtain the uniform dispersion of nanoparticles. After sonication, one drop of 

suspension was dropped on carbon-coated copper grid and ethanol was allowed to evaporate 

before placing in a collecting container.  
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CHAPTER 4 

 

RESULTS AND DISCUSSION 
 
 

In the present study, experiments were performed to optimize the conditions to synthesize 

chromium carbide (Cr3C2) phase by varying the reaction time for a particular temperature. The 

approach to select the materials ratio is based on our earlier reports on the synthesis of WC, V8C7 

phase using similar technique [54, 63].  

Initial ingredients, their weights with sample label at varying temperature 600
o
C, 700

o
C, and 

800
o
C are compiled in the tables given below: 

 

Table 4.1 Initial ingredients, their weights for the sample series (S1-S4) at temperature 600
o
C. 

 

 

Sample’s label 

 

 

Cr2O3 

(gm) 

 

Mg 

(gm) 

 

Acetone 

(ml) 

 

Reaction time (in hr) 

S1 1.5 3 25 5 

S2 1.5 3 25 10 

S3 1.5 3 25 15 

S4 1.5 3 25 20 
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Table 4.2 Initial ingredients, their weights for the sample series (S5-S8) at temperature 700
o
C. 

 

 

Sample’s label 

 

 

Cr2O3 

(gm) 

 

Mg 

(gm) 

 

Acetone 

(ml) 

 

Reaction time (in hr) 

S5 1.5 3 25 5 

S6 1.5 3 25 10 

S7 1.5 3 25 15 

S8 1.5 3 25 20 

 

Table 4.3 Initial ingredients, their weights for the sample series (S9-S12) at temperature 800
o
C. 

 

 

Sample’s label 

 

 

Cr2O3 

(gm) 

 

Mg 

(gm) 

 

Acetone 

(ml) 

 

Reaction time (in hr) 

S9 1.5 3 25 5 

S10 1.5 3 25 10 

S11 1.5 3 25 15 

S12 1.5 3 25 20 

 

4.1 X-ray diffraction analysis 

The X-ray diffraction analysis of the prepared samples has been done in three domains of 

temperature i.e. at (1) 600
o
C, (2) 700

o
C and (3) 800

o
C to analyze the influence of reaction time at 

constant composition of ingredients. The XRD pattern of these samples after acid treatment is 

shown in fig. 4.1 to 4.3. It shows the diffraction peaks of two main phases corresponding to 
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Cr3C2 (ICDD card no. 01-071-2287) with orthorhombic crystal structure and Cr2O3 (ICDD card 

no. 00-038-1479) with rhombohedral crystal structure. However, apart from this, broad peak 

ranging from 25
o
 to 28

o
 is also observed in all samples which correspond to nano carbon. 

4.1.1 Influence of reaction time at 600
o
C 

The XRD pattern of powders synthesized at 600
o
C for various reaction times is shown in fig. 4.1. 
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Fig. 4.1 X-ray diffraction pattern of the samples obtained at 600
o
C for (a) 5h, (b) 10h, (c) 15h 

              and (d) 20h. 

 

At reaction temperature of 600
o
C, XRD pattern displays sharp peaks, indexed with Cr2O3 phase. 

No peak of Cr3C2 phase has been observed which clearly indicate that the reaction temperature is 

not sufficient enough to reduce the chromium oxide. Broad peak of carbon indicates that at the 

temperature of 600
o
C, only pyrolytic decomposition of acetone has taken place which generates 
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carbon and other gases as shown in equation 1. The effect of these gases is discussed in the 

transformation kinetics of chromium oxide which is discussed later. 

                                         CH3COCH3  2C + CO (g) + 6H2 (g)                                             (1) 

4.1.2 Influence of reaction time at 700
o
C 
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Fig. 4.2 X-ray diffraction pattern of the samples obtained at 700
o
C for (a) 5h, (b) 10h, (c) 15h 

              and (d) 20h. 

 

 

Heating the reaction mixture at 600
o
C could not lead to formation of chromium carbide phase. In 

order to get chromium carbide phase, the reaction temperature was increased to 700
o
C. The XRD 

pattern of product phase synthesized at 700
o
C is shown in fig. 4.2. It indicates that low reaction 

time even at 700
o
C as in case of samples S5 and S6 (5 and 10 h) does not provide sufficient time 

for diffusion of carbon in the matrix of chromium oxide for the formation of Cr3C2 phase. 

However, diffusion of carbon in chromium has been initiated at 700
o
C. As the time is increased 
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to 15 h in sample S7 (fig. 4.2 (c)), some new peaks of Cr3C2 along with the Cr2O3 phase is 

observed. With increasing time to 20 h, the peak intensity of Cr2O3 phase decreases that shows 

the reduction process of chromium oxide (Cr2O3) to chromium carbide (Cr3C2) is being 

facilitated. It also confirmed from the volume fraction of the obtained phases as shown in table 

4.4. With more holding time, volume fraction of chromium carbide increases with corresponding 

decrease in volume fraction of chromium oxide. The particle size calculated from Scherrer’s 

formula does not show much variation in all the samples.  

4.1.3 Influence of reaction time at 800
o
C 
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Fig. 4.3 X-ray diffraction pattern of the samples obtained at 800
o
C for (a) 5h, (b) 10h, (c) 15h   

              and (d) 20h. 

 

 

As temperature was further increased to 800
o
C, some more peaks of Cr3C2 phase of relatively  
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high intensity are observed. The XRD pattern of the synthesized product at 800
o
C is shown in 

fig. 4.3. Again with more holding time, volume fraction of Cr3C2 has increased from 22 to 32% 

with corresponding decrease in the volume ratio of chromium oxide from 50 to 36% as shown in 

table 4.5. Also the broad hump in X-ray pattern for reaction time 15 h shows that the free carbon 

converted into amorphous phase.   

Table 4.4 Crystallite size and volume fraction of samples synthesized at 700
o
C. 

 

Sample’s label 

 

 

Crystallite size  

(in nm) 

 

Volume fraction (%) 

    Carbide            Oxide               Carbon 

S5 

S6 

S7 

S8 

36 

38 

30 

35 

21.2   

 

27.2 

 

31.1 

 

31.1 

50.1 

 

48.4 

 

48.7 

 

36.4 

           28.6 

            

           24.4 

 

           20.1 

 

          32.3 

 

Table 4.5 Crystallite size and volume fraction of samples synthesized at 800
o
C. 

 

Sample’s label 

 

 

Crystallite size  

(in nm) 

 

Volume fraction (%) 

    Carbide            Oxide               Carbon 

S9 

S10 

S11 

S12 

40 

24 

42 

63 

22.4   

 

30.3 

 

32.2 

 

32.1 

51.0 

 

40.5 

 

34.1 

 

34.1 

           26.0 

            

           28.6 

 

           33.6 

 

           33.8 
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Fig. 4.4 Graph showing the variation between volume fractions of chromium carbide at varying  

               time with increase in temperature. 

                            

 

Fig. 4.4 shows the graph between volume fractions of chromium carbide with variation in 

temperature at constant holding time. From the above graph, it is concluded that at same holding 

time, volume fraction of chromium carbide increases at 800
o
C. Also at 800

o
C, holding time of 15 

h give rise to more fraction of chromium carbide as compared to 20 h, though the increment is 

not much but trend indicates that increasing the holding time further beyond 20 h may facilitate 

more amount of conversion of Cr2O3 to Cr3C2 phase. In order to get it further experiment is being 

carried out.     
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4.2 TEM analysis 

Our X-ray analysis indicate that samples prepared at 700
o
C and 800

o
C for higher holding time 

exhibit more volume fraction of Cr3C2 phase as compared to samples synthesized at low 

temperature with less holding time. Considering these facts, TEM analysis of samples 

synthesized at 700
o
C and 800

o
C has been done. Fig. 4.5 to 4.8 shows the TEM images of the 

synthesized samples. These images show the formation of different features obtained during 

carburization. TEM analysis shows that there exists free carbon in all the synthesized samples. 

Only the amount of carbon varies from one product to other.  

In order to understand the transition of Cr2O3 to Cr3C2, it is necessary to understand the various 

processes that take place during heating and cooling of the autoclave. In all the reactions, Mg is 

added as reducing element, which takes oxygen from the reaction atmosphere and is converted 

into MgO, which act as an active catalyst for further reaction. 

In the presence of base catalyst, decomposition of acetone occurs at 200-300
o
C and generates 

carbon, carbon monoxide and hydrogen gases as given in eq. 1. Because of the presence of these 

gases, pressure inside the autoclave increases which helps in the reduction of Cr2O3 to chromium 

(Cr). The carbon thus generated during pyrolytic decomposition of acetone, is deposited on the 

surface of Cr2O3. In due course of time it migrates inside the lattice of Cr2O3 through the process 

of diffusion. The continuous deposition and diffusion of carbon reduces the Cr2O3 to Cr and from 

the Cr to form final product chromium carbide (Cr3C2). With time, more and more carbon gets 

deposited on the surface of the precursor to enhance the diffusion process. This process 

continues till the surface gets saturated with carbon and ultimately forms chromium carbide 

(Cr3C2). 
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The chemical reactions proposed in this process could be formulated as follows: 

CH3COCH3  2C + CO (g) + 6H2 (g) 

Cr2O3 + 3Mg  2Cr + 3MgO 

3Cr + 2C  Cr3C2 

Since the growth of carbides occurs as faceted type to have high stability as predicted by Jackson 

and Hunt model [66, 67] so the smaller particles having very small size get aligned as shown in 

fig. 4.5 (a) and acquire large facets structure as shown in fig. 4.5 (b and c). The microstructures 

showing large facets obtained from various reactions are shown in fig. 4.5 to 4.8. 

After the diffusion, carbon continues to get deposit on the surface leading to the formation of 

solid carbon spheres as shown in fig 4.5 (d). Consequently, these carbon nanospheres (CNS) 

encapsulate the carbide nanoparticles which are shown by dark inner zone in fig. 4.5 (e) and 4.6 

(b). Moreover, broad peak of carbon in XRD pattern also shows the core-shell nanocomposite of 

Cr3C2-C with time, these spheres forms a loop around which interwoven type structure can be 

seen as shown in fig. 4.5 (f) which with time is converted into carbon nanotubes [54].  

From TEM analysis of all the samples, it is concluded that less holding time leads to the 

formation of carbon spheres with less volume fraction of chromium carbide (Cr3C2) whereas no 

such structures can be seen in higher holding time as shown in fig 4.8 in which more fraction of 

Cr3C2 is obtained. These results are also in good agreement with our XRD results. Diffraction 

pattern recorded from the selected area also shows the presence of Cr3C2 and Cr2O3 phases both 

as shown in Fig. 4.9 (b), 4.10 (b). 
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     Fig. 4.5 TEM micrographs of the sample S7. 

 

  

Fig. 4.6 TEM micrographs of the sample S8.  
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Fig. 4.7 TEM micrographs of the sample S11. 

 

  

 

Fig. 4.8 TEM micrographs of the sample S12. 
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Faceted Cr3C2 
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Fig. 4.9 TEM micrograph of sample S11 showing the presence of different features, (b) corresponding 

diffraction pattern taken from particles showing the planes of (101) and (301) for the Cr3C2 phase. 

 

  

Fig. 4.10 TEM micrograph of sample S11 showing the presence of different features, (b) corresponding 

diffraction pattern taken from particles showing the planes of (202), (103) and (002) for the Cr3C2 phase. 

 

(a) 

(a) 
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The EDS spectra shown in fig. 4.11 also shows the presence of carbon and chromium as major 

phases in the product, which further confirms with the obtained XRD results.  

 

 

 

 

Fig. 4.11 EDS spectra showing the presence of Cr and carbon phases of the sample (a) S7 & (b) 

S11. 

(a) 

(b) 
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CHAPTER 5 

 

CONCLUSIONS & FUTURE SCOPE 
 
 

 

The present study indicates that chromium carbide (Cr3C2) nanopowder can be synthesized by 

chemical-reaction route under high pressure. Since no reports of such study exist in literature so 

it can be considered as major breakthrough. However, complete transformation of Cr2O3 to Cr3C2 

is not obtained but it shows the feasibility to get it by optimizing the processing conditions. 

Based on the experimental results, transformation kinetics from reactant to resultant product has 

been studied. From TEM analysis it is concluded that the synthesized nano particles has faceted 

morphology. Also formation of carbon spheres during reduction has been observed. This route 

has the potential to synthesize the pure product but requires further optimization.  

The results of present investigation indicate that complete reduction of Cr2O3 did not take place 

and we find the presence of Cr3C2 phase along with Cr2O3 and carbon as impurity in the final 

product. But high fraction of Cr3C2 at 800
o
C shows the possibility of formation of single phase 

nano chromium carbide powder with optimized processing parameters.  

By considering all these facts, it is observed that optimized condition to obtain pure 

Cr3C2 has to be established. Further, more reactions with different carbon sources should be 

carried out to get good yield and better quality of the final product. Suitability of as-synthesized 

powders can be checked in WC-Co as grain growth inhibitor. Catalytic activities of chromium 

carbide can also be checked for solid-oxide fuel cells (SOFCs) and also in proton exchange 

membrane fuel cells (PEMFCs).  
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