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Abstract 

In this work, the Micro-properties such as stability, mechanical parameter and bonding structures of 

(Nb,M)C carbides (M ¼ V, Mo, W and Cr) were calculated. And the misfit and interfacial combination 

between (Nb,M)C carbides and Fe matrix were investigated by first principles calculation. The 

precipitation behavior of (Nb,V)C carbides were studied. The element V distribution of the carbide in 

the coatings were analyzed by experiments. The calculation results show that, in the (Nb,M)C carbides, 

the lattice constant and formation energy of Nb0.75V0.25C carbide are the smallest, and its hardness 

and brittleness are the largest. According to bonding analysis, Nb-C covalent bonds are the main factor 

for its high hardness in Nb0.75V0.25C carbide. The combination between carbide and Fe matrix is 

improved from the results of misfit and adhesion work. Based on the diagrams of the hardfacing alloys 

with different V contents, the fraction of MC carbides is increased with increase of V contents, and VC 

carbide can precipitate when V content is high enough. It indicates that element V can be introduced 

into NbC carbide from the chemical elements analysis experiments. 

1. Introduction 

Niobium carbide (NbC) reinforced Fe-based composite coatings has been widely used as strengthen 

material in surface modification of iron based materials for its excellent characteristics, such as high 

hardness, outstanding wear resistance and advantage of price [1e3]. In recent years, multiple reinforced 

particles reinforced coatings have been produced by researchers to further improve the wear resistance 

of coatings [4e6]. Cao et al. [7,8] report a highvanadium hierarchical coating prepared on the surface of 

nodular cast iron substrate by a low-cost plasma transferred arc (PTA) surface alloying process. They 

observed that submicron sized granular (V-Ti-Nb-Cr-Mo) composite carbides precipitate on top of 

intermediate melted zone. Dash et al. [9] prepared WC-TiC composite. with six different values of TiC 

in the range 1e15 wt% by arc plasma (Ar) melting and found that the hardness of composites are 

improved and reach a maximum value of 3650 ± 75 VHN due to the presence of phases such as TiC, 

TiC0.981/TiC1-x and TiWC2/(Ti,W)C. Wang et al. [10] fabricated TiC-VC-Mo2C carbides reinforced 

Febased hardfacing layers by shielded manual arc welding (SMAW). The hardfacing layer with good 

cracking resistance and high hardness could be obtained when the amounts of graphite, FeeTi, FeeV 

and FeeMo were well controlled. Li et al. [11] investigated the precipitate behavior of (Ti, Nb)C 

particles in Fe-based composite coatings with different Ti/Nb atomic ratio and found that the hardness 

and wear resistance of the coating is significantly improved.  

Our previous studies [12] have investigated the strengthening mechanism of (Nb, Ti)C carbide 

composite coatings, and we found that the addition of Ti can increase the hardness of carbides, reduce 

the mismatch between them and the matrix, and promote the formation of primary granular carbides, 

which are beneficial to the wear resistance of coating. Elements V, Mo, W and Cr are also MC type 

carbide forming ones, and their formation ability are weaker than that of Nb. So they may form together 



with NbC and act as the shell of multiple carbide [7,8], and these multiple carbide may strongly affect 

the interfacial combination between carbides and Fe matrix. 

To learn the strengthening mechanism of multiple carbide reinforced coating, the micro-properties of 

the multiple carbide and the interfacial combination between carbide and matrix are needed. However, 

it is difficult to make it clear only by experiments due to the changes of chemical composition and 

crystal orientations [13] of different carbides. First-principles calculation based on density functional 

theory (DFT) has been widely applied in the structures and properties investigation [14e20]. Jang et al. 

[21] investigated the stability of TiC carbide doped by Nb, V, Mo and Cr and indicated that (Ti, Mo)C 

and (Ti, W)C carbides are more energetically stable and lower misfit strain between them and ferrite 

matrix. Kavitha et al. [22] investigated structural, electronic, mechanical and superconducting 

properties of CrC and MoC carbides with different crystal structures and found thatWC structure is the 

most stable structure at normal pressure. Yang et al. [23,24] researched the interfacial combination of 

NbC (111)/NbN (111) interface and indicated that stacking sequence plays an important role on the 

interfacial stability. It seems that first-principles calculation is an effective method to investigate the 

stability, mechanical properties and interfacial combination of materials. 

In this work, the formation energy, hardness, brittleness and bonding structures of (Nb,M)C carbides 

were calculated. The misfit and interfacial combination between (Nb,M)C carbides and Fe matrix were 

investigated. The precipitation behavior of (Nb,V)C carbides with different V contents were studied. 

Subsequently, the element V distribution of the carbide in the coating was analyzed. 

2. Experimental methods and computational details 

2.1. Experimental methods 

The Fe matrix NbC composites coatings were produced by fluxcored arc welding (FCAW) hardfacing 

technology. The core of fluxcored wire was made of different raw materials, such as ferroniobium, The 

phase identification of the coating was carried out on X-ray diffraction (XRD; Rigaku D/Max-2500/PC) 

with CuKa operating at 40 kV. The hardfacing specimen was etched with 4% nitric acid alcohol. The 

microstructure of the coating was observed with a scanning electron microscope (FE-SEM; HITACHI 

S-4800) equipped with an energy-dispersive spectroscopy (EDS; E-MAX) and a transmission electron 

microscopy (TEM; JEM-2010).ferrochromium, ferromanganese, ferrovanadium, ferrosilicon and 

graphite powder, and the shell of flux-cored wire was made up of low-carbon steel strip of H08A. The 

flux-cored wires were deposited on Q235 low-carbon steel plates. The details of hardfacing process and 

flux-cored wire manufacturing were based on our previous work [25]. The compositions of the coatings 

with 0.66 wt% V addition are listed in Table 1. 

The phase identification of the coating was carried out on X-ray diffraction (XRD; Rigaku D/Max-

2500/PC) with CuKa operating at 40 kV. The hardfacing specimen was etched with 4% nitric acid 

alcohol. The microstructure of the coating was observed with a scanning electron microscope (FE-

SEM; HITACHI S-4800) equipped with an energy-dispersive spectroscopy (EDS; E-MAX) and a 

transmission electron microscopy (TEM; JEM-2010). 

2.2. Computational details 

First-principles calculations based on density functional theory (DFT) with ultrasoft pseudopotentials 

were used to evaluate some mechanical properties of (Nb,M)C and interfacial combination of 

(Nb,M)C/Fe interface. The calculations were performed by using Cambridge Sequential Total Energy 

Package (CASTEP) [26]. The generalized gradient approximation (GGA) with Perdew-Burke-

Ernzerhof (PBE) functional was employed as exchange-correlation energy [27]. The mechanical 

parameters of (Nb,M)C were calculated by the Voigt-Reuss-Hill (VRH) approximation method [28]. 

On the basis of convergence tests, plane-wave cutoff energy was set at 540eV and Brillouin zone 

sampling was set at 16 x 16 x 16 Monkhorst-Pack mesh for bulk calculation, and 380eV cutoff energy 



and 8 x 8 x 1 Monkhorst-Pack mesh for interface calculation. The numbers of (Nb,M)C surface layers 

are 13 and the numbers of Fe surface layers are 5. The 12 Å vacuum space along the c-axis was used 

during interface calculation to eliminate the long interactions from periodic boundary condition 

calculation. The energy, the maximum force and maximum displacement were set as 1 x 10-5 

eV/atom, 0.01 eV/Å and 1 x10-3 Å for the convergence tolerances, respectively. 

The phase diagrams of the coatings with different V contents were calculated by Thermo-Calc 

software. The databases is TCFE7. The calculated temperature is from 2000K to 1000 K and the step 

is 10 K. The calculation elements contents were the same with the compositions of the V-1 coating 

(without V element).  

 

3. Effect of elements V, Mo, W and Cr on stability, hardness and interfacial 

combination of (Nb,M)C carbide 

3.1. Mechanical parameters and formation energy of (Nb,M)C 

The structures of NbC and (Nb,M)C carbides are shown in Fig. 1. They are face-centered 

cube with FM-3M space group, in which, each carbide cell contains eight atoms. In order to 

obtain results of different (Nb,M)C carbides for comparison, one of the Nb atoms in NbC 

carbide was substituted by V, Mo, W and Cr atoms, respectively, which maybe expressed as 

Nb0.75M0.25C to do calculation. The elastic modulus (E) and poisson's ratio (n) of 

Nb0.75M0.25C carbides can be estimated as follows: 

   (1)  

   (2)  

where B and G are the bulk modulus and shear modulus, respectively, which can be given 

directly by calculating. 

The formation energy (Efor) can be get by Eq. (3) [21]: 

(3) 

where is the total energy of Nb0.75M0.25C carbide; and are the energies of one 

atomin body-centered (bbc) Nb and graphite C, respectively; Ebulk M are the energies of one 

atom in body-centered (bbc) V, Mo, W and Cr, respectively; m, n and l are the numbers of Nb 

atoms, M atoms and C atoms in one Nb0.75M0.25C unit, respectively. are the energies of 

one atom in body centered (bbc) V, Mo, W and Cr, respectively; m, n and l are the numbers of 

Nb atoms, M atoms and C atoms in one Nb0.75M0.25C unit, respectively. The calculated 

results of Nb0.75M0.25C are listed in Table 2, which were compared with other previous works 

[21,29-31]. The lattice constants of Nb0.75M0.25C carbides are decreased compared with 

NbC, and Nb0.75V0.25C carbide presents the minimum lattice constants among 

Nb0.75M0.25C carbides. As can be seen in Table 2, the replacement of Nb atom by V, 

Mo,Wand Cr atoms can increase the formation energy of the carbides, in which, formation 

energy of Nb0.75V0.25C carbide is the smallest. It indicates that, the stability of V atom in 

(Nb,M)C carbides is the largest. The elastic constants (Cij) were calculated by Voigt-Reuss-

Hill approximation to estimate the mechanical stability of Nb0.75M0.25C carbides, which are 

listed in Table 3. It can be seen that all the Nb0.75M0.25C carbides obey the following 

relationship: C11 > 0; C33 > 0; C44 > 0; C66 > 0; C11-C12>0; C11+C33-2C13 > 0; 



2(C11+C12)+C33+4C13 > 0, which indicates that the replacement of Nb atom by V, Mo, W 

and Cr atoms in (Nb,M)C is mechanically stable. 

 

3.2. Theoretical hardness and bonding structure of (Nb,M)C 

 

Hardness of carbide is an important factor for the wear resistance of the carbide reinforced 

coatings. Therefore, the hardness of Nb0.75M0.25C affected by elements V, Mo, W and Cr 

should be evaluated. The theoretical hardness of Nb0.75M0.25C carbides can be calculated 

from bulk modulus B and shear modulus G and they have the following relationship [32]: 
 

   (4) 

   (5) 

where Hv are the theoretical hardness; K is the Pugh's modulus ratio. The calculated results are 

shown in Fig. 2. The calculated hardness of NbC in this work is 24.54 GPa, and it is matched 

well with other previous work (24.1 GPa, 24.5 GPa) [30]. Compared with NbC, the hardness 

of Nb0.75V0.25C and Nb0.75W0.25C are obviously increased to 27.55 GPa and 26.26 GPa, 

respectively. However, those of Nb0.75Mo0.25C and Nb0.75Cr0.25C are decreased to 23.86 

GPa and 23.06Gpa, respectively. It means that, element V can greatly increase the hardness of 

the carbide. The Pugh's modulus ratio ‘K’ [33] can be used to describe the brittleness of 

carbides. From Fig. 2, all the carbide equipped with brittle character because their ‘K’ are 

bigger than 0.571, and compared with NbC, the brittleness of Nb0.75V0.25C, Nb0.75W0.25C 

and Nb0.75Cr0.25C carbide are increased and that of Nb0.75Mo0.25C carbide is decreased. 

 

From calculated hardness results, the hardness of carbide, which is closely related to its bonds 

structure, can be strongly affected by elements V, Mo,Wand Cr. It is necessary to investigate 

the bonding situation of carbides, to learn the effects of these elements on the hardness of the 

carbide. Fig. 3 is the partial density of states (PDOS) of Nb0.75Mo0.25C carbides. From it, the 

N(EF) of all Nb0.75M0.25C carbides are larger than 0, which shows that all of the 

Nb0.75M0.25C carbides present metallic character. The metallicity of Nb0.75M0.25C carbides 

can be calculated as follows [34]: 
 

(6) 

where nm and ne represent the thermal excited electrons and valence electron density of 

carbides, respectively; kB, T and Df denote the Boltzmann constant, temperature and DOS 

value of carbides at fermi level, respectively; Vcell and N are the volume of carbides and total 

number of the valance electrons of the carbides, respectively. The metallicity of 

Nb0.75M0.25C carbides were calculated and listed in Table 4. As can be seen, the metallicity 

of Nb0.75M0.25C carbides are bigger than that of NbC. Their metallicity are decreased in the 

following order: Nb0.75V0.25C > Nb0.75Cr0.25C > Nb0.75Mo0.25C > Nb0.75W0.25C > 

NbC. And overlapped orbits can be seen clearly in all carbides, which indicates that the Nb-C, 

V-C, Mo-C, W-C and Cr-C covalent bonds are formed in the carbides. 

 

The information of ionicity and electron transfer of atoms in these carbides, which are very 

helpful to study the contribution of V, Mo, W and Cr atoms to the hardness of Nb0.75M0.25C 

carbides, should be learned. The plane (002), which pass through Nb, V, Mo, W, Cr and C 

atoms, was selected as the plane for plots of charge density differences and charge densities. 

They are shown in Fig. 4 and Fig. 5, respectively. From Fig. 4, charge depletion region of Nb, 



V, Mo, W and Cr atoms and charge obtain region of C atoms can be found, which indicates the 

formation of ionic bonds between metal atoms and carbon. The Mulliken populations of 

Nb0.75M0.25C carbides, which can help to analyze the detail of charge transfer, are listed in 

Table 5. As can be seen from the atomic populations, charges transfer in Nb0.75V0.25C from 

Nb atom to C atom are less than that in other carbides, and the charges transfer from V atom 

to C atom are much more than that of metal atoms in other carbides. The directional spatial 

distribution of electrons between Nb and C atoms can be seen in Fig. 5, which means the 

formation of Nb-C covalent bonds. Besides, the directional spatial distribution of electrons can 

also be observed between Mo and C atoms orWand C atoms. Strong directional covalent bonds 

are considered to be dominant factor for the hardness of material [32]. Therefore, it is helpful 

to study the covalent bonds in carbides to understand the hardness changes of carbides affected 

by elements V, Mo,Wand Cr.  

 

The bond populations of Nb0.75M0.25C carbides were also calculated and the bond 

populations of Nb-C bonds (away and near the M-C bonds) and M-C bonds are listed in Table 

5. From it, the strong Nb-C covalent bonds can be observed in Nb0.75V0.25C carbide. And 

the strong W-C covalent bonds can be observed in Nb0.75W0.25C carbide. Obviously, strong 

Nb-C covalent bonds and W-C covalent bonds are the main factors for the high hardness of 

Nb0.75V0.25C and Nb0.75W0.25C carbide, respectively. Although strong Nb-C covalent 

bonds can also be found in Nb0.75Cr0.25C, the low strength of Cr-C bond in MC type carbide 

may be the reason for the hardness decrease of Nb0.75Cr0.25C carbide [22]. 

 

3.3. Interfacial combination of (Nb,M)C with Fe matrix 

The lattice parameter of carbides are decreased caused by the introduction of V, Mo, W and 

Cr atoms, and the lattice misfit between them and matrix may also decreased. Some previous 

works [35] show that the low misfit can decrease elastic strain energy between precipitates 

and the matrix. Therefore the misfit between Nb0.75M0.25C carbides and Fe matrix should 

be studied. The crystallographic relationship between MC type carbide and a-Fe is always 

described by Baker-Nutting relationship [36]:  

 
Therefore the lattice misfit between Nb0.75M0.25C carbides and a-Fe can be get: 

 (7) 

where  is the lattice misfit between a-Fe and Nb0.75M0.25C carbides; acarbide and aFe are 

the calculated lattice parameter of Nb0.75M0.25C and a-Fe, respectively. 

 

It can be learned from Eq. (7) that, the smaller lattice parameters of carbide is, the lower d is. 

Compared with NbC, the lattice parameters of Nb0.75M0.25C are decreased, therefore the 

replacement of V, Mo,Wand Cr in NbC carbide can decrease the misfit between carbide and 

matrix. The lattice parameter of Nb0.75V0.25C carbide is 4.419 Å, which is the smallest 

parameter among Nb0.75M0.25C carbides. In this work, the lattice parameter of NbC and a-

Fe are 4.46 Å, and 2.87 Å, respectively. The d between NbC and a-Fe is 8.9%, and that of 

Nb0.75V0.25C is decreased to 8.1%. 

 

The interfacial combination of Nb0.75M0.25C carbide with Fe matrix may also be affected 

by the introduction of elements V, Mo,W and Cr. The interfacial models based on Baker-

Nutting relationship were built, which are shown in Fig. 6. The adhesion work (Wad) can 

reflect the binding strength of the interfaces and it can be obtained by Eq. (7) [37,38]:  



 (8) 

where EaFe and E(Nb,M)C are the total energies of Fe and Nb0.75M0.25C relaxed, respectively; 

EaFe/(Nb;M)C is the total energy of the interface 

system; A is the interface area. The Wad of the interfaces is listed in Table 6. It can be seen 

that the Wad of some models are negative, which indicates that separating the interface into 

two free surfaces is energy needed. The Wad of M-termination models are larger than that of 

C-termination models, which indicates that M-termination models are more stable. It is 

noteworthy that theWad of NbCrC-Fe interface are positive and larger than any other 

interfaces, which means that the NbCrCFe interface is most stable. Besides, the Wad of 

NbVC-Fe is only smaller than that of NbCrC-Fe and larger than the rest interfaces, which 

indicates that the NbVC-Fe interface is also stable. From the Wad, the stability order of C 

termination interface models is as following: NbCrC-Fe > NbVC-Fe > NbMoC-Fe > NbC-Fe 

> NbWC-Fe. And the stability order of M termination interface models is as following: 

NbCrC-Fe > NbVC-Fe > NbVC-Fe > NbC-Fe > NbMoC-Fe. 

 

The interface distance (d) is also listed in Table 6. From Table 6, the d of M-termination 

models is larger than that of C-termination models, and the changes of d in M-termination 

models are also larger than that in C-termination models. The interface distance of 

Nb0.75Mo0.25C carbide with Fe in M-termination models is the smallest. 

 

4. Effect of element V on precipitation behavior of the carbide 

 

From the calculation results, compared with other Nb0.75M0.25C carbides, Nb0.75V0.25C 

has the lowest forming energy, the largest hardness, the smallest mismatch with the matrix, 

and the better stability (only worse than Nb0.75Cr0.25C) with matrix. Therefore, the element 

V is an ideal alloying element with NbC composite carbide. However, in the actual situation, 

the addition of elements in the coating is a complex process, that affects the other phases in 

the coating. Therefore, it is necessary to analyze the phase precipitation behavior and 

microstructure. 

 

4.1. Effect of element V on the precipitation behavior of the carbide 

 

Diagrams of the coatings with different V contents have been calculated, which are shown in 

Fig. 7. From Fig. 7, the precipitation temperature of MC carbide and g-Fe are slightly decreased 

with increase of V contents. However, the temperature gap between them are almost 

unchanged, which indicates that the amount of primary carbide and eutectic carbide will not be 

changed. The precipitation temperature and amount of M7C3 carbide are decreased. The 

content of MC is increased and it reaches the maximum value when V content is 0.6 wt%. It is 

noteworthy that, VC carbide begin to appear when V content is 0.8 wt%, and the amount of 

MC and M7C3 carbides are decreased. It can be known that the element V is introduced into 

MC and M7C3 carbide and it will precipitate in form of VC carbide when V content is high 

enough. Based on our previous work [39], M7C3 carbide was found to be of desquamation 

property during wear process which is bad for wear resistance. Therefore, the ideal result is 

that the amount of MC is increased and the amount of other carbides is decreased, so the proper 

addition of element V is about 0.6 wt%. 

 

4.2. Microstructure of the carbides with V addition 

The V content in V-1 coating is 0.66 wt%. The XRD result of V-1 coating is shown in Fig. 8, 

in which only g-Fe phase, a-Fe phase and MC type carbide peaks can be found. The 



microstructures and elements mapping of V-1 coating are shown in Fig. 9. From it, the element 

V can be found in the carbides, and the element Cr is not introducing into carbide. To learn the 

details of element contents of the carbide, the contents of area 1 in carbide was tested by energy 

dispersive spectrometer and the results are listed in Table 7. From Table 7, the carbide are 

mainly composed of elements Nb, Ti, V and C. Although, the V content is less than other 

elements content, it may indicate that the element V could be introduced into NbC carbide. To 

investigate the crystal structures of carbide, the TEM micrograph of carbide and its selected 

area electron diffraction (SAED) patterns were conducted which are shown in Fig. 10. From 

Fig. 10 (b), the carbide has only one suit of electron diffraction pattern, which indicates that 

the element V could be introduced into NbC carbide with single crystal structure. 

 

5. Conclusions 

(1) The replacement of Nb atom by V, Mo, W and Cr atoms in Nb0.75M0.25C increase the 

formation energy of Nb0.75M0.25C carbide. In all Nb0.75M0.25C carbides, the formation 

energy of Nb0.75V0.25C carbide is the lowest, which indicates that, the stability of introducing 

V atom in Nb0.75M0.25C carbide is the best.  

(2) The theoretical hardness of Nb0.75M0.25C carbide can be increased by introducing 

elements V and W. The Nb-C covalent bonds in Nb0.75V0.25C and W-C covalent bonds in 

Nb0.75W0.25C are the main factor for their high hardness, respectively. 

(3) The misfit between a-Fe and carbides are decreased by the introduction of V, Mo, W and 

Cr atoms, and among them, Nb0.75Cr0.25C can mostly improve the interfacial combination. 

Besides, Nb0.75V0.25C can also improve the interfacial combination compared with NbC. 

(4) Based on the diagrams with different V contents, the amount of MC carbides is increased 

with increase of V contents, and VC carbide will precipitate when V contents is high enough. 

And element V can be introduced into NbC carbide according to chemical elements analysis 

experiments. 
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Fig. 1. Structures of NbC and (Nb,M)C. 
 

 

 
Fig. 2. Theoretical hardness and brittleness of carbides. 



 

 
 

Fig. 3. Total and partial density of state (DOS) for (Nb,M)C: (a) NbC (b) Nb0.75V0.25C (c) 

Nb0.75Mo0.25C (d) Nb0.75W0.25C (e) Nb0.75Cr0.25C. 
 



 
 

Fig. 4. Charge density difference for Nb0.75M0.25C taken along the (002) plane. (a) NbC (b) 

Nb0.75V0.25C (c) Nb0.75Mo0.25C (d) Nb0.75W0.25C (e) Nb0.75Cr0.25C. 

 
 

Fig. 5. Charge density for Nb0.75M0.25C taken along the (002) plane. (a) NbC (b) 

Nb0.75V0.25C (c) Nb0.75Mo0.25C (d) Nb0.75W0.25C (e) Nb0.75Cr0.25C. 
 

 



 

Fig. 6. Interface model of carbide with Fe matrix: (a) metal atoms above the Fe atoms 

(M-termination) (b) C atoms above the Fe atoms (C-termination). 
 

 



 

Fig. 7. Diagrams of coatings with different V addition (wt.%): (a) 0 V (b) 0.2 V (c) 0.4 V (d) 

0.6 V (e) 0.8 V (f) 1.0 V. 
 

 

 



 

Fig. 8. XRD result of coating. 
 

 

 

Fig. 9. Morphology and elements mapping of the coatings: (a) SEM image (b) Nb element (c) 

V element (d) Cr element (e) Fe element (f) EDS results of area 1. 
 



 
 

Fig. 10. TEM image of carbide and SEAD pattern of carbide: (a) TEM image (b) SEAD 

pattern of carbide. 


