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Highlights 

 The formation energies of 28 transition metals (TMs) atoms substituting C or Zr atom, and 

locating at interstitial site have been studied. 

 A systematic study of interaction between the intrinsic vacancies of ZrC with TM impurity atoms 

has been performed. 

 The site preference of transition metal in ZrC have been investigated. 
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Abstract 

The formation energies of mono-vacancy and anti-site defect in ZrC have been calculated. The 

results are all in good agreement with experimental data and other theoretical reports. Then the 

formation energies of 28 transition metals (TMs) atoms substituting C or Zr atom, and locating at 

interstitial site have been obtained. Only Hf is energetically favourable to substitute Zr. The site 

preference of TMs in ZrC has also been investigated by using supercells and near neighbour 

Bragg-Williams approximation. The formation energies of interstitial for 3d, 4d and 5d elements in 

ZrC indicate that all of the 28 TMs are hardly to locate the interstitial site in ZrC due to the large 

interstitial energies. A systematic study of interaction between the intrinsic vacancies of ZrC with 

TM impurity atoms has been performed by using first-principles calculations. The formation 

enthalpies, binding energies, electronic density of states and bond charge density for various defects 

and interactive configurations have been calculated. Finally, the results of site preference show that 

                  



the interaction between the intrinsic defect and TM atom with CVa+TMC, CVa+TMZr, and ZrVa+TMZr 

configurations are almost attractive. Our results could be helpful in designing and improve the 

performance of ZrC alloy on demand. 
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1. Introduction 

With unique characteristics including high melting point, high modulus of elasticity, high 

electrical conductivity, and high hardness 
[1]

, zirconium carbide has widely used as nuclear particle 

fuels coatings, field emitters in ultrahigh-temperature environments
 [2-5]

. One promising application is 

to replace the SiC in tristructural isotropic (TRISO) fuel which suffers the unprecedented radiative 

silver release thus impairs the safety issues
 [6, 7]

. ZrC shows much better performance as diffusion 

barrier to the fission products at high temperature (1800 ℃ and higher). The experimental results of 

Sr diffusional coefficient via soaking experiment
 [2]

 show that the ZrC can bear a very large strain at 

high temperature (2400 ℃ for 6000 s), while the SiC is brittle
[3]

. The diffusion coefficients for Cs in 

the ZrC layer and in the SiC layer have been obtained at 1800 ℃, the results show that the diffusion 

coefficients of Cs in ZrC was more than two orders smaller than that in SiC
[4]

. In addition, the ZrC 

coatings on the UO2 kernel would enhance the Cs retention capabilities
[5]

. Therefore, as a promising 

candidate for the nuclear fuel coatings and claddings in high-temperature gas-cooled reactor (HTGR), 

the ZrC might take the place of SiC in TRISO coating due to its good performances in retention of 

fission products, resistance to fission products, and mechanical stability under irradiation
 [8, 9]

.  

Besides diffusion performance, ZrC has better stabilities than SiC in high temperatures. The 

investigation of structural behaviour and microstructure of ZrC show that a high substitution of 

carbon by oxygen in ZrC does not modify the nature of the defects created under Au ion irradiation 

[8]
.  Furthermore, the ZrC is also quite stable with stoichiometry ratio of ZrC0.87 

[9]
. This means that 

the deficiency of carbon is benefit to the stability of ZrC. 

The point defect plays an essential role in the lattice swelling and high internal stresses under 

                  



irradiation in the harsh working environment of TRISO fuel. The ion irradiation induces point 

defects, which impair the phase stability and the performance reliability of ZrC. The detailed 

knowledge of stable defect configurations are very important to understand ZrC irradiation response. 

There are a few computational studies of the point defects structures and energies in ZrC. For 

example, the C and/or Zr vacancy and self-interstitial point defects energies have been studied by 

using first-principles calculations 
[10-13]

. The diffusional behaviours of He in ZrC has also been 

investigated 
[12]

. Their results show that Zr-vacancy assisted diffusion mechanism for He plays a 

main role in ZrC system. The He is likely trapped in Zr pre-existing vacancies, which affects the 

mechanical properties of ZrC
[12]

. Recently, the He, Ne, Ar, Kr incorporation in ZrC has been studied, 

and the formation energies of intrinsic defects have been reported
 [13]

. The elastic constants of 

defective ZrC have been calculated and the corresponding mechanical properties have also been 

estimated
 [14]

. The physical properties of ZrC have been studied with classical many-body potential
 

[15]
.  

In the core of a fission reactor, there are many kinds of fission products including Ce, Y, Mo, Nb, 

Ru, Tc and many transition metals 
[16,17]

. These fission atoms will interact with intrinsic defects of 

ZrC in the ZrC-TRISO, of which, however, the details are still in elusive. It is still unclear whether 

those elements substitute the Zr/C site or not. Motivated by this unsettled question, the C or Zr 

substituted respectively by 28 transition metals (TMs) have been systemically studied. We have also 

studied the properties associated with interaction between the intrinsic point defects and 28 TMs as 

substitutional impurities in ZrC using first-principles calculations. Our work shed lights on the point 

defect stabilities in ZrC in the harsh radiation environment. The rest of this paper is organized as 

follows. The first-principles computational method is introduced in section 2. Then, the results are 

                  



presented and discussed in section 3. Finally, the conclusions are presented in section 4. 

  

2. Computational method  

The first-principles calculations in the present work are within the frame of the density 

functional theory (DFT). The projector-augmented-wave (PAW) method is applied 
[18]

, with a 

generalized-gradient approximation (GGA) exchange correlation functional in the 

Perdew-Burke-Ernzerhof (PBE) form 
[19]

, as implemented in the Vienna ab initio simulations 

package (VASP) 
[20]

. The supercell with 64 atoms is used to simulate point defects. The energy cutoff 

for the plane-wave basis set is selected as 600 eV. The integration over the Brillouin zone is carried 

out on 6×6×6 k-point meshes generated by the Monkhorst-Pack scheme 
[21]

, which is sufficient for 

energy convergence of less than 1.0 meV per atom. During the calculation of the total energy of 

defective structures, the shape and size of the supercell are fixed while the fractional atomic 

coordinates are relaxed until the Hellmann-Feynman forces are less than 0.01 eV/Å. 

In order to reveal the various point defects of ZrC, the 28 TMs have firstly been used as 

substitutional atoms or interstitial atoms in ZrC matrix. The vacancy formation energies, 

substitutional energies, interstitial energies, bonding energies of Zr/C vacancy with substitutional 

atom have been calculated in the present work.  

Firstly, the mono-vacancy formation energies of ZrC have been calculated, and the 

mono-vacancy formation energies can be calculated as follow: 

   _Va def Va iE E ZrC X E ZrC                                            (1) 

where the  _def VaE ZrC X  and  E ZrC  are the total energies of the supercell with one vacancy 

and perfect supercell, respectively, X denotes Zr or C, i  is the chemical potential of Zr or C. The 

                  



chemical potentials for Zr-rich, C-rich, Zr and C bulk conditions can be obtained from formation 

energies of bulk ZrC (NaCl type), C (grapite), and Zr (hcp) (EZrC, EC, and EZr) 
[10]

. The chemical 

potentails for Zr and C under Zr rich or C rich conditions are:   

For the Zr-rich conditions: 

0, 2 1.72 eVZr Zr C ZrC ZrE E E                                               (2) 

For the C-rich conditions: 

0, 2 1.72 eVC C Zr ZrC CE E E                                               (3) 

For the substitutional case, the substitutional energies of TM atoms can be calculated as follow: 

   _sub sub sub C Zr TME E ZrC TM E ZrC                                          (4) 

where the  _sub subE ZrC TM is the total energies of ZrC including a substitutional atom, Zr ,

C ,and TM are the chemical potentials of species Zr, C and substitutional atoms, respectively. 

For the interstitial formation energies, which can be obtained as following: 

   int

int int_f TME E ZrC TM E ZrC                                              (5) 

where the  int int_E ZrC TM is the total energies of ZrC including one interstitial atom, TM is the 

chemical potential of the interstitial atom. 

For the two point defects case, the formation energy and binding energy of one vacancy and one 

substitutional atom in ZrC have been investigated to reveal the effectiveness of interaction between 

impurity atoms with vacancy. And the formation energy of mono-vacancy and one substitutional 

atom in ZrC can be calculated as: 

   total _f sub C Zr TME E ZrC VaTM E ZrC                                       (6) 

and the binding energy of mono-vacancy and one substitutional atom in ZrC can be estimated as
[13]

: 

   _ ( )b

f sub sub VaE E ZrC VaTM E TM E Zr or C                                 (7) 

                  



where the  total _ subE ZrC VaTM is the total energy of ZrC including one vacancy and one 

substitutional atom,  subE TM  and ( )VaE Zr or C  are the substitutional energy of the TM 

substituting C or Zr atom, and vacancy formation energies of Zr or C. Generally, the positive value 

of binding energy means that the repulsion exists between mono-vacancy and substitutional TM 

atom, while, the negative value show attraction between mono-vacancy and substitutional atom. 

 

3. Results and discussion 

3.1 The intrinsic point defects 

After fully geometry optimization, our lattice constant of bulk ZrC is 4.711 Å, which is coincide 

with experimental values of 4.698 Å
 [22]

 and 4.68 Å
 [23]

, and theoretical values of 4.72 Å 
[12]

. The 

formation energy ΔH of bulk ZrC is –0.859 eV/atom. The previously reported experimental 

formation energy is –1.04  0.03 eV/atom
 [24]

, the first-principles calculated formation enthalpies are 

–0.82 eV/atom 
[10]

, –0.84 eV/atom 
[12]

, –0.86 eV/atom 
[15]

, and –0.91 eV/atom 
[25]

. Therefore, the 

present reported formation energy of bulk ZrC is in fairly agreement with other theoretical values
 [10, 

12, 14, 25]
, and slightly smaller than the experimental value

 [24]
. This discrepancy is mainly attribute to 

the stoichiometric model we used. The ZrC is a nonstoichiometric phase in experiment. However, the 

present first-principles calculations were performed with stoichiometric ZrC. As a result, the 

difference between the theoretical values with experimental values should be expected. Thus, the 

present calculated lattice constants and formation energy for bulk ZrC are reasonable.  

In order to check the point defects in bulk ZrC, the Zr and C mono-vacancy formation energies, 

Zr and C anti-site defect formation energies have been also calculated, as summarized in Table 1 

along with available theoretical values
[10-15]

. The present calculated defect formation energies are all 

                  



coincide with other theoretical values 
[10-15]

, which encourage us to continue the following work. 

These results imply that the formation of C-vacancies is the most energetically favourable, followed 

by the formation of Zr-vacancies. The substitutional Zr on C site (ZrC) or substitutional C on Zr site 

(CZr) are energetically equivalent, for which both are 10.4 eV higher than the formation energy of 

C-vacancy. 

 

3.2 Single point defect in ZrC 

3.2.1 The substitutional energy of TM atoms 

The substitutional energies of 3d, 4d and 5d TMs in ZrC have been calculated as shown in 

Figure 1. The substitutional energy increases slightly and then decreases (see Figure 1a), finally 

slightly increases with increasing atomic number at the same period for the C replaced by TM atoms. 

For this case, the substitutional energies of Ⅷ, ⅠB and ⅡB atoms are smaller than those of the other 

atoms. The substitutional energy order is 3d < 4d <5d except IIIB, ⅠB and ⅡB. As for the Zr was 

replaced by 3d, 4d and 5d TM atoms, the substitutional energies were shown in Figure 1b. The 

substitutional energies of ⅢB, ⅣB, ⅤB, and ⅥB atoms are smaller than those of the other atoms in 

the same period. The substitutional energy order is 3d < 4d < 5d for most of the cases. Especially, the 

substitutional energy of Hf replacing Zr is negative, which means that the Hf could substitute the Zr 

easily from the point view of energy. 

The Bader electrons of those substitutional atoms for the two different cases have been 

calculated.  

The gain-loss electrons have been obtained with the difference between the self-consistent Bader 

electrons of the interacting atoms in the compound and a reference valence electrons of atom. The 

                  



gain-loss electrons of 3d, 4d and 5d substitutional atoms were plotted in Figure 2. For the case of C 

replaced by TMs, the ⅢB and ⅣB atoms lost electrons, as for the other TM atoms, the number of 

electrons increased. However, for the case of Zr replaced by TM, all of the TM atoms lost electrons. 

The lost electrons of the ⅢB, ⅣB and ⅤB atoms are larger than those of the other TMs. 

  

3.2.2 The formation energy of interstitial TM atoms 

For the interstitial energy, the calculated results were plotted in Figure 3. The interstitial energies 

of 3d atoms are smaller than those of 4d atoms at the same family in periodic table. The interstitial 

energies of 4d atoms are slightly smaller than that of 5d atoms except the Ⅷ atoms. Our results 

indicate that the 3d atoms are more easily locating the interstitial site than 4d and 5d atoms due to the 

smaller interstitial energies. The Ni atom has the smallest interstitial energy among the 28 transition 

atoms. Therefore, the Ni atom is the easiest one to occupy the interstitial site. The interstitial energies 

are slightly increased and then decreased, followed by slightly increased with increasing atomic 

number at the same period. Meanwhile, the gain-loss electrons of 3d, 4d and 5d interstitial atoms 

were plotted in Figure 4. The pre-transition metals got electrons but the post-transition metals lost 

electrons. 

 

3.3 Two point defects in ZrC 

3.3.1 The formation energy of C-vacancy/substitutional TM atom complex 

The formation energies and binding energies of C-vacancy combination with TM atom 

substituted C or Zr in the ZrC have been plotted in Figure 5 and Figure 6, respectively. From the 

Figure 5 (a), it can be seen that, for C-vacancy with C replaced by TMs, the formation energies of 

                  



Ⅷ, ⅠB and ⅡB, are smaller than those of the others. However, for C-vacancy with Zr replaced by 

TMs, the conversely tendency observed, the formation energies of ⅢB, ⅣB, ⅤB and ⅥB, are larger 

than those of the others. The binding energies of C-vacancy and TMs substituting C or Zr show that 

only the binding energies of Hf and Ta substituting Zr are positive values. As for the other cases, all 

are negative. This indicate that the C-vacancy and TMs substituting C or Zr attempt to attract each 

other. For the CVa+TMC model, the binding energies increase from ⅢB to VB, and then decrease 

from VB to ⅡB, which means VB elements show stronger attraction with C-vacancy than the others 

do. For the CVa+TMZr case, the binding energies decrease from ⅢB to ⅣB, and then increase, which 

means that ⅡB elements show stronger attraction with C-vacancy than others do, and Hf and Ta show 

repulsion with C-vacancy. Meanwhile, the gain-loss electrons of C-vacancy with substitutional atom 

have been plotted in Figure 7. The gain-loss electrons slightly increase and then decrease, finally 

slightly increase with increasing atomic number at the same period.  

The electronic density of states and bonding charge densities of Ni replacing C atom with a C 

vacancy in ZrC have been plotted in Figure 8. The Ni-d, C-p and Zr-d states show strong 

hybridization between −5 eV and 0 eV below Fermi level (Figure 8a). Ni-Zr bonds show covalence 

bond behavior due to the increasing charge density between Ni and Zr (Figure 8b).  

The electronic density of states and bonding charge densities of Hf replacing Zr atom with a C 

vacancy in ZrC have been plotted in Figure 9. The Hf-p, Hf-d, C-p and Zr-d states show strong 

hybridization between −5.3 eV and 0 eV below Fermi level (Figure 9a). The Hf-C bonds along <001> 

show strong ionic bond with the increasing charge density at C site and the decreasing charge density 

at Hf site (Figure 9b).  

 

                  



3.3.2 The formation energy of Zr-vacancy/substitutional TM atom complex 

The formation energies and binding energies of Zr-vacancy with substitutional atom replacing C 

or Zr in the ZrC have been plotted in Figure 10 and Figure 11, respectively. Figure 10a illustrates that 

for the Zr-vacancy with C substituted by TMs atom, the formation energies are all positive and that 

associated with Hf is the lowest one. As for the formation energies of Zr-vacancy with Zr replaced by 

TMs atom, all of the values are positive too, and the values of formation enthalpies are larger than 

the formation energies of Zr-vacancy with C replaced by TMs atom. For the binding energies, there 

are 13 elements have negative values for Zr-vacancy with C replaced by TMs atom. Only 2 elements 

have positive values for Zr-vacancy with Zr replaced by TMs atom (see Figure 11). This means that 

most of the ZrVa+TMC complexes show repulsive behaviour, and most of ZrVa+TMZr complexes 

show attractive behaviour. Meanwhile, the gain-loss electrons of the binding energies of Zr-vacancy 

with TM substitutional atom have been plotted in Figure 12. The gain-loss electrons slightly 

increased and then decreased, finally slightly increased with increasing atomic number at the same 

period. It can be seen from Figure 12, the gain-loss electrons of ZrVa+TMC are all more positive than 

those of ZrVa+TMZr, and the binding energies of ZrVa+TMC are also more positive than those of 

ZrVa+TMZr. That is, the electron transfer results in the more negative binding energy. 

The electronic density of states and bonding charge densities of Hf replacing the C atom with Zr 

vacancy in ZrC have been plotted in Figure 13. From Figure 13a, one can see that the Hf-d, C-p and 

Zr-d states shows the weak hybridization between −5 eV and 0 eV. From Figure 13b, Hf-Zr bonds 

show covalent bonding due to the increasing charge density between Hf and Zr.  

The electronic density of states and bonding charge densities of Hf substituting the Zr atom with 

Zr vacancy in ZrC have been plotted in Figure 14. The Hf-d, C-p and Zr-d states show the strong 

                  



hybridization between −5 eV and 0 eV below Fermi level (as shown in Figure 14a). From Figure 14 

b, Hf-C bonds show ionic bond characteristic.  

 

3.4 Ternary alloying elements  

3.4.1 Supercell approximation 

As a potential coating of nuclear particle fuels, ZrC can be widely used in nuclear industry. The 

alloying elements might be added in the ZrC. However, it is obscure that the alloying elements will 

be occupied which atomic site. The site preference can be predicted by using DFT. The site 

preference of transition-metal elements in CsCl-prototype (B2) NiAl
 [26-29]

, Ni3Al
 [30-31]

, C15_NbCr2
 

[32]
, Ni2MnGa 

[33]
, B2_RuAl

 [34]
, B2_ZrRu 

[35]
 have been investigated. In the present work, the site 

preference behaviour of 3d (Sc-Zn), 4d (Y-Cd) and 5d (Ce, Hf-Au) transition metal elements in ZrC 

have been investigated. According to the reference 
[28]

, the site preference behaviour of any ternary 

element in ZrC can be described by single parameter C Zr

TME  , and the value of C Zr

TME  can be directly 

calculated from total energies of the 64-atom supercell from first-principle calculations as follows: 

       31 32 32 31 32 31 32 32=C Zr

TME E Zr C TM E Zr C TM E Zr C Zr E Zr C                                 (8) 

where  31 32E Zr C TM is the energy of TM substitute Zr,  32 31E Zr C TM  is the energy of TM 

substituting C,  32 31E Zr C Zr  is the energy of Zr substituting C, and  32 32E Zr C  is the energy of ZrC. 

The calculated values of C Zr

TME  for each of the 3d (Sc-Zn), 4d (Y-Cd) and 5d (Ce, Hf-Au) transition 

metal elements in ZrC are shown in Figure 15. The formation energy of triple-Zr defect in ZrC, 

C ZrZr VaH +2H =27.34 eV . According to Figure 15, Ta falls into type (i), the others all fall into type (iii). 

That is, Ta shows strong preference for the Zr sublattice, and there is no element preference for the C 

sublattice. It can be seen that the Hf and Nb are very close to the boundary between type (i) and type 

                  



(iii), which means that the Hf and Nb are also show preference for the Zr sublattice than other TMs 

atoms. And with atomic number increasing at the same period, the value of C Zr

TME   decreased firstly 

and then increased, the 4d and 5d TMs atoms have lower value of C Zr

TME  than those of 3d TMs atoms. 

The present predications are in good agreement with the results from the substitutional energies (see 

Figure 1), that is, the TMs elements are easier to occupy Zr atomic site than to occupy C atomic site. 

And the Hf, Nb and Ta show the strong preference for Zr site than the others. 

 

3.4.2 Bragg-Williams approximation 

From the bonding energy point of view, the site preference of ternary elements in ZrC can be 

studied by using the nearest-neighbour Bragg-Williams approximation 
[28]

. The C Zr

TME  is calculated as 

follows: 

 CTM ZrTM ZrC=2C Zr

TME H H H                                                    (9) 

where CTMH  is the formation enthalpy of B1_CTM (NaCl prototype CTM), ZrTMH  is the 

formation enthalpy of B1_ZrTM (NaCl prototype ZrTM), and ZrCH  is the formation enthalpy of 

B1_ZrC (NaCl prototype ZrC). Figure 16 shows the values of all 3d (Sc-Zn), 4d (Y-Cd) and 5d (Ce, 

Hf-Au) transition metal elements in ZrC with the nearest-neighbour Bragg-Williams approximation. 

The tendency of the change with increasing atomic number is similarly with the complex 

first-principles calculations on 64 supercells. This indicates that the site preference of a ternary 

alloying element TM in ZrC is dominated by nearest-neighbour pair interactions. From the Figure 16, 

it can be seen that, from ⅢB to VIB, the TM atoms show strong preference for the Zr sublattice than 

the others, and the Hf show the lowest value of C Zr

TME  , which is coincide with the substitutional 

energy of Hf replacing Zr in ZrC. Such a relationship could be useful in designing ZrC-based 

                  



TRISO.  

 

4 Conclusions  

The point defects in ZrC with 3d, 4d, 5d transition metal elements as impurity atoms have been 

systematically studied using first-principles calculations based on density functional theory. The 

formation enthalpies, bind energies, electronic density of states and bond charge density of various 

defects have been calculated. The C vacancy, Zr vacancy, C or Zr anti-sites and 28 impurity atoms as 

substitutional atom, interstitial atom have been investigated. The monovacancy formation energies of 

Zr/C have been calculated. The results are all in good agreement with experimental data and other 

theoretical results. The formation energy of C-vacancy is less than 1.0 eV, about 10.4 eV less than 

that of substitutional Zr or C. Ni, Pd, and Pt have lowest formation energy among the same row TM 

atoms when it substitutes a C site. Among all the 28 examined elements, only Hf is energetically 

favourable to substitute Zr, with an exotic reaction energy of -0.2 eV. The interstitial energies of 3d, 

4d and 5d elements in ZrC show that all of the 28 TMs elements are hard to occupy the interstitial 

site in ZrC due to the larger interstitial energies. The interactions between the vacancy and TMs 

substitutional atom have been studied, and the results show that the CVa+TMC, CVa+TMZr, ZrVa+TMZr 

models are almost all attempt to attraction, however, there are 15 elements with ZrVa+TMC model, 2 

elements with ZrVa+TMZr model, and 2 elements with CVa+TMZr model have positive binding 

energies, which means the vacancy and TMs repelled each other in ZrC. Finally, the site preference 

of transition metal in ZrC have been investigated by using supercells and near neighbour 

Bragg-Williams approximation. The positive correlation between the two results suggests that the 

site preference of a ternary alloying element TM in ZrC is dominated by nearest-neighbour pair 

                  



interactions. Our results could be helpful in designing and improving the performance of ZrC alloy 

on demand. 
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Figure captions 

Figure 1 The substitutional energies with 3d, 4d, 5d elements (a) substitute C and (b) substitute Zr in 

ZrC 

Figure 2 Gain-loss electrons of 3d, 4d, 5d elements (a) substitute C and (b) substitute Zr in ZrC 

Figure 3 The interstitial energies with 3d, 4d, 5d elements in ZrC 

Figure 4 The gain-loss electrons of the interstitial atoms 

Figure 5 The formation energies of C vacancy and TMs atom substitute (a) C atom or (b) Zr atom in 

ZrC. 

Figure 6 The binding energies of C vacancy and TMs atom substitute (a) C atom or (b) Zr atom in 

ZrC. 

Figure 7 The gain-loss electrons of the C vacancy and TMs atom substitute C atom or Zr atom in ZrC 

Figure 8 (a) The total and partial density of states, (b) bonding charge densities of C vacancy with Ni 

substituting C atom in ZrC 

Figure 9 (a) The total and partial density of states, (b) bonding charge densities of C vacancy with Hf 

substitute Zr atom in ZrC 

Figure 10 The formation energies of Zr vacancy and TMs atom substitute (a) C atom or (b) Zr atom 

in ZrC 

Figure 11 The binding energies of Zr vacancy and TMs atom substituting (a) C atom or (b) Zr atom 

in ZrC 

Figure 12 The gain-loss electrons of the Zr vacancy and TMs atom substitute C atom or Zr atom in 

ZrC 

Figure 13 (a) The total and partial density of states, (b) the bonding charge density for Zr vacancy 

with substitutional atom Hf substituting C atom in ZrC 

Figure 14 (a) The total and partial density of states, (b) bonding charge density for Zr vacancy with 

substitutional atom Hf substitute Zr atom in ZrC 

Figure 15 Classification of the T = 0 K site preference behaviour of 3d, 4d, and 5d transition metal 

elements in B1 ZrC based on C Zr

XE   obtained from first-principles calculations on 64 supercells. 

Figure 16 The estimated values of C Zr

XE  of 3d, 4d, and 5d transition metal elements in B1 ZrC based 

on the simple Bragg-Williams approximation considering only nearest-neighbour pair interactions. 
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Figure 3 The interstitial energies with 3d, 4d, 5d elements in ZrC 

 

Figure 4 The gain-loss electrons of the interstitial atoms 

 

Figure 5 The formation energies of C vacancy and TMs atom substitute (a) C atom or (b) Zr atom in 

ZrC 
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Figure 8 (a) The total and partial density of states, (b) bonding charge densities of C vacancy with Ni 
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Figure 10 The formation energies of Zr vacancy and TMs atom substitute (a) C atom or (b) Zr atom 
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Figure 13 (a) The total and partial density of states, (b) the bonding charge density for Zr 

vacancy with substitutional atom Hf substituting C atom in ZrC 

 

Figure 14 (a) The total and partial density of states, (b) bonding charge density for Zr vacancy 

with substitutional atom Hf substitute Zr atom in ZrC 
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Table 1 Calculated formation energies (eV) of Zr and C vacancies in ZrC 

Defect Zr and C bulk Zr rich C rich  

VZr 8.8744 

8.83 

8.92,8.81 

8.89 

9.09 

8.98 

8.89 

8.8744 

8.83 

 

8.89 

7.1560 

7.19 

 

7.21 

Our work 

[10] 

[11] 

[12] 

[13] 

[14] 

[15] 

VC 0.9866 

0.93 

1.20,0.95 

0.927 

0.85 

1.08 

1.16 

-0.7318 

-0.71 

 

-0.75 

0.9866 

0.93 

 

0.927 

Our work 

[10] 

[11] 

[12] 

[13] 

[14] 

[15] 

ZrC 9.6827 

9.56 

9.92,9.65 

9.10 

9.56 

7.6943 

7.92 

11.4126 

11.20 

Our work 

[10] 

[11] 

[13] 

[14] 

CZr 13.1310 

13.00 

13.16,12.97 

13.01 

13.28 

14.8493 

14.64 

11.4010 

11.36 

Our work 

[10] 

[11] 

[13] 

[14] 

 

 

                  


