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A B S T R A C T   

With high stiffness, B1-ZrC in rocksalt structure is a hard structural material for various applications in harsh 
environments, whereas its tolerance of defects is elusive. Herein, we have investigated the stability and physical 
properties of B1-ZrC with point defects under high temperature and pressure by means of first-principles cal-
culations accompanied with the quasi-harmonic Debye model. Our results illustrated that the introduction of 
point defects usually degrades the thermophysical properties. The formations of different point defects with the 
effects of temperature and pressure are characteristic and classifiable. The accumulation of point defects is in an 
orderly manner. Carbon vacancies and their complexes are the major point defects in population. The Gibbs 
energies of formation and concentrations of point defects are sensitive to pressure in the lower pressure range, 
suggesting an effective routine to manipulate point defects in ZrC. The nearest neighbor defect pair is the most 
stable at high pressure. The insights from our first-principles calculations might be helpful in material design and 
defects engineering for ZrC-based materials and its applications.   

1. Introduction 

ZrC ceramic, with B1 structure, is characterized by high melting 
point, extreme stiffness, excellent wear resistance and chemical inert-
ness [1]. Therefore, ZrC is an ideal candidate for applications under 
extreme conditions, such as high temperature and high pressure. ZrC is 
widely used in aircraft as structural parts [2], in cutting tools as 
dispersion hardening particles [3], in microelectromechanical devices as 
wear-resistant coatings, and especially in high power density reactors at 
high temperature as a promising fuel-cladding material [4]. 

ZrC exhibits outstanding physical and chemical properties. The un-
usual combination of these properties can be traced back to its unique 
bonding character that the carbide actually a mixture of metallic, co-
valent, and ionic bonds [5], among which the covalent nature is domi-
nant. As reported, the finite density of state at the Fermi level EF and the 
hybridization of C_p-Zr_d provide evidence for metallic and covalent 
bonding in ZrC respectively [6,7], and ionic bonding can also be 
revealed from charge density plots [8]. In addition, some analyses on the 
properties of stoichiometric ZrC have been presented both by theoretical 
calculations and experiments. However, as a sub-stoichiometric 

compound, ZrC can accommodate a large quantity of point defects, 
especially carbon vacancies, and maintain stability. There is no systemic 
investigation for the properties of ZrC with various defects, and so, it is 
deserved further explorations. 

To improve the safety and reliability of nuclear energy systems, the 
kernel components in future fourth-generation nuclear reactors are 
required to withstand higher working temperature and more intensive 
radiation, which gives rise to severe challenges to traditional nuclear 
materials [9]. In the atomic energy industry, the fuel particles in high- 
temperature gas-cooled reactors are usually coated by using SiC. To 
ensure the performance and safety of the coating, the temperature of the 
coated particles should be controlled below 1600 ℃ [10], beyond which 
the fission product retention capacity of SiC will be obviously weakened 
and the mechanical properties will quickly decline because the SiC 
coating undergoes thermal decomposition and a phase transition at 
higher temperatures. ZrC has excellent high temperature performance 
which potentially meets the requisites to replace SiC as an important 
component of structural materials in extreme environments. 

As a potential candidate material for fuel application in advanced 
high-temperature reactors, ZrC exposed to radiation environments will 
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inevitably face the challenging issues of defect generation, migration 
and aggregation. It is notable to study the possible mechanical and 
thermophysical response of ZrC under high pressure and high temper-
ature conditions, and the influence induced by the introduction of 
various point defects, which may ultimately deteriorate the properties 
and alter its performance. Researches on ZrC with point defects at high 
temperature and pressure can help to understand the performance at 
extreme conditions. To our knowledge, there are a series of studies that 
focused on point defect formation and stability [11–19], but few of them 
involved the influence of temperature and/or pressure. Mellan et al. [20] 
have explored the formations and concentrations of several types of 
carbon Frenkel pairs by considering the effect of temperature with ideal 
solution models. Therefore, the motivation of the present work is to 
study systematically the structural and thermophysical properties of the 
pristine and defective ZrC under different temperatures and pressures. 
The formation abilities and concentrations of point defects, and their 
interactions for several defect complexes affected by temperature and 
pressure will be revealed and discussed. 

The organization of this paper is as follows. The details of DFT 
calculation including the associated parameters set and the methodol-
ogy of the quasi-harmonic Debye model are given in Section 2. In Sec-
tion 3, the results of the structural and thermophysical properties of the 
pristine and defective ZrC are presented. And then the defect formation, 
concentration and interaction are analyzed in detail. Finally, a summary 
is given in Section 4. 

2. Methods 

As per the research on constructing point defect configurations with 
different supercell sizes of Yang et al. [16], a supercell of pristine ZrC 
was constructed with a conventional unit cell (8 atoms) as a repeating 
unit and a 2 × 2 × 2 repetition pattern. Total energy calculations of 
perfect or defective ZrC were carried out using the projector-augmented- 
wave (PAW) method [21] as implemented in the Vienna ab initio 
simulation package (VASP) [22] within the framework of the DFT. The 
exchange–correlation effects were treated using the generalized 
gradient approximation (GGA) in the Perdew, Burke and Enzerhof (PBE) 
[23] parameterization. The planewave basis had an energy cutoff of 600 
eV. The Methfessel–Paxton [24] scheme was selected with a smearing 
width of 0.2 eV. The 6 × 6 × 6 and 7 × 7 × 7 k-meshes for the Brillouin 
zone integration were used for ion relaxation and static calculations, 
respectively. For the ion relaxation, the convergence criteria for total 
energies were 1.0× 10-5 eV, and the maximum force on each atom was 
<0.02 eV/Å. A higher energy convergence criterion 1.0× 10-6 eV was 
used for a more accurate static energy calculation. 

Within the framework of quasi-harmonic approximation, Gibbs2 
[25] was used to reveal the thermophysical properties of the solid-phase 
with pressure and temperature dependence. The Gibbs free energy is 
expressed as: 

G*(V;P, T) = E(V)+PV +Fvib(V;T) (1)  

where E(V) is the total energy calculated from the perfect or defective 
ZrC supercell, and Fvib(V;T) is the vibrational Helmholtz free energy, 
which can be expressed in the following form [26]: 

Fvib(V; T) = nkT[
9
8

θD

T
+ 3ln(1 − eθD/T) − D(

θD

T
)] (2)  

where n represents the number of atoms per formula unit (for cubic ZrC, 
n=2), k is the Boltzmann’s constant, θD is the Debye temperature, and 
D(θD/T) is the Debye integral. For θD, by isotropic approximation, it can 
be expressed by [27] 

θD =
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where BS and σ represent the adiabatic bulk modulus and Poisson’s ratio 
of the crystal, respectively, M is the molar mass of the compound 
(M=103.221 a.u.), and the expression of f(σ) [28] is 
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For a small range of σ fluctuations (for example, from 0.2 to 0.3), the 
difference of f(σ) is very small, so θD is not very sensitive to the value of 
σ. BS is related to V and T, and the following approximation was 
employed to balance calculation requirements and accuracy: 

BS ≈ Bsta = V(
d2E(V)

dV2 ) (5)  

where Bsta is the static bulk modulus. 
In order to minimize G*, a suitable analytical expression namely the 

thermal equation of state (EOS) is needed. Based on the EOS, the energy 
and its derivative interpolation can be reliably obtained. The fourth- 
order Birch–Murnaghan EOS [29] was used to fit the energy-volume 
(E-V) curve, for which the relationship between the pressure and vol-
ume can be expressed as: 
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(6)  

where BT0 , B′

T0 
and B′′

T0 
are the isothermal bulk modulus at standard 

temperature, its first and second derivative with respect to pressure, 
respectively. The isothermal bulk modulus BT(T,P) can be obtained 
from the following formula 

BT(T,P) == V(T,P)(
d2G*(V;T,P)

dV2 )T (7) 

The Poisson’s ratio of the defective ZrC is assumed as a constant 0.2 
(obtained by averaging several similar experimental results [30–32]). 
Combined with the thermal EOS, the specific thermophysical quantities 
such as heat capacity, thermal expansion coefficient, and Gibbs free 
energy were calculated within a given pressure and temperature range, 
which can refer to related computations of Hao et al. [33] in details. 

3. Results and discussion 

3.1. Thermophysical properties of pristine ZrC 

The formation energy, defined in terms of the structural energy 
difference, is used to evaluate the stability of compounds. The formation 
energy of the ZrC crystal can be expressed as 

ΔEZrC =
1

m + n
(EZrC − mEZr − nEC) (8)  

where EZrC, EZr and EC are the total energy per unit of ZrC, the energy per 
atom of the hexagonal closed-packed (hcp) Zr, and the energy per atom 
of the diamond, respectively. m and n represent, respectively, the 
number of Zr and C atoms in the ZrC supercell. 

According to Eq. (8), the lattice parameter and formation energy of 
pristine ZrC from the ab initio calculation are shown in Table 1. The 
comparison indicates that the present lattice constant is in good 

Table 1 
Lattice parameter a0 (Å) and formation energy ΔEf (eV/atom) of perfect ZrC.  

Parameter Present Other calculations Experiments 

a0   4.710 4.71 [15] 4.72 [16] 4.725 [19] 4.698 [34] 
4.72 [35] 

ΔEf   − 0.924 − 0.82 [12] − 0.84 [16] 
− 0.91 [38] 

− 1.04 ± 0.03 [36] 
− 0.96 [37]  
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agreement with other calculations [15,16,19] and experimental values 
[34,35]. The calculated formation energy is closer to the experimental 
values [36,37] than the other predictions [12,16,38]. 

The temperature dependence of the constant volume heat capacity 
(CV), constant pressure heat capacity (CP) and the volumetric thermal 
expansion coefficient α of the pristine ZrC crystal at zero pressure are 
presented in Fig. 1. The calculated CV agrees well with previous theo-
retical predictions. Compared with other calculations [11,39,40], the 
present calculated CP agrees better with experimental data [41–43]. The 
present calculated volumetric thermal expansion coefficient is similar as 
that of Lu et al. [44] and is different from the other theoretical pre-
dictions [39,45,46], and larger than the experimental results [47]. 

Fig. 2 demonstrates the behavior of heat capacity varying with 
temperature under various pressures. From Fig. 2(a) and (c), it can be 
concluded that with increasing pressure, CV and CP decrease in the 
entire temperature range. CV tends to be constant under high tempera-
ture and high pressure. When the temperature is lower than 500 K, both 
of CV and CP increase rapidly as the temperature increases. When the 
temperature is higher than 1000 K, CV increases slowly with tempera-
ture and gradually approaches the Dulong-Petit limit at various pressure 
while CP increases significantly as the temperature increases at zero 
pressure. Fig. 2(b) and (d) show that CV and CP decrease nonlinearly 
with the applied pressure at room temperature (300 K). CP decreases 
more rapidly than CV does at high temperatures when the pressure in-
creases from 0 GPa to 50 GPa. Therefore, the heat capacity at constant 
pressure behaviors more differently at a specific temperature and pres-
sure range. 

The volumetric thermal expansion coefficients α of ZrC crystal at four 
different temperatures depended on pressure are displayed in Fig. 2(f). 
In the low-temperature range (below 300 K), α increases rapidly with 
temperature under low pressure. The slope of α gradually decreases to 
zero at higher temperatures. α decreases nonlinearly with pressure, and 
it decreases rapidly in the range of 0–50 GPa at various temperatures. 
The decreased magnitude of α with the increased pressure at high 
temperature is larger than that at low temperature. It can be inferred 

that the volumetric thermal expansion coefficient of ZrC is sensitive to 
the small pressure applied and the temperature change below the room 
temperature. 

The pressure-related Debye temperature infers the mechanical stiff-
ened bulk modulus, and thermal softening of bulk modulus corresponds 
to bond expansion and bond weakening caused by thermal stress in ZrC 
[48]. Table 2 summarizes the static bulk modulus and Debye tempera-
ture calculated from static data. The comparison shows that the calcu-
lated bulk modulus and Debye temperature of ZrC are in accordance 
with those of other calculations [11,18,20,44,49–51] and experiments 
[30,31,52–55]. 

Taking the temperature effect into account, the calculated isothermal 
bulk modulus BT and Debye temperature θD, as functions of temperature 
and pressure, are illustrated in Fig. 3. The isothermal bulk modulus is 
suppressed with the increased temperature under various pressures. The 
decrease is almost linear. Opposite the effect of temperature, it is 
obvious that BT increases significantly with pressure. 

Similarly, the Debye temperature θD of ZrC decreases with increasing 
temperatures, as illustrated in Fig. 3(c)(d). Especially under low- 
pressure conditions, θD decreases rapidly. Moreover, the higher the 
pressure, the decreasing amplitude will gradually decline. θD increases 
significantly with the increased pressure and its rate of increment, as 
shown in Fig. 3(d), decreases gradually. This means that θD increases 
more obviously at the low-pressure range and increases more slowly 
under high pressure. 

3.2. Point defects in ZrC 

3.2.1. Defective configurations 
The defects can be classified into two categories: single defect and 

defect complex. Single defect includes mono-vacancy, mono-interstitial, 
and mono-antisite defect, among which the interstitial defect configu-
rations of C are subdivided (approximately) for the different low-index 
crystal orientations determined by the location of the C–C bond. The 
defect complex includes the defect pairs that can be assembled from two 
single defects, including Schottky pairs (SP) composed of a Zr vacancy 
and a C vacancy, Frenkel pairs (FP), and antisite pairs (AP). For the 
further study on interactions and ordering of carbon vacancies, we have 
classified the divacancy of carbon (DVC) as a defect complex. The pair of 
point defects can be subdivided into two subcategories of strong bonding 
(SB) and weak bonding (WB) due to their separations in the supercell. 
When the two defects are the nearest neighbors, the interaction between 
the defects is usually strong. If the structural stability is taken into ac-
count, leaving the two defects as far as possible, the interaction between 
the two defects would be relatively weakened, which is a representative 
intermediate state between the two states of strong interaction and 
isolation. The systems with point defects were constructed based on a 
64-atom supercell. In order to determine the size effect of the supercell, a 
larger supercell with 216 atoms was also used for carbon divacancy. The 
main results remain the same for the regularity of interaction between 
the two vacancies up to the fifth nearest neighbor. With the compromise 
of the computing demands, we have used the model of a 64-atom 
supercell in this study. 

Following the scheme of Razumovskiy et al. [13], we found that the 
strongly bonded Frenkel pair ({FPZr}SB) assembled by the zirconium 
vacancy and the zirconium atom on the nearest neighbor tetrahedral 
interstitial site is unstable. The nearest neighbor antisite pair ({AP}SB) is 
also unstable. Two main factors may cause the final relaxed configura-
tion of the two Zr-related defect pairs to deviate seriously from the initial 
target configurations. One factor is that the zirconium interstitial atom is 
too close to the normal lattice site. The other factor is that the Zr atom on 
the substituted C lattice site is subjected to considerable directional 
forces provided by the surrounding atoms. 

The studies of C interstitial defects [12 14] and C Frenkel defects [20] 
indicate that the defect configurations associated with C interstitial 
defects are quite abundant. Interstitial C atom with small atomic radii 

Fig. 1. Heat capacity CV , CP and thermal volume expansion coefficient α versus 
temperature for pristine ZrC. aRef. [11]. bRef. [39]. cRef. [40]. dRef. [41]. 
eRef. [42]. f Ref. [43]. gRef. [44]. hRef. [45]. iRef. [46]. jRef. [47]. 
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tends to locate in various interstitial positions. We primarily considered 
the interstitial structures in which the C–C bond is (approximately) 
aligned with the three low-index crystal directions [100], [101] and 
[111]. The interstitial C atoms form carbon dimers, trimers, tetramers, 
and even pentamers with other nearest neighbor one or more C atoms, as 
shown in Fig. 4(a), (b), (c), and (d) respectively. In Fig. 4(d), the C atom 
is located in a double-tetrahedral interstitial site. It bonds to each C atom 
on the apex of the carbon tetrahedron to form a carbon pentamer (IC_ 
[111]5). When the C atom is disturbed and moves toward a tetrahedral 
apex atom of Zr, the C–C bond with C atom in the opposite direction will 
be broken, forming a tetramer (IC_[111]4). 

By taking the carbon atom from one lattice site as the nearby 

Fig. 2. The variations of heat capacity and thermal volume expansion coefficient with temperature and pressure. (a)(c)(e) with temperature at various pressures; (b) 
(d)(f) with pressures at various temperatures. 

Table 2 
Computed static bulk modulus B0 (GPa) and the Debye temperature θD (K) of 
perfect ZrC.  

Properties Present 
work 

Other calculations Experiments 

B0   221.5 232.2PBE [18], 236.2LDA [20], 
221.8PBE [49], 219PBE [50] 

208.7 [30], 223  
[31], 220 [52] 

θD   700.9 747 [11], 672 [18], 703 [44], 
700 [51] 

649 [53], 699 [54], 
713.8 [55] 

The data calculated using different exchange–correlation functionals are 
attached with the subscript LDA or PBE. 

Fig. 3. The dependence of isothermal bulk modulus BT and Debye temperature θD on temperature and pressure.  
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interstitial atom, we constructed strongly bonded C-Frenkel pairs as 
shown in Fig. 4(e), (f) and (g), respectively. If the C atom located in the 
tetrahedral interstitial site and adjacent to the C vacancy moves toward 
the midpoint of the two diagonal C atoms, an angular C trimer will be 
formed, namely forming a strong bonding Frenkel pair ({FPC_[111]3}SB) 
(see Fig. 4(h)). Furthermore, we found that this horned carbon trimer is 
unstable when in isolation or even weakly bonded to the C vacancy. The 
C interstitial atom is easily “pulled back” to the linear structure by the 
two diagonal C atoms on the lattice site. Due to the existence of the C 
vacancy, the C interstitial at a certain distance from the C vacancy tends 
to slightly deviate from the regular tetrahedral interstitial site. This 
phenomenon indicates that the interstitial C atom is disturbed and 
moves toward the Zr atom located at the corner, and then a C tetramer 
corresponding to a weakly bonded Frenkel pair ({FPC_[111]4}WB) will 
be formed. 

It is unstable for the strongly bonded Frenkel pairs assembled by a C 
vacancy and a C interstitial atom that aligns the C–C bond with the 
[100] and [101] crystal orientations ({FPC_[100]2}SB and {FPC_ 
[101]2}SB) under high pressure. Moreover, it is interesting that the C 
interstitial atom in the {FPC_[100]2}SB defect gradually approaches the 
vacancy with the increase of pressure. Firstly, it reaches the midpoint of 
the two diagonal Zr atoms, and the resulting C–C dimer is aligned with 
the [101] crystal orientation. Then, the defect transforms into an {FPC_ 
[101]2}SB type. With pressure increases even more, the interstitial atom 
would break through the “clamping” effect of the two Zr atoms and 
move into the vacancy, resulting in a perfect lattice site ultimately. 

3.2.2. Defect formation energies from ab initio calculations 
The total energy of a perfect or defective ZrC at 0 K and 0 GPa could 

be obtained by ab initio calculations, based on which the formation en-
ergy for various defects is given by the following expression: 

Ef = Edef − Eperf −
∑

i
Δniμi (9)  

where Edef and Eperf represent the total energy of a defective supercell 
and the total energy of a perfect supercell with the same size, respec-
tively. Δni represents the relative change in the number of atoms of i (C 
or Zr) in a defective cell. μi is the chemical potential of C or Zr, and 
expressed by the energy per atom calculated by taking the diamond C 
phase and the hcp Zr phase as the reference states. 

The formation energies, defined by Eq. (9), for the considered defects 
are presented in Table 3. One can see that the calculated formation 
energies agree well with those in literatures [11–14,16–18,20]. The 

formation energies of C vacancies are lower than those of other defects, 
which is consistent with the fact that ZrC sub-stoichiometric compound 
with a large number of C vacancies can maintain its stability. While the 
calculated formation energies of Zr-related defects are all larger than 8 
eV/defect. When the formation energy is larger than 5 eV/defect, the 
defect concentration will be<1 cm− 3 even at the temperature of 1000 K 
[56], which indicates that they are very difficult to form even at high 
temperatures. The formation energies of C interstitial defects and C 
Frenkel pairs are between 3 eV/defect and 5 eV/defect. 

Comparison of the formation energies for various mono-interstitials 
of carbon concludes that the C–C–C linear trimer formed by the align-
ment of the C–C bond with the [101] crystal orientation is the most 
energetically favorable interstitial configuration. The C pentamer 
formed by the C atom located in the double-tetrahedron interstitial site 
is much more difficult to form than the others. The formation energy of 
the C Frenkel defect pair is relatively lower when the interstitial atom is 
close to the C vacancy and higher when they are separated by a certain 
distance. Therefore, the strong bonding state of the Frenkel defect pair is 
more energetically advantageous than the weak bonding state. In either 
state, the stability of these Frenkel pair configurations decreases ac-
cording to the C–C bond aligned along the crystal orientations [111], 
[101] and [100]. Among them, the configuration of C vacancy with an 
adjacent angular C trimer is the most favorable in energy. 

As for the defect pairs of carbon divacancy, the formation energy of 
the strongly bonded state is slightly higher than that of the weakly 
bonded. This may result from the slight repulsion between the two va-
cancies close to each other. Moreover, the formation energy difference 
between them is much smaller than that of other defect pairs. Our result 
suggests that there is a little difference in the possibility of vacancies 
appearing in the nearest and far away locations. 

From Table 3 and Fig. 5, one can conclude that C vacancies are easily 
formed in ZrC crystals followed by C interstitial atoms and C Frenkel 
pairs, while Zr-related defects are difficult to be observed due to their 
much higher formation energies. 

3.2.3. Bulk modulus and Debye temperature 
The static bulk modulus and Debye temperature of the defective ZrC 

are summarized in Table 4. Compared with Table 2, the bulk moduli of 
defective ZrC are generally smaller than the previous results calculated 
by Jiang et al. [18] and Mellan et al. [20] (about 10 GPa smaller than 
Jiang’s and about 15 GPa smaller than Mellan’s). One of the reasons is 
that Mallan et al. used the LDA functional, which is different from the 
GGA-PBE functional used in most studies and present calculations, while 

Fig. 4. Various carbon mono-interstitials and strongly bonded Frenkel pairs. For each defect structure, the eighth of the supercell that contains the interstitial atom is 
visualized, where carbon atoms, zirconium atoms, and the vacant carbon site are colored brown, green, and highlighted red, respectively. 
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Duff et al. [57] reported that the LDA functional could improve the 
performance of the bulk modulus of ZrC crystals. It is obvious that the 
bulk modulus of defective ZrC is reduced. The reduced magnitude is 
closely related to the type of defect. The bulk moduli of the configura-
tions containing a C vacancy or various C interstitial defects are quite 
close to each other. The same similarity can be observed for configu-
rations containing different C-Frenkel pairs. For the former category, the 
introduction of defects reduces the bulk modulus of ZrC by about 2–7 
GPa compared to the pristine crystal. The reduction is relatively small. 
The introduction of the latter category for C-Frenkel pairs reduces by 
about 10–14 GPa. On the whole, the C interstitial atom located at the 
double-tetrahedron interstitial site (IC_[111]5) minimizes the reduction 
of the bulk modulus. On the contrary, the Zr Frenkel pair and the antisite 
pair reduce the bulk modulus by about 20 GPa and 32 GPa, respectively, 
a fairly significant decline. In terms of the relative value of the bulk 
modulus among various defect configurations, the trend of our results is 
generally consistent with that of Jiang et al. [18] and Mellan et al. [20]. 

The Debye temperature of ZrC is lower than that of SiC (the exper-
imental Debye temperature 1123 K [58]). Our prediction of the Debye 
temperature for the perfect ZrC crystal is very close to those of the most 
theoretical calculations and experiments. While for the configuration 
containing defects, few data are available in the literatures. The pre-
dicted results provided by Jiang et al. [18] are generally smaller than 
those of our calculations. For the defect configuration that the C inter-
stitial atom is located in the double-tetrahedron interstitial site (IC_ 
[111]5), the Debye temperature is slightly higher than that of the per-
fect lattice, or almost equal (it is also true for the prediction of Jiang et al. 
[18]). As for the other cases, the introduction of defects reduces the 

Table 3 
The formation energies of various point defects in ZrC.  

Classification Defect 
structures 

Description Ef (eV/ 
defect)  

Other cals. 

Single point VC C mono vacancy 1.13 1.16 [11], 
1.08 [18] 

VZr Zr mono vacancy 8.89 8.98 [11], 
8.89 [18], 

IC_[100]2 C dimer 3.80 a4.43 [12], 
4.39 [14] 

IC_[101]3 C linear trimer 3.18 3.52 [14], 
3.56 [17] 

IC_[111]5 C pentamer 4.83 3.61 [16] 
IC_[111]4 C tetramer 3.50 3.82 [12], 

3.98 [14] 
IZr Zr occupies the 

tetrahedral site 
8.37 8.80 [16], 

8.01 [18] 
CZr C occupies Zr 

lattice site 
12.82 12.97 [14], 

13.28 [18] 
ZrC Zr occupies C 

lattice site 
9.73 9.65 [14], 

9.56 [18] 
Complex {DVC}SB Nearest C 

divacancy 
2.34 – 

{DVC}WB Dissociated C 
divacancy 

2.29 – 

{SP}SB Nearest C- Zr 
divacancy 

8.40 8.33 [11], 
b6.53(6.55)  
[13] 

{SP}WB Dissociated C-Zr 
divacancy 

10.01 b8.02(8.16)  
[13], c8.14 
(8.17) [16] 

{FPC_ 
[100]2}SB 

The C vacancy 
nears a C dimer 

4.40 – 

{FPC_ 
[100]2}WB 

Dissociated C 
vacancy and C 
dimer 

4.93 4.436 [20] 

{FPC_ 
[101]2}SB 

C dimer nears and 
points to the C 
vacancy 

4.0.05 – 

{FPC_ 
[101]3}WB 

Dissociated C 
vacancy and linear 
C trimer 

4.33 4.335 [20] 

{FPC_ 
[111]4}SB 

The C vacancy 
nears a C tetramer 

4.01 – 

{FPC_ 
[111]4}WB 

Dissociated C 
vacancy and C 
tetramer 

4.54 d4.54(4.11)  
[16], 4.441  
[20] 

{FPC_ 
[111]3}SB 

The C vacancy 
nears an angular C 
trimer 

3.44 3.247 [20] 

{FPZr}WB Dissociated Zr 
vacancy and Zr 
interstitial 

17.05 b18.61 [13], 
c17.69(17.26)  
[16] 

{AP}WB Dissociated antisite 
pair 

18.77 a22.56(22.65)  
[12] 

Data with an alphabetic superscript are calculated using different expression 
formulas, and the results recalculated with these expressions are shown in 
parentheses. 

Fig. 5. The relative trend chart of the formation energy of various defects. The two categories of defects are distinguished by a blue dash-dot line, and the formation 
energies of all defects can be divided into three levels by two dashed lines colored green and red respectively. 

Table 4 
The static bulk modulus and the Debye temperature of defective ZrC system.  

Perfect/Defective B0(GPa)  Previous work θD(K)  Previous work 

VC  214.4 224.9PBE [18]  687.2 682.5 [18] 
VZr  214.3 222.0PBE [18]  695.3 657.3 [18] 
IC_[100]2  216.2 –  696.6 – 
IC_[101]3  214.2 –  693.0 – 
IC_[111]5  219.6 230.7PBE [18]  701.0 676.7 [18] 
IC_[111]4  216.9 –  696.8 – 
IZr  206.0 212.9PBE [18]  674.1 644.2 [18] 
CZr  214.7 225.1PBE [18]  698.2 666.2 [18] 
ZrC  204.6 214.3PBE [18]  668.3 589.2 [18] 
{DVC}SB  207.0 –  673.1 – 
{DVC}WB  209.4 –  676.8 – 
{SP}SB  205.6 –  679.6 – 
{SP}WB  206.1 –  680.3 – 
{FPC_[100]2}WB  210.7 225.1LDA [20]  685.5 – 
{FPC_[101]3}WB  207.8 218.8LDA [20]  680.3 – 
{FPC_[111]4}SB  211.5 –  685.8 – 
{FPC_[111]4}WB  209.2 225.2LDA [20]  682.2 – 
{FPC_[111]3}SB  209.6 226.8LDA [20]  683.0 – 
{FPZr}WB  201.3 –  672.3 – 
{AP}WB  189.9 –  651.9 – 

The data calculated using different exchange–correlation functionals are 
attached with the subscript of LDA or PBE. 

G. Yang et al.                                                                                                                                                                                                                                    



Computational Materials Science 198 (2021) 110694

7

Debye temperature, but the decrement is smaller than those provided by 
them. ZrC antisite defect has the most obvious negative effect on Debye 
temperature among all the point defects. The calculations of Jiang et al. 
[18] show that the introduction of C vacancies slightly increases the 
Debye temperature, while our result exhibits a negative effect, just as 
same as the other defects. The Debye temperature of the ZrC configu-
rations with the carbon divacancy is more reduced compared with that 
of the monovacancy, which means that the negative effect should be 
more convincing. 

The bulk modulus and Debye temperature of the ZrC configuration 
with defect pairs are generally lower than those of single-point defects, 
which indicates that the accumulation of defects has a more profound 
effect on the thermophysical properties of ZrC. For the vacancy pairs, 
including carbon divacancies and Schottky pairs, the reduction of bulk 
modulus and Debye temperature for the strong bonding state is slightly 
more obvious than that for the weak bonding state, which means that 
the aggregation of vacancies in ZrC containing a certain quantity of 
vacancies is more detrimental to the bulk modulus and Debye temper-
ature. Generally, a lower bulk modulus corresponds to a lower Debye 
temperature. The introduction of carbon vacancies seems to cause the 
Debye temperature to be furtherly declined. 

3.2.4. Gibbs energy of defect formation 
The Gibbs energy for the defect formation is 

ΔGf = Gdef − Gperf −
∑

i
ΔniGi (10)  

where Gdef and Gperf are Gibbs free energies of the defective supercell 
and the perfect supercell, respectively, and Gi is the Gibbs free energy 
per atom in diamond crystal or hcp Zr crystal. 

For the fairly high defect formation energies from ab initio calcula-
tions of CZr, {FPZr}WB, and {AP}WB, even the effects of temperature and 
pressure are included, there is no significant change, which means that 
the appearance of the three defects in the entire temperature and pres-
sure range is almost impossible. 

Firstly, the behaviors of C vacancies and C interstitials with lower 
formation energy in a certain temperature and pressure range are dis-
cussed. The contour maps (with a gradient of 50 or 100 kJ/mol) of Gibbs 
energy of formation are respectively shown in Figs. 6 and 7. The con-
tours in Fig. 6 are much flatter than those in Fig. 7. This means that the 
Gibbs energy of formation for C vacancies in ZrC is much less affected by 
temperature than that for C interstitial defects. At some pressures, the 
Gibbs energy of formation for C vacancies decreases non-monotonously 
with increasing temperature, and sometimes it even slightly increases. 
However, the Gibbs energy of formation for C interstitials decreases with 
the increase of temperature at all pressure ranges. Except for the IC_ 
[100]2 configuration, which has a large fluctuation (about 600 kJ/mol), 
the energy fluctuation range of other C interstitial configurations is 
similar to that of a C mono vacancy, about 300 kJ/mol. In the low 

pressure range (<50 GPa), the Gibbs energies of formation for C va-
cancies and two carbon interstitial defects, IC_[100]2 and IC_[101]3, 
increase rapidly with the increase of pressure, which means that they 
would be suppressed by applying a smaller pressure. 

At the same temperature, the Gibbs energies of formation for C va-
cancies and IC_[101]3 defect have a clear trend of increasing firstly and 
then decreasing with the pressure. It changes slowly in a considerable 
pressure range near the summit, which will lead to a large “relative 
forbidden zone” for the formation of defects. When the pressure reaches 
to an ultra-high level, the effect of pressure on the formation of these 
defects turns from negative to positive. It is worth notable that the 
contour maps describing the formation of C interstitial defects have 
obvious characteristics. For IC_[100]2 defects, the Gibbs energy of for-
mation increases with pressure throughout the entire pressure range. 
This means that the higher the pressure, the less conducive to the for-
mation of the defects. As for IC_[111]5 and IC_[111]4 defects, as the 
pressure increases, the Gibbs energies of formation firstly have a small 
increment in the low-pressure range. Then it decreases approximately 
linearly until 400 GPa, which results in the Gibbs energies of formation 
of the high-pressure range being even smaller than that of the low- 
pressure. The high-temperature and high-pressure likely are of benefit 
to the forming of the two types of defects. 

The contour maps of Gibbs energy for carbon Frenkel pair formation 
varied with temperature and pressure are shown in Fig. 8 (contour 
increment with a gradient of 100 kJ/mol). The Gibbs energies of for-
mation for all defects increase rapidly with the pressure in the low- 
pressure range followed by a large-width peak, and then a slow 
decrease in the ultra-high-pressure region. This indicates that the effects 
of pressure on the formation energies of all the defects turn from 
negative to positive when the pressure increases. For the considered 
pressures, the Gibbs energies of formation of all defects decrease 
significantly with increasing temperature. At a certain temperature, 
similar to that for the C interstitial defect IC_[100]2, the Gibbs energy of 
formation for {FPC_[100]2}WB defect has the largest variation (870 kJ/ 
mol) throughout the pressure range, then followed by the {FPC_ 
[101]3}WB (624 kJ/mol), but the variations for the others are small 
(about 400 kJ/mol). From the Gibbs energy of formation, all the Frenkel 
pairs are relatively easily formed at low pressure and high temperature. 
For {FPC_[100]2}WB defects, the minimum of Gibbs energy of formation 
in ultra-high pressure zone is significantly higher than that in low 
pressure zone (about 700 kJ/mol), which means that it is extremely 
difficult to form in the high pressure region. 

Finally, the contours of Gibbs energies of formation varied with 
pressure and temperature for five Zr-related defects are demonstrated in 
Fig. 9. These defects have high Gibbs energies of formation throughout 
the temperature and pressure range, suggesting that the formations of 
these defects are more difficult. The Gibbs energies of formation for VZr, 
{SP}SB and {SP}WB defects increase fairly rapidly with pressure in the 
low pressure range. For zirconium interstitial defects (IZr), it increases 

Fig. 6. Gibbs energies of formation, with the unit kJ/mol, of carbon vacancies vary with temperature and pressure. (a) carbon mono vacancy; (b) strongly bonded 
carbon divacancy; (c) weakly bonded carbon divacancy. The minimum of formation energy at zero pressure, the global maximum, and the minimum at ultra-high 
pressure are separated by “/” and “\” in turn, which is located at the region of high formation energy. 
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monotonously with pressure. For ZrC antisite defect it decreases almost 
linearly after a small increment in low pressure range. The decrement is 
close to 400 kJ/mol, which results in a minimum in the high pressure 
and low temperature zone. In the high pressure zone, the Gibbs energy 
of formation for ZrC defect increases abnormally with increasing tem-
perature, and those for {SP}SB and {SP}WB tend to decrease firstly and 
then increase with temperature in the low pressure range (0–10 GPa). In 
most other cases, the Gibbs energies of formation decrease with the 

temperature. 
In order to compare the formation abilities of the same category of 

defects mentioned above at the same pressure or temperature, their 
Gibbs energies of formation at 0 K (0 GPa) as functions of pressure 
(temperature) are plotted in Fig. 10. One can see that the Gibbs energy 
for the defect formation varies characteristically with pressure or 
temperature. 

For the formation energies of the C mono-vacancy and C mono- 

Fig. 7. Gibbs energies of formation for carbon interstitials in ZrC vary with the temperature and pressure. (a)–(d) correspond to IC_[100]2, IC_[101]3, IC_[111]5, and 
IC_[111]4 respectively. 

Fig. 8. Gibbs energies of formation for carbon Frankel defect pairs in ZrC vary with temperature and pressure. (a)–(e) correspond to {FPC_[100]2}WB, {FPC_ 
[101]3}WB, {FPC_[111]4}SB, {FPC_[111]4}WB, {FPC_[111]3}SB respectively. 
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interstitials, it is the lowest for the mono-vacancy when the pressure is 
low, while it is the highest for the IC_[111]5 defect. Above 100 GPa, the 
Gibbs energy of formation for IC_[100]2 defect is much higher than 
those of the other single point defects, among which the Gibbs energy of 
formation for IC_[111]4 defect is the lowest. The Gibbs energy for car-
bon divacancy formation is similar as some interstitial defects under low 
pressure. However, it increases significantly with the increase of 

pressure and is much higher than those of other defects except that of IC_ 
[100]2, which indicates that pressure can effectively reduce the ag-
gregation of isolated C vacancies. At the same temperature, the Gibbs 
energies of formation for {DVC}SB and {DVC}WB are almost equal in the 
pressure range of 0–150 GPa, but the higher pressure is more unfavor-
able for {DVC}WB, indicating that carbon divacancies tend to be tightly 
bonded under high pressure. In the case of 0 GPa, the Gibbs energy of 

Fig. 9. Gibbs energies for 5 types of Zr-related defects formation vary with temperature and pressure. (a)–(e) correspond to VZr, IZr, ZrC, {SP}SB, and {SP}WB, 
respectively. 

Fig. 10. The temperature (pressure) dependencies of Gibbs energy of defect formation at 0 GPa (0 K) after classification. (a) and (b) correspond to carbon vacancies 
and interstitials, where curves I–V correspond to VC, IC_[100]2, IC_[101]3, IC_[111]5, and IC_[111]4, respectively, while the black dash line and the gray dash line 
correspond to {DVC}SB and {DVC}WB respectively. (c) and (d) correspond to carbon Frankel defect pairs, where curves I–V correspond to {FPC_[100]2}WB, {FPC_ 
[101]3}WB, {FPC_[111]4}SB, {FPC_[111]4}WB, and {FPC_[111]3}SB, respectively. (e) and (f) correspond to five types of Zr-related defects, where curves I–V 
correspond to VZr, IZr, ZrC, {SP}SB, {SP}WB, respectively. 
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formation for each type of defect decreases with the temperature. This 
phenomenon can be explained by the fact that near the ambient pres-
sure, as the temperature increases, the probability of C atoms left the 
normal lattice site to form vacancies increase. Then the probability of C 
vacancies aggregated also increases. At the same time, the lattice ex-
pands and the probability of C atoms with a small atomic radius entering 
each interstitial site increases too. At 0 K, curves IV and V in Fig. 10(b) 
show that the Gibbs energies of formation for IC_[111]5 and IC_[111]4 
decrease almost linearly with the increased pressure under high pres-
sure. Curves I and III in Fig. 10(b) are close to each other under high 
pressure, and this feature remains at other temperatures, which means 
these two defects show similar forming abilities under high pressure. 

When the temperature increases from 0 to 3000 K, the decrements of 
formation energy are 1.17, 2.25, 1.82, 2.18 and 1.74 eV/defect (corre-
sponding to curves I–V) for C Frenkel pairs {FPC_[100]2}WB, {FPC_ 
[101]3}WB, {FPC_[111]4}SB, {FPC_[111]4}WB, {FPC_[111]3}SB , 
respectively, at 0 pressure (Fig. 10). The reduction is generally larger 
than those of C vacancies and C interstitials. The results of Mellan et al. 
[20] for {FPC_[100]2}WB, {FPC_[101]3}WB, {FPC_[111]4}WB, {FPC_ 
[111]3}S are about 1.46, 1.10, 1.03 and 0.84 eV/defect, respectively. In 
the considered pressure range, the Gibbs energy of formation for {FPC_ 
[100]2}WB is the highest. {FPC_[111]3}SB has the lowest formation 
energy at low pressure and {FPC_[111]4}SB has the lowest formation 
energy at high pressure, which is consistent with the gradual transition 
from{FPC_[111]3}SB to {FPC_[111]4}SB under compression. Since the C 
interstitial atoms within {FPC_[111]4}SB and {FPC_[111]3}SB configu-
rations are located very close to each other, at the same temperature, 
curves III and V in Fig. 10(d) almost overlap in the pressure range of 
100–400 GPa. With the increase of pressure, the distance between the C 
interstitial atom and the C vacancy in {FPC_[111]4}WB defect shortened, 
the interaction strengthened, so that the curve IV gradually approaches 
curves III and V under higher pressure. 

Unlike the above two categories of defects, the Gibbs energies of 
formation for Zr-related defects corresponding to curves I–V in Fig. 10(e) 
usually have abnormal relationships with temperature at different 
pressures. At 0 GPa, when the temperature increases from 0 to 3000 K, 
the Gibbs energies of formation for VZr, IZr, and ZrC reduce by 1.36, 1.93, 
and 1.26 eV/defect, respectively, while the {SP}SB and {SP}WB defects 
increase by about 0.80 eV/defect and 1.07 eV/defect respectively after a 
small decrease. This indicates that the recombination probability of 
interstitial Zr atoms and vacancies (i.e. probability of returning to the 
normal lattice site) increases significantly as the temperature increases. 
It can be inferred by that the Gibbs energy for Zr interstitial atoms for-
mation is lower than that for Zr vacancies and decreases more quickly 
with increasing temperature. As a result, the formation of Schottky pairs 
would be inhibited. In the range of 0–100 GPa, the Gibbs energy of 
formation for weakly bonded Schottky pair ({SP}WB) is the highest, 
while in the range of 100–400 GPa, that of ZrC defect is obviously the 
lowest. 

The volume of the material shrinks by applying pressure. While it 
usually expanses with temperature, which is equivalent to a negative 
pressure applied. In the most of cases mentioned above, pressure results 
in an inhibitory effect on the formation of defects, while the temperature 
tends to be a favorability of defect formation. The competition between 
the two effects results in formation ability at high temperature and 
pressure. 

3.2.5. Defect concentrations 
The equilibrium concentration of defects in the crystal is closely 

related to the Gibbs energy of defect formation. The Arrhenius rela-
tionship can provide an approximate description of the defect concen-
tration in a wider temperature range. Therefore, the relationship 
between the concentration Xj for various types of defects and the Gibbs 
energy of formation ΔGj (j represents the type of defect) and the tem-
perature T can be expressed as 

Xj = e - ΔGj/kT (11) 

As the previous discussion on Gibbs energy of formation, we confirm 
that it is a wise choice to divide the concentration distribution of various 
defects into three categories. For C vacancies, C interstitial defects, and C 
Frenkel pairs, the value of 10-10 (concentrations higher than this value 
are considerable) is set as the lower bound of the concentration distri-
bution. However, since the Gibbs energies of formation for the 
remaining five Zr-related defects are significantly larger than that for C- 
related defects, we set a lower bound of 10-20. There is no doubt that the 
global concentration maximum for each type of defect occurs in the 
high-temperature zone. 

The concentrations of C vacancies and C interstitials predicted by the 
Arrhenius relationship are shown in Figs. 11 and 12. For C vacancies and 
two types of C interstitials IC_[100]2 and IC_[101]3, the concentration 
maximum occurs in the low pressure zone, while the IC_[111]5 and IC_ 
[111]4 defects have a much higher concentration in the high-pressure 
zone, which undoubtedly corresponds to their lower Gibbs energies of 
formation as mentioned above. At high temperature and under low 
pressure, the order of concentration maxima for these point defects from 
lowest to highest are IC_[111]5, IC_[100]2, IC_[111]4, IC_[101]3 and VC. 
In the high pressure zone, IC_[100]2 defect has no concentration dis-
tribution in the specified range, which is consistent with its Gibbs energy 
of formation increasing simply with the pressure while the concentra-
tion maximum for other defects decreases in the order of IC_[111]4, IC_ 
[111]5, IC_[101]3 and VC, indicating that high temperature and high 
pressure are very favorable for the formation of C interstitial atoms near 
the tetrahedral interstitial site. The lower bounds of {DVC}SB and 
{DVC}WB are almost coincident (see the black and gray dash lines in 
Fig. 12(e)). But since the former is more sensitive to temperature at low 
pressures, its concentration maximum is larger than that of the latter 
(corresponding to the maximum marks in Fig. 11(a) and (b)). The con-
centration distribution range of carbon divacancies is much smaller than 
that of isolated C vacancies, and there is no concentration distribution 
higher than the lower bound in a range of high pressure zone. This may 
be attributed to the inhibitory effect of high pressure on the accumula-
tion of isolated C vacancies. Comparing their maximum concentrations, 
we infer that the quantity of C vacancies increases and only partially 
aggregates with the effect of high temperature at low pressures. In 
Fig. 12(e), curves I and III are close to each other under high pressure, 
which corresponds to the situation in Fig. 10(b), and also corresponds to 
concentration distributions of VC and IC_[101]3 defects under high 
pressure. Under low pressure, except that the concentration of isolated C 
vacancies is close to the lower bound at about 600 K, the temperature for 
other point defects concentration near the lower bound is above 1250 K 
or even higher than 2000 K. Whereas with the effect of ultra-high 
pressure, as long as about 700 K and 500 K are respectively provided 
for IC_[111]5 and IC_[111]4, their concentrations can reach the lower 
bound. 

The Gibbs energies of formation for the C-Frenkel pairs are generally 
larger than that of single C-related point defects. Therefore, the con-
centration distribution of the former above the lower bound occupies a 
narrower temperature and pressure zone than the latter, as shown in 
Fig. 13. For all C-Frenkel pairs, the lower bound of the concentration can 
only be reached above 1300 K at low or ultrahigh pressure. The global 
concentration maximum occurs in the low pressure zone. Combining the 
previous discussions on the Gibbs energy of formation and concentration 
distributions of IC_[111]5 and IC_[111]4 defects, we can conclude that 
the considerable concentrations of C-Frenkel pairs {FPC_[111]4}SB, 
{FPC_[111]4}WB and {FPC_[111]3}SB appear in the high pressure zone 
but are relatively low, because of the introduction of C interstitial atoms 
located near the tetrahedral interstitial site and the restriction of carbon 
vacancies. As for {FPC_[100]2}WB and {FPC_[101]3}WB defects, there is 
only a specified range of concentration distribution under low pressure. 
In Fig. 13(f), the closely spaced contour curves III and V are close to 
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curve IV under high pressure, which means that the corresponding de-
fects exhibit similar concentration distributions. In the high temperature 
and low pressure zone, the concentration maximum of {FPC_[100]2}WB 
defect is much smaller than those of other defects, whose concentration 
maxima increase following the order of {FPC_[111]4}WB, {FPC_ 
[111]4}SB, {FPC_[101]3}WB and {FPC_[111]3}SB. In the high tempera-
ture and high pressure zone, the maximum concentrations of {FPC_ 
[111]4}WB, {FPC_[111]4}SB, and {FPC_[111]3}SB are the same order of 
magnitude. 

Even if the lower bound is 10-20, the concentrations for all Zr-related 
defects are just higher than this lower bound at high temperatures of 
1500 K or even 2600 K, see Fig. 14(a)–(e). This indicates that they are 
more difficult to detect. The concentration distribution of VZr, {SP}SB 
and {SP}WB defects only locate at a narrow temperature and pressure 
range, especially true for {SP}WB. While the concentration distribution 
zone of ZrC defects is much wide, see Fig. 14(f). Except for ZrC antisite 
defects, the concentration maxima of other defects appear in the low- 
pressure zone. According to the Arrhenius relationship, all concentra-
tion maxima of these defects do not exceed 10-10. At low pressures, the 
defect concentration maxima decrease in the order of IZr, VZr, ZrC, {SP}SB 
and {SP}WB, among which the concentration of {SP}WB is much lower 

than others. In the high-pressure zone, the concentration maximum of 
ZrC is close to 10-11 because of that the compressibility of the Zr-Zr bonds 
between the substituted Zr atom and the surrounding Zr atoms are much 
better than the original Zr-C bonds. It can be inferred from that the bulk 
modulus of Zr metal is smaller than that of ZrC. 

Unlike VZr, {SP}SB, and {SP}WB defects containing Zr vacancies, the 
concentration distribution of IZr defects runs through the entire pressure 
range, with a concentration maximum close to 10-10 in low pressure 
zone, but with extremely low concentrations at high pressures. This 
phenomenon can be explained as follows. Under low pressure, the 
temperature rises and the lattice expands, Zr atoms are more likely to 
enter the interstitial sites of the lattice. But as the pressure increases, 
restricted by the large atomic radius of the Zr atoms, entering the 
interstitial sites becomes more difficult. The curves I and IV in Fig. 14(f) 
almost overlap, but the Gibbs energies of formation for the corre-
sponding defects do not decrease monotonously with increasing tem-
perature like the C interstitials and C Frenkel pairs, leaving quite 
different concentration distributions of VZr and {SP}SB. 

To facilitate the comparison of the concentration of the various de-
fects discussed above, we have summarized their maxima at 0 GPa and 
400 GPa in Table 5. In the high temperature and low pressure zone, the 

Fig. 11. Concentration distribution (log scale) of carbon vacancies over a wide temperature and pressure range. (a)–(c), with the lower concentration bound of 10-10, 
correspond to VC, {DVC}SB, and {DVC}WB respectively. Note, the concentration maximum at 0 GPa or 400 GPa is marked in the illustrations with the colored 
symbol ⊕. 

Fig. 12. Concentration distribution (log scale) of carbon interstitials over a wide temperature and pressure range. (a)–(d) correspond to IC_[100]2, IC_[101]3, IC_ 
[111]5 and IC_[111]4 respectively, the same sequence curves II–V refer to in (e), where only the lower concentration bounds of carbon vacancies (curve I, the black 
dash line and the gray dash line correspond to VC, {DVC}SB and {DVC}WB respectively) and interstitials are plotted together. 
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quasi-isolated C vacancies, the main defect in the crystal, will reach the 
highest concentration (up to 4.5%). The concentration of Zr vacancies is 
much lower than that of C vacancies, let alone Schottky pairs ({SP}SB 
and {SP}WB). This result indicates that the probabilities of generating 
quasi-isolated Zr vacancies or Zr vacancies at the near neighbors of C 
vacancies are pretty low. In the high temperature and low pressure zone, 
linear carbon trimer (as shown in Fig. 4(b)) is the most favorable defect 
configuration (about 0.6%) except for C vacancies, an order of magni-
tude higher than the sum of the concentration of other C interstitial 

defects (about 0.05%). Combining with the above discussion on the 
structures of Frenkel pairs, the existence of carbon vacancies neigh-
boring maintains the angular carbon trimer stable, leaving {FPC_ 
[111]3}SB with a very considerable concentration distribution (up to 
0.2%) exceeding the sum of the concentration of several other types of 
Frenkel pairs (about 0.1%). From the comparison of the Gibbs energies 
of formation and concentrations of {DVC}SB, {DVC}WB, {SP}SB, {SP}WB, 
{FPC_[111]4}SB and {FPC_[111]4}WB, it seems that carbon vacancies 
prefer being the nearest neighbors and it’s true for carbon vacancies 

Fig. 13. Concentration distribution (log scale) of carbon Frankel defect pairs over a wide temperature and pressure range. The arrangement of the sub-pictures (a)– 
(f) is the same as the picture above but (a)–(e) and curves I–V in (f) correspond to {FPC_[100]2}WB, {FPC_[101]3}WB, {FPC_[111]4}SB, {FPC_[111]4}WB, and {FPC_ 
[111]3}SB respectively. 

Fig. 14. Concentration distribution (log scale) of five types of Zr-related defects over a wide temperature and pressure range. (a)–(e) and curves I–V in (f) correspond 
to VZr, IZr, ZrC, {SP}SB, {SP}WB respectively. 
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with Zr vacancies or carbon interstitials. 
At high temperature and high pressure, the concentration of carbon 

vacancies in ZrC crystals is greatly reduced. The isolated Zr vacancies 
will no longer be generated. Consequently, there will be no Schottky 
pairs assembled by Zr vacancies and C vacancies. The C interstitial de-
fects IC_[111]4 and IC_[111]5 located in or near the tetrahedral inter-
stitial site replace C vacancies and linear carbon trimers as the dominant 
defects (the total concentration of carbon tetramers and carbon pen-
tamers exceeds 10%). The concentration of carbon Frenkel pair with the 
similar interstitial configuration discussed above is still considerable. 
This means that high temperature and high pressure serve as advantages 
for the generation of C interstitial atoms located near the tetrahedral 
interstitial sites, and maintain a certain degree of aggregation with the C 
vacancies. Compared with other carbon interstitial defects, IC_[100]2 
defect has fairly high Gibbs energy of formation and very low concen-
tration, and the same is true for {FPC_[100]2}WB compared with other 
Frenkel pairs due to the identical C dimer. Another notable thing is that 
the concentration of ZrC antisite defect is significantly higher than that 
at high temperature and low pressure and close to the lower bound set 
for carbon vacancies, interstitials and Frenkel pairs. 

3.2.6. Defect interactions 
To further clarify the relative distribution of key defects in ZrC and 

the effects of temperature and pressure, the characteristic interactions 
were explored. The interaction energies EInter between defects in ZrC can 
be obtained from the total energies of the supercells that contain a defect 
complex and the supercells with a single point defect. The interaction 
energies between two carbon vacancies and for a C vacancy with a Zr 
vacancy (SP) or a C interstitial atom (FPC) are given in Eqs. (12)–(14). 

EInter(VC − VC) = E(DVC)+Eperf − 2E(VC) (12)  

EInter(VZr − VC) = E(SP)+Eperf − [E(VZr) + E(VC)] (13)  

EInter(VC − IC) = E(FPC)+Eperf − [E(VC) + E(IC)] (14) 

From far to near, the interaction energies between defects in ZrC do 
not increase or decrease monotonously and the interactions for different 
neighbors are usually accompanied by some notable features. From 
Fig. 15, it seems that the 2nd and 3rd nearest-neighbor pairs of C–C 
divacancy, the first nearest neighbor pair of the C-Frenkel pair and the 
Schottky pair are the most noteworthy. For the carbon divacancy, it 
agrees well with Razumovskiy et al. [15] that there should be a strong 
carbon vacancy ordering in ZrC for the existence of strong repulsive 

interactions on the second coordination shell of C–C vacancy pair in-
teractions. Furthermore, the size of the supercells we used to calculate 
the interactions is smaller, indicating that a higher concentration of 
carbon vacancies will be obtained, and results in a decrease of the 
repulsion between the two vacancies in the 2nd nearest-neighbor pair. 
The above situation can be reasonably described by the insight of Zhang 
et al. [59]. It was pointed out that when the concentration of carbon 
vacancies reaches a high level, the 2nd nearest-neighbor vacancy pairs 
will inevitably occur. For the Schottky pair, Razumovskiy et al. [60] 
inferred that the diffusion of metal atoms in ZrC is actually the migration 
of VZr-(VC)6 vacancy clusters with C-Zr divacancy as the basic unit, 
which is attributed to the extremely strong attraction for the nearest 
neighbor C-Zr divacancy. 

Combined with EOSs and the Debye model, we can obtain the Gibbs 
interaction free energy GInter including temperature and pressure effects. 
The interactions between two point defects from the strong bonding 
state to the weak bonding state are plotted as functions of pressure and 
temperature in Fig. 16. In some cases, the energy of the supercell con-
taining a Schottky pair collapses seriously at ultrahigh pressure. And for 
the reasons that the concentrations of Schottky pairs reach the lower 
bound within a pressure of 35 GPa, we focus on the discussion for the 
interaction in the range of 0–100 GPa. 

For carbon divacancies in Fig. 16(a), throughout the temperature 
and pressure range, the interaction energy for the second nearest 
neighbor carbon divacancy is always higher than that for other neighbor 
pairs, showing a strong repulsive effect. This indicates that even if the 
effects of temperature and pressure included, the carbon vacancies in 
ZrC are still in order. Besides, there is always an attraction between the 
two vacancies in the third nearest neighbor pair. The fingerprint 
configuration [59] at 0 K and 0 GPa is still energetically favorable at 
high temperature and pressure. 

The interaction energy between the two vacancies in the first nearest 
neighbor pair decreases almost linearly with the enhancement of pres-
sure, changing from a slight positive repulsion to a strong negative 
attraction. The interaction energies between vacancies in the 1st and 3rd 
nearest-neighbor pairs maintain a similar functional relationship with 
pressure at different temperatures compared to other neighbor pairs, 
which shows that the interactions between them seem to be less sensi-
tive to temperature, that is, maintain high temperature stability. How-
ever, for other neighbor pairs in the range of 0–50 GPa or 300–400 GPa, 
especially in the former range, the interaction varies more drastically 
with temperature. At zero pressure, as the temperature increases, the 
interaction energies between vacancies in the 1st and 3rd nearest- 
neighbor pair have a slight increase and decrease respectively. 
Whereas other interaction energies increase significantly, with fluctua-
tions reaching 50–75 kJ/mol per pair. In the pressure range of 0-50 GPa, 
at low temperature, the interaction energy between C vacancies 

Table 5 
Concentration maximum of various defects at 0 GPa or 400 GPa.  

Defect type log10X  

0 GPa 400 GPa 

VC − 1.347 − 5.162 
VZr − 12.322 N 
IC_[100]2 − 4.381 − 13.984 
IC_[101]3 − 2.223 − 4.839 
IC_[111]5 − 6.678 − 2.028 
IC_[111]4 − 3.349 − 1.020 
IZr − 10.633 − 19.878 
ZrC − 14.278 − 11.031 
{DVC}SB − 2.950 − 9.234 
{DVC}WB − 3.552 − 10.090 
{SP}SB − 15.108 N 
{SP}WB − 18.384 N 
{FPC_[100]2}WB − 6.128 − 18.709 
{FPC_[101]3}WB − 3.290 − 10.162 
{FPC_[111]4}SB − 3.541 − 5.226 
{FPC_[111]4}WB − 3.789 − 5.840 
{FPC_[111]3}SB − 2.679 − 5.809 

Note: The concentration data exceeding the lower bound 10-20 are replaced with 
the letter “N”. 

Fig. 15. VC-VC, VC-IC_[111]4 and VZr-VC interactions in ZrC from the nearest 
neighbor to the furthest apart by ab initio calculations. The positive sign of 
interaction corresponds to repulsion between the defects, and negative 
to attraction. 
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increases in the order of GInter(3rd) <

0 <GInter(5th)≈GInter(1st)<GInter(4th)≪GInter(2nd). At high temperature, 
it is in the order of GInter(3rd) <

0 <GInter(1st)≪GInter(5th)<GInter(4th)≪GInter(2nd). Our result implies 
that high temperature is beneficial for the carbon vacancy ordering. 
When the pressure is further increased, in the range of 50–200 GPa, 
except for the second nearest neighbor carbon vacancy pair, the inter-
action energies between vacancies in other neighbor pairs are very 
similar. This result indicates that the probabilities of carbon vacancies 
appearing in these neighboring positions are the same to some extent. In 
the high pressure range of 250–400 GPa, the interaction energy is in the 
order of GInter(1st)<GInter(3rd) < 0 <GInter(5th)<GInter(4th)≪GInter(2nd). 

The interaction energy between the carbon vacancy and the carbon 
interstitial atom in PFC_[111]4 affected by either temperature or pres-
sure is much obvious and complicated than that between carbon va-
cancies. Compared with other nearest neighbor pairs, the interaction 
between the vacancy and interstitial for the 1st nearest neighbor carbon 
Frenkel pair can be kept to a minimum throughout the temperature and 
pressure range. The strongly bonded Frenkel pair is the most beneficial 
in terms of energy. At zero pressure, high temperatures reduce the 
interaction energies for all neighboring carbon Frenkel pairs. 

Similarly, we divide the curves in Fig. 16(c) into several intervals. At 
0–50 GPa and low temperature, except for the nearest neighbor pair, the 
interaction energy difference among several other neighbor pairs is very 
small, and the order of values is GInter(1st)≪GInter(4th) <

GInter(2nd)≈GInter(3rd)≈0. However, as the temperature increases, the 
difference between the interaction energies gradually increases and the 
order is GInter(1st)<GInter(4th)<GInter(2nd) < 0 < GInter(3rd). In the range 
of 50–200 GPa, from the second nearest neighbor pair to the fourth, the 
interaction energy difference among them is very small (±10 kJ/mol per 
pair). This result suggests that the probability that the carbon interstitial 
atom located in the non-nearest neighbor position is similar and much 
smaller. In the high pressure range of 250–400 GPa, as similar to the pair 
of carbon vacancies, the order is GInter(1st)<GInter(3rd)<GInter(4th) <

0 ≪GInter(2nd). 
Fig. 16(e) shows that in most cases the interactions between the C 

vacancy and Zr vacancy of Schottky pairs are attractive and the inter-
action energies of the 2nd and the 4th nearest-neighbor pairs are almost 

the same. Similar to the {FPC_[111]4}SB, the strongly bonded Schottky 
pair has an advantage from the energy point of view throughout the 
temperature and pressure range. At zero pressure, the temperature will 
slightly reduce, see Fig. 16(f), and elevate the interaction energies of the 
2nd and the 4th nearest-neighbor pairs respectively. While for the 1st 
and the 3rd nearest-neighbor pairs, the interaction energies decrease 
significantly with the temperature, corresponding to the further 
increased attraction. In the range of 0–50 GPa and at low temperature, 
the interaction energies follow the order of GInter(1st)≪GInter(3rd) <

0 <GInter(4th)≈GInter(2nd), while at high temperatures, 
GInter(4th)<GInter(2nd). When the pressure increases, the order of the 
interaction energies is GInter(1st)≪GInter(3rd)≈GInter(2nd)≈GInter(4th) <

0, indicating similar probabilities for non-nearest neighbor pairs. 

4. Conclusions 

To clarify the existence and influence of defects in extreme service 
environments, we have studied the structural and physical properties in 
addition to the stabilities of various defects in ZrC by means of first- 
principles calculations. Within the framework of a quasi-harmonic 
Debye model, the thermophysical properties of ZrC with and without 
defects under varied pressure and temperature have been investigated 
and compared with available theoretical and experimental data. The 
calculated thermophysical quantities are consistent with available 
experimental and theoretical results. The introduction and aggregation 
of defects generally lead to a decrease in the bulk modulus and Debye 
temperature of ZrC, indicating that the performance of the material is in 
the face of the challenge of degradation. The same defect category, the 
similar degree of the influence. 

The forming abilities and concentrations of various point defects in 
ZrC were evaluated and the defect distributions were examined. The 
dependences of the Gibbs energies of defect formation on temperature or 
pressure are closely related to the defect types. For defects with the same 
or similar configurations, their Gibbs formation energies and concen-
tration distributions retain similar characteristics. For defect distribu-
tions, there are considerable concentrations of carbon vacancies, carbon 
interstitial atoms and carbon Frenkel pairs at high temperature and low 
pressure. Carbon vacancies are the main kind of defects. At high 

Fig. 16. Interaction energies between defects vary with pressure at different temperatures and vary with temperature at 0 GPa. (a)(b) VC-VC, (c)(d) VC-IC_[111]4, (e) 
(f) VZr-VC. In (a)(c)(e), the effect of temperature is indicated by gradient colors, and from low temperature to high, the line color changes from light to dark, with a 
gradient of 300 K. 
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temperature and high pressure, ZrC can accommodate a high concen-
tration of carbon interstitial atoms near the tetrahedral interstitial site 
while the concentrations of other defects are significantly lower than 
that at low pressure. The Gibbs energies of formation and concentrations 
of point defects are sensitive to pressure in the lower pressure range. 
Therefore, applying a pressure is an effective way to inhibit the forma-
tion of large amounts of defects in ZrC. 

The interactions between key point defects in neighboring positions 
were discussed. It was found that the defects in ZrC still have pro-
nounced ordering characteristics including the effects of temperature 
and pressure. The prominent repulsion between C vacancies in the 
second nearest neighbor and the attraction in the third nearest neighbor 
are retained. The nearest neighbor positions in the Frenkel pair and 
Schottky pair always have advantages from the energy point of view. 
High temperature enhances the orderliness of defects. The orderliness 
has a process of firstly weakening and then strengthening as the pressure 
increases. When very high pressure is applied, the nearest neighbor 
defect pair is the most stable. 

By clarifying the formation and distribution of the defects influenced 
by pressure and temperature, it is instructive to tailor the relevant 
properties of materials. Our first-principles insights might be useful in 
material design and defect engineering of ZrC-based materials and 
structures. 
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