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Abstract
We systematic investigated the in�uence of substitution of Hf and Zr atoms for Ta atoms in TaC using
�rst-principles supercell (SC) method and virtual crystal approximation (VCA) methods, including the
impurity formation energy, lattice constant, volume, elastic constants, elastic moduli, melting points,
fracture toughness and density of states of the Ta 1-x Hfx C and Ta1-x Zrx C ceramics in the whole range
of content 0≤ x ≤1. Our calculated results show that the stability of Ta 1-x Hf x C and Ta 1-x Zrx C
increases with the increase of Hf and Zr content, and Ta1-x Zrx C is more stable than Ta1-x Hfx C at the
same content of Hf and Zr. The lattice constants and volumes dilate with the increase of Hf and Zr
content. Furthermore, Ta1-x Hfx C and Ta1-x Zrx C carbides are mechanically stable and brittle. The bulk
modulus of Ta1-x Hfx C and Ta1-x Zrx C decreases with the increasing content of Hf and Zr. Moreover, the
hardness, fracture toughness, and melting point of Ta1-x Hf x C and Ta1-x Zrx C solid solutions have the
peak. In particular, Ta0.8Hf0.2C has the highest hardness, largest fracture toughness and highest melting
temperature.

1 Introduction
Transition metal carbides TaC, HfC and ZrC, are the most promising candidates for ultra-high temperature
ceramic (UHTC) materials for the aerospace industry. They not only have extremely high melting
temperature, high hardness, high modulus, high electrical conductivity, corrosion resistance and excellent
chemical stability, but also have strong covalent bonds and low self-diffusion coe�cients [1–5]. But this
also makes them di�cult to sinter. Their hardness can be maintained at very high temperatures, and they
have low chemical reactivity, oxidation resistance and fracture toughness [6–9]. The combination of
these superior properties largely depends on the chemical composition and microstructure state [10] due
to severe carbide growth and harsh sintering conditions, it is often necessary to achieve full densi�cation,
which instead reduces the performance of the material [11].

In order to solve the deterioration of the properties of transition metal carbides, various technologies have
been present. However, these technologies are not adequate to comply full densi�cation at relatively low
temperatures (< 2000 °C), and they are susceptible to oxygen pollution during synthesis, which may be
detrimental to densi�cation and property [12].Therefore, recently, Ta1 − xHfxC and Ta1 − xZrxC solid solution
ceramics have attracted much attention because their melting temperatures are forecast to exceed TaC,
HfC, ZrC and the formation of Ta1 − xHfxC and Ta1 − xZrxC ceramics could effectively improve their
materials and densi�cation properties [13–15]. But the most recent researches have mainly focused on
Ta-rich TaC–HfC and TaC–ZrC solid solution ceramics, especially Ta0.8Hf0.2C and Ta8ZrC9 solid solution
ceramics carbides, because it is known to have the highest melting temperature among TaC–HfC and
TaC–ZrC ceramics (approximately 4000 °C and 3900 °C, respectively) [16]. Barraza et al. [17] synthesized
TaC-HfC sintered ceramics by hot pressing using a mixture of micron-sized carbide powders. However, in
order to acquire a ful�ll ceramic, the sintering temperature must be raised to 2350 ° C, which is too high
and not easy to handle. Smith et al. [18] studied the unusual deformation agency of TaxHf1−xC ceramics.
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Unprecedented for B1 transitional metal carbides, [101](111) dislocation and slip planes were indicated,
which was attributed to the difference between the stacking fault energy for TaxHf1−xC and the binary
carbides TaC and HfC. Gladyshevsky et al. [19–21] showed that a continuous solid solution ceramic
exists between the carbides TaC and ZrC. Recently, Ghaffari et al. [22] analyzed the diffusion of TaC-ZrC
and TaC-HfC by SEM and XRD, and reported the presence of a single-phase ceramics in the TaC-ZrC pair.

Although some experimental studies have been performed on Ta1 − xHfxC and Ta1 − xZrxC solid solution
ceramics, their theoretical research is still unclear due to experimental differences and experimental
di�culties caused by high temperature stability. Considering many advantages of Ta1 − xHfxC and Ta1 − 

xZrxC solid solution ceramics with attracted widespread attention, we systematically studied the impurity
formation energy, lattice constant, volume, elastic constant, elastic modulus, Vickers hardness, fracture
toughness, melting point and density of states of Ta1 − xHfxC and Ta1 − xZrxC solid solution ceramics using
�rst-principle supercell method and virtual crystal approximation method. Further determine and compare
the stability of Ta1 − xHfxC and Ta1 − xZrxC solid solution ceramics.

2 Calculation Method And Model
2.1 First-principles Calculations

In this work, Ta1 − xHfxC and Ta1 − xZrxC solid solution ceramics were calculated by the Cambridge Serial
Total Energy Package (CASTEP) software using �rst-principle the supercell method (SC) and virtual
crystal approximation method (VCA) based on the density functional theory [23–25]. The effects of
exchange-correlation were considered in the framework of the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerh (PBE) [26, 27]. The norm-conservative pseudopotential was used to
describe the valence electrons and the ionic core interactions [28]. In order to improve the accuracy of
calculation, a plane-wave cutoff energy of 500 eV was employed in the plane wave expansion of the
wave functions, and integration of the Brillouin zone was conducted using Monkhorst-Pack 15 × 15 × 
15 k-points for the supercell and virtual crystal approximation models. For modeling the Hf and Zr doped
TaC in the whole range content 0 ≤ x ≤ 1, the supercell (SC) models of Ta1 − xHfxC and Ta1 − xZrxC
ceramics carbides were established in Fig. 1. For the virtual crystal approximation (VCA) method, the Ta
atoms and the Hf or Zr atoms in the cubic Ta1 − xHfxC or Ta1 − xZrxC ceramics occupy the same position
with an atomic mixing ratio of 1-x: x [29–34].

2.2 Formation energy Computation
To analyze the relative stability in cubic Ta1 − xHfxC and Ta1 − xZrxC solid solution ceramics, the formation
energy (Eform) and impurity formation energy (Eimp) was calculated by Eq. (1–2) [35]:

E form = [Etot(TaxRMyCz)-xEtot(Ta)-yEtot(RM) -zEtot(C)]/(x + y + z) (1)

Eimp = Etot(Ta1 − xRMxC) - Etot(TaC) + xEtot(Ta) - xEtot(RM) (2)
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where RM represents refractory metal Hf and Zr, Etot (Ta1 − xRMxC) is the total energy of Hf or Zr doped
TaC systems, and Etot (TaC) is the total energy of TaC. Etot(Ta), Etot(Hf), Etot(Zr), and Etot(C) are the total
energy of single atom Ta, Hf, Zr, and C in their bulk states, respectively. It is well known that the doping
becomes easier as the formation energy and impurity formation energy become lower, which indicates
that the stability of Ta1 − xRMxC carbides is higher.

2.3 Mechanical Computation
For the cubic Ta1 − xHfxC and Ta1 − xZrxC solid solution ceramics, three independent elastic stiffness
constants C11, C12, and C44 are calculated by CASTEP. The bulk modulus (B) and shear modulus (G) of
cubic Ta1 − xHfxC and Ta1 − xZrxC ceramics can be calculated by the elastic constants with the Viogt-
Reuss-Hill (VRH) approximation from the following Eq. (3–6) [36–38]:

The Young's modulus (E), Poisson's ratio ( ), Vickers hardness (HV), and fracture toughness (KIC) are
computed by bulk modulus (B) and shear modulus (G) with Eq. (7–10) [39–46]:

Where V0 is the volume per atom; k is the G/B ratio.

The critical energy release rate (GIC) is calculated using Young's modulus (E), Poisson's ratio ( ) and
fracture toughness (KIC) with Eq. (11) [47]:

3 Results And Discussion



Page 5/18

3.1 Structural stability

Figure 2 shows the formation energy (Eform) and impurity formation energy (Eimp) of Ta1-xHfxC and Ta1-

xZrxC solid solution ceramics as a function of Hf or Zr content x. The formation energy (Eform) and
impurity formation energy (Eimp) of Ta1-xHfxC and Ta1-xZrxC are always negative with the increase of Hf
and Zr content x, which indicates that the formation of solid solution ceramics is advantageous from
energetics. Moreover, with the increase of Hf and Zr content x, the formation energy (Eform) and impurity
formation energy (Eimp) of Ta1-xHfxC and Ta1-xZrxC solid solution ceramics become lower, thus the
structural stability is better. In other words, doping Hf and Zr helps to enhance the stability of Ta1-xHfxC
and Ta1-xZrxC. Furthermore, when the Hf and Zr doped content are the same, the formation energy (Eform)
and impurity formation energy (Eimp) of Ta1-xZrxC are lower, which indicates that Zr doped TaC is more
advantageous than Hf doped TaC for system stability. Therefore, Ta1-xZrxC solid solution ceramics is
more stable.

Figure 3 shows the lattice constants (a) and volume (V) of Ta1-xHfxC and Ta1-xZrxC solid solution
ceramics as a function of Hf or Zr content x by supercell (SC) method and virtual crystal approximation
(VCA) method. From Fig. 3, the calculated geometric results of these two methods are nearly the same,
which are also consistent with the available experimental data and theoretical results in the Ref.[48,49].
As a result, these also verify their mutual consistency and correctness. With the increase of Hf or Zr
content, the lattice constant and volume of Ta1-xHfxC and Ta1-xZrxC solid solution ceramics increase,
which are mainly attributed to the larger atomic radii of Hf (1.58Å) and Zr (1.55Å) than Ta (1.45Å). In
addition, the change of the lattice constant of Ta1-xHfxC and Ta1-xZrxC solid solution ceramics with the
doping content is also in agreement with the experiment [50, 51].

3.2 Mechanical properties
Figure 4 (a) shows the elastic constants of Ta1 − xHfxC and Ta1 − xZrxC solid solution ceramics. For cubic
crystals, the criteria of the mechanical stability are C11 > 0, C44 > 0, C11 - C12 > 0 and C11 + 2C12 > 0 [52].
Obviously, the calculated elastic constants of Ta1 − xHfxC and Ta1 − xZrxC ceramics meet the above criteria,
suggesting that they are mechanically stable. For the terminated monocarbides in Ta1 − xHfxC and Ta1 − 

xZrxC systems (i.e. TaC, HfC, ZrC), their calculated elastic constants (Cij) are very consistent with the
experimental data and theoretical values in the Ref. [53–55]. With the increase of the Hf and Zr content in
Fig. 4(a), the elastic constants C11 of the Ta1 − xHfxC and Ta1 − xZrxC solid solution ceramics �rstly
increase, and subsequently almost decrease. In particular, the C11 of Ta1 − xHfxC solid solution has a peak
(maximum) with the doping content of x = 0.2, which means that Ta0.8Hf0.2C has the highest compressive
strength along the x and z axes under uniaxial stress. While the elastic constants C12 and C44 �uctuate
around 160 GPa, with the increase of doping content. In addition, when the Hf and Zr doping contents are
the same, the C12 and C44 of Ta1 − xHfxC are larger than Ta1 − xZrxC, which indicates that the doping Hf
under uniaxial stress has greater compressive strength and shear strength along the x and z axes.
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Melting point (Tm) is one of the important data for developing UHTC ceramics. The melting point of Ta1 − 

xHfxC and Ta1 − xZrxC solid solution ceramics is estimated by Eq. (12) based on the elastic constant C11

[56, 57]:

Where the C11 is in units of GPa and the standard error is about ± 300 K.

Figure 4 (b) shows the melting points of Ta1 − xHfxC and Ta1 − xZrxC solid solution ceramics. From Fig. 4
(b), our calculated melting points (Tm) of terminal monocarbides in Ta1 − xHfxC and Ta1 − xZrxC systems
are consistent with the available experimental values in Refs. [58, 59]. As shown in Eq. (12), the melting
point (Tm) is proportional to the elastic constant C11, that is, the Ta0.8Hf0.2C and Ta0.89Zr0.11C ceramics
have the highest melting points, which are in agreement with the experimental observation [16].

Pugh [60] predicts the brittleness and ductility of materials according to the value of B/G, that is, when
B/G is smaller than 1.75, the materials is brittle; otherwise the materials is ductile. Obviously, it can be
found that the Ta1 − xHfxC and Ta1 − xZrxC solid solutions are brittle materials in Fig. 5 (a), and our
calculated B/G of terminal monocarbides in Ta1 − xHfxC and Ta1 − xZrxC systems are consistent with the
previous theoretical DFT report [61] and experimental values [62]. Moreover, the B/G of Ta1 − xHfxC
ceramics is lower than that of Ta1 − xHfxC at the same doping content of Hf and Zr, suggesting that Ta1 − 

xHfxC is more brittle. In addition, the Poisson's ratio ( ) can also be a criterion for ductility and brittleness
[63]. Similar to B/G, when  is less than 0.26, the materials become brittle; otherwise the materials show
ductility. From Fig. 5 (b), our calculated Poisson's ratio ( ) of terminal monocarbides of Ta1 − xHfxC and
Ta1 − xZrxC solid solutions are in agreement with the experimental values [64] and the theoretical DFT
calculations [61]. Obviously, the Ta1 − xHfxC and Ta1 − xZrxC solid solution ceramics are also brittle
materials, which is consistent with the above B/G analysis.

From Fig. 5(c-e), our calculated Young's modulus (E), bulk modulus (B) and shear modulus (G) of terminal
monocarbides in Ta1 − xHfxC and Ta1 − xZrxC systems are consistent with the experimental data and
previous theoretical DFT results [62, 65, 66]. The Young's modulus (E) mainly re�ects the compression
resistance of materials. From Fig. 5 (c), the Young's modulus (E) of Ta1 − xHfxC and Ta1 − xZrxC solid
solution ceramics has a peak (maximum). Furthermore, Ta0.8Hf0.2C has the largest compression
resistance. From Fig. 5 (d), with the increase of the Hf or Zr content, the bulk modulus (B) of Ta1 − xHfxC
and Ta1 − xZrxC solid solution ceramics become smaller. The shear modulus (G) can survey the shear
deformation resistance of materials. From Fig. 5 (e), the shear modulus (G) of Ta1 − xHfxC and Ta1 − xZrxC
solid solution ceramics have the peak. In particular, Ta0.8Hf0.2C has the largest shear modulus (G), so it
has the strongest shear resistance.

Figure 5 (f) shows the Vickers hardness (HV) of Ta1 − xHfxC and Ta1 − xZrxC solid solution ceramics as a
function of Hf or Zr content. The calculated Vickers Hardness (HV) of terminal monocarbides in Ta1 − 
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xHfxC and Ta1 − xZrxC systems are consistent with experimental and other DFT calculated results [18, 40,
67]. Furthermore, the Vickers Hardness (HV) of Ta1 − xHfxC solid solution ceramics exhibited crest and
trough shape with increasing Hf content, which is consistent with the available experimental Vickers
hardness (HV) [68, 69]. In particular, it can be found that Ta0.8Hf0.2C has the highest Vickers hardness
(HV).

In fact, fracture toughness (KIC) plays a major role on the design of ultrahigh temperature ceramic
materials, which is used to describe the resistance of a material against crack propagation [42–46]. From
Fig. 5 (g), our calculated fracture toughness (KIC) of terminal monocarbides in Ta1 − xHfxC and Ta1 − xZrxC
systems are consistent with the available experimental data [67, 70, 71]. Furthermore, Ta0.8Hf0.2C has the
largest fracture toughness. In addition, a small amount of Hf or Zr doping will increase the fracture
toughness (KIC) of Ta1 − xHfxC and Ta1 − xZrxC ceramics, while the fracture toughness (KIC) of the Ta1 − 

xHfxC and Ta1 − xZrxC ceramics will decrease signi�cantly when the content of Hf and Zr is excessive.
Similar to KIC, the critical energy release rate (GIC) is used to estimate the energy required to propagate
cracks in the material [42]. From Fig. 5 (h), the critical energy release rate (GIC) of Ta1 − xHfxC and Ta1 − 

xZrxC ceramics have the maximum value with x = 0.1, which shows the similar tendency of fracture
toughness.

3.3 Electronic properties
To obtain the intrinsic properties of electronic structures of Hf and Zr doped TaC, we calculated the total
electronic density of states (DOS) for pure and four content of Hf and Zr doped TaC systems. Figure 6
shows the density of states (DOS) of Ta1 − xHfxC and Ta1 − xZrxC solid solution ceramics, which is
consistent with the available experimental X-ray spectrums [72].

From Fig. 6, the density of state the Ta1 − xHfxC and Ta1 − xZrxC solid solution ceramics have two peaks
below the Fermi level (EF). In the whole view from Fig. 6, the secondary peak at deepest energy level
becomes higher with increasing of Hf or Zr content. Furthermore, the main peak of the DOS of
Ta0.75Hf0.25C at about − 4 eV becomes wider than that of TaC. Therefore, the hybridization between the
system atoms becomes stronger, so the Ta0.75Hf0.25C is more stable than TaC. With the increase the
content of Hf, the main peak of density of states at about − 4 eV for Ta1 − xHfxC system becomes wider,
which suggests that the Ta1 − xHfxC ceramics become more and more stable. Similarly, in Fig. 6 (b), the
main peak of density of states at about − 4 eV for Ta1 − xZrxC becomes wider with increasing the content
of Hf, which indicates that Ta1 − xZrxC ceramics become more stable. In a world, the stability of Ta1 − xHfxC
and Ta1 − xZrxC increases with the increase of Hf and Zr content, which are consistent with the above
results of formation energy.

4 Conclusion
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In conclusion, we have systematically investigated the impurity formation energy, lattice constant,
volume, elastic constants, elastic moduli, melting points, fracture toughness and density of states of Hf
and Zr doped TaC systems by �rst-principles supercell (SC) and virtual crystal approximation (VCA)
methods. The results show that the formation energy and impurity formation energy of Ta1 − xHfxC and
Ta1 − xZrxC ceramics decrease with the increasing content of Hf and Zr, which indicates that Ta1 − xHfxC
and Ta1 − xZrxC ceramics becomes more stable as increasing the content of Hf and Zr. The lattice
constant and volume become larger as increasing the content of Hf and Zr, since the atomic radius of Hf
and Zr are larger than that of Ta. In addition, the results also show that the impurity formation energy of
Ta1 − xZrxC ceramics is lower than that of Ta1 − xHfxC when the contents of Hf and Zr are the same. As a
result, Ta1 − xZrxC ceramic is more stable. The results of mechanical properties indicate that Ta1 − xHfxC
and Ta1 − xZrxC ceramics carbides are mechanically stable and brittle. The bulk modulus of Ta1 − xHfxC
and Ta1 − xZrxC ceramics decreases with increasing content of Hf and Zr. In particular, Ta0.8Hf0.2C has the
highest hardness, largest fracture toughness and highest melting temperature. And Ta0.8Hf0.2C also
exists the strongest compression resistance and shear resistance. Finally, we hope that our calculations
will provide useful guidance for the development of ultra-high temperature ceramics of Ta1 − xHfxC and
Ta1 − xZrxC carbides.
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Figure 1

Crystal structures of pure TaC (a) and supercells of Ta1-xHfxC and Ta1-xZrxC for x=0.25 (b), 0.5(c),
0.75(d), and 1 (e), respectively. Ta, C, and Hf or Zr atoms are represented by blue, gray, and green balls,
respectively.

Figure 2

The formation energy (Eform) and impurity formation energy (Eimp) of Ta1-xHfxC and Ta1-xZrxC solid
solution ceramics as a function of Hf or Zr content x.
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Figure 3

Comparison of the lattice constants (a) and volume (b) of the Ta1-xHfxC and Ta1-xZrxC solid solution
ceramics as a function of Hf or Zr content x by supercell (SC) and virtual crystal approximation (VCA)
methods.
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Figure 4

Calculated Elastic constants (a) and Melting points (b) for Ta1-xHfxC and Ta1-xZrxC solid solution
ceramics as functions of Hf or Zr content x.
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Figure 5

Calculated B/G ratio (a), Poisson's ratio (b), Young's modulus (c), bulk modulus (d), shear modulus (e),
Vickers Hardness (f), fracture toughness (g) and critical energy release rate (h) for Ta1-xHfxC and Ta1-
xZrxC solid solution ceramics as a function of Hf or Zr content x.
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Figure 6

Electronic density of states of Hf-doped (a) and Zr-doped (b) TaC with different content.


