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The elastic, mechanical, and thermoacoustic properties of transition metal carbides (VC, NbC, and TaC) were systematically 
analyzed with respect to orientation and temperature. The second-third-and fourth-order elastic constants were determined using 
the Coulomb and Born-Mayer potential model in the temperature regime 0–500 K. The analysis confirmed the elastic stability 
of VC, NbC and TaC. Mechanical properties derived from the second-order elastic constants, reveals that VC, NbC, and TaC 
exhibit brittle characteristics at room temperature. The thermal parameters, including Debye temperature, thermal conductivity 
and thermal relaxation time were evaluated along the <100>, <110>, <111> orientations. The Debye velocity and Debye 
temperature were observed to reach maximum values along the <100> direction. The relaxation time due to thermal phonon 
process is of the order of intermetallics. Ultrasonic attenuation was predominantly governed by the Akhiezer mechanism rather 
than thermal relaxation effects. The calculated values were compared with other B1-structured materials, and the performance 
of VC, NbC, and TaC was assessed based on the obtained parameters. 
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1 Introduction 
Transition metal carbides (TMCs), such as 

vanadium carbide (VC), niobium carbide (NbC), and 
tantalum carbide (TaC) are of fundamental importance 
and represent a pivotal class of refractory materials in 
solid-state science and technology. These compounds 
possess a unique combination of high melting points, 
extreme hardness and exceptional resistance to wear 
and deformation under severe operating conditions, 
rendering them indispensable for high-performance 
engineering and industrial application1. The transition 
metal complex compounds possess some unique 
characteristics which is applicable for industrial 
applications like in aerospace, electronics, high 
temperature engineering, mechanical engineering, 
petroleum, chemical and nuclear industry2-4. Their 
electronic structures are studied by Schwarz5, Zaoui  
et al.6, Nakamura & Yashima7. The findings of the 
investigation5-7 predicted that transition metal carbides 
have unusual properties due to mixture of ionic, 
covalent and metallic contributions to bonding. The 
exceptional mechanical and thermal performances of 
TMCs, existing in their original NaCl-type (B1 phase) 
crystal structure, have garnered significant attention, as 

in cutting tools, generators, magnetic storage devices, 
optoelectronic devices and maglev trains8. This has 
motivated researchers to extends applications of TMCs 
such as alternative electrocatalysts for Pt-group metal 
catalysts in renewable energy conversion reactions9. 
The lattice dynamics of transition of TMCs have been 
studied by Weber 10 and Isaev et al.11. Their findings 
support the covalent nature of TMCs. The cohesive 
properties and bonding mechanism of TMCs were also 
studied by Häglund et al.12 by using linear muffin tin 
orbital method. In the other study, the thermophysical, 
electronic structure and bond nature of TMCs were 
studied with the use of the linearized method of 
“muffin-tin” orbitals (LMTO-ASA) by Zhukov et al.13. 
Li et al.14 and Grossman et al.15 calculated charge 
distribution and bulk modulus to predict hardness in 
TMCs by first principles method. Lu et al.16  
and Chauhan & Gupta17 have calculated the 
thermodynamical parameters of carbides and nitrides 
cubic crystals with the help of Debye-Grüneisen 
model. Since the first principles calculations can 
predict the electronic properties of a wide class of 
transition metal compounds satisfactorily18,19, but 
interionic potential models have also been found 
precise to elaborate the elastic properties and structural 
phase transition of TMCs20-22. However, in past few 
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years successive progress was made for industrial and 
technological applications of these materials 
investigated by Cuppari et al.23, Qin et al.24 made 
remarkable progress in these rapidly developing field 
with particular focus on structure, property, synthesis 
and applicability of TMCs. Krutskii et al.25 investigated 
TMCs, which are used as surfacing materials for the 
application of wear-resistant coatings to steel products. 
Various researchers also have been analyzed these 
transition metal compounds viz. Bhattacharya26 
investigated the effect of shock impact on some 
transition metal carbides and nitrides within the Debye-
Grüneisen theory, Shang et al.27 investigated the 
superconducting and topological properties of the 
rocksalt-type compounds NbC and TaC, Li et al.28 
studied, the interface bonding work, including interface 
bonding characteristics and electronic properties of α-
Fe- and NaCl-type transition metal carbides using the 
first-principles calculation method. Due to 
unavailability of research on ultrasonic attenuation of 
TMCs motivated us to explore more about transition 
metal carbides using ultrasonic non-destructive 
techniques.  

The paper aims to provide a comprehensive 
exploration of the elastic, mechanical, and 
thermophysical properties of VC, NbC, and TaC, 
emphasizing their crystallographic orientation and 
temperature dependencies. Employing the Coulomb 
and Born-Mayer potential models, this study calculates 
the SOECs, TOECs and FOECs, shedding light on 
their stability and deformation characteristics under 
diverse conditions. Moreover, ultrasonic properties are 
examined to elucidate the underlying mechanisms 
governing energy dissipation. By benchmarking these 
findings against other B1-structured TMCs, this work 
not only advances the fundamental understanding of 
TMCs but also paves the way for their optimization in 
applications demanding superior durability and 
performance under extreme conditions. 
 

2 Theory 
The stress-strain effect in crystals during wave 

propagation, is reported by SOECs29, whereas TOECs 
displays the nonlinear strain features of the solids30. 
TOECs represents the anharmonic characteristics of 
the compounds, like Grüneisen variable and acoustic 
attenuation arising by thermal relaxation process and 
phonon viscosity mechanism between phonons 
etc.31,32. Fourth-order elastic constants, also known as 
FOECs, are parameters that describe the response of 
materials to large deformation and are important for 

understanding the anharmonic regime of materials 
and predicting their mechanical behavior under 
tension. They are related by the second derivative of 
the wave velocity with respect to the applied 
stress.33,34 The potential utilized for the evaluation of 
these elastic constants is derived from the 
combination of Coulomb potential and Born-Mayer 
potential. 
 

ℱ (𝑟௢) = ℱ஼(𝑟௢)+ ℱ ஻(𝑟௢) … (1) 
 

Here ℱ஼ሺ𝑟௢ሻ is the Coulomb/ electrostatic potential 
and ℱ ஻ሺ𝑟௢ሻ is the Born Mayer repulsive Potential, 
given as 
 

ℱ஼ሺ𝑟௢ሻ  ൌ േቀ
௘మ

௥బ
ቁ and  ℱ ஻ሺ𝑟௢ሻ  ൌ  𝐴𝑒𝑥𝑝 ቀ

ି௥బ
௕
ቁ  … (2) 

 

In this context, the symbol (e) represents the 
fundamental electronic charge, while ሺ𝑟௢ሻ represent the 
nearest-neighbour distance, (b) denotes the hardness-
parameter, and (A) signifies the strength-parameter32. 
In accordance with the lattice dynamics frameworks 
suggested by Leibfried and Ludwig35, Ghate36, Singh  
et al.37 the lattice energy is temperature-dependent. 
Therefore, by integrating the vibrational-part with the 
static elastic constants SOECs, TOECs and FOECs 
(𝐶௜௝, Cijk and Cijkl) can be derived as 
 

Cij = 𝐶௜௝
଴  + 𝐶௜௝

௩௜௕, Cijk = 𝐶௜௝௞
଴  + 𝐶௜௝௞

௩௜௕ and 

Cijkl = 𝐶௜௝௞௟
଴  + 𝐶௜௝௞௟

௩௜௕  … (3) 
 

In this context superscript (0) has been used to 
denote static portion at 0K and superscript (vib) has 
been used to denote the vibrational part of SOECs, 
TOECs and FOECs at a particular temperature. The 
expression for 𝐶௜௝, 𝐶௜௝௞ and Cijkl are given in 
literature37-39. 

The SOECs are applied to enumerate the 
mechanical parameters like Young’s modulus (E), 
bulk modulus (B), shear modulus (G), Tetragonal 
modulus (Cs), Poisson’s ratio (𝜈), Cauchy pressure, 
Zener anisotropic factor (ZA) and Pugh’s indicator 
(B/G)37 and these parameters are placed in Table 1. 

Within a cubic crystal, ultrasonic wave propagation 
entails three modes of ultrasonic velocities one 
 

Table 1— The formulae for calculating the values of mechanical 
parameters 
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longitudinal (VL), one shear (VS1) and one quasi shear 
(VS2). The formulae for these velocities are given in 
literature41. The Debye average velocity as the 
average of longitudinal and shear velocity is given as 
 

 
ଵ

௏ವ
య=ቂ

ଵ

ଷ
ቄ ଵ

௏ಽ
య ൅

ଵ

௏ೄభ
య ൅  

ଵ

௏ೄమ
యቅቃ

ି
భ
య … (4) 

 

The Debye temperature is a substantial 
thermophysical parameter which interlinks elastic 
properties to thermal properties. The Debye 
temperature is computed via Debye velocity as42 

 

TD ൌ 
௛

௞ಳ
  ቀ
ଷ௡ேఘ

ସగ௠
ቁ
భ
యVD  … (5)  

 

In this context, VD represents Debye average 
velocity, while h denotes the Planck’s constant. 
Additionally, kB signifies the Boltzmann’s constant, 
and n is the number of atoms in unit cell, m is 
molecular weight and 𝜌 is density of material. 

The Debye temperature utilizes to evaluate thermal 
conductivity κ as40 

 

𝜅 ൌ
஺ெఋ ವ்

య௡భ/య

ఊమ்
 … (6) 

 

In this context 𝛿 (in Å) is the cube root of volume 
per atom; The constant A = 3.04ൈ10-8; 𝛾 is defined as 
the Grüneisen parameter obtained with the help of 
SOECs and TOECs from Mason theory43, M = 
average atomic mass in amu. The relaxation time 
𝜏௧௛ is the time in which thermal phonons restore its 
initial shape distorted by ultrasonic waves through 
conversion of acoustic to thermal energy is 
expressed as40 
 

𝜏௧௛ = 
ଵ

ଶ
𝜏௅ = 𝜏ௌ = 

ଷ఑

஼ೇ௏ವ
మ … (7) 

 

In this context, κ represents thermal conductivity, 
while 𝐶௏ denotes the specific heat, calculated using 
data sourced from the AIP Handbook44. The acoustic 
coupling constant D, arising due to conversion of 
thermal to acoustical energy is expressed using 
following equation40. 
 

D = 9< (𝛾௜
௝)2> - 

ଷழఊ೔
ೕவమఘ஼ೇ்

ாబ
 … (8) 

 

The factors affecting ultrasonic attenuation in a 
perfect crystal are electron-phonon (e-p) interactions, 
phonon-phonon (p-p) interactions, and the 
thermoelastic relaxation mechanism. At room 
temperature, mean free paths of electrons and 

phonons do not coincide, leading to a disconnect 
between them. As temperatures rise, the influence of 
e-p interactions diminishes significantly. The key 
processes that predominantly impact ultrasonic 
attenuation at elevated temperatures are p-p 
interactions—often referred to as Akhiezer loss and 
thermoelastic relaxation43. 

The ultrasonic attenuation resulting from the 
thermoelastic-mechanism is determined by the 
following formula40. 
 

(𝛼 𝑓ଶൗ )th = 
ସ గమழఊ೔

ೕவమ௞୘

ଶఘ௏ಽ
ఱ  … (9) 

 

The ultrasonic attenuation resulting from p-p 
interactions, applicable to both longitudinal and shear 
waves under defined conditions, is given as follows37. 
 

(α 𝑓ଶൗ  )L = 
ସ πమτ౪౞ாబ ሺ஽ಽ/ଷሻ

ଶρ୚ై
య  … (10) 

 

(α 𝑓ଶൗ  )s = 
ସ గమఛ೟೓ாబ ሺୈೄ/ଷሻ

ଶఘ௏ೄ
య  … (11) 

 

In this context 𝐸଴ represents the thermal energy 
density obtained from AIP hand book, while VL and 
VS denote the longitudinal and shear waves velocities. 
 
3 Results and Discussion 

The SOECs, TOECs and FOECs for TMCs over a 
temperature range of 0 to 500 K are evaluated with the 
help of lattice parameter and non-linearity parameters. 
The lattice parameters for VC, NbC and TaC are 
2.08147 Å, 2.227215 Å, 2.2265 Å7 respectively. The 
non-linearity parameter b = 0.292 Å, 0.310 Å, 0.295 Å 
for the VC, NbC and TaC, respectively45. The obtained 
values of SOECs and TOECs are placed in Table 2 and 
Table 3, respectively. 

The calculated SOECs 𝐶ଵଵ, 𝐶ଵଶ, 𝐶ସସ are listed in 
Table 2 for comparison6,10,46. It is described in Table 2 
that the 𝐶ଵଵ, 𝐶ଵଶ, and 𝐶ସସ are similar with variation of 
4% to 9% with listing values6,10,46. Table 2 and Table 
3 clearly show that the magnitudes of SOECs and 
TOECs are minimum for NbC and maximum for VC. 

It has been noted that compressibility parameter 
𝐶ଵଶ decreases with temperature while stiffness 
parameter 𝐶ଵଵ and hardness parameter 𝐶ସସ  rises with 
temperature which predicts that chosen materials 
become stiffer and harder at higher temperature. The 
values of 𝐶ଵଵଵ, 𝐶ଵଵଶ, 𝐶ଵ଺଺ having negative magnitude 
depreciating with rising temperature and 𝐶ଵଶଷ falling 
down with rising temperature and 𝐶ସହ଺ is constant 
because of the no contribution of the vibrational part. 
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Among TOECs maximum variation is visualized in 
C123 with respect to temperature. These results have 
been compared with available literature46. From  
Table 2, the Cauchy’s relation47 𝐶ଵଶ

଴ = 𝐶ଵସ
଴ , 𝐶ଵଵଶ

଴  = 
𝐶ଵ଺଺
଴ , 𝐶ଵଶଷ

଴  = 𝐶ଵସସ
଴ = 𝐶ସହ଺

଴  are obeyed. Cauchy’s 
criterion is not obeyed at other temperatures as 
interionic stress is more ionic. The criterion48 of 
elastic stability (𝐶11 - 𝐶12 > 0, 𝐶44 > 0, C11 + 2𝐶12 > 0) 
has been satisfied for TMCs which shows that TMCs 
are mechanically stable. The values of FOECs for the 
selected TMCs are presented in Table 4.  
 

From Table 4, 𝐶ଵଵଵଵ values for VC, NbC, TaC are 
highest and have positive coefficient and have 
magnitudes greater than SOECs and TOECs. The 
coefficients of the other FOECs are either negative or 
positive and their values are lower than the 𝐶ଵଵଵଵ. It is 
depicted from Table 4, 𝐶ଵସହ଺ remain unchanged due 
to negligible contribution of vibrational energy. No 
literature is available for TMCs to compare fourth 

order elastic constants that’s why it is compared with 
similar B1 type materials like copper49 and platinum 
group metal nitrides39 values are in good agreement. 
 

The mechanical properties are computed applying 
second-order elastic constants at 0K and 300K for the 
TMCs and obtained values are compared in Table 5 
with the available values18,20,46. 
 

The maximum bulk modulus is for VC and 
minimum for NbC as shown in Table 5, since values 
of 𝐶ଵଵ and 𝐶ଵଶ of VC are higher than those of NbC 
and TaC. This predicts that VC is tough and NbC is 
the fragile. The higher bulk modulus for VC depicts 
that VC is less compressible with respect to NbC and 
TaC. The higher G values for VC inference that 
toughness of VC is higher than NbC and TaC. The 
Pugh’s index (B/G), a comparison of fracture to 
toughness measures the brittleness and ductility of 
materials. If (B/G) is greater than 1.75 then material is 
ductile otherwise brittle. From Table 5 it is  clear  that 

 

Table 2 — Temperature dependent second-order elastic constants of TMCs (in 1011Nm-2) 

Temp(K) 
VC NbC TaC 

C11 C12 C44  C11 C12 C44  C11 C12 C44 
0 8.618 5.550 5.550 6.740 4.221 4.221 7.820 4.146 4.146 
    7.2004 0.924 1.8504 8.994 1.024 2.0204 
 5.0010 2.9010 1.5010 6.2010 2.0010 1.5010 5.5010 1.5010 1.9010 
    6.2746 1.5946 1.5146    

100 9.231 5.445 5.591 7.190 4.136 4.251 8.325 4.047 4.175 
200 9.356 5.346 5.604 7.313 4.050 4.262 8.462 3.951 4.186 
300 9.559 5.239 5.621 7.494 3.960 4.277 8.663 3.800 4.200 
400 9.791 5.131 5.641 7.693 3.871 4.293 8.885 3.749 4.215 
500 10.04 5.024 5.661 7.901 3.782 4.31 9.117 3.648 4.231 

 

Table 3— Temperature dependent third-order elastic constants of TMCs (in 1011Nm-2) 

Temp. (K) Material 𝐶ଵଵଵ 𝐶ଵଵଶ 𝐶ଵଶଷ 𝐶ଵସସ 𝐶ଵ଺଺ 𝐶ସହ଺ 

0 -123.9 -22.62 8.338 8.338 -22.62 8.338 
VC -93.8146 -3.9046 2.7746 0.6046 2.1346 

100 -127.6 -22.3 7.89 8.395 -22.8 8.338 
200 -127.7 -22.06 7.441 8.439 -22.83 8.338 
300 -128.3 -21.75 6.99 8.487 -22.89 8.338 
400 -129.1 -21.44 6.54 8.537 -22.95 8.338 
500 -130 -21.14 6.09 8.587 -23.02 8.338 
0 

 

-97.32 -17.22 6.36 6.36 -17.22 6.36 
-91.1446 -5.7846 5.4146 1.0546 1.8446 

100 -99.99 -16.96 5.985 6.405 -17.35 6.36 
200 

NbC 

-100.2 -16.74 5.605 6.442 -17.38 6.36 
300 -100.8 -16.48 5.226 6.483 -17.43 6.36 
400 -101.5 -16.2 4.847 6.523 -17.48 6.36 
500 -102.3 -15.96 4.468 6.564 -17.54 6.36 
0 

TaC 

-115.8 -16.97 6.369 6.369 -16.97 6.369 
100 -119 -16.65 5.912 6.413 -17.1 6.369 
200 -119.2 -16.38 5.455 6.451 -17.13 6.369 
300 -119.9 -16.08 4.997 6.492 -17.18 6.369 
400 -120.7 -15.77 4.539 6.533 -17.23 6.369 
500 -121.6 -15.46 4.081 6.574 -17.29 6.369 
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fracture to toughness ratio (B/G) is greater than 1.75 
at absolute zero while it is smaller than 1.75 at room 
temperature. This illustrates that chosen transition 
metal carbides are ductile at absolute zero and brittle 
at room temperature. The ν values are greater than 0.2 

but less than 0.5, which demonstrates that the intrinsic 
forces are non-central in character for the TMCs. The 
identity ν=0.25 for ionic material is satisfied in 
present case which demonstrates that the chosen 
carbides are of ionic character. The Cauchy’s pressure 

 

Table 4 — Temperature dependent fourth-order elastic constants of TMCs (in 1011Nm-2) 

  TMCs 0K 100K 200K 300K 400K 500K 

VC 157.3 161.5 161.6 162.2 163 163.9 
𝐶ଵଵଵଵ NbC 123.9 127 127.2 127.7 128.4 129.3 
  TaC 151 154.5 154.5 155.1 155.8 156.7 

VC 10.63 10.68 10.8 10.87 10.95 11.02 
𝐶ଵଵଵଶ NbC 8.105 8.161 8.247 8.31 8.371 8.432 
  TaC 8.076 8.142 8.257 8.341 8.422 8.504 

VC 12.08 11.9 11.76 11.59 11.42 11.24 
𝐶ଵଵଶଶ NbC 9.215 9.068 8.939 8.79 8.641 8.493 
  TaC 9.187 8.988 8.824 8.634 8.442 8.251 

VC -1.948 -1.916 -1.887 -1.855 -1.823 -1.792 
𝐶ଵଵଶଷ NbC -1.486 -1.46 -1.434 -1.407 -1.38 -1.353 
  TaC -1.488 -1.454 -1.421 -1.387 -1.352 -1.319 

VC -1.948 -1.965 -1.975 -1.987 -1.999 -2.012 
𝐶ଵଵସସ NbC -1.486 -1.499 -1.508 -1.518 -1.528 -1.539 
  TaC -1.488 -1.502 -1.511 -1.522 -1.534 -1.545 

VC 10.63 10.7 10.69 10.69 10.69 10.69 
𝐶ଵଵହହ NbC 8.105 8.15 8.145 8.145 8.148 8.152 
  TaC 8.076 8.126 8.116 8.115 8.117 8.121 

VC -1.948 -1.96 -1.965 -1.972 -1.98 -1.988 
𝐶ଵଶହହ NbC -1.486 -1.495 -1.499 -1.506 -1.512 -1.518 
  TaC -1.488 -1.497 -1.501 -1.508 -1.514 -1.52 

VC 12.08 12.19 12.21 12.24 12.28 12.32 
𝐶ଵଶ଺଺ NbC 9.215 9.295 9.312 9.34 9.371 9.404 
  TaC 9.187 9.271 9.289 9.318 9.35 9.385 

VC -1.948 -1.948 -1.948 -1.948 -1.948 -1.948 
𝐶ଵସହ଺ NbC -1.486 -1.486 -1.486 -1.486 -1.486 -1.486 
  TaC -1.488 -1.488 -1.488 -1.488 -1.488 -1.488 

VC 12.08 12.23 12.28 12.34 12.41 12.48 
𝐶ସସସସ NbC 9.215 9.325 9.365 9.418 9.475 9.534 
  TaC 9.187 9.302 9.345 9.401 9.461 9.523 

VC -1.948 -1.95 -1.952 -1.954 -1.956 -1.958 
𝐶ସସହହ NbC -1.486 -1.488 -1.489 -1.491 -1.492 -1.494 
  TaC -1.488 -1.49 -1.491 -1.492 -1.494 -1.495 
 

Table 5 — E, B, G, CS (all in 1011N/m2), B/G, ZA and ν of TMCs at 0K and 300K 

TMCs Temp.[K] E B G Cs B/G ZA ν 

 
VC 

0 8.541 6.573 3.327 1.534 1.975 3.619 0.2834 
  3.5820      

300 9.649 6.679 3.831 2.160 1.743 2.602 0.2592 
 
 

NbC 

0 6.672 5.061 2.606 1.259 1.942 3.352 0.2803 
 5.48018 3.02018 2.29018 3.14018 132.018  0.19718 
 6.16546 2.88046 1.73146   0.3246 0.16046 
  3.60020      

300 7.534 5.138 3.000 1.767 1.713 2.421 0.2556 
 
 

TaC 

0 7.568 5.371 2.991 1.837 1.796 2.257 0.2652 
 6.42718 3.68018 2.67018 3.99018 1.3818  0.20818 
 6.54746 3.18046 1.89646   0.4446 0.15446 
  4.01020      

300 8.361 5.454 3.359 2.406 1.624 1.745 0.2445 
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(C12 - C44) and Poisson ratio (ν) can also be evaluated to 
determine ductility and brittleness of the material. If (C12 
- C44) >0 and ν >0.3, the material is ductile and if (C12 - 
C44) <0 and ν <0.3, the substance is of brittle character50. 
It is depicted from Table 2 that (C12 - C44) <0 and ν < 0.3 
at room temperature, which predicts brittleness of TMCs 
and validates previous prediction of brittleness based on 
Pugh’s ratio. One of the anisotropy parameter i.e., Zener 

index (ZA) is unity for isotropic crystals but for ZA് 1 
the material is anisotropy in nature. In present case the 
estimated values of ZA suggest that chosen TMCs are 
anisotropic in nature. The density and SOECs are 
utilized to calculate the longitudinal and shear modes of 
ultrasonic non-linear velocities in <100>, <110>, and 
<111> orientations. The obtained values of VL, VS1, and 
VS2 have been presented in Table 6 for TMCs. 

 

Table 6 — Orientation dependent VL, VS1, and VS2 (in 103m/s) for TMCs in 100-500K 

TMCs Orientation Temp. (K) 𝑉௅ 𝑉ௌଵ 𝑉ௌଶ VD 

VC 

<100> 100 3.991 3.106 3.106 3.313 
<100> 200 4.018 3.109 3.109 3.321 
<100> 300 4.061 3.114 3.114 3.331 
<100> 400 4.110 3.120 3.120 3.343 
<100> 500 4.161 3.125 3.125 3.356 
<110> 100 4.723 3.106 2.556 3.079 
<110> 200 4.728 3.109 2.630 3.132 
<110> 300 4.740 3.114 2.730 3.199 
<110> 400 4.755 3.120 2.835 3.266 
<110> 500 4.771 3.125 2.941 3.329 
<111> 100 4.943 2.322 2.322 2.614 
<111> 200 4.942 2.351 2.351 2.645 
<111> 300 4.945 2.391 2.391 2.688 
<111> 400 4.951 2.434 2.434 2.733 
<111> 500 4.957 2.478 2.478 2.779 

NbC 

<100> 100 3.020 2.322 2.322 2.483 
<100> 200 3.046 2.325 2.325 2.489 
<100> 300 3.083 2.329 2.329 2.498 
<100> 400 3.124 2.333 2.333 2.508 
<100> 500 3.165 2.338 2.338 2.517 
<110> 100 3.546 2.322 1.968 2.342 
<110> 200 3.551 2.325 2.034 2.387 
<110> 300 3.562 2.329 2.117 2.439 
<110> 400 3.575 2.333 2.202 2.490 
<110> 500 3.588 2.338 2.285 2.537 
<111> 100 3.705 1.757 1.757 1.977 
<111> 200 3.705 1.784 1.784 2.005 
<111> 300 3.708 1.817 1.817 2.041 
<111> 400 3.713 1.852 1.852 2.078 
<111> 500 3.718 1.888 1.888 2.116 

TaC 

<100> 100 2.395 1.696 1.696 1.839 
<100> 200 2.415 1.698 1.698 1.843 
<100> 300 2.443 1.701 1.701 1.849 
<100> 400 2.474 1.704 1.704 1.855 
<100> 500 2.507 1.708 1.708 1.861 
<110> 100 2.672 1.696 1.717 1.875 
<110> 200 2.676 1.698 1.763 1.898 
<110> 300 2.684 1.701 1.821 1.925 
<110> 400 2.694 1.704 1.881 1.952 
<110> 500 2.704 1.708 1.941 1.977 
<111> 100 2.758 1.393 1.393 1.562 
<111> 200 2.758 1.413 1.413 3.313 
<111> 300 2.760 1.439 1.439 3.321 
<111> 400 2.763 1.466 1.466 3.331 
<111> 500 2.767 1.493 1.493 3.343 
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Equation (4) is applied to measure the Debye average 
velocities in different directions and are presented in 
Table 6. 

From Table 6, it is visualized that VL is maximum 
in the <111> direction while minimum in <100> 
direction in temperature range 100-500K. The lattice 

vibrations in compressional mode dominate over 
transverse mode due to dominance of longitudinal 
velocities over shear velocities. The velocity is 
inversely related to the density by virtue of which the 
non-linear acoustic velocity decreases as VC < NbC< 
TaC, as shown in Table 6. The ultrasonic velocities 
are directly proportional to SOECs which are 
proportional to temperature. Hence ultrasonic 
velocities are increasing with temperature. The Debye 
temperature TD plays an important role to establish 
connection between elastic and thermal characteristics of 
materials. The Debye velocity is accomplished to 
enumerate one of the very important thermodynamical 
parameters i.e., Debye temperature (TD) by means of Eq 
(5) and is shown in Fig. 1. 
 

The TD decreases from VC to TaC because Debye 
temperature is inversely related to molar mass which 
is of the order of the values in existing literature21. 
The obtained data of the acoustic coupling constant 
(DL, DS1, DS2), thermal conductivity (𝜅), thermal 
relaxation time (τ) and ultrasonic attenuation (α/f2) are 
figured out in Table 7.  

From Table 7, the thermal conductivity follows the 
order VC >NbC >TaC because thermal conductivity 
is directly proportional to Debye temperature (TD). 
The thermal conductivities for chosen transition metal 
carbides are maximum in <100> orientation like 
Debye temperature. This clearly indicates that VC, 
NbC and TaC have better thermal properties along 
<100> direction. Table 7 depicts that value of  
D decreases from VC to TaC. The thermal relaxation 
time is the time in which phonon regains its original 
equilibrium condition which was distorted due to 
thermal disturbances of wave propagation. The values 
of thermal relaxation time are found to be 10-11s in 
present case which is comparable with50. The order of 
𝜏௧௛ confirms that chosen VC, NbC, and TaC are 
intermetallics. The acoustic wave attenuation has been 
computed using Eqs. (10) and (11) at temperature 300K 
in <100>, <110> and <111> orientations for the chosen 
TMCs.  

The obtained results of (α/f2)th, (α/f2)l, (α/f2)S1 and 
(α/f2)S2 for TMCs are presented in Table 7. Table 7 
demonstrates that thermoelastic attenuation is very 
much small in comparison to phonon viscosity 
mechanism (Akhiezer loss). The nonlinear ultrasonic 
attenuation increases with rising temperature in 
<100>, <110> and <111> orientations for TMCs. The 
behaviour of (α/f2) is very close to platinum group 
metal carbides39. Total attenuation as the sum of 

 

Fig. 1— Temperature and direction dependent Debye temperature
(TD) for (a) VC, (b) NbC, and (c) TaC  
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thermal and Akhiezer attenuation for the chosen 
TMCs have been plotted in Fig. 2 for TMCs at the 
temperature 300K along <100>, <110> and <111> 
directions. 
 

Figure 2 depicts that total attenuation for TMCs 
largest in <100> and smallest in <111> orientations. 
From Fig. 2 it is evident that total attenuation is 
maximum for TaC and minimum for VC. The 
ultrasonic attenuation follows the order for the chosen 
substance as VC< NbC<TaC. From Table 7 it is 
visualized that ultrasonic attenuation follows the order 
TaC > NbC > VC which inference that ultrasonic 
attenuation is directly proportional to molecular 
weight49. It is evident that total attenuation is lowest 
in <110> orientation and highest for <100> 
orientation. It seems that VC is suitable material for 
industrial use in <110> direction because of minimum 
attenuation. 
 
4 Conclusion 

The Born model has been applied to enumerate  
the SOECs, TOECs and FOECs and validated 

successfully. The validation of Born stability criteria 
indicates the elastic stability of TMCs. Pugh’s index 
shows the brittle nature of the chosen materials at 
room temperature. Cauchy criteria for SOECs hold 
valid at 0K, and failed at temperatures above 0K for 
selected group V transition metal carbides. The better 
thermodynamic behaviour of the VC, NbC, and TaC 
have been found along <100> direction. The thermal 
relaxation time is of the order of 10-11s, which predicts 
intermetallic nature of TMCs. The lowest attenuation 
magnitude for VC predicts that VC will be utilized 
industrial applications with respect to NbC and TaC. 
The <110> direction has lowest ultrasonic attenuation 
values for TMCs, thus <110> direction is preferred 
for industrial application. 
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