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Zirconium (Zr), a metal with an hcp structure, has been investigated for the transmission of acoustic wave in 

the 0 to 25 GPa operating pressure. For this, the Lennard-Jones interaction potential approach has been used to 

estimate the higher order elastic coefficients (SOECs and TOECs). This model is used to calculate the 2nd and 3rd 

order elastic parameters for zirconium metal. With the help of SOECs, other elastic moduli such as bulk modulus 

(B), Young’s modulus (Y) and shear modulus (G) have been calculated for Zr metal using Voigt-Reuss-Hill (VRH) 

approximations. Later, applying SOECs as well as zirconium density under the same pressure range, three 

orientation dependent acoustic velocities, comprising Debye average velocities, have been studied. Basic thermal 

characteristics such as specific heat at constant volume, thermal conductivity associated with lattice, thermal energy 

density, thermal relaxation time as well as acoustic coupling coefficients of zirconium metal have been also 

calculated at same pressure range. The computation is also satisfactory in estimating the ultrasonic attenuation 

coefficients, arises due to the interaction of phonons, hardness as well as melting temperature under various 

pressures in this research work.  
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Introduction  

Due to its great corrosion protection as well as narrow 

neutron absorption cross - sectional area, zirconium is an 

interesting 4d transition metal that is employed 

extensively in the nuclear, chemical, & medicinal 

industries. Zirconium recrystallize in the "phase" at 

ambient temperatures, which is a hexagonal close-

packed shape. It changes to a bcc structure beyond 1135 K 

with atmospheric pressure, known as that of the phase. 

Whenever pressure rises, α phase zirconium (P63/mmc) 

changes into a different hexagonal structure known as the 

ω -phase (P6/mmm), which isn't tightly packed and 

contains three atoms in each cell [1, 2]. When pressure has 

been released, the zirconium can also be retrieved as a 

thermodynamically stable phase under ambient 

circumstances [3, 4]. Zirconium-based alloys (Zr-Fe, Zr-

Co, Zr-Ni, Zr-Cu) have also shown the ω -phase 

(P6/mmm) structure, which is an intriguing phenomena 

that has drawn a lot of theoretical as well as experimental 

attention [5, 6]. Zirconium undergoes a martensitic kind of 

phase transition. Its atomic packing within this phase is 

2.4% higher efficient than that of the phase as a result of 

crystal reconstruction, which might theoretically result in 

better mechanical characteristics [7]. In fact, 

Nanoindentation studies reveal that the high pressure-

recovered ω -phase Zr is 80% harder than the α-Zr [8]. 

Further diffraction pattern investigation of microscopic 

strain by Zhao & Zhang also revealed transformation of 

the ω -phase Zr [9]. These results imply that an efficient 

method for material hardening is Stress-induced phase 

transitions resulting to qualitative data under ambient 

conditions. However, it has yet to be determined for ω - Zr 

what the constitutive law and associated deformation 

process are in its stability field. Because of their low 

weight, static strength, significant stiffness, as well as the 

fact that they do not disintegrate quickly as the 

temperature increases & exhibit resistance to oxidation, 

such materials have innovative uses in the aircraft sector 
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[10]. Adjusting the crystalline phases in such elements can 

significantly enhance their mechanical characteristics. In 

these kinds of materials, pressure is a crucial factor in the 

phase changes that result. Recent research by Cerreta et al. 

[11] using a shock experiment determined the pressure of 

the phase transformation for the highly pure material to be 

7.1 GPa. Theoretically, several studies use electronic 

structures have been conducted on the phase 

transformations of Zr [12]. At extreme pressures, they 

have typically discovered a transition form. However, they 

found by experimentally that it has hexagonal close - 

packed phase except at least phase. 

 However, a solid's physical properties are crucial 

because they correlate to a number of essential solid-state 

characteristics, including interatomic potentials, equations 

of state, as well as phonon spectra. Additionally, the 

specific heat at constant volume, anisotropy constant, 

thermal attenuation, Debye temperature, thermal 

relaxation time, Poisson's ratio, Young's modulus (Y), 

Bulk modulus (B), Paugh ratio (B/G), shear modulus 

(G), melting temperature as well as hardness are all 

thermodynamically related to elastic characteristics.   

I. Theoretical Calculation Method 

There are numerous tools for analyzing hexagonal 

compounds' high-order (SOECs, TOECs) elastic 

properties. According to our current efforts, higher order 

elastic constants are being evaluated utilizing interaction-

potential techniques.  

By using potential model method of evaluation shows 

that, the higher order coefficients in hexagonally arranged 

materials are influenced by the crystallite size. The 

following mathematical formulas can be consumed to 

determine the second order elastic coefficients. [13]  

 

 𝐶𝐼𝐽 =
𝜕2𝑈

𝜕𝑒𝐼𝜕𝑒𝐽
;    I or J-1,…6      (1) 

 

 𝐶𝐼𝐽𝐾 =
𝜕3𝑈

𝜕𝑒𝐼𝜕𝑒𝐽𝜕𝑒𝐾
;    I or J or K-1,…6      (2) 

 
Where eI=eij (i or j = x, y, z, I=1…6) stands for a 

constituent of the tensor of strain as well as U shows 

elastic energy band. For hcp structural materials, Eqn. 1 as 

well as Eqn. 2, yields six 2nd order and ten 3rd 

order elastic constants, respectively (SOEC and TOEC) 

[14, 15].  

For acoustic propagation via a z-axis in hcp crystal, 

the acoustic velocities (VS and VL) are provided by 

equations. [15] 

 𝑉𝐿 = √
𝐶33

𝜌
 ,  (3) 

 

 𝑉𝑆 = √
𝐶44

𝜌
     .   (4) 

 

The density of hcp materials can be evaluated 

consuming the mathematical formulae given below.  [16] 

 

  𝜌 = 2𝑀𝑛/3√3𝑎2𝑐𝑁𝐴   (5) 

 

The letters n, M, as well as NA, respectively, stand for 

the the number of atoms in unit cell, molecular mass, as 

well as Avogadro number. 

Within low-temperature acoustics, the Debye average 

velocity (VD) is an important number since acoustic 

velocities are connected to elastic coefficients. The Debye 

average velocity (VD) is defined as [15]. 

 

 𝑉𝐷 = [
1

3
(
1

𝑉𝐿
3 +

1

𝑉𝑠1
3 +

1

𝑉𝑠2
3 )]

−1/3

   (6) 

 

Through Debye average velocity, Elastic coefficients 

are correlated to Debye temperature (TD) in an unintended 

way. [17] 

 

 𝑇𝐷 = ħ𝑉𝐷(6𝜋
2𝑛𝑎)

1

3/𝑘𝐵   (7) 

 

Where kB, na are Constant of Boltzmann and atomic 

proportions constant respectively. The transmission of 

ultrasonic waves disrupts thermodynamic phonons' 

energy dispersion. The length of time required for thermal 

acoustic waves to re-establish just after acoustic wave has 

passed through a material is known as that of the thermal 

relaxation time (τ). It is directly connected to specific heat 

(CV), thermal conductivity, Debye average velocity. [14, 

18]    

 

   𝜏 = 𝜏𝑆 = 𝜏𝐿/2 =
3𝑘

𝐶𝑉𝑉𝐷
2    (8) 

 

The modulus of shear and the bulk 

elastic coefficient were estimated by using Voigt and 

Reuss approaches [19, 20]. The Voigt and Reuss 

approaches used unvarying stress as well as strain 

calculations, respectively. Moreover, using Hill's 

approaches, the expectation values of mutually procedure 

are consumed to compute the numerical values that result 

of B as well as G [21]. Young's modulus(Y) as well as 

Poisson's ratio are computed by consuming the shear as 

well as bulk modulus numerical values [22, 23]. G, B, and 

Y are evaluated using the following expressions: 
 

 

𝑀 = 𝐶11 + 𝐶12 + 2𝐶33 − 4𝐶13,C
2 = (𝐶11 + 𝐶12)𝐶33 − 4𝐶13 + 𝐶

2
13;

𝐵𝑅 =
𝐶2

𝑀
;B𝑉 =

2(𝐶11+𝐶12)+4𝐶13+𝐶33

9
;

𝐺𝑉 =
𝑀+12(𝐶44+𝐶66)

30
;G𝑅 =

5𝐶2𝐶44𝐶66

2[3𝐵𝑉𝐶44𝐶66+𝐶
2(𝐶44+𝐶66)]

;

𝑌 =
9𝐺𝐵

𝐺+3𝐵
;      B =

𝐵𝑉+𝐵𝑅

2
;         G =

𝐺𝑉+𝐺𝑅

2
; 𝜎 =

3B-2G

2(3B+𝐺) }
  
 

  
 

                                 (9)
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The following mathematical formula can be used to 

determine a metal's thermal conductivity. [24] 

 

  𝑘 = 𝐴𝑀𝑇𝐷
3𝛿3/𝛾2𝑇𝑛2/3     (10) 

 

Where A is the constant, 𝛾 is Grüneisen quantity, as 

well as T stands for temperature. The value, 'A' is 

calculated by the Grüneisen quantity as well as is 

expressed as follows. 

 

 𝐴 = 2.43 ⨯ 10−8/(1 −
0.514

𝛾
+

0.228

𝛾2
)  (11) 

 

The elastic constants C11 and C33 are correlated to the 

Temperatures that melt (Tm) of hexagonally structured 

materials [25]. The melting point (Tm) is calculated in the 

following way: 

 

  𝑇𝑚 = 354 + 4.5(2𝐶11 + 𝐶33)/3    (12) 

 

Where C11 and C33 are in GPa and Tm is in K. 

At low temperatures, the average distance travelled by 

electrons is analogous to the average route of acoustical 

phonons. As a result, acoustic phonons and free electrons 

have a high possibility of interacting [15]. For longitudinal 

(VL) as well as shear waves (VS), the mathematical 

expressions for evaluating ultrasonic attenuation is given 

as follows:    

 

 𝛼𝑙𝑜𝑛𝑔 =
2𝜋2𝑓2

𝜌𝑉𝑙
3 (

4

3
𝜂𝑒 + 𝜒)    (13) 

 

  𝛼𝑠ℎ𝑒𝑎𝑟 =
2𝜋2𝑓2

𝜌𝑉𝑆
3 𝜂𝑒 (14) 

 

Where 'f' seems to be the acoustic wave's frequency, 

‘’ is the density of hcp metal, ‘e’ is the viscosity due to 

the electron as well as ‘’ is the viscosity due to 

compression. Thermo-elastic loss and Akhiezer's type loss 

are mutually important for acoustic wave attenuation at 

greater pressure. The mathematical equation which is 

shown below describes the attenuation due to the Akhiezer 

loss obtained by Rai et. al. [27].  

 

  (𝛼/𝑓2)𝐴𝑘ℎ =
4𝜋2𝜏𝐸0(𝐷/3)

2𝜌𝑉3
   (15) 

Thermodynamically generated energy density is denoted 

by E0, where as the ultrasound wave’s frequency is 

denoted by f.  

The mathematical expression which is given below, 

considers the thermo-elastic loss (𝛼 / f 2) Th:  

 

 (𝛼/𝑓2)𝑇ℎ = 4𝜋
2 < 𝛾𝑖

𝑗
>2

𝑘𝑇

2𝜌𝑉𝐿
5  (16) 

 

The following equation gives the total ultrasonic 

attenuation as: 

 

 (𝛼/𝑓2)𝑇𝑜𝑡𝑎𝑙 = (𝛼/𝑓
2)𝑇ℎ + (𝛼/𝑓

2)𝐿 + (𝛼/𝑓
2)𝑆   (17)  

 

Where (𝛼/𝑓2)𝑇ℎis the thermoelastic loss,  

(𝛼/𝑓2)𝐿and (𝛼/𝑓2)𝑆 are the acoustic attenuation 

constants for the longitudinal acoustic wave as well as 

shear acoustic wave consistently.  

II. Results and Discussion 

2.1. Second Order Elastic Constants (SOECs), 

Third Order Elastic Constants (TOECs) and Related 

Parameters  

In present study, we simply used basic interaction 

potential method to analyzed six SOECs and ten TOESs. 

For the zirconium metal, the crystal factors 'a' (basal plane 

factor) ‘p’ (axial proportion) as well as the value of density 

(: x 103 kg m-3), are 3.231 (Å) to 3.053 (Å), 1.514 to 1.621 

as well as 19.357 to 21.948 under the given pressure 

interval 0-50 GPa, respectively [26]. Computed numeric 

values of thermal conductivity (k (min) Erg/cm.sec.K) is 

shown in figure 1, under the similar pressure interval. For 

zirconium metal, the established values of m as well as n 

stand 6 and 7. For the Zr metal, b0 (chosen constant 

parameter) value is 1.88 x10-64 erg cm7
.  

Fig. 1. Thermal conductivity, a (Å), c/a, density vs 

Pressure of Zr metal 

 

The elastic coefficients values, which are significant 

for the material system since they are connected to the 

rigidity parameter, are located in the Zr metal. In fig. 2 (a) 

we can see that second order elastic constants (SOECs) are 

increasing with pressure. In fig. 2 (b) we can see that the 

value of third order elastic constants (TOECs) are negative 

and value of TOECs are increasing with pressure. The 

Ultrasonic attenuation (UA) and related properties are 

determined using SOECs. Zirconium metal has the 

sufficient elastic coefficients values indicating that it has 

higher mechanical characteristics than other compounds 

(Ti, Hf). 

Consequently, the popular Born-Huang equilibrium 

law would be satisfied [27, 28] given by eqn. 18, for the 

hexagonal closed packed structure to being mechanically 

stable (fig. - 3)  

 

 Ć44 >0, Ć11-| Ć12| > 0,   (Ć11+ Ć12) Ć33 -2 Ć2
13> 0,  (18) 

Where Ćjj= Ćjj –P, (j=1, 3, 5). Ć12=C12+P, Ć13=C13+P 

 

The fact that, the above mentioned elastic 

coefficients values are positive indicates that somehow 

this Zr metal satisfies Born- Huang's mechanical stability 

criterion, which implies that such stability grows within 

the specified pressure range. The evaluated value of bulk 

modulus of Zr metal is 99.40 GPa at zero pressure, which 

is close to 93.60 GPa calculated by Xiuxiu Yang et al. 
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[26]. Our approach achieves comparable magnitudes of 

the elastic constants C11, C33, and C66. As a result, there is 

some consistency between reported and informed numeric 

values, which is due to elastic coefficients. Our theoretical 

strategy for assessing SOECs of hcp organized metals is 

therefore well supported.  

The numeric values of Voigt–Reus’ coefficients (M as 

well as C2), B, G, and Y as well as Poisson's proportion of 

Zr metal in the pressure range (0 to 25GPa) are calculated 

consuming Equation 9 are shown below in figs. 3 and 4.  

 
Fig. 4. C44- P versus Pressure of Zr metal. 

 

The SOECs allow for the evaluation of all mechanical 

characteristics, including toughness, brittleness, ductility, 

hardness, as well as compressibility. The melting point 

being taken into consideration when creating better 

materials. It is regarded as a crucial foundation for 

assessing engineering materials. Melting heats are being 

studied by materials scientists in attempt to optimize the 

high thermal stability of any industrial applicable 

materials. In current work, the hardness and melting point 

temperature Tm of Zr metal is evaluated. Figure 5 

illustrates the approximated melting point temperature as 

a consequence of the applied pressure. One can observe 

that as pressure rises, melting temperature rises as well as.  

 
Fig. 5. Hardness (Hv), Melting point (Tm) with Pressure 

for Zr metal. 

 

As illustrated in the table 1, anisotropy in elastic 

properties can be described by the universal anisotropic 

index (AU), shear anisotropic factors (A1, A2 as well as 

A3), and percent anisotropy (AB as well as AG) and 

poission ratio is provided below [29, 30]. By Table 1, its 

  
Fig. 2. SOECs and TOECs vs Pressure of Zr metal. 

 

  
Fig. 3. M, C2, B, Y, G versus Pressure of Zr metal. 
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reveal that under different pressure points for Zr metal, 

percent anisotropy AB is higher than AG. This 

demonstrates that the orientation of the shear strength 

differs from the orientation of the bulk elastic modulus. 

Table 1 provides that A1, A2, and A3 outcomes under 

various pressure. The metal is an isotropic crystal if  

A1 = A2 = A3 = 1. It's an anisotropic material otherwise it 

is not an isotropic material, according to the conclusions. 

Strong single crystalline anisotropy is the term used to 

describe how far the universal anisotropy value (AU) 

deviates from zero at different pressures [31, 32].  

 

2.2. Thermal Relaxation Time, Velocities of 

Ultrasonic Waves and Related Parameters  

Figure 6 depicts a graph of the estimated time required 

for thermal relaxing as a consequence of angle.  The 

mutual relationship of VD as 𝜏 ∝ 3𝐾/𝐶𝑉𝑉𝐷
2is observed by 

direction reliant curves. The duration of thermal repose of 

the Zr metal is clearly influenced by 'k’, the duration of 

thermal relaxation is measured in picoseconds [33, 34]. 

The value of " for wave spread along = 550 indicates that 

the time to re-establish for thermal phonon distribution of 

equilibrium will be shortest for wave spread in this way 

due to phonon-phonon (p-p) interaction as well as 

relaxation due to heat, attenuation of ultrasonic waves 

occurs. 

 

 
Fig. 6. Pressure dependent Relaxation time vs angle ''ϴ" 

of Zr metal. 

 

Figures 7 to 8 depict the relationship between acoustic 

velocities and pressure. Figure 7(a), shows that for Zr 

metal value of VL has the least value at 450, as well as the 

numeric value of velocity VS1 has a supreme value at angle 

550 in figure 7(b). Figure 8(a) shows that VS2 increases 

with angle along with the z- axis.  The uneven 

comportment of orientation reliant velocity is due to the 

existence of SOECs and solidity. The orientation based 

velocity curves reported in other hexagonal materials are 

analogous to the alliance based velocity curvatures seen in 

this investigation [30, 31]. The angle dependence of such 

velocities in the Zr metal combination is thus explained.  

Figure 8(b) illustrates how the variation in Debye 

average velocity is influenced by the angle made with the 

crystal's unique axis. For the Zr metal, VD rises with angle 

as well as reaches an extreme at 550. Due to the fact that 

the velocities VS2, VS1 and VL are utilized in the 

calculation of VD [33, 34]. At 55°, the extreme value of VD 

is obtained by an important rise in both shear as well as 

longitudinal wave velocities, as well as a drop in quasi-

shear wave velocities. When an acoustic wave propagate 

at 550 degree along with the z-axis of this crystal, the 

regular ultrasound wave velocity shows that the supreme. 

For zirconium metal, we estimated VD, VS as well as VL.  

In current work, the relationship between ultrasonic 

velocity and the isotropic and mechanical characteristics 

of the hcp organized metal is examined. Figure 9 shows 

the acoustic coupling coefficients (DL as well as DS) with 

pressure. The pressure-dependent CV numeric values as 

well as the density of thermal energy (E0) are determined 

consuming the physical coefficients are shown in Figure 

10.  

Figure 9 demonstrates that for Zr metal throughout all 

pressure, the numeric values of DL are greater than DS. It 

is evident that longitudinal ultrasound waves convert 

acoustical energy to heat energy more quickly than shear 

ultrasound waves.  

 

2.3. Attenuation of Ultrasonic waves due to 

Phonon-Phonon Interaction  

When calculating attenuation of ultrasonic waves 

(UA) in Zr metal, the wave is anticipated to move along 

the element's z-axis. The attenuation coefficient divides by 

the square of the frequency (𝛼/𝑓2)𝐴𝑘ℎ  is calculated for 

longitudinal acoustic wave (𝛼/𝑓2)𝐿𝑎nd for shear acoustic 

wave (𝛼/𝑓2)𝑠 using Eqn. 13, 14 and 15. Ultrasonic 

attenuation caused due to phonon- phonon interaction for 

zirconium metal is shown in figure 11 given below.  

In this current work, it is anticipated that the acoustic 

wave will move along the z-axis of the crystal. It is 

obvious that the Akh. Type of energy waste (𝛼/𝑓2)𝐴𝑘ℎ  

depends on the D, E0, τ and V-3 (Eqns. 15). E0 as well as 

the k significantly affect Akhiezer losses in zirconium 

metal. 

Therefore, a diminution in the capacity to transfer heat 

is the cause of the increase in Acoustic attenuation. As a 

result, the phonon-phonon interaction influences acoustic  

Table 1.  

Pressure dependent Anisotropy constants and Poission ratio (σ) of Zirconium Metal 

Pressure     

(GPa) 
AU AB AG A1 A2 A3 σ 

0 0.095 0.051 0.018 0.63 0.63 2.07 0.23 

5 0.125 0.025 0.017 0.63 0.63 2.07 0.23 

10 0.073 0.053 0.016 0.63 0.63 2.07 0.23 

15 0.068 0.052 0.016 0.63 0.63 2.07 0.23 

20 0.065 0.053 0.016 0.63 0.63 2.07 0.23 

25 0.057 0.053 0.015 0.63 0.63 2.07 0.23 
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Fig. 7. Pressure dependent VL, Vs1 vs angle ''ϴ" of Zr metal. 

 

 
Fig. 8. Pressure dependent Vs2, VD vs angle ''ϴ" of Zr metal 

 

 
 

Fig. 9. DL, DS vs Pressure of Zr metal Fig. 10. Eo, Cv for Zr metal with pressure 

 
Fig. 11. Long., Shear & Th. attenuation vs Pressure of Zr metal. 
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attenuation, however, due to an absence of 

hypothetical/investigational evidence in the collected 

works, a contrast of attenuation of ultrasonic waves (UA) 

is not possible. Both the overall attenuation employing 

Eqn. 17 and Eqn. 16 demonstrate that now the thermo-

elastic degeneration for Zirconium metal is significantly 

less than Akhiezer loss. The main contributing factor is 

acoustical attenuation due to p-p interactions for 

longitudinal acoustic wave as well as shear wave. Thermal 

conductivity and thermal energy density are the two main 

determinants of total acoustical attenuation. The 

Zirconium metal maintains its hcp structural 

configuration, which is highly stable, at low values of 

acoustic wave’s attenuation under various pressures.  

Conclusions 

In current theoretical approach, the interaction 

potential technique is used to evaluate the mechanical as 

well as thermodynamic properties of the Zr metal under 

pressures ranging from 0 to 25 GPa. At various pressures, 

the idea of calculating higher-order elastic coefficients for 

hcp shaped Zr metal using an easy interaction potential 

methodology is still relevant. Born-Huang 

mechanical stability standard demonstrates that, within 

the operating pressure, Zr metal's mechanical stability 

increases with pressure. According to the Paugh ratio, the 

hexagonal Zirconium metal is bendable under both normal 

and the given pressure range, and its ductility rises as 

pressure rises. Additionally, we discovered that Zr metal 

exhibits strong anisotropy at zero GPa, which intensifies 

with increasing pressure. With increasing pressure, the 

Debye average velocity rises and then decreases. Pressure 

raises the estimated melting point and toughness of Zr 

metal.  

The hardness (Hv) increases smoothly with increasing 

pressure until it exceeds 0-25 GPa. ‘’ is shown to be of 

the order of picoseconds for Zr metal, protecting their 

hexagonal shape. Because ‘’ has the least value alongside 

= 550 at altogether pressures, the time essential for re-

establishing phonon evenness spreading will be the tiny 

for acoustical wave transmission in this direction. The 

primary factor in overall attenuation caused by the p-p 

strong interaction is thermal conductivity. At the stated 

pressure range, Zr metal are in their original physical state 

and are more malleable, as seen by the least ultrasonic 

attenuation (UA). The findings could aid in the processing 

of Zr metal and non-destructive characterization.  Future 

exploration interested in the thermo-physical 

characteristics of other substances will be based on these 

conclusions. 
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П. Шривастав, А.К.Праджапаті, П.K.Ядава 

Теоретичні дослідження термічних, механічних та ультразвукових 

властивостей металевого цирконію під тиском 

Кафедра фізики, В. Б. С. Університет Пурванчал, Джаунпур, Індія, pkyadawa@gmail.com  

Цирконій (Zr), метал hcp структури, досліджено передачею акустичних хвиль при робочому тиску від 

0 до 25 ГПа. Для цього використано підхід потенціалу взаємодії Леннарда-Джонса для оцінки коефіцієнтів 

пружності вищого порядку (SOEC і TOEC). Ця модель використовується для розрахунку пружних 

параметрів 2-ий та 3-ій порядки для металевого цирконію. За допомогою SOEC були розраховані інші 

модулі пружності, такі як об’ємний модуль (B), модуль Юнга (Y) і модуль зсуву (G) для Zr із використанням 

наближень Фойгта-Ройсса-Хілла (VRH). Потім, застосовуючи SOECs, а також щільність цирконію в тому 

самому діапазоні тиску, було вивчено три залежні від орієнтації швидкості звуку, що містять середні 

швидкості Дебая. Основні теплові характеристики, такі як питома теплоємність при постійному об’ємі, 

граткова теплопровідність, густина теплової енергії, час теплової релаксації, а також коефіцієнти 

акустичного зв’язку металевого цирконію розраховано в тих самих ж діапазонах тиску. Розрахунок є 

задовільним для оцінки коефіцієнтів ослаблення ультразвуку, що виникає внаслідок взаємодії фононів, 

твердості, а також температури плавлення під різними тисками.  

Ключовіслова: ультразвукові властивості, пружні константи, термо-фізичні характеристики, 

теплопровідність. 

 


