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Abstract

The ultrasonic properties of the hexagonal BC,N superhard material were studied at
temperature-dependent following the interaction potential model. Higher-order elastic
constants are used for the determination of other ultrasonic parameters. The temperature
variation of the ultrasonic velocities is evaluated along with different angles with z-axis
(unique axis) of the crystal using the second-order elastic constants temperature variation of
the thermal relaxation time, and Debye average velocities are also calculated along with the
same orientation. The temperature dependency of the acoustic properties is discussed in
correlation with elastic, thermal, and mechanical properties. It has been found that thermal
conductivity and thermal energy density are the main contributors to the behavior of
ultrasonic attenuation as a function of temperature. The responsible cause of attenuation is
phonon-phonon interaction. Mechanical properties of BC,N superhard material at
temperature 400K are better than at other temperatures because, at this temperature, it has
low ultrasonic attenuation. Superhard material BC,N has many industrial and engineering

applications.
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1. Introduction

Over the past few decades, B-C-N compounds were attracted important attention due to
their predictable intermediates [1-3] or better properties than carbon and boron nitrides [4-
6]. Super materials can provide special performance in a wide variety of applications. In
particular, a covalent insulator with simple electronic and lattice structures for Diamond
has long been known as one of the hardest [7] and highest thermometer conductive
materials [8,9]. Consequently, discovering superhard thermometer conductive materials
with desirable properties is a recurring subject in condensed matter physics and materials
science. BC,N has attracted widespread attention because it is expected to be thermally
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and chemically more stable than diamond and harder than C-BN [10,11]. BC,N has
gained much attention due to its high Stiffness and improved stability in structure, and
many studies have intensive on it [12,13]. The BC,N has gained much attention due to its
high Vickers hardness (up to 76 G Pa) and good stability and ductility [14,15]. It includes
a superposition of collapsed layers of honeycomb C and hexagonal B-N. In addition, the B
or N atoms project into the B-N layer at the center of the carbon hexagonal rings.
Recently, Chakraborty et al. [16] exposed that hexagonal diamond and wurtzite boron
nitride are two superhard materials compared to their cubic diamond, cubic counterparts,
and cubic boron nitride.

Superhard materials have become a unique resource in modern industry, benefiting
from the high hardness beyond ordinary materials. For example, cutting and polishing
equipment widely used in manufacturing [17-19], ultra-rigid drill bits that are commonly
used in exploration [20], and semiconductor equipment working in extreme environments
[21,22] of superhard material are inseparable from the application. Over the past few
decades, B-C-N compounds have attracted significant interest due to their expected
intermediates or better properties than carbon and boron nitrides [23,24].

A single-phase hexagonal close-packed structure in the BC,N system has been
successfully fabricated by arc melting. Structure analysis of the annealed (homogenized)
samples reveals that the HCP phase is thermally stable. Ultrasonic attenuation (UA) is a
very important physical parameter to characterize the material, which is well related to
several physical quantities like thermal conductivity, specific heat, thermal energy
density, and second and third-order elastic constants (SOECs & TOECSs). The elastic
constants provide valuable information about the structural stability of the superhard
material [25].

In our present evaluation, we predict the ultrasonic properties of hexagonal structured
BC,N superhard material at different temperatures. BC,N superhard material will improve
the mechanical properties of other simple structure materials and their performance and
play a significant role in the manufacturing apparatus with useful physical properties
under moderate working conditions. For that, we have considered ultrasonic attenuation
coefficient, acoustic coupling constants, elastic Stiffness constant, thermal relaxation time,
and the ultrasonic velocity for BC,N superhard compound. Bulk modulus (B), shear
modulus (G), Young's modulus (Y), Pugh's ratio (B/G), and Poisson's ratio were also
calculated and discussed for superhard materials.

2. Theory

There are numerous methods to analyses high-order (SOECs, TOECsS) elastic factors of
hexagonal materials. Meanwhile, a first-principal technique based on density functional
theory (DFT) within the quasi-harmonic approximation (QHA) and generalized gradient
approximation (GGA) is commonly used for the determination of second and third-order
elastic constants. The interaction potential model technique is similarly one of the
furthermost well-established principles for calculating high-order (SOECs and TOECs)
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elastic constants of hexagonally structured material. The present work used the Lenard
Jones interaction potential model approach to evaluate second and third-order elastic
constants.

A comprehensive description of n™ order elastic constant is the partial results of the
thermodynamic potential of the average constrained to finite deformation as well as
mathematically conveyed by subsequent expression as [26,27]
= — &)
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Whenever F is denoted free energy density and n;; is denote Lagrangian strain component
tensor. F may be extended in relations to strain # by Taylor series expansion as:
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Thereby, the free energy density is written such as:

1 1
Fo + F3 = 2 Cijranijia + 3; Cijkima®ij M mn (3)

In order that HCP compounds, the basis vectors are a; = a (ﬁ 2

=,2,0), a, = a(0,1,0)
and a; = a(0,0,c) in cartesian coordinates axes. Where a and c¢ represent the unit cell
lattice parameters. The unit cell of hexagonal compound contains two nonequivalent
atoms: 6- atoms in basal plane and 3-3 atoms upper and lower the basal plane. The

consequently, both first and second neighborhood contains six atoms. Were r; = a(0,0,0)

and r, = ( 22 5) are the position vectors. The energy density is examined to be
function of Lennard Jones potential and specified as:

23’22
o) = —Tmtm )
Where ag, by are coefficients constants; m, n represents the integers, and r is the distance
between atoms. Establish the interaction potential model leads to computed six SOECs

and ten TOECs of the hexagonal compound, and formulations of elastic constants are
given as following expressions [26,27]

Cll =241 p4C, ClZ =5918 p4C’
Cys = 1.925 p°C’ Css = 3.464 pBC’ (52)
Cas = 2.309p*C" Coc = 9.851 p*C’

Ci11 = 126.9p°B +8.853p*C'  Cyy, = 19.168p2B — 1.61p*C"\
C13 = 1.924p*B + 1.155p5C’  Cyp3 = 1.617p*B — 1.155p°C’ £

6133 = 3695p68 C155 = 15391943 (Sb)
Cl4-4 = 2309p4B C344 = 3464P6B J
Cy25 = 101.039p2B + 9.007p*C’  Cs33 = 5.196p®B

where p = c/a: axial ratio;C' =ya/p®; B=1vad/p® x=(1/8)[{nby(n—

m)}/{a"**}] Y = —x /{6 a*(m + n + 6)}; m, n=integer quantity; b,=Lennard- Jones
parameter
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The bulk and shear modulus were calculated using Voigt and Reuss' methodologies
[28,29]. Correspondingly, the calculations of unvarying stress and unvarying strain were
used in Voigt and Reuss' methodologies. Furthermore, From Hill's methods, the average
values of both methodologies were used toward ensuing computing values of B and G
[30]. Young's modulus and Poisson's ratio are considered using values of bulk modulus
and shear modulus, respectively [31-34]. The following expressions were used for the
evaluation of Y, B, G, and o.

— . 2 _ 2 .
M = Cy1 + Cip + 2033 — 4Cy5; C? = (Cq + C12)C33 — 4Cy3 + C%35)
1
c? 2(C11+C12)+4Cy3+C
By =<; B, = (C11+C12)+4C13 33, |
M 9
G = M+12(Cas+Coo) G = 5€2C44Cos . (6)
v 30 ’ R 2[3ByCaaCes+C2(Cas+Ces)]’
9GB By+BR Gy+GR 3B-2G
G+3B 2 2 2(3B+G)

The anisotropic and mechanical properties of nanostructured materials are well
correlated with ultrasonic velocity due to the velocity of ultrasonic waves mainly depends
upon the density and SOECs. As a function of vibration mode, those are three types of
ultrasonic velocities in hexagonal nanostructured compounds. First longitudinal V, and
second shear (Vs;, Vso) waves velocities. Ultrasonic velocities based on the angle between
the direction of propagation and z-axis for the hexagonal nanostructured compound are
given by a subsequent set of equations:

V2 = {C35c05%20 + Cy1 Sin? 0 + Cyy + {[C11 Sin? 8 — C35c05% 0 + Cyy(cos? 6 — sin? 6)]?

+4 cos? 0 sin? 0 (Cy3 + C4a)?}/?}/2p

V& = {C35c05? 0 + Cy1 5in? O + Cyy — {[C11 5in? O — C33 c05% O + C4q(cos? 6 — sin? 6)]? ¢ (7)
+4 cos? 0 sin? 0 (Ci5 + Cas)?}/?}/2p

V& = {Chqc0s? 0 + Cy6 sin? 6} /p

where, V|, Vg, and Vs, are the longitudinal, quasi-shear, and shear wave velocities. Also,
p is the density of compound and @ is the angle with the unique axis of the crystal. The
Debye average velocity is specified by the equation as [35,36]

1(1 1 1\1°1/3
vo =3+ + i) @
The mathematical formulation of ultrasonic attenuation for longitudinal (A)_.ngand shear
waves (A)shear induced by the energy loss due to electron-phonon interaction is given by:

2m2f2 (4

Along = Z—V13 (gﬂe + X) )
2m2f2

Ashear = ZTbgne (10)

where 'p' is the density of nanostructured compound, '7.' is the electron viscosity, 'f' is the
frequency of the ultrasonic wave, and 'y' is the compressional viscosity, V| and Vs are the
acoustic wave velocities for longitudinal and shear waves respectively and are given as:
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C33 Caq
v, = [—and Vs = }—
L p S p

The viscosity of the electron gas (,) [35,36] is given by
_ 9X1011h2(3n2N)2/3
e 5e2R

Wherever 'N' represents the number of molecules per unit volume, and 'R' is the resistivity.
For p-p interaction (Akhieser's type loss) (at high temperature) and thermoelastic loss

are the two prevailing processes, whichever are considerable for attenuation of ultrasonic
wave. The attenuation by virtue of Akhieser's loss is specified by the subsequent equation:

__ 4m2TEy(D/3)

A/ aen == 05— (12)

2pV3

(11)

Here, f represents the frequency of the ultrasonic wave; E, is the thermal energy
density. The measure of transforming acoustical energy into thermal energy is recognized
as acoustical coupling constants, signified by D, and is specified by the subsequent
expression:

D =3Q3E, < (¥/)* > —<v/ >2 ¢,T)/E, (13)

where Cy is the specific heat per unit volume of the material, T is the temperature and
yl.j is the Grlineisen number. While the ultrasonic waves are transmitted through the
material, the equilibrium of lattice phonon distribution gets disturbed. The time takes for
re-establishment of equilibrium of the thermal phonons is named as thermal relaxation
time, signified by z, and is specified by the subsequent expression:

3k

T:TS:TL/ZZTV[%

(14)

Wherever 7, and t5 are the thermal relaxation time for the longitudinal wave and shear,
'k" is the thermal conductivity of the nanostructured compound.
The thermoelastic loss (4/f2)y, is considered by the following equation [35,36]:
j kT
(A/f*)rn = 4n® <y >* s (15)
The total ultrasonic attenuation is specified by the subsequent equation as:
A/ fDrotar = (A/f2)rn + (A/f )L + (A/f?)s (16)

Wherever (A/f?)r, is the thermoelastic loss, (%and (A/f?%)s are the ultrasonic
L
attenuation coefficient for the longitudinal wave and shear wave correspondingly.

3. Results and Discussion
3.1. Higher-order elastic constants

We have calculated the elastic constants (six SOECs and ten TOECSs) in the current
analysis using Lennard-Jones's potential model. The lattice parameters 'a' (basal plane
parameter) and 'p' (axial ratio) for BC,N superhard material are 2.528A, and 4.967
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respectively [37]. The value of m and n for chosen superhard material are 6 and 7. The
value of by is 1.695x10° erg cm’ for BC,N superhard material. The values of second and
third-order elastic constants that were calculated for this superhard material are presented
in Table 1.

Table 1. SOEC and TOEC (in GPa) of BC,N at room temperature.

BCyN Cu Cp Cis Cas Cus Ces B

Present work 1019 250 226 1265 271 399 547

[37] 1049 113 65.18 1055 406 468 404
BCZN Clll CllZ C113 C123 C133 C344 C144 C155 CZZZ C333

Present -16629 -2636 -579 -736 -3805 -3567 -857 -571  -13157 -14833
work

BC,N superhard material had the highest elastic constant values, which are important
for the material, as these are associated with the stiffness parameter. SOECs are used to
determine the UA and associated parameters. The highest elastic constant value found for
superhard materials is indicative of their better mechanical properties over other superhard
materials.

Evidently, for a steady hexagonal structure compound, the five independent SOECs
(Cij, namely Cy3, Cyp, Cy3, Ca3, Cyq) would satisfy the well-known Born- Huang’s stability
norms [31,32] i.e., Cy; — [Cyo| > 0, (C13+C1p) Cas — 2C%35 >0, Cyy > 0 and Cyy > 0. This is
understandable since Table-1. It is evident that the value of elastic constants is positive,
too, satisfies the Born-Huang's mechanical stability constraints, and therefore totally these
compounds are mechanically stable. Using the formula bulk modulus B = 2(Cy;+ Cpo+
2Cy3 + Cg33/2)/9, the B for BC,N superhard material be calculated and presented in Table
1. The evaluated values of C,, and Cgg are few different than other theoretical results for
the BC,N superhard compound. Essentially Sadeghi et al. [37] has been theoretically
evaluated by DFT investigations, which is rather different from the present method.
Although obtained order of SOEC is of the same as given in Table 1. The relative
magnitude of C,;, Cy, Cy3 Cg is well presented by our theoretical approach. Thus, there is
good agreement between the presented and the reported second-order elastic constants and
bulk modulus. Therefore, our theoretical approach for calculating second-order elastic
constants for hexagonal structured superhard compounds at room temperature is well
justified. We present the calculated values of TOECs in Table 1. The negative values of
third-order elastic constants indicate a negative strain in the solid. However, third-order
elastic constants are not compared due to a lack of data in the literature. However, the
negative third-order elastic constants are found in previous papers for hexagonal structure
materials. Therefore, the theory applied to valuation higher-order elastic constants is
justified [38,39]. Hence the applied theory for the valuation of higher-order elastic
constants is justified.

The values of B, G, Y, B/G, and o for BC,N superhard compound at room
temperature are calculated using equation (1) and existing in Table 2.
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Table 2. Voigt—Reuss' constants (M and C? B (x10'°Nm3), G (x10'°Nm?), Y (x10'°Nm?), 5, B/G,
for BC,N superhard material.

M c? B, B, G G, Y B/G G/B G

BC,;N 2895 1655457 571 523 40347 3645 93366 143 0.70 0.22

It is found that the values of B, Y, and G are BC,N superhard materials. Thus, BC,N
superhard materials have little Stiffness and bonding concerning transition-metal
disilicides. B/G and 'c' are the measures of brittleness and ductility of solid. If ¢ =
0.22<0.26 and B/G = 1.43<1.75, the solid is generally brittle; otherwise, it is ductile in
nature [40-42]. Our finding of lower B/G and ¢ compared to their critical values indicates
that superhard material is brittle at room temperature. It is well known that for stable and
elastic material, the value of ¢ should be less than 0.26. The values of 'c' evaluated for
BC,N superhard materials are smaller than their critical value. It indicates that BC,N
superhard materials are stable against shear. The stronger degree of covalent bonding
leads to higher hardness. The compressibility, hardness, ductility, toughness, brittleness,
and bonding characteristic of the material are too well connected with the second-order
elastic constants.

3.2. Ultrasonic Velocity and allied parameters

In the present analysis, we have correlated the mechanical and isotropic behavior of the
superhard material with the ultrasonic velocity. We have calculated the longitudinal
ultrasonic velocity (V.), ultrasonic shear velocity (Vs), the Debye average velocity (Vp),
and the thermal relaxation time (z) for BC,N superhard material. The data for the
temperature-dependent density (o) and thermal conductivity (k) of BC,N superhard
material presented in Table 3 and have been taken from the literature [37]. The values of
temperature-dependent thermal energy density (Eo) and specific heat per unit volume (Cy))
were calculated using the Tables of physical constant and Debye temperatures and
acoustic coupling constants (D, and Ds) are presented in Table 3.

Table 3. Density (p: x 10° kg m™®), specific heat per unit volume (Cy: x 10%JmK™%), thermal energy
density (Eq: x 10°Jm™®), thermal conductivity (k: x 10> Wm™K™), and acoustic coupling constant
(Dy, Ds) of BC;N superhard material.

Temp p EO CV k D|_ DS

200 3.44 2.25 3.92 58.45 48.112 1.924
300 3.42 8.2 7.94 24.40 48.936 1.924
400 3.40 17.74 10.95 15.00 49.553 1.924
500 3.38 29.90 12.94 11.50 49.987 1.924
600 3.36 43.99 14.07 9.05 50.335 1.924
700 3.34 58.99 15.00 9.687 50.533 1.924
800 3.32 74.59 15.85 7.20 50.646 1.924
900 3.30 91.59 16.44 6.30 50.766 1.924

1000 3.28 108.52 16.78 5.80 50.865 1.924
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It is clear from Table 3 that for all temperatures, the values of D, are larger than Ds
for BC,N superhard material. It indicates that the transformation of ultrasonic energy into
thermal energy for the ultrasonic shear wave is less than that for the longitudinal
ultrasonic waves.

The angular dependences of ultrasonic wave velocity (V, Vs, Vsp, and Vp) at
different temperatures are shown in Figs. 1-4 with the z-axis of the crystal. Figs. 1 and 2
show that velocities V| and Vs; of BC,N superhard material have minima and maxima at
45° respectively with the z-axis of the crystal while Vs, increases with the angle from the
z-axis (Fig. 3). The anomalous behavior of angle-dependent velocity is due to the
combined effect of SOECs and density. The properties of the angle-dependent velocity
curves in the present work are similar to the nature of angle-dependent velocity curves
found for other hexagonal types of material [43,44]. Thus, the angle dependence of the
velocities in BC,N superhard material is justified.
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Fig. 1. V| vs. angle with the z-axis of crystal.
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Fig. 2. V51 vs. angle with the z-axis of crystal.
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Fig. 3. Vs, vs. angle with the z-axis of crystal.

Fig. 4 shows the variation of the Debye average velocity (Vp) with the angle made
with the z-axis of the crystal. It is clear that Vp increases with the angle and reaches a
maximum of 55° for BC,N superhard materials. Since Vp is calculated using the velocities
Vi, Vs, and Vg, [45,46], VD's angle variation is influenced by the constituent ultrasonic
velocities. The maximum value of Vp at 55° is due to a significant decrease in longitudinal
wave velocities and an increase in shear wave velocities. The average sound wave
velocity may be determined to be maximum when a sound wave travels at 55° angles with
the z-axis of these crystals.
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Fig. 4. Vp vs. angle with the unique axis of the crystal.
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The calculated thermal relaxation time 'z" is visualized in Fig. 5. The angle-dependent
thermal relaxation time curves track the reciprocal nature of Vp as t « 3k/C, V2. Thermal
relaxation time for BC,N superhard material is mainly affected by thermal conductivity.
The thermal relaxation time 'z is of order at picoseconds for hexagonally structured
materials [43,47]. Therefore, the evaluated thermal relaxation time explains the hexagonal
structure of superhard material. The minimum 'z for wave propagation along 6 = 55°
implies that the re-establishment time for the equilibrium distribution of thermal phonons

will be minimum for wave propagation along this direction.

3.3. Ultrasonic attenuation due to phonon-phonon interaction and thermal relaxation
phenomena

In evaluating ultrasonic attenuation, it is supposed that the wave is propagating along the
unique axis [<001> direction] of BC,N superhard material. The ultrasonic attenuation
coefficient divided by frequency squared (A/f*)ax, is calculated for the longitudinal wave
(A/f%)_ and the shear wave (A/f9)s using Eq. 12 under the condition wt<<1 at different
temperatures. Eq. 13 has been used to calculate the thermo-elastic loss divided by
frequency square (A/f%),. The values of temperature-dependent (A/f%)., (A/f)s, (A/f),
and total attenuation (A/f*)w 0f BC,N superhard material are presented in Figs. 6-7.
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In the present investigation, the ultrasonic wave propagates along the z-axis of the
crystal; the Akhieser type of loss of energy for longitudinal and shear wave increases with
the temperature and minimum at temperature 400 K of the superhard material (Fig. 6).
(A axn is proportional to D, Eg, 7, and V2 (Egs. 12 and 14). Table 3 shows that' Eqy and
V' are increasing with temperature. Hence Akhieser losses in BC,N superhard material are
overwhelmingly affected by Ey and the 'k'.



240 Hexagonal BC,N Superhard Material

Therefore, the ultrasonic attenuation increases due to the reduction in the thermal
conductivity. Thus, ultrasonic attenuation is mainly governed by the phonon-phonon
interaction mechanism. A comparison of the UA could not be made due to the lack of
experimental data in the literature.

Fig. 7 indicates that the thermo-elastic loss is very small compared to Akhieser loss,
and ultrasonic attenuation for longitudinal wave (A/f%), is greater than that of shear wave
(A/f%)s. This reveals that ultrasonic attenuation due to phonon-phonon interaction along
longitudinal wave is governing factor for total attenuation  ((A/f%)tou
=(AIfP) i +(AIF) +(A/fP)s). The total attenuation is mainly affected by thermal energy
density and thermal conductivity. Thus, it may predict that at temperature (400K), the
BC,N superhard material behaves as its purest form and is more ductile as evinced by
minimum attenuation, while at other temperatures, BC,N superhard material is least
ductile. Therefore, at temperature 400 K, there will be the least impurity in BC,N
superhard material. The minimum UA for BC,N superhard material minimum defends its
relatively stable hexagonal type structure state.

4, Conclusion

Based on the above conversation, it is valuable to state that:

e The theory using a simple interaction potential model for evaluating temperature-
dependent higher-order elastic constants and ultrasonic attenuation is validated for
the hexagonally BC,N superhard material.

o Elastic properties of BC,N superhard material imply that this superhard compound is
mechanically stable.

e The order of thermal relaxation time for BC,N superhard material is found in
picoseconds, which justifies their HCP structure. As 't has the smallest value along 6
= 55°, at all temperatures, the time for re-establishment of the equilibrium distribution
of phonons will be minimum for the wave propagation in this direction.

e Due to the phonon-phonon interaction mechanism, ultrasonic attenuation is
predominant over total attenuation as a governing factor of thermal conductivity and
thermal energy density.

e The mechanical properties of the BC,N superhard material are better than at
temperature 400 K to other temperatures.

e BC;N superhard material behaves in its purest form at 400 K temperature and is more
ductile, demonstrated by the minimum attenuation, while at other temperatures, these
are least ductile.

The study can be beneficial for the processing and non-destructive characterization of
superhard materials. These results will provide a ground for investigating the major
thermophysical properties in the field of other superhard compounds.
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