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In the present study, we used higher-order elastic coefficients to compute the elastic, mechanical, and thermo-
physical properties of HfN/MgO (001) nanostructured materials at temperatures ranging from 50 to 300 K. Two
significant factors considered when computing the second and third-order elastic constants in the temperature range
of 50 K to 300 K are the nearest-neighbor distance and the hardness parameter. We have evaluated the thermal and
mechanical characteristics of the HFN/MgO (001) nanostructured layer. The analytical results of the second-order
elastic constants were used to determine Young's modulus, thermal conductivity, Zener anisotropy, bulk modulus,
thermal energy density, shear modulus, and Poisson's ratio. Additionally, Debye average velocity, hardness, melting
temperature, and ultrasonic Griineisen parameters (UGPs) were assessed over a range of temperatures. The
fracture/toughness (B/G) ratio in this study exceeds 1.75, indicating that the HfN/MgO (001) nanostructured layer
is ductile within this temperature range. The selected materials fully satisfy the Born mechanical stability criterion.
It has been evaluated how long thermal relaxation takes to complete, how thermo-elastic relaxation attenuates
ultrasonic waves, and how phonon-phonon interaction processes attenuate ultrasonic waves in this medium. The

research results and other well-known physical characteristics are helpful for commercial applications.
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Introduction

Transition-metal nitrides are widely investigated and
have become crucial in various technological applications,
such as optical thin films, diffusion barriers, and hard
wear-resistant coatings. The group-1VB nitrides, HfN and
ZrN, which belong to the broader family of transition-
metal nitrides, have garnered significant attention due to
their low resistivity (p < 20 pQ-cm), characteristic gold
color from inter-band transitions, partially filled
transition-metal d orbitals [1], and strong reflectivity in the
red and infrared regions [2, 3]. By utilizing high-quality
single crystals that have been established, the fundamental
physical properties of HfN, such as electrical transport,
mechanical, and optical properties, were determined as a
function of alignment [3, 4]. A study of the HfN phase
diagram, with nitrogen concentrations up to 50%, reported
in 1990, identified the equilibrium phases as HfN with a
NaCl structure, along with two stacking variations: Hf3N
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and HfuNs, which are composed of a-Hf and HfN [5].
Additionally, there have been reports of higher nitride
phases, including one with a metastable phase that is
approximately HfsNa in structure [6, 7]. ZrN has also been
synthesized as single crystals; however, relatively less
research has been conducted on it [8, 9, 10]. Despite this,
little is understood about the fundamental characteristics
of HfN, an IVB nitride closely related to ZrN. HfN (001)
films have been grown at 650 °C with f N> = 50.07. High-
resolution X-ray diffraction (HR-XRD), high-resolution
cross-sectional transmission electron microscopy (HR-
XTEM), and Rutherford backscattering spectroscopy
(RBS) indicate that the films are single crystalline with the
B1-NaCl structure and a lattice constant (a0) of 0.4524 nm
[11-13].

The second and third-order elastic constants (SOECs
and TOECs) of the HfN/MgO (001) nanostructured layer
have been investigated using the Coulomb potential and
Born-Mayer potential at temperatures ranging from 50 to
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300 K. Using the calculated SOEC values, it is third-order) non-linear elastic constant for face-centered
straightforward to determine the mechanical properties of cubic structure HfN /MgO (001) layers have been
this thin-layered nanostructured material, such as calculated.

Poisson's ratio, fracture toughness ratio, bulk modulus, The theoretical outline for calculating second-order
specific heat, shear modulus, Zener anisotropy factor, elastic constants (SOECs) and third-order elastic constants
thermal energy density, hardness, melting temperature, (TOECs) was first developed by Brugger [14], and later
and Young's modulus. Additionally, by using SOECs and refined by Ghate [15] and Mori and Hiki [16]. The
TOECs, we calculated the temperature-dependent estimated values of SOECs and TOECs are obtained by
Griineisen parameters, ultrasonic velocities, and ultrasonic adding the static and vibrational contributions at a specific
attenuations along the <100>, <110>, and <111> temperature to the elastic constants, as follows:
crystallographic axes. The study also investigates how

these findings relate to the physical properties of Cl.j(T)zcg.+Cl?j.ib and C;j(T) = cl

S ik + crib (1)
nanostructured thin films.

ijk

Where Cfj and CJj Are strain derivatives and C}}™

I. Theoretical Calculation Method and C/}¥¢ Are strain derivatives of F'®, and signify the
static and vibrational elastic constants respectively. The

extended expressions of elastic constants for static and

Using Born Mayer Potential approaches, - the vibrational terms as given as follows:

temperature-dependent higher order (second-order and

€% = 3558 4 (24 3) 0r0) + = (32 +3) 0 (Vo).
C12—C44—_5(11)+ ( ) (‘/_ro)

Chy= 255 -2 (Z+ 2+ ) 000 — 55 (P + 1+ 22) 0(V2r)

2rg

152 (2,1 1 (3V2 152 (1,11
61012 = 61066 =- 2rd 57( ) - E(F + ; + _) (\/_7'0) 6123 = 6144 = C4-56 =- 2rd 57( ) (2
Where g, r, and b denote the electronic charge, nearest The following is a list of the crystalline material born

neighbor distance, and hardness parameter respectively. S stability criteria for face-centered cubic crystals.
represents the static elastic energy. Also, ¢(ro) shows the
inter-ionic Born-Mayer potential approaches written by Bv=Bgr = (Cu1+2C12)/3 > 0;

d(ro) = Aexp (-ro/b) and  d(v/2ro) = A exp (~v/2ro/b).

Here, ‘A’ (Strength parameter) is expressed by: (Cu = C)3>0; Caa>0 (4)
e 1 The representation of the bulk modulus for elastic
- _3b 353 (6exp (—po) +12v2 exp(—vzro)) constants B = (By + Br)/2, and Voigt, Hill, and Reuss

average approach is indicated by the subscripts V, H, and
The following expressions explain the vibration term R [18].

[17]. The theoretical estimation of shear modulus and bulk
modulus has been performed using the approach described

chib = FADGZ + F2)G, in [19]. According to Pugh, B/G defined as G = (Gv + Gr)/

2, where Gy = (C11 —Cpp + 3C44)/5 and Ggr = 5[(C11*C12)

crb = FADGZ + FAG, Cuas)l [4Cas+3(C11—C12)]. If the ratio B/G is less than 1.75,

the material is brittle in nature and if this ratio is greater

crib = ¢, than 1.75, then the material is ductile [20]. Cauchy

pressure Pc [21] shows the nature of bonding in a material

Coib = FALDE3 4 3F@DG G, + FOG, and given by Pc = (C12— Cas), the value P is negative for
brittle materials and positive for ductile materials. Elastic

Crb = fOLDGE + FRUG (2611 + Gy) + FPGyy anisotropy (A) projected by Zener [22] is found as
A = CulCs, which goes out to be the valuable condition

Chib = FALDES 4 37CDG, Gi1+ G )0111 for classifying elastically anisotropic compounds. The
tetragonal shear modulus is Cs = (Ci1 — Ci2)/2. The

ctlh = f@VG G+ FPG6 1, expressions for Young’s modulus (Y) and Poisson’s ratio

(o) are stated by:
Clet = f(21)G1G11+ f()Gz1
6= (3B —2G)/ (6B + 2G), (5)
crib = fOG, ©) Y = 9GB/ (G+ 3B). (6)
Chen et al. [23] put forward a simple yet successful
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theory for calculating Vickers hardness (Hv). This
approach is effective for determining the hardness of
materials.
H, = 2(k?G)*% -3 7
In addition, it is possible to predict the materials'
melting point (Tm) by using elastic constant (C11) and bulk
modulus [24]. Tm is represented as;

T,, = 553 + 5.93C;; + 300, (8)

)

Here Tm stands for the bulk modulus and also B is the
melting point, respectively.

Ultrasonic velocities are an important characteristic of
this transition metal layers’ characterization. The
orientation of the stresses will determine the specific paths
along which the ultrasonic wave propagates through the
anisotropic materials in directions <100>, <110>, and
<111>. We obtained ultrasonic velocities, one
longitudinal ultrasonic velocity (V) [25], and two shears
ultrasonic velocities (Vsi, Vs2).

Ultrasonic attenuation leading two processes, one is
the phonon-phonon interaction (Akhieser type damping)
and another one is thermoelastic loss at higher
temperatures. The formulations for calculation of the
attenuation due to the phonon viscosity-mechanism for
longitudinal and shear waves are given by Mason [26, 27]:

T, = 607 + 9.3B + 500.

_ 4121 Eo(DL/3)

(a/fz)Akh.Long - ZPVL3 (10)
41215 Ey(Ds/3
(@/f?) aknshear = ——-2 T;pvg s/2) (11)
S

Here, the acoustic coupling constants for longitudinal
waves and shear waves (D, and Ds) are provided by

. jsz2
_ j 3<y; >iCyT
D=9 < (y))? > - T

Ds =9 < (¥))? >s.

: (12)
(13)

The following is the equation for the thermal
relaxation time (7):

3k
T=TS=TL/2=TVL% (14)
The Debye temperature (0) is stated as:
1/3
g = Wp (3P Nap (15)
k l4mr M

Where p stands for atomic number. The density (p)
and the material's molecular weight (M) are indicated.

The Debye average velocity (Vp) [28, 29] expressions
are as follows:

-1/3
1 1 do
Vp = (g Llfv?ﬁ) (16)
Thermo-elastic loss is found by:
4n2<yij>2kT
@/f*)n = Y (17)
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Here k is stand for the thermal conductivity, o the
angular frequency HfN/MgO (001) layers. Vz] Using the
nonlinear elastic constants, one can easily evaluate the
Griineisen number.

I1. Results and Discussion

The values of SOECs and TOECs are evaluated using
the lattice parameter (a=2ro) 4.524 and the hardness
parameter (b=0.10) for HfN/MgO (001) nanostructured
layer [30]. The SOECs and TOECs are evaluated using
Equations (7, 8) and are presented in Table 1.

Nine elastic constants in total have been evaluated
[Table 1]. Of such as four are increasing with temperature
(C11, Ca2, Cas, C1as, and Cig6) and four are decreasing with
temperature (Ci11, Ci12, and Cizg). It turns out that the
elastic constant Csse is constant at all temperatures.
Atomic interaction is affected by temperature, which has
an impact on how stiffness constants fluctuate with it.
Irrespective of whether the rigidity constants are growing
or decreasing as the interatomic distance varies, As the
temperature changes, the interaction potential will either
rise or decrease. Other fcc-type materials have been shown
to have similar types of behaviors [25, 30, 31, 32]. Elastic
properties are applicable because they are connected to
numerous significant solid-state phenomena, including the
phonon spectra, equation of state, and interatomic
potentials of HfN layers. Comparing our results with the
HfN nanostructured layer Ci1 (SOEC). The evaluated
value of elastic modulus is 450.90 GPa at room
temperature, which is nearly similar to 450 GPa evaluated
experimentally by H. S. Seo et al. [30]. As a result, HfN
nanostructured layer estimates of higher-order coefficients
are supported by our theoretical predictions. The selected
HfN nanostructured layer is physically stable as it satisfies
the Born stability criteria given in Equation 4.

From the constant resistivity, the thermal conductivity
(k) is calculated using the Wiedemann-Franz law.
Equations are used to determine the thermal energy
density (Eo) and specific heat per unit volume (Cv) using
the Debye temperatures. [29]. Table 2 presents
temperature-dependent values for "k," density, thermal
energy, and specific heat per unit volume.

The obtained SOECs and TOECs values are helpful
for computing the bulk modulus (B), Young's modulus
(YY), B/G ratio, shear modulus (G), Cauchy pressure (Cp),
Poisson's ratio (o), as well as Zener anisotropy factor (A).
Temperature-dependent information presented in Figs. 1-
3 demonstrates the ductility of the HfN/MgO (001)
nanostructured layer at these temperatures if the ratio B/G
is greater than 1.75 in the defined temperature (50-300) K.
The anisotropic behavior of the HfN nanostructured layer,
which is very significant in both fabrication and material
physics, is demonstrated by the anisotropy coefficient that
is lower than one at these temperature ranges. The Cauchy
pressure (Cp) analyses the type of bonds in crystals;
positive values signify substances that are more ionic as
well as bonding-oriented, whereas negative values signify
directional bonds [33].
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Table 1.
SOECs and TOECs (GPa) of HfN layer Growth on MgO (001) substrates with temperature variations from 50K to
300K.

T [K] Cu Cr Cu | Ca Cu Cizs Crus Cises Cass

50 478 305 349 | -14.15 -64.52 | -15.92 | 59.78 -107.3 59.77

100 489 323 349.2 | -14.25 -21.67 | -91.63 | 59.79 -107.3 59.77

150 500 350 349.4 | -14.36 21.16 -167.3 | 59.80 -107.4 59.77

200 511 371 349.6 | -14.47 64.01 -243 59.81 -107.4 59.77

250 521 402 349.8 | -14.58 106.8 -318 59.82 -107.4 59.77

300 | 532.37 428 350 | -14.68 149.7 -394.4 | 59.83 -107.4 59.77

Table 2.

Density (p), specific heat (Cv), thermal energy density (Eo), and thermal conductivity (k) of HfN layers Growing on
MgO (001) substrates with temperature variations from 50K to 300K.

T [K] kx 10° (erg/sec.cm.K) | p  (gm/cm®) | Cyx10° (erg/cmK) | Eox 107 (erg/cm?)

50 0.305 13.833 0.51 6.338

100 0.430 13.828 3.43 9.414

150 0.477 13.823 7.34 36.64

200 0.488 13.818 10.43 81.34

250 0.494 13.813 12.50 138.89

300 0.510 13.808 13.79 205.17
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Fig. 1. Temperature-dependent Young's modulus (),
bulk modulus (B) and shear modulus(G) of the HfN layer.
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Fig. 2. Temperature-dependent anisotropy factor (A),
Poisson's ratio (o), fracture/toughness (B/G) of the HfN
layer.
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Fig. 3. Temperature-dependent Cauchy pressure (Cp)of
the HfN layer.

The ultrasonic velocities of nanostructured layers are
crucial metrics because they provide information on the
crystallographic surface. SOECs and the density of the
nano-layered materials have been used to estimate the
ultrasonic velocities (V. and Vs) for longitudinal as well
as shear modes of propagation along various
crystallographic axes. Also, Debye average velocity (Vp)
using ultrasonic velocities is evaluated from Equation (16)
and is shown in Tables 3 and 4. With rising temperatures
in all directions, the ultrasonic velocities rise. Table 4
clearly shows that for the HfN thin layer, the Debye
average velocity is greatest in the direction of <100>. Thus
along <100> direction will be most suitable for wave
propagation for this HfN thin layer deposited on MgO
(001).

The thermal relaxation time (t) is the important
ultrasonic parameter, which has the time required for the
re-establishment of the thermal equilibrium distribution
by the strain provided by the ultrasonic wave propagation
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in the crystals. A perusal of Table 4 reveals that the ‘t’
decreases with temperature along all the crystallographic
directions. Thermal relaxation time is found in
picoseconds order for the HfN layer and is shown in Table
4. It is obvious from Eq. (14) that thermal relaxation time
is relative to the thermal conductivity (k), C;* and V2
and a perusal of Table (2) and (4) reveals that k, Cv and
Vp increase with increase the temperature.

Table 5 displays the average and squared ultrasonic
Griineisen parameter for several crystalline propagation
orientations (evaluated using SOECs as well as TOECs).
We used the mean parameter since these features took a

range of propagation routes in different directions. Its p,
which is crucial for understanding the enharmonic
characteristics of nanostructured layers. Furthermore, it
describes the physical characteristics of nano layer,
including variations in temperature among elastic
coefficients, thermal conductivity, and thermal expansion.

At various temperatures acoustical coupling constant
(D) for the HfN nanoscale layer has been calculated along
the different crystallographic orientations. Table 8 shows
that whereas Ds is nearly constant in all three directions,
we see that D_ decreases with temperature along the
<100>, <110>, and <111> directions.

Table 3.
Ultrasonic velocity (10° m/s) of HfN layer Growth on MgO (001) substrates with temperature variations from 50K
to 300K.
Direction [100] [110] [111]
T [K] Vi Vs ' Vs1 Vsz Vi Vs
50 5.882 1.489 5.891 1.51 1.54 5.991 1.56
100 5.948 1.489 5.951 1.51 1.54 5.996 1.56
150 6.015 1.490 6.022 1.52 1.55 6.068 1.57
200 6.080 1.490 6.095 1.52 1.55 6.131 1.57
250 6.145 1.490 6.161 1.52 1.55 6.173 1.57
300 6.209 1.491 6.213 1.53 1.66 6.243 1.58

Table 4.

Thermal relaxation time (1) and Debye average velocity (Vp) of HfN layers Growth on MgO (001) substrates across
multiple states crystallographic orientations within the temperature range 50-300K.

T [K] Vp (10° m/sec) 7 (1012sec.)
[100] [110] [111] [100] [110] [111]
50 1.680 1.63 1.58 6.354 6.651 6.840
100 1.680 1.63 1.58 6.231 6.453 6.667
150 1.681 1.64 1.60 5.898 5.922 6.023
200 1.681 1.64 1.60 4.962 5.101 5.312
250 1.682 1.65 1.61 4,187 4.254 4.441
300 1.682 1.65 1.62 3.916 4.123 4.321

Table 5.

For a longitudinal wave, the average Griineisen number <yj>__for longitudinal wave, average square Griineisen
number < (y#) >>_ and < (yi) 2>s for longitudinal and shear wave of HfN layers Growth on MgO (001) substrates
along [100] direction at temperature range 50K-300K.

T (K) <yi>L <(y)*>1 <(yd)*>s
50 0.711 9.243 0.145
100 0.697 9.069 0.145
150 0.678 8.881 0.144
200 0.659 8.714 0.144
250 0.642 8.565 0.144
300 0.625 8.434 0.144

Table 6.

Average Griineisen number <yi#>_ for longitudinal wave, average square Griineisen number
< (y#) >>L and < (yi)?>>s for longitudinal and shear wave of HfN layers Growth on MgO (001) substrates along [110]
direction at temperature range 50K-300K.

T(K) <yi>L <(yd)y*>1 <(y#)*>s
50 -1.117 11.243 0.051
100 -1.019 10.986 0.051
150 -0.979 10.663 0.051
200 -0.941 10.373 0.051
250 -0.904 10.112 0.50
300 -0.869 9.877 0.50
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Table 7.

Average Griineisen number <yi>__ for longitudinal wave, average square Griineisen number < (y{) 2> and < (y/) 2>s
for longitudinal and shear wave of HfN layers Growth on MgO (001) substrates along [110] direction at
temperature range 50K-300K.

T (K) <yi>L <(yd)*>L <(y/)>>s
50 -1.123 6.667 11.102
100 -1.098 6.496 10.995
150 -1.068 6.205 10.998
200 -1.040 5.938 11.020
250 -1.014 5.694 11.061
300 -0.989 5.470 11.120

Table 8.

HfN layer longitudinal waves (D) and shear waves (Ds) Growth on MgO (001) supports a variety of
crystallographic orientations between at temperature range 50K- 300 K.

T [K] DL Ds
[100] [110] 111 [100] (100" | [0 (111
50 82.896 100.75 59.81 1.302 0.471 150.46 99.11
100 76.302 87.50 45.28 1.301 0.467 150.57 98.95
150 75.789 87.32 45.55 1.301 0.464 150.09 98.98
200 75.080 86.54 45.11 1.300 0.460 151.68 98.18
250 74.300 85.48 44.30 1.300 0.458 152.64 99.55
300 73.545 84.31 43.31 1.300 0.455 153.87 100.08

**shear wave polarized along [110], *shear wave polarized along [001]

Other face-centered cubic compounds have properties
similar to those of Ds & D [34-36]. Because of the
acoustic coupling (D, Ds) constants between 50 and
300 K temperature range, the attenuation remains
unchanged. Thus, there is minimal effect of the
nanostructured layers elastic behavior on the overall
attenuation.

The hardness as well as melting temperature of the
HfN/MgO (001) are determined using equations 7 and 8.
Figure 4 demonstrates unequivocally how the hardness of
the HfN nanostructured material diminishes as
temperature increases. Figure 5 makes it abundantly
evident that the melting point of the HfN layer rises as the
temperature rises.
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Fig. 4. Temperature-dependent hardness (Hv) of the HfN
layer

Phonon-phonon interactions occur when the
vibrations of atoms within a material (phonons) interact
with one another. These interactions are a significant
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mechanism behind energy dissipation when sound waves
(ultrasonic waves) propagate through the material. As
phonons scatter off each other, part of the energy from the
sound wave is lost, which contributes to ultrasonic
attenuation.
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Fig. 5. Temperature-dependent melting temperature (Tm)
of the HfN layer.

The attenuation of ultrasonic waves in a material is
not only governed by phonon-phonon interactions but also
by the crystalline structure and defects present, especially
at the nanoscale. Defects such as vacancies, dislocations,
and grain boundaries significantly influence the scattering
of phonons, which leads to greater energy dissipation and
increased  ultrasonic  attenuation.  Therefore, a
comprehensive understanding of how phonon-phonon
interactions correlate with material structure and defects
at the nanoscale is essential for designing materials with
desired acoustic properties.

Along different crystallographic directions, the



Theoretical Investigation on Elastic, Thermal and Ultrasonic Properties of Nanostructured HfN Layers Growth on...

temperature-dependent ultrasonic attenuation has been
estimated for the HfN layer using Equations 10, 11 and 17
under the condition ®wt<<1 and is shown in Figures 6-8.
The Akhieser loss of energy for longitudinal waves, shear
waves and also thermoelastic loss increases with the
temperature. Figures 6-8 also designate that the ultrasonic
attenuation due to thermoelastic relaxation and shear wave
are smaller in comparison to the attenuation due to
longitudinal wave. Thus, thermal conductivity as well as
thermal energy density are the primary driving forces
behind this behavior. Understanding the contribution of
microstructural events, related physical characteristics,
and associated scientific factors to total ultrasonic
attenuation at high temperatures is crucial.

Low temperatures exhibit the relatively low thermal
loss attenuation (a /f2) ,, whereas room temperature
exhibits the maximum attenuation (300K). Thermal
conductivity & thermal loss are inversely connected, with
minima and peaks occurring as temperature increases.
Phonon-phonon interaction occurs in the HfN
nanostructured layer because thermal losses have a
smaller effect on ultrasonic attenuation than some other
types of losses.
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Fig. 6. Ultrasonic Attenuation (a /f2) tn, (a /%) akh. Long and
(@ /) akn. snear along [100] direction in the HfN
nanostructured layer
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Fig. 7. Ultrasonic Attenuation (a /f2) tn, (a /f?) akn. Long and
(a %) akn. snear along [110] direction in the HfN layer.
*Shear wave polarized along [001] and **shear wave
polarized along [110].
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Conclusions

Based on the above discussion is worthwhile to state
that:

At various temperature ranges 50K-300K, the higher-
order elastic coefficients of the HfN nanostructured layer
are evaluated using the Coulomb and Born-Mayer
potentials approaches.

Relevant elastic characteristics, such as bulk modulus,
Poisson's ratio, shear modulus, and Young's modulus are
also evaluated at this temperature range.

For the objective of calculating strength, the fracture
to toughness ratio, Zener anisotropy coefficient, and
Cauchy pressures of this nanostructured layer have been
evaluated, it is possible to further estimate the mechanical
properties of HfN, such as ductile-brittle characteristics
and elastic anisotropy.

The study demonstrates that the HfN layer is
mechanically strong, ductile, and displays anisotropy on
flexibility within the range of temperature of 50-300 K.

Elastic constants can be used to compute the hardness
of the HfN nanostructured layer, and within this specific
temperature range, the hardness decreases with increasing
temperature. Considering the HfN nanostructured layer
shortest thermal relaxation time, the thermal phonon
distribution has to return to equilibrium in a very short
amount of period—roughly picoseconds. Along the
<100>, <110>, and <111> crystallographic orientations,
ultrasonic velocities and average Griineisen numbers are
determined.

This work utilizes multiple crystallographic axes to
figure out the acoustic coupling coefficients for both
longitudinal and shear waves. The ultrasonic attenuation
rises with temperature in all crystallographic orientations;
however, it is least at lower temperatures (50 K) than at
room temperature (300 K).

This study could be useful for processing as well as
non-destructive evaluation of the HfN nanostructured
layer growing on MgO (001). These findings will operate
as the starting point for investigation into the essential
thermal as well as mechanical properties of additional
nanoscale materials. The small dimensions of
nanostructured layers can lead to stronger light scattering
and absorption, which can be beneficial for coatings that
need to manage light interaction, such as solar cells or
optical sensors.
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[Tpamanrt lpiBacras i [Ipamon Kymap fnasa

TeopeTn4Hi 10CTIIKEHHS NIPYKHUX, TEMJIOBUX TA YJIbTPA3BYKOBHUX
BJIACTUBOCTEed HAaHOCTPYKTypoBaHux mapis HIN na MgO (001)

Kadgheopa ¢izuxu, Incmumym ¢hizuunux Hayk 0ns 6usueHHs ma 00caiodxcens im. npoghecopa Paoswcenopa Cinex (Paodowcy bxaiis),
yuisepcumem V. B. S. Purvanchal, Joicayunyp, Inois, pkyadawa@gmail.com

Y 1mpoMy JOCHIIKEHHI Ui OOYMCIICHHS MpPYKHHX, MEXaHIYHMX 1 TemIo(pi3NdHNX BIaCTHBOCTEH
HaHocTpyKTypoBaHux MatepianiB HIN/MgO (001) B miamazoni temmnepatyp Big 50 mo 300 K Buxopucrano
KoeQilieHTH NPYKHOCTI BUIIOTO MOPSAKY. J[Ba BaxkiiBi (pakTOpH, SKi BpaXOBYIOTHCS IIPU 0OUYHMCIICHH] MOCTIHHMX
MIPY>KHOCTI IPYTOT0 Ta TPETHOTO IOPsAKY B AianmasoHi temneparyp Bix 50 K no 300 K, ne Bincrans HaiGmmkdoro
cycima Ta mapamerp TBepAocTi. OLiHEHO TepMidHI Ta MEXaHiYHi XapaKTePUCTHKU HAHOCTPYKTYpHOrO LIapy
HfN/MgO (001). AHanmiTiH4HI pe3yibTaTH NPY>KHUX KOHCTAaHT APYTOTO MOPSAKY BHKOPUCTAHO Ul BH3HAYCHHS
moxyust FOHra, TemonposinHocTi, aHi30Tpomii 3eHepa, 00’€MHOT0 MOJYJIS, TYCTHHH TEIUIOBOI eHeprii, MoIyIst
3cyBy Ta koeoirienta [Tyaccona. Kpim toro, cepeanst mBuakicTs 3a Jlebaem, TBEpAiCTb, TeMITepaTypa IJIaBICHHS
Ta ynpTpa3BykoBi mapamerpu ['pronaiizena (UGP) Oynu omiHeHi 3aiexHO Bif Temreparypu. CIHiBBiIHOUIICHHS
py#inyBanHs / B’s3kicts (B/G) y uboMy nociipkeHHi nepesuinye 1,75, mo Bkasye Ha Te, [0 HAHOCTPYKTYPOBaHHUH
map HfN/MgO (001) € mnmacTHuHEUM y IIbOMY [iama3oHi TemmepaTyp. BuOpani MmaTepianu MOBHICTIO
3aJ0BOJIGHSIOTh KpHUTEpito MexaHiyHOi crifikocTi bopra. Bymo omineHo, ckinpku wacy 3aiiMae TepMidHa
penakcailis, K TEpMOIIPYXKHA pellaKkcallisi Mociadiioe yabTpa3ByKOBI XBWII Ta sIK mpouecu (GOHOH-(OHOHHOT
B3a€MOJIi1 MOCTa0IOI0Th yIBTPa3BYKOBI XBIJI B IIbOMY CEpeIOBHIN. Pe3ynmpraTé mOCHi/keHb Ta iHIN H0o0pe
BijioMi (i3W4HI XapaKTEPUCTHKN KOPHUCHI JUIsl KOMEPILIHHOTO 3aCTOCYBaHHSI.

Kurouosi ciioBa: Tonxwuii map, [IpyxHi BnactuBocti, TemonpoBiaHICTE, Y IbTPa3ByKOBi BIaCTHBOCTI.
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