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THEORETICAL INVESTIGATION
OF THE MECHANICAL, AND THERMOPHYSICAL
PROPERTIES OF MECHANOLUMINESCENCE
MATERIAL WITH PARTIAL REPLACEMENT
OF Li IN Li𝑥Zn1−𝑥O : Nd3+ (0 ≤ 𝑥 ≤ 0.44)UDC 539

The present work explores the mechanical, thermophysical, ultrasonic, and elastic properties
of a novel mechanoluminescence (ML) material Li𝑥Zn1−𝑥O :Nd3+ by Lennard-Jones potential
model. The reported elastic and mechanical properties are in good agreement with the further
theoretical consequences. The evaluated mechanical properties proclaimed the mechanical sta-
bility in the Li additive interval of 0 ≤ 𝑥 ≤ 0.44. Elastic properties, such as Young’s modulus,
bulk modulus, and shear modulus decrease with an increase in the Li concentration from 0 to
0.44. The elastic softening derived from atomic interaction in the covalent bonding, concludes
that the elastic softening is promoted by the increase in the Li–O bonding with a weak covalent
bonding as the Li concentration increases. As a result of evaluating the B/G and Poisson’s
ratio, it is predicted that Li𝑥Zn1−𝑥O :Nd3+ material possesses the brittle behavior from the
Li additive interval of 0 ≤ 𝑥 ≤ 0.44. Finally, the thermal properties including heat capacity
per unit volume (𝐶𝑉 ) and Debye temperature (𝜃D) are obtained. The coefficient of ultrasonic
attenuation, attributed to both the thermoelastic relaxation process and the phonon-viscosity
interaction process, has been systematically analyzed for hcp-structured Li𝑥Zn1−𝑥O :Nd3+ at
room temperature. The divulged results of this analysis have been elucidated with the available
results of hcp-structured Li𝑥Zn1−𝑥O :Nd3+ as well as with other hcp-structured materials.
K e yw o r d s: mechanoluminescence material, elastic properties, mechanical properties, ultra-
sonic properties, thermal properties.

1. Introduction
Mechanoluminescence (ML) refers to the emission of
light from a material, when it is subjected to the
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mechanical stress or deformation. This unique phe-
nomenon has attracted considerable attention due
to its broad range of potential applications, includ-
ing sensors, structural health monitoring, and op-
tical devices. ML occurs through various processes
such as bond breaking, dislocation motion, and gen-
eration of charge carriers during a mechanical defor-
mation. These processes enable materials to exhibit
the light emission in response to mechanical stim-
uli, making ML a valuable tool for understanding
the behavior of materials under the stress and for
developing novel materials that can optically respond
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to mechanical forces. The study of ML has evolved
significantly in recent years, with expanding inter-
est in both inorganic and organic compounds, such
as semiconductors, polymers, and composites. These
materials hold a great promise for next-generation
technologies, where the integration of mechanical and
optical responses can lead to enhanced functionality
and performance in diverse applications. In 1999, the
evolution proclaimed by C.N. Xu et al. [1] of repro-
ducible ML also referred to as piezoluminescence or
elastic ML, in ZnS : Mn2+ and SrAl2O4 : Eu2+, asserts
it as a significant strides in research community. This
breakthrough provided a significant advancement in
the development of ML materials and their appli-
cation in non-destructive testing via the ML phe-
nomenon [1], sparking further research into ML mate-
rials, their underlying mechanisms, and their poten-
tial applications.

Subsequent studies, such as those by Kawan et al.,
explored the phase stability and mechanical proper-
ties of Li𝑥Zn1−𝑥O :Nd3+ with a wurtzite structure
[2–6] using first-principles calculations. Their work
revealed enhanced near-infrared (NIR) ML charac-
teristics in ZnO doped with Nd3+, with the inclu-
sion of Li+ ions in the ZnO : Nd3+ matrix resulting
in an increase in the ML intensity in the NIR re-
gion. This enhancement underlined the importance of
understanding the mechanisms behind the improved
ML properties of Li𝑥Zn1−𝑥O :Nd3+ and highlighted
its potential for a further development in the ML-
based applications. A particular subset of ML, known
as piezoluminescence, is observed during the elas-
tic deformation of piezoelectric ML materials. These
materials exhibit mechano-electro-optoelectronic con-
version and are capable of undergoing multiple ML
emission cycles in response to repetitive dynamic
loads. The ability to detect and analyze piezolumi-
nescence has immense potential for applications in
both engineering and medicine [7–12]. The integra-
tion of piezoluminescent sensors into systems for re-
mote wireless detection and analysis positions these
materials as promising candidates for the stress-
sensing and damage diagnosis technologies. It is well
established that the ML intensity is proportional to
strain [13]. When an external stimulus is applied to
an ML material, its crystal lattice becomes distorted,
resulting in the release of trapped charge carriers,
which subsequently leads to the ML emission. In the
case of Li𝑥Zn1−𝑥O :Nd3+, it is hypothesized that the

higher ML intensity compared to pure ZnO :Nd3+

can be attributed to two main factors. First, the in-
corporation of Li+ ions into the ZnO structure may
increase the number of trapped carriers within crys-
tallographic defects. Second, the elasticity effect in-
duced by the Li doping could alter the material’s elas-
tic constants, potentially modifying its piezoelectric
properties and contributing to enhanced ML charac-
teristics. The piezoelectric field generated by an ex-
ternal stress in the ML material could lead to the
carrier de-trapping and electron acceleration, which,
in turn, excites luminescent centers, resulting in the
light emission.

This process is commonly referred to as the piezoe-
lectricity-induced carrier de-trapping model, which
has been observed in materials such as ZnS : Mn2+

and (Ba, Ca) 4TiO3 : Pr3+ [14]. In this study, we
will focus on investigating the elastic, mechani-
cal, and ultrasonic properties of Li𝑥Zn1−𝑥O :Nd3+

using Lennard–Jones potential model. The insights
gained from this research will contribute signifi-
cantly to future studies of the mechanical prop-
erties of Li𝑥Zn1−𝑥O :Nd3+, offering a deeper un-
derstanding of its fundamental characteristics. Mo-
reover, the comparison of elastic and ultrasonic coeffi-
cients in this material will further enhance our under-
standing of its behavior and potential for ML-based
applications.

2. Theory

The higher-order elastic coefficients (HOECs) are es-
sential variables, as they connect the several thermo-
physical features that help us to elucidate the con-
densed performance of the material. The basic inter-
action potential model approach is used to compute
the higher-order nonlinear elastic coefficients to an-
alyze the characteristics and properties of the mate-
rials. In this model, Lennard–Jones potential like a
potential for several body interactions and the sub-
sequent formulas are used to determine the second-
order elastic constants (SOECs) and third-order elas-
tic constants (TOECs) of the material with HCP
structure [15, 16] as follows:

𝐶11 = 24.1𝑝4𝐶 ′, 𝐶12 = 5.918𝑝4𝐶 ′, 𝐶13 = 1.925𝑝6𝐶 ′,

𝐶33 = 3.464𝑝8𝐶 ′, 𝐶44 = 2.309𝑝4𝐶 ′, 𝐶66 = 9.851𝑝4𝐶 ′,
(1)
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𝐶111 = 126.9𝑝2𝐵 + 8.852𝑝4𝐶 ′, 𝐶133 = 3.695𝑝6𝐵,

𝐶112 = 19.168𝑝2𝐵 − 1.61𝑝4𝐶 ′, 𝐶144 = 2.309𝑝4𝐵,

𝐶113 = 1.924𝑝4𝐵 + 1.155𝑝6𝐶 ′, 𝐶155 = 1.539𝑝4𝐵,

𝐶123 = 1.617𝑝4𝐵 − 1.155𝑝6𝐶 ′, 𝐶333 = 5.196𝑝8𝐵,

𝐶222 = 101.039𝑝2𝐵 + 9.007𝑝4𝐶 ′, 𝐶344 = 3.464𝑝6𝐵,

(2)

The harmonic parameter (𝜒) and enharmonic con-
straint (𝜓) are obtained using the ′𝑎′ (basal plane
distance), and ′𝑝 = 𝑐/𝑎′ (axial ratio) using the equa-
tions given by:

𝜒 =
𝑛(𝑛−𝑚)𝑏0

8𝑎𝑛+4
and 𝜓 = − 𝜒

6𝑎2(𝑚+ 𝑛+ 6)
. (3)

The SOECs under the Voigt–Reuss–Hill (VRH) ap-
proximation [17] is well-known to compute various
mechanical parameters, such as Young’s modulus
(𝑌 ), shear modulus (𝐺), Poisson’s ratio (𝜎), Pugh’s
ratio (𝐵/𝐺), and bulk modulus (B) of the material
[18]. Using the VRH approximation, the expressions
for the bulk modulus and shear modulus are pro-
vided as:

𝑀 = 𝐶11 + 𝐶12 + 2𝐶33 − 4𝐶13, (4)

𝐶2 = (𝐶11 + 𝐶12)𝐶33 − 4𝐶13 + 𝐶2
13, (5)

𝐵𝑅 =
𝐶2

𝑀
; 𝐵𝑉 =

2(𝐶11 + 𝐶12) + 4𝐶13 + 𝐶33

9
, (6)

𝐺𝑉 =
𝑀 + 12(𝐶44 + 𝐶66)

30
, (7)

𝐺𝑅 =
5𝐶2𝐶44𝐶66

2[3𝐵𝑉 𝐶44𝐶66 + 𝐶2(𝐶44𝐶66)]
, (8)

𝑌 =
9𝐺𝐵

𝐺+ 3𝐵
; 𝐵 =

𝐵𝑉 +𝐵𝑅

2
, (9)

𝐺 =
𝐺𝑉 +𝐺𝑅

2
; 𝜎 =

3𝐵 − 2𝐺

2(3𝐵 +𝐺)
. (10)

The longitudinal (𝑉𝐿) and two shear acoustical ve-
locities of wave (𝑉𝑆1, 𝑉𝑆2) are closely related to the
SOECs and material density, and exist in hexagonally
arranged materials. The formulation of these veloci-
ties are expressed as follows: [19]

𝑉𝐿 =
[︁(︁
𝐶33 cos

2 𝜃 + 𝐶11 sin
2 𝜃 + 𝐶44 + [{𝐶11 sin

2 𝜃−

−𝐶33 cos
2 𝜃 + 𝐶44(cos

2 𝜃 − sin2 𝜃)}2 +

+4 cos2 𝜃 sin2 𝜃(𝐶13 + 𝐶44)
2]1/2

)︁
/(2𝜌)

]︁1/2
, (11)

𝑉𝑆1 =
[︁(︁
𝐶33 cos

2 𝜃+𝐶11 sin
2 𝜃+𝐶44 − [{𝐶11 sin

2 𝜃−

−𝐶33 cos
2 𝜃 + 𝐶44(cos

2 𝜃 − sin2 𝜃)}2 +

+4 cos2 𝜃 sin2 𝜃(𝐶13 + 𝐶44)
2]1/2

)︁
/(2𝜌)

]︁1/2
, (12)

𝑉𝑆2 =

[︂
2𝐶44 cos

2 𝜃 + (𝐶11 − 𝐶12) sin
2 𝜃

2𝜌

]︂1/2
. (13)

The longitudinal wave, quasi-shear wave, and shear
wave velocities are represented by the variables 𝑉𝐿,
𝑉𝑆1, and 𝑉𝑆2. The values 𝜌 and 𝜃 represent the mate-
rial’s density and angle for the crystal’s unique axis,
or 𝑧-axis. We will use the following expressions [20,21]
to find the density of the hexagonal structured mate-
rial, given by:

𝜌 =
2𝑀𝑛

3
√
3𝑎2𝑐𝑁A

. (14)

Molecular weight, Avogadro number, and number of
atoms per unit cell are represented by the symbols𝑀 ,
𝑁A, and 𝑛, correspondingly. Considering the Debye
average velocity is interconnected to the elastic coef-
ficients using 𝑉𝐿, 𝑉𝑆1, and 𝑉𝑆2, it is an essential mea-
sure in low-temperature physics. In favor of a wave
propagation at any angle with the 𝑧-axis, the Debye
average velocity (𝑉D) has been defined as [22, 23]

𝑉D =

[︂
1

3

(︂
1

𝑉 3
𝐿

+
1

𝑉 3
𝑆1

+
1

𝑉 3
𝑆2

)︂]︂−1/3

. (15)

The Debye temperature (𝜃D) of the material is influ-
enced by the Debye average velocity (𝑉D). The Debye
average velocity expressed is directly related to a vari-
ations in the Debye temperature [24].

𝜃D =
~𝑉D(6𝜋2𝑁A)

1/3

𝑘B
. (16)

Here, the Boltzmann Constant is symbolized by 𝑘B,
the atom concentration is denoted by 𝑁A, and the
quantum of action, ~, is defined as Planck’s constant
alienated by 2𝜋. The thermal distribution of phonons
occurs during the ultrasonic wave passing. The ther-
mal relaxation time (𝜏), which can be calculated us-
ing the following formula, is the duration of time ex-
pected for the thermal phonons to return to equilib-
rium [25]:

𝜏 = 𝜏𝑆 =
𝜏𝐿
2

=
3𝑘

𝐶𝑉 𝑉 2
D

(17)
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𝑘 in this case signifies the thermal conductivity. The
compound thermal conductivity [26] can be deter-
mined through:

𝑘 = 𝑘B𝑉D

(︂
𝑀

𝑛𝜌𝑁A

)︂−2/3

. (18)

The total consequence of the ultrasonic attenuation
(𝛼/𝑓2)Total, caused by the thermoelastic loss and
Akhieser losses exhibited in the longitudinal (𝑉𝐿),
shear mode of propagation can be calculated as [27]:

(𝛼)Long =
2𝜋2𝑓2

𝜌𝑉 3
𝐿

[︂
4

3
𝜂𝑒 + 𝜒

]︂
, (19)

(𝛼)Shear =
2𝜋2𝑓2

𝜌𝑉 3
𝑠

𝜂𝑒, (20)

where ′𝑓 ′ seems to be the acoustic wave’s frequency,
𝜌 is the density of hcp metal, 𝜂𝑒 is the viscosity due
to the electron, and 𝜒 is the viscosity due to com-
pression. Thermo-elastic loss and Akhiezer-type loss
are mutually important for acoustic wave attenua-
tion. The mathematical equation which is shown be-
low describes the attenuation due to the Akhiezer loss
obtained by [28]:

(𝛼/𝑓2)Akh =
4𝜋2𝜏𝐸0(𝐷/3)

2𝜌𝑉 3
. (21)

Thermodynamically generated energy density is de-
noted by 𝐸0, whereas the ultrasound wave’s fre-
quency is denoted by 𝑓 . The mathematical expression
which is given below considers the thermo-elastic loss
(𝛼/𝑓2)Th:

(𝛼/𝑓2)Th = 4𝜋2⟨𝛾𝑗𝑖 ⟩
2 𝑘𝑇

2𝜌𝑉 5
𝐿

. (22)

The following equation gives the total ultrasonic at-
tenuation as:{︂
𝛼

𝑓2

}︂
Total

=

{︂
𝛼

𝑓2

}︂
Th

+

{︂
𝛼

𝑓2

}︂
Long

+

{︂
𝛼

𝑓2

}︂
Shear

, (23)

where,
{︁

𝛼
𝑓2

}︁
Th

is the thermo-elastic loss, and
{︁

𝛼
𝑓2

}︁
Long

and
{︁

𝛼
𝑓2

}︁
Shear

are the ultrasonic attenuation coeffi-
cients for a longitudinal wave (𝑉𝐿) and shear waves,
correspondingly.

3. Result and Conclusion

3.1. Elastic and mechanical parameters

In the present work, we have computed the elas-
tic coefficients (Six-SOECs and Ten-TOECs) by an
interaction potential model and lattice characteris-
tics for the Li𝑥Zn1−𝑥O :Nd3+ Mechanoluminescence
Material, “𝑎” (lattice parameter) and 𝑐/𝑎 (axial ra-
tio) [29]. The variation of lattice parameters are deli-
nated in Fig. 1. The value of Lennard–Jones parame-
ter (𝑏0) for Li𝑥Zn1−𝑥O :Nd3+ under Li concentrations
of 0.00≤ 𝑥 ≤ 0.44 are taken 2.25×10−64, 1.9×10−64,
1.49 × 10−64 and 1.135 × 10−64 erg · cm7. The val-
ues of the higher-order elastic coefficients (second and
third-order) of the Li𝑥Zn1−𝑥O :Nd3+ Mechanolumi-
nescence Material under Li concentrations of 0.00 ≤

Fig. 1. Variation of lattice parameter in Li𝑥Zn1−𝑥O :Nd3+

with dopant concentration

Table 1. Variation of SOECs
in Li𝑥Zn1−𝑥O :Nd3+ with dopant concentration

Concentration 𝑥 𝐶11 𝐶12 𝐶13 𝐶33 𝐶44 𝐶66

0 Present Work 184.39 45.279 39.13 187.09 46.94 72.31
[29] 184.1 104.4 91.9 186.4 39.0 –

0.11 Present Work 165.44 40.625 35.11 167.85 42.11 64.88
[29] 166.1 95.0 80.5 167.4 34.7 –

0.22 Present Work 134.57 33.05 28.21 133.22 33.84 52.77
[29] 138.1 79.0 60.8 133.3 30.9 –

0.33 Present Work 125.56 30.83 25.99 121.25 31.18 49.23
[29] 124.6 73.3 61.2 121.3 23.2 –

0.44 Present Work 97.82 24.02 18.77 81.15 22.51 38.36
[29] 118.2 71.7 59.7 81.3 20.8 –
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Fig. 2. Variation of TOECs in Li𝑥Zn1−𝑥O :Nd3+ with dopant
concentration

Table 2. Voigt–Reuss’ constants
(𝑀 and 𝐶2), B (in 1010 Nm−2), 𝐺 (in 1010 Nm−2),
𝑌 (in 1010 Nm−2), 𝐺/𝐵, 𝐵/𝐺, and 𝜎

of Li𝑥Zn1−𝑥O :Nd3+ with dopant concentration

Concen-
tration (𝑥) 𝑀 𝐶2 𝐵 𝐺 𝑌 𝐺/𝐵 𝐵/𝐺 𝜎

0 447 44343 94 61 151 0.6 1.5 0.23
0.11 401 35680 84 55 136 0.6 1.5 0.23
0.22 321 23013 68 44 109 0.6 1.5 0.23
0.33 294 19533 63 41 101 0.6 1.5 0.23
0.44 209 10164 46 30 75 0.6 1.5 0.23

≤ 𝑥 ≤ 0.44 are obtained in Table 1 and Fig. 2 accor-
dingly.

Elastic parameters can also improve knowledge
of macroscopic mechanical characteristics and con-
tribute to evaluating a material’s hardness. In Ta-
ble 1, the measurement value of 𝐶12, 𝐶13, 𝐶44, and
𝐶66 decreases slightly less, while the value of 𝐶11

and 𝐶33 decreases with increasing the Dopant Con-
centration. Figure 2 illustrates the evaluated TOEC
values with the Li additive range of 0 ≤ 𝑥 ≤ 0.44.
TOECs with negative values signify strain within
the solid. As a result, the model used to investi-
gate higher-order elastic coefficients is acceptable
using Eqs. (1), (2). For HCP structure material
stability, the five different SOECs (𝐶𝑖𝑗 , namely
𝐶11, 𝐶12, 𝐶13, 𝐶33, 𝐶44) satisfy the Born–Huang’s
norms [30]. This Li𝑥Zn1−𝑥O :Nd3+ Mechanolumines-
cence Material is mechanically stable at the Li ad-
ditive range of 0 ≤ 𝑥 ≤ 0.44 because it is evi-

dent that the positive elastic constant values satisfy
Born–mechanical Huang’s stability constraints. The
hcp material Li𝑥Zn1−𝑥O :Nd3+shear modulus (𝐺),
Young’s modulus (𝑌 ), toughness (𝐺/𝐵), bulk mod-
ulus (𝐵), Pugh’s ratio (𝐵/𝐺), and Poisson ratio (𝜎)
with the Li additive interval of 0 ≤ 𝑥 ≤ 0.44 have
been calculated and shown in Table 2.

The values of 𝐵, 𝑌 , and 𝐺 for Li𝑥Zn1−𝑥O :Nd3+

are observed to decrease with increasing the additive
amount of Li. These negative correlations between
the elastic properties and the additive amount of Li
indicate an elastic softening behavior due to the Li
addition. We have verified that Young’s modulus (𝑌 )
is 151 GPa, the shear modulus (𝐺) is 61 GPa, and
the bulk modulus (𝐵) is 94 GPa, which is consis-
tent with experimental results for ZnO single crystal
(𝑌 = 114 GPa, 𝐺 = 42 GPa, 𝐵 = 114 GPa)[31].

This indicates that Li𝑥Zn1−𝑥O :Nd3+ Mechanolu-
minescence Material has relatively higher stiffness
and bonding strength. The ratio of 𝐺/𝐵 indicates
that if it is about 0.6, the compound consists mainly
of ionic bonds. This ratio helps us to predict the
bonding unique features of compounds as well as ra-
tios 𝐵/𝐺 and 𝜎 provide insights into the materials’
brittleness and ductility. Materials with 𝜎 = 0.23 ≤
≤ 0.26 and 𝐵/𝐺 = 1.52 ≤ 1.75 are typically consid-
ered brittle, or else they are ductile in nature. Our
results for B/G indicate that Li𝑥Zn1−𝑥O :Nd3+

Material is brittle at the Li additive interval of
0 ≤ 𝑥 ≤ 0.44, because they are at their critical le-
vels. The value of 𝜎 which should perfectly be less
than 0.5 for elastic and stable metal, is found to be
within an acceptable interval for Li𝑥Zn1−𝑥O :Nd3+

material. The density of Li𝑥Zn1−𝑥O :Nd3+ Material
decreases with increased the dopant concentration
and the volume of the Li𝑥Zn1−𝑥O :Nd3+ material de-
creases with increasing the dopant concentration are
shown in Fig. 3.

3.2. Ultrasonic velocity

Figures 4–7 show the angular correlations of ultra-
sonic velocities (𝑉𝐿, 𝑉𝑆1, 𝑉𝑆2, 𝑉D) at various con-
centrations along the 𝑧-axis of the Li𝑥Zn1−𝑥O :Nd3+

material In Figs. 4 and 5, the 𝑧-axis of the
Li𝑥Zn1−𝑥O :Nd3+ correlates directly to the minima
and maxima of the ultrasonic velocities 𝑉𝐿 and 𝑉𝑆1

of the Li𝑥Zn1−𝑥O :Nd3+. In Fig. 6, 𝑉𝑆2 rises through
the angle away along the 𝑧-direction. The combined
effects of SOECs and 𝜌 (density) are held responsible
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Fig. 3. Variation of volume and density in Li𝑥Zn1−𝑥O :Nd3+

with dopant concentration

Fig. 4. Variation of angle-dependent ultrasonic velocity (𝑉𝐿)

in Li𝑥Zn1−𝑥O :Nd3+ with dopant concentration

in favor of the uncharacteristic behavior of 𝜃 (angle)
dependent velocity [32]. The existence of an angle (𝜃)-
dependent velocities (𝑉 ) curve in this effort is compa-
rable to that used for the other HCP material. Hence,
the 𝜃- dependence of the velocities in the material is
acceptable.

Figure 7 shows the variance of the Debye aver-
age velocity (𝑉D) as depends upon 𝜃 with the unique
axis. 𝑉D is accomplished when utilizing the ultrasonic
velocities 𝑉𝐿, 𝑉𝑆1, and 𝑉𝑆2 for Li𝑥Zn1−𝑥O :Nd3+ ma-
terial. Its maximum value reaches 55∘ and it increases
with angle (𝜃).

3.3. Thermal properties

Using Eq. (18), the considered 𝜅 values of
Li𝑥Zn1−𝑥O :Nd3+ with dopant concentration are ob-

Fig. 5. Variation of angle-dependent ultrasonic velocity (𝑉𝑆1)

in Li𝑥Zn1−𝑥O :Nd3+ with dopant concentration

Fig. 6. Variation of angle-dependent ultrasonic velocity (𝑉𝑆2)

in Li𝑥Zn1−𝑥O :Nd3+ with dopant concentration

Fig. 7. Variation of angle-dependent ultrasonic velocity 𝑉D in
Li𝑥Zn1−𝑥O :Nd3+ with dopant concentration
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Fig. 8. Thermal conductivity (𝑘min) variation in
Li𝑥Zn1−𝑥O :Nd3+ with dopant concentration

Fig. 9. Variation of the specific heat per unit volume (𝐶𝑉 ) and
energy density (𝐸0) in Li𝑥Zn1−𝑥O :Nd3+ with dopant concen-
tration

Fig. 10. Variation of angle-dependent relaxation time in
Li𝑥Zn1−𝑥O :Nd3+ with dopant concentration

tainable in Fig. 8. From Fig. 8, it is understandable
that 𝑘 of Li𝑥Zn1−𝑥O :Nd3+ decreases with increasing
the dopant Concentration The obtained 𝐶𝑉 values
of Li𝑥Zn1−𝑥O :Nd3+ with dopant concentration ex-
ist in Fig. 9. 𝐶𝑉 value of Li𝑥Zn1−𝑥O :Nd3+ increases
with increasing dopant concentration is obtained in
Fig. 9. In Fig. 9, the 𝐸0 increases with increasing
the dopant concentration. Since the Debye temper-
ature and specific heat per unit volume have oppo-
site correlations, Figure 10 illustrates their opposing
nature. The energy density (𝐸0) has been considered
with 𝜃D

𝑇 table of AIP handbook [33] and is obtain-
able in Fig. 9. The angle and dopant concentration-
dependent on the ′𝜏 ′ (thermal relaxation) is consid-
ered through Eq. (17).

The angle and concentration dependence on the
thermal relaxation time are obtained in Fig. 10. In
Fig. 10, the thermal relaxation time is of order of 10–
12 ps. This indicates that Li𝑥Zn1−𝑥O :Nd3+ is inter-
metallic hexagonal. Thus, the thermal conductivity
(𝜏 ∝ 𝑘) has a definite impact on Li𝑥Zn1−𝑥O :Nd3+

thermal relaxation time. P–P (phonon-phonon) inter-
action and 𝜏 thermal relaxation processes induce ul-
trasonic attenuation, as demonstrated by the shortest
computation time for the thermal phonon equilibrium
distribution for wave propagation (𝜃 = 50∘).

3.4. Ultrasonic attenuation
based on thermal relaxation events
and phonon-phonon (p-p) interaction

In analyzing the
{︀

𝛼
𝑓2

}︀
Th

ultrasonic attenuation, it was
assumed that the waves flow all along the 𝑧-axis of
Li𝑥Zn1−𝑥O :Nd3+ material.

Attenuation coefficients alienated over frequency
squared (𝛼2) for

{︀
𝛼
𝑓2

}︀
Long

(longitudinal wave) and
for

{︀
𝛼
𝑓2

}︀
Shear

(shear wave) under condition 𝛼𝜏 < 1

Table 3.
{︀

𝛼
𝑓2

}︀
Th

,
{︀

𝛼
𝑓2

}︀
Long

,
{︀

𝛼
𝑓2

}︀
Shear

and
{︀

𝛼
𝑓2

}︀
Total

of Li𝑥Zn1−𝑥O :Nd3+ with dopant concentration

Concen-
tration

(𝑥)

{︀
𝛼
𝑓2

}︀
Th

(10−20)
Nps2m−1

{︀
𝛼
𝑓2

}︀
Long

(10−18)
Nps2m−1

{︀
𝛼
𝑓2

}︀
Shear

(10−20)
Nps2m−1

{︀
𝛼
𝑓2

}︀
Total

(10−20)
Nps2m−1

0 2.194 25.656 2.153 27.809
0.11 2.801 32.522 2.729 35.251
0.22 4.420 52.871 4.088 56.959
0.33 5.306 63.566 4.816 68.382
0.44 11.432 140.318 18.956 159.227
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at dopant concentration is calculated using Eq. (19)
and obtained in Table 3. The thermo-elastic loss by
frequency squared

{︀
𝛼
𝑓2

}︀
Th

is calculated using Eq. (22),
and the Table 3 illustrates the ultrasonic attenua-
tion value resulting from the thermo-elastic relaxation
mechanism

{︀
𝛼
𝑓2

}︀
Th

.

The
(︀
𝛼
𝑓2

)︀
Akh

∝ D, 𝐸0 and 𝑉 −3 using Eq. (21).
Thus, in the Li𝑥Zn1−𝑥O :Nd3+ material, 𝐸0 and 𝐾
have a considerable impact on Akhieser losses. The
results of (𝛼/𝑓2)Akh have been compared through
our recent studies. The thermo-elastic loss for the
Li𝑥Zn1−𝑥O :Nd3+ material is shown in Table 3 to
be substantially less than the Akhieser loss, indicat-
ing that the p-p interaction mechanism-induced ultra-
sonic attenuation dominates over the thermo-elastic
loss. Total attenuation is essentially driven by two
variables, namely, thermal energy density and ther-
mal conductivity. Thus, Li𝑥Zn1−𝑥O :Nd3+ material
is ductile.

4. Conclusion

Based on the above discussion, the following conclu-
sions are drawn:

∙ The standard calculation technique for hi-
gher-order elastic coefficients for hexagonal
Li𝑥Zn1−𝑥O :Nd3+ material, based on the Lenard-Jo-
nes potential model, remains applicable for Li
additive interval of 0 ≤ 𝑥 ≤ 0.44.

∙ Li𝑥Zn1−𝑥O :Nd3+ material exhibits outstanding
mechanical properties at room temperature.

∙ The stiffness and elastic constants of
Li𝑥Zn1−𝑥O :Nd3+ are observed to be superior to
those of other mechanoluminescent materials. Ana-
lysis of the bulk modulus (𝐵) and shear modulus
(𝐺), about their critical values, indicates that the
incorporation of lithium induces a brittle-to-ductile
transition as the Li content increases. In compar-
ison with other mechanoluminescent materials,
Li𝑥Zn1−𝑥O :Nd3+ demonstrates a predominantly
brittle behavior at room temperature.

∙ The relaxation time ′𝜏 ′ of Li𝑥Zn1−𝑥O :Nd3+ ma-
terial is established to the order of picoseconds, de-
fending its inter-metallic nature. The smallest signifi-
cance of ′𝜏 ′ along = 50∘ at all temperatures indicates
that the time required to re-establish the equilibrium
distribution of phonons for wave propagation in the
𝑧-direction will be the shortest.

∙ Over the total ultrasonic attenuation caused by
the p-p interaction mechanism is a governing factor
of the thermal conductivity. The mechanical proper-
ties of Li𝑥Zn1−𝑥O :Nd3+ mechanoluminescent mate-
rial within the Li additive intercal of 𝑥 = 0 are better
than those within the intercal 0 ≤ 𝑥 ≤ 0.44. This
enhancement in mechanical properties at 𝑥 = 0 is at-
tributed to the relatively low ultrasonic attenuation
observed at this composition.

The current study investigates the nonlinear phe-
nomena and anharmonic properties of mechanolumi-
nescent materials. This work provides new insights
and may catalyze future experimental investigations
into the anharmonic characteristics of such materi-
als. The findings of this study contribute valuable
knowledge that could support further research en-
deavors and facilitate the development of industrial
applications of mechanoluminescent materials.
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ТЕОРЕТИЧНЕ ДОСЛIДЖЕННЯ
МЕХАНIЧНИХ ТА ТЕРМОФIЗИЧНИХ
ВЛАСТИВОСТЕЙ МЕХАНОЛЮМIНЕСЦЕНТНОГО
МАТЕРIАЛУ З ЧАСТКОВОЮ ЗАМIНОЮ
Li В Li𝑥Zn1−𝑥O :Nd3+ (0 ≤ 𝑥 ≤ 0,44)

У цiй роботi дослiджуються механiчнi, теплофiзичнi, уль-
тразвуковi та пружнi властивостi нового механолюмiнес-
центного матерiалу Li𝑥Zn1−𝑥O :Nd3+ на основi моделi з
використанням потенцiалу Леннарда-Джонса. Механiчна
стабiльнiсть матерiалу продемонстрована в iнтервалi 0 ≤
≤ 𝑥 ≤ 0,44 вiдносного вмiсту Li. Такi параметри, як модуль
Юнга, модуль об’ємної пружностi та модуль зсуву зменшу-
ються зi збiльшенням концентрацiї Li вiд 0 до 0,44. Отри-
мано питому теплоємнiсть (𝐶𝑉 ) i температуру Дебая (𝜃D).
Проаналiзовано коефiцiєнт ультразвукового затухання за
кiмнатної температури.
Ключ о в i с л о в а: механолюмiнесцентний матерiал, пру-
жнi властивостi, механiчнi властивостi, ультразвук, термо-
динамiчнi властивостi.

828 ISSN 0372-400X. Укр. фiз. журн. 2025. Т. 70, № 11


