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Abstract

In this study, we construct the crystal structure of
cubic zirconia (c-ZrO2), then structural, electronic, and
mechanical properties of cubic zirconia (c-ZrO2) were
investigated using first-principles calculations by the
Materials Studio software. Simulation of the X-ray
diffraction of (c-ZrO2) showing the characteristic peaks that
contain Miller indices [(111), (200), (220), (311), (222),
(400), (331), (420)], and provided us with sufficient
information to determine the inter distance between the
crystal planes (dy;). We were also able to calculate the
density per unit cell, which was (6.094 g/cm3), unit cell size
(134.297 A3), and bond length (2.2174 A). The lattice
constants were also studied using the materials studio 2017
software by approximating (LDA) (a= b= c= 5.025 A), (& =
r = f = 90°). We obtained the bandgap of (c-ZrO2) by
Castep code using (LDA) the value is (3.345 eV), and we
found the width upper valence band (WUVB) as electronic
properties. Mechanical properties, including elasticity
properties, as the elastic stiffness constants (C;;), elastic
compliance constants (S;;), and elastic moduli. And the
Debye temperature (645.34 k), average sound velocity
(4765.11 m/s), and compressibility (0.0043 1/Gpa).

Keywords: cubic zirconia, materials studio, first-principles
calculations, elastic moduli, structural properties, electronic
properties

I. INTRODUCTION

Zirconia (ZrO2) is an important modern ceramic
material, one of the good materials where structure, phase
transformations are related to mechanical properties [1] [2].
Because of their prominent physical and chemical properties,
ZrO2 ceramic materials have been wide range used in
modern engineering and industrial fields, including uses in
ceramic engineering as an oxygen sensor in fuel cells, and it
is used in refractory, cutting tools, and dental applications,
also a technologically important catalytic support medium

HSE)

[3][4]. Zro2 is a Technologically important material because
of its high strength and stability at high temperatures and its
excellent dielectric properties [5]. As a typical advanced
structural ceramic. However, zirconia ceramics is a material
that is difficult to manufacture automatically because of its
high hardness, strength, and low fracture toughness, high
flexural, resistance to bending and scratches [6]. The search
for energy storage material is still a global challenge for the
progress of solutions to current industrial demands. In recent
years, zirconia has arisen as a fascinating functional material
because of its high strength, good thermal stability [4].
Zirconia exists under five different forms, which have
been fully characterized crystallographically. The
monoclinic phase (baddeleyite, space group P/c, below
1500 K), tetragonal phase, space group P/nmc (between
1500 and 2650 K), and cubic phase, space group Fmm,
(above 2650 K) polymorphs are stable at room
pressure, whereas the two orthorhombic, space
group Pbca and space group Pnma polymorphs
(respectively, to brookite TiO2 and cotunnite PbCI2)
are stable between (3-5 GPa) and (12.5-20 GPa) and
above (12.5-20 GPa), respectively [7], figure 1 [8]. The
melting point of natural zirconia, like baddeleyite, is high,
which is 2988 K, and its boiling point is 4573 K, which
makes the hardness of zro2 very high [9]. In the present
study, the structural, electronic, and mechanical properties of
zro2 at room pressure have been investigated through first-
principles methods for the cubic ZrO2 phase. For these
calculations, we have used density functional theory (DFT)
in the local density approximation (LDA) [7].
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Figure 1. Represents the five phases of zirconia, where
the zirconium atoms are dark gray, and the oxygen atoms
are bronze, a/ monoclinic, b/ tetragonal, ¢/ cubic, d/
orthorhombic-Pbca (brookite), e/ orthorhombic- Pnma
(cotunnite) [8].

I1. Theoretical Computation methods

All the calculations in this paper are done in the
ground State energy of cubic zirconia (c-ZrO2), the
exchange-correlation functional is given by the local density
approximation as (LDA). The atomic configurations are 4s?
4p®4d25s? for Zr and 2s? 2p* for O. The k-point grid of
Brillouin zone sampling in primitive cells, based on the
Monkhorst—Pack scheme, is 9 x 9 x 9 for ¢c-ZrO2 [3]. These
calculations were performed with Materials Studio 2017
software [10] by using Castep code and Forcite [11] [12].

A. Structural properties
First. Inter-Planar Spacing (dy,)

We calculate the distances between crystalline planes
(dyk) using (Bragg's law) and through the following
relationship [13].

nA=2dsin© ....................
n: An integer representing the degree of diffraction

A: Wavelength

d: Inter-Planar Spacing

©O:The angle between the crystal plane and the incident ray

Second. Lattice constants

The lattice constants (a, b, c) are calculated for the
system cubic system (a = b = c) through the following
equation [13].

a:dhkl h? + k2 + I?

hkl: Miller indices
d: Inter-Planar Spacing
(a, b, ¢): Lattice constants
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B. Mechanical properties for solid

Mechanical properties include Elastic constants (Cij),
Bulk modulus (B), shear modulus (G), Young's modulus (E),
ductile characteristic (B/G), anisotropic factor (4Y) and
Poisson’s ratio (v), as all these mechanical properties are
studied, as well as the mechanical stability of the cubic
zirconia in the ground state [14].

a) Elasticity
In the small strain limit, the generalized Hooke’s law
describes stress (o)as a linear function of strain
(€), such that [15]
= Sl] O} ...........................
Cy;: elastic stiffness
S;;: elastic compliance
o: Stress
€: Strain

The stiffness matrix, consisting of (81) compounds
produced from (9x9) of the composites since when stressing
the Stresses in the three directions on the material, we will
have stress in each direction (x, y, z) o, 0y, 0,
and that each stress will generate two strains, as in Figure
(2), which shows the effect of stresses on the material in
every direction [16].
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Figure 2. Stresses acting on a volume element [16]

The stiffness matrix of the cubic system is as follows [17],

(o} Cu C, Cy O 0 0 &
(oF} sym. C,, Cyx O 0 0 |é&,
o, [sym sym. C, 0 0 0 [g|-05)
(o 0 0 0 C4A 0 0 e,
Os 0 0 0 0 Cs 0 &
o6l | 0 0 0 0 0 Cee_ &6
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Because of the lattice symmetry, there are three
dependent variables in the stiffness matrix for the cubic
system, Cj; ( Cqq, Cyz, C4y4) also for the compliance matrix S;;
(S11, Si2,S44) [17], is as follows [18].

Sll Slz 813 0 0 O
sym. Szz Sza 0 0 0
[S]: sym. sym. S.. O 0 0 |...(6)
0 0 o S, © 0
0 0 0 0 S, ©
| 0 0 0 0 0 SGG_

As for the Cubic System, we note that:
Ciz = Cy3 = C3 = C3y = €31 = C33, Cuy = Cg5 =Cgq, €41 =
Czz = Cs3.

The (Cyq, Cyp, C4y) compounds are used to find S
through the following relationships [15]

_ Cy11+Cap

= > S e (NS4
Ci1 +C1%:C12+2C12

12

e Ry P 8)S.

C11%+C11Cq2+2Cq22 (8)S12
1

................................... (9)544 —_ C_

b) Mechanical stability

We described it through the elasticity constants Cj;,
and it is as follows [19],
For cubic system

>0, C4u >0, Cj3 —Cy, >0, C43+2C;,>0 (10)Cy4

¢) Elastic moduli
1) Bulk modulus (B): The Bulk modulus can be
described by the elastic constants Cj;, and as follows [20]:

B=2(C1at2C1z) oo,
2) Shear modulus (G): The Shear modulus can be
described by the elastic constants Cj, for three theories
(Voigt (Gy), Reuss (Gg), Hill (G;)) and as follows [14]:

1
= (Ciy — Cu+3Cu) e, (12)Gy
— C44 (C11—Cqp)
s 13)G
‘;C44+3(C11— Ci12) (13)Gr
= E (GV + GR) ........................... (14)GH

3) Young’s modulus (E):  The isotropic Young’s modulus
can be described by Bulk modulus and Shear modulus and as
follows [20]:
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E=—2C o, (15)

" 3B+G
4) Poisson’s ratio (v):  The isotropic Poisson's ratio can be
described by Bulk modulus and Shear modulus and as

follows [15]:

_ 3B-2G
" 2(3B+G)

5) Anisotropic factor (AY): The anisotropic factor is
used to determine the elastic contrast of the crystal, so the
anisotropy relationship is written as follows [21]:

=5 B g
Gr Bgr

6) Ductile characteristic (B/G):

A higher B/G value indicates the ductility of the
material, while a lower B / G value indicates the brittleness
of the material. So the threshold is around 1.75. When the
B/G value is less than 1.75, the material is brittle; otherwise,
it is ductile [21].

17)AY

I11. Results and discussion
we constructed and modeled the 3D crystal structure
of cubic zirconia by using material studio software then
making the calculations on it to calculate the structural,
electronic, and mechanical properties for c-ZrO2.

A. Structural properties
X-ray diffraction result:

When comparing our results obtained through
simulation using the (Materials studio) program (figure 3)
with the results of previous studies, they were very close to
the experimental results that P.R. Rauta in 2012 (figure 4),
the slight difference is due to the measurement conditions
during which the calculations were made in our study and
previous studies, as well as to the preparation method that the
researcher worked by using a bottom-up approach for
nanoparticles of zirconia and calcination at 600 C° [22].

(111)

(220)

(311)
200 ‘
(33
(420)

(222) (400)
!

2-theta

Figure 3. X-ray diffraction of c-ZrO2 was obtained by
simulating XRD using the (Materials-studio software) at
room temperature.
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Figure 3. X-ray diffraction of c-ZrO2 experimentally
obtained [22]

We compared the values of the distances between the
crystalline planes (dy,,) that were theoretically calculated
(using equation 1) from the X-ray diffraction data obtained
through simulation (XRD using the Materials studio
program) for the c-ZrO2. With the experimental results of
previous studies (dgxp ), reached by Gerald Katz [23], as
well as compared with the values of (daumcsp) taken from the
international AMCSD card (American Mineralogist Crystal
Structure Database) with the code [AMCSD 0011730]. As in
table 1.

Table 1. Compare values of distances between crystalline
planes (dy,;) that we calculated using M.S and
experimental results computed in previous studies and
standard results [AMCSD 0011730] for ¢c-ZrO2.

d dexp. d Intensity
Pl\eig'k (dzee ) present | (A) | AMCSD | hkl arb.
o R I R N =) ) (Unit)
1 30.34 | 2.943 293 | 2927 | 111 100
2 35.10 | 2.554 2.55 | 2.535 | 200 16
3 5040 | 1.809 | 1.801| 1.792 | 220 48
4 60.00 | 1.540 | 1.534| 1.528 | 311 30
5 62.90 | 1476 | 1471 | 1.463 | 222 4
6 74.00 | 1279 | 1270 | 1.267 | 400 4.5
7 82.00| 1174 | 1.167| 1.163 | 331 9
8 84.80 | 1.142 | 1.135| 1.133 | 420 5

We noticed that there is a great convergence in the results
with a very slight difference, and the reason for the slight
difference in the results is due to the surrounding conditions
during which the measurements were made, as well as to the
methods of calculation [14].

We also plotted the curve as a relationship between
the scattering angle (20) and the intermediate distances
(dyip) for the results that we calculated using the materials
studio software and the results of the international AMCSD
card [JAMCSD 0011730] as shown in figure 4.
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Figure 4. The relationship between (20) and (dy,,) for c-
Zr02, a/ for the results that we reached through the
materials studio software, b/ for the results obtained from
the international card with code [AMCSD 0011730].

Through the above chart, we notice a clear decrease in

the value of the distances between (d;;) gradually with the
value of the angle (20) [24].
Among the structural properties, we also calculated the
lattice constants of cubic zirconia using the (LDA)
approximation and compared the results we obtained using
the M.S. With the results of previous theoretical and
experimental studies As in table 2.

Table 2. Lattice constants for c-ZrO2 obtained using the
M.S, by using the (LDA) with the theoretical and
experimental results of previous studies and the values of
the (AMCSD) card, [amcsd 0011730]

Present
Lattice study L(g')a‘ L(%)A‘ E()g) AMCSD
constants LDA 7 5 -~ A
A [7] [5] [25]
a=b=c 5.025 | 5.028 | 5.036 | 5.085 5.07
y=B=a 90° 90° 90° 90° 90°

When comparing our results, we obtained using the
(M.S) software, by the (LDA) for the lattice constants, as (a
= b = ¢) and the value (a = 5.025), which is close to the
results reached by G. Fadda in 2010 and Dash in 2004
through the calculations of the LDA and it was a value (a =
5.028 A) and (a = 5.036 A) respectively [7] [5]. It was also
close to the experimental results reached by researcher C. J.
Howard [25], and the results of the AMCSD card too,
[amcsd 0011730].

We also calculated some of the constants related to
the structural properties, such as unit cell volume (V), unit
cell density (p), and bond length, and We compared our
results with the experimental and theoretical results of
previous studies and the AMCSD card with the code [amcsd
0011730], as in table 3.
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Table 3. comparison in the values of the structural
parameters of c-ZrO2 between the results obtained
through simulations using the (materials studio software)
and between the experimental and theoretical results of
previous studies and the AMCSD card with the code
[amcsd 0011730].

e Theoretic
Structural a study al EXP. AMCSD
parameters | (by M.S)
lf/’:)iltucn‘ig 134,297 13(52,\'35) 130.324
. - s
V) Wi @
Unitcell | (o0 | 608 6'(2; 6.279
i ' 3 3
de(r;)s;ty (g /em?) 9 /[zr]n ) Jem?) (9 /em?)
[14]
Bond 2.219 2.210
length 2(25 ol BT A) -
Zr-o0 [4] [25]

Our results were largely close to the results of
previous theoretical and experimental studies of previous
studies [4] [14] [25], as well as close to those of the AMCSD
card.

B. Electronic properties

We calculate the Band structure after the formation of
the Billion zone (as shown in figure 5) by simulation using
the materials studio software, then we calculate the energy
bandgap (as shown in figure 6) by using (LDA).

Figure 5. Billion zone of ¢c-ZrO2 by using Materials
studio
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CASTEP Band Structure

Band gap is 3.345 eV

nergy (eV)

~@- Band energy

Figure 6. Band structure of c-ZrO2 by materials studio,
using (LDA) and shown the bandgap.

The Fermi level was set at zero energy, and as we
note, it appears as a dashed line. The calculated band
structure using (LDA) shows that c-ZrO2 presents a direct
bandgap of about 3.345 eV, so Zro2 is an insulator [26] [19].
When comparing our results with those of previous
theoretical and experimental studies, there was a significant
convergence of the results, as in table 4.

Table 4. comparison our results with those of previous
theoretical and experimental studies

. . EXP.
Present Previous Previous Study
BG Study Study Study [27]
LDA LDA [28] [4]
c-Zr02 | 3.345eV | 3.67eV | 3.316ev | 6.10eV

We ran simulations of Density of state, as the
Brillouin zone sampling was performed using a Monkhorst-
Pack with a k-point grid consisting of 9 x 9 x 9
For c-ZrO2, we obtained the width upper valence band
(WUVB) (as in figure 7.), we compared our result with
previous studies (as in figure 8.) and (table 5.)

CASTEP Density of States

Figure 7. density of states of c-ZrO2



Hasan Abdullah H. Ali & Abdullah Hamoud Mohammad/ 1JAP, 8(1), 36-43, 2021

c-Zro,

20 - - WUVB—> ,
J A

\M

I PBED

;
! ]
1 ]
—nseos | ML
10
! ]
1 ]
l HSED3 ! '
1
'
1

Density of States

— P BE M
L

o 10

o 1
-30 -20

-10
Energy (eV)

Figure 8. density of states of c-ZrO2 [30]

Table 5. comparison the width upper valence band
(WUVB) that computed using the (materials studio) of
the c-ZrO2 with the results obtained from previous
theoretical and experimental studies.

Preset study LCAO EXP.
WUVB LDA [32] [31]
V) V) V)
Cubic
-2r02 6.60 5.90 6.50

Table 6. Elastic stiffness constants (c;;) for c-ZrO2 using

the materials studio software, and results of previous
theoretical and experimental studies

Cij Present LDA EXP.
(Gpa) LDA [15] [29]
C11 570.926 563 417
Cas 79.573 72 47
C12 111.619 116 82

All ab initio calculations (in our and previous
studies) for cubic phase zirconia c-ZrO2 c44 <c12 <c11, also
we noticed that our results close to the results of previous
studies, experimental studies generally show slightly lower
results than the calculated values, but they show similar
trends [33].

Also, for the Elastic compliance constants (Sij) (S,
S12, S44), Which we can obtain by using (equ. 7, equ. 8, equ.
9) respectively, as well as through the elastic compliance
matrix that the Material Studio software provides for us [15].
We compare our results with previous studies, and we
noticed a big convergence, as shown in table 7.

Table 7. elastic compliance constants Sij of c-ZrO2

We note that our results are close to the results of
previous studies, as shown in table 5, and the reason for the
slight difference is due to the measurement conditions
through which the calculation was performed, as well as the
difference in the capabilities of the computers used for the
calculation [30].

C. Mechanical properties

We calculated the elastic stiffness constants by the
local density approximation (LDA) using the materials studio
software and compared our results with the results of
previous theoretical and experimental studies, as we noticed
a great convergence between our results and the results of
previous theoretical and experimental studies. As shown in
table 6.
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Sij Present LDA
(1/Gpa) LDA [15]
S11 0.00187 0.00191
Saa 0.01256 0.01395
S12 -0.000306 -0.00032

Important factors in mechanical properties are elastic
moduli such as Bulk modulus (B), Young's modulus (E),
Poisson's ratio (v), ductile characteristic (B/G), and shear
modulus (G) (as in table 9.). As table 8. contains a
comparison between the elastic moduli values of three
theories (Voigt, Reuss, Hill) of our results with the results of
previous studies.
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Table 8. Shear moduli (Gy , Gg, Gy ) and Bulk moduli (By

] BR: BH )
Stru;ture Gy Gg Gy By Br By
Calculation | GPa | Gpa | Gpa | Gpa | Gpa | Gpa
c-Zr02 139.6 | 107.7 | 123.6 | 264.7 | 264.7 | 264.7
Present
c-[erg?Z 132.4]1 98.4 | 115.4 | 265.4 | 265.4 | 265.4

The results that we reached by using the M.S software
and through the Castep tool for the LDA approximation were
very in convergence with the result in previous studies [19].

Table 9. comparison the isotropic moduli (shear modulus,
Bulk modulus, Young's modulus, and Poisson’s ratio)
and ductile characteristic

G B E
Stru. 7 B/G
(Gpa) | (Gpa) | (Gpa) | ©
C-Z102 | 156 | 2647 | 3208 | 0.2079 | 2.14
Present
c-Zr02
Cal. 115 | 265 | 302 | 03101 | 230
[15]
c-ZrO2
Exp. 81 194 | 212 | 03173 ;
[29]

Through the comparison in Table 9, we note that there is
great convergence between our results and the results of
previous theoretical and experimental studies.

The calculated B/G ratio for c-ZrO2 is larger than 1.75,
which indicates ductile materials [34]. The value of the
Poison ratio that we obtained was (0.29), so the substance
has ionic bonds [24].

We obtained the value of compressibility (0.0037 1/Gpa) and
its convergence with the result reached by 1.D. Muhammad
(0.00350 1/Gpa) [1]. The average velocity of sound in the c-
ZrO2 (4765.11 m/s) convergence with the result reached by
Lei Jin (4184 m/s) [35]. Debye temperature of c-ZrO2
(645.34 k), also its convergence with the result reached by
Yang (626.2 k) [36].

IV. Conclusions
After studying structural, electronic, and mechanical

properties for c-ZrO2, we can conclude:
The results of the mechanical properties showed us that the
compound is mechanically stable and conforms to the
conditions of mechanical stability through elastic constants.
The results of the study of the elastic properties of the
material, specifically through the ductility property (B/G),
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showed that the material is ductile and not brittle, and
through the Poison Ratio, the bonds that bind the atoms of
the substance together are ionic bonds. The results of X-ray
diffraction (XRD) showed that the two-component
compound had multiple phases and showed us distinct
diffraction peaks for some levels, which provided us with
useful information for calculating the intermediate distances
of the crystal levels. The results of the electronic properties
of the energy beams and the energy gap showed us, through
which it was found that (c-ZrO2) is an insulating material

due to the large energy gap of the compound.
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