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Abstract

A novel series of rock salt structured (1-x)Li2ZrO3-xMgO ceramics were prepared via the conventional solid state
method. The tetragonal-cubic phase transition can be observed in the case of 0.5<x<0.6, which has been testified by the
results of XRD and SEM-EDS. Relatively dense and homogeneous microstructure can be obtained for all the compositions
sintered at 1500 °C. With the x value increasing from 0.5 to 0.8, the relative permittivity linearly decreases from 16.50 to
12.65, and the 77 value decreases from ~-10 ppm/°C to ~-35 ppm/°C. The addition of MgO stabilizes the crystal structure
and increases the bond energies in Li>ZrO3-MgO system, so there is an upward tendency in Q-f'values from ~77,000 GHz to
~166,000 GHz. Typically, the Li-MgsZrO7 ceramics sintered at 1500 °C possesses excellent properties with &=12.65,
Q:/=165,924 GHz and z=-34.66 ppm/°C, which makes these materials good candidates for microwave devices.
Keywords: microwave dielectric properties; Li»ZrO3-MgO ceramics; bond energy; phase transition
1. Introduction

Low-permittivity microwave dielectric ceramics play an important role in a wide range of applications from millimeter
wave communication to substrates for microwave integrated circuits, which promote the development of related industries
such as Internet of Things (IoT), Direct-Broadcast Satellite (DBS), and Global Positioning System (GPS). To meet the
demands for high-speed transmission, these materials should possess appropriate relative permittivities (&), higher quality
factors (Q-f) and near-zero temperature coefficients of resonant frequency (zy). In addition, lower sintering temperature and
preparation costs are also required to make these materials suitable for practical applications [1, 2].

Recently, the rock salt structured LixAO3-MgO (A=Ti, Zr, Sn) ternary system has attracted extensive attentions due to
their excellent and adjustable microwave dielectric properties [3-16]. For instance, a series of (1-x)Li;TiO3-xMgO ceramics

were synthesized according to the partial subsolidus phase diagram reported by A.R. West [3-11]. Although the relative
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permittivity showed a downward tendency, the Q-f values were considerably improved by an increasing amount of MgO
addition. As a result, some typical compounds such as LixMgTiO4 (,=17.25, Q-f=97,300 GHz, 7/=-27.2 ppm/°C, at 1360°C)
[5] and LixMgsTiO7 (6,=13.43, Q-f=233,600 GHz, 7=-27.2 ppm/°C, at 1600°C) [6] could be used for different industrial
applications. Similar researches were also conducted in (1-x)Li2SnO3-xMgO system, and the 7y value could be shifted from
positive to negative value at x=0.3 [12-16]. However, there were fewer reports concerning about the phase formation and
dielectric properties in (1-x)Li2ZrO3-xMgO ceramics.

The tetragonal Li,ZrO; ceramic, which possesses the space group of I141/amd, was reported to exhibit microwave
dielectric properties with ¢,=15.54, Q-f=37,166 GHz, 1=-26.60 ppm/°C [17]. On the other hand, the MgO ceramic belongs
to the cubic system with the Fm-3m space group, which is well known as an ultra-low dielectric loss material in spite of the
higher sintering temperature as well as the lower permittivity [18]. Since the cation size of Mg?" (0.72 A) is similar with that
of Zr** (0.72 A) and Li* (0.76 A) at the coordination number of 6, Li»ZrO3;-MgO solid solutions can be achieved by ionic
substitution [12, 13, 19, 20]. For example, the cubic structured LixMg3ZrOg ceramics, which could be divided into
0.25Li,Zr0O3+0.75MgO, were reported to possess excellent dielectric properties of ¢=12.17, Q-f=113,000 GHz, and 7/~=-
17.13 ppm/°C [12, 13]. In our previous work, the LixMgZrOs (0.5Li2ZrO3-0.5Mg0O) ceramic was found to possess
tetragonal structure. Although the sample showed lower relative density (79.02%) at 1175 °C, it exhibited suitable
properties with g=12.30, Q-f'=40,900 GHz and z=-12.31 ppm/°C [20]. Thus, a tetragonal-cubic phase transition can be
found in (1-x)Li»ZrO3-xMgO system and the x=0.50-0.75 compositions are expected to exhibit mixed phases. In this work,
the effects of intrinsic factors and extrinsic factors on the microwave dielectric properties of (1-x)Li>ZrO3-xMgO ceramics
were systematically investigated. An appropriate Li,ZrO3-MgO ratio is expected to achieve balanced properties for practical
applications.

2. Experimental procedure

The (1-x)LipZrO3-xMgO (x=0.5, 0.6, 0.7, 0.75 and 0.8) ceramics were prepared via the conventional solid-state
method and sintered by the atmosphere-protective method. Analytical-grade Li>CO3;, MgO, and ZrO; (Aladdin Shanghai
Biochemical Technology Co., Ltd. Shanghai, China) were used as starting materials and mixed according to the pseudo
phase diagram shown in Fig. 1. When x values were 0.5, 0.6, 0.7, 0.75 and 0.8, the chemical formula were Li,MgZrOs,
LisMg3Zr,09, LisMg7Z13016, Li2Mg3Z1rOs, LioMgaZrO7, respectively. At the first stage, the starting powders were milled for
24 h with anhydrous ethanol, dried and calcined at 1050 °C for 2 h in alumina crucibles. The calcined powders were ground

for another 24 h, dried and mixed with 8 wt% polyvinyl alcohol for granulation. Thereafter, the granulated powders were
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pressed into pellets of 10 mm diameter and 6 mm height at a pressure of 200 MPa. Finally, these compacted pellets were
preheated at 500 °C for 4 h to expel the binder, buried with sacrificial powders (Calcined powders with the same chemical

composition of samples) and sintered at 1250-1550 °C for 6 h in platinum crucibles.

0.25
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Fig. 1 Pseudo phase diagram of the Li-Mg-Zr-O system (1~Li2ZrOs*", 2~Li2MgZrO4?%, 3~LisMgsZr20s, 4~LisMgrZrsO1s,
5~Li2MgsZrOe?, 6~Li2MgaZrO- and 7~MgOLel)

The apparent density of the sintered samples was measured using the Archimedes method (XS64, Mettler Toledo,
USA). The crystal structure of (1-x)Li»ZrO3-xMgO was examined by an X-ray diffractometer (Model D/MAX-B, Rigaku
Co., Japan). The surface morphology was characterized by a field-emission-scanning electron microscope (FeSEM Quanta
250, FEI Co., USA) coupled with energy dispersive X-ray spectroscopy (EDS). A network analyzer (N5234A, Agilent Co.,
America) was used for measuring microwave dielectric properties. The relative permittivity was measured using Hakki-
Coleman post-resonator method by exciting the TEO11 resonant mode of dielectric resonator by using an electric probe as
suggested by Hakki and Coleman [21]. The unloaded quality factor was measured using TEO1d mode by the cavity method
[22]. The corresponding temperature coefficient of resonant frequency of the samples was measured in the temperature
range of 25-85 °C.

3. Results and discussion
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Fig. 2 Apparent density of the (1-x)Li2ZrOs-xMgO ceramics sintered at 1250-1550 °C

Fig. 2 illustrates the apparent density of (1-x)Li,ZrO3-xMgO ceramics sintered at different temperatures. The addition
of MgO can hinder the sintering process, because the low MgO content ceramics can obtain their maximum density at lower
sintering temperature. All the samples possess saturated densities at 1500 °C, and they decrease form 3.76 g/cm® to 3.52
g/cm’ as the x value increases from 0.5 to 0.8, implying the strong relevance between sintering characteristic and chemical
composition. Although the atmosphere-protective method has been used in current work, the evaporation of lithium might
still result in the weight loss and non-stoichiometric ratio at higher sintering temperatures, which has been testified by the
weight loss of Li;Mgs4ZrO7 (x=0.8) ceramics shown in Fig. SI.

The X-ray powder diffraction (XRD) patterns of (1-x)Li2ZrO3-xMgO ceramics sintered at 1500 °C are shown in Fig.
3(a), and those of LixMgZrOs (x=0.5) and LisMg;Zr;016 (x=0.7) ceramics sintered at different temperatures can be
observed in Fig. S2. The primary phase is indexed as Lio-MgZrO4 with a tetragonal structure (I141/amd, PDF#36-0308) at
x=0.5 and x=0.6, while there are some small peaks associated the cubic-structured second phase (Fm-3m, PDF#45-0946).
According to our previous report, pure LioMgZrO4 phase could be observed below 1175 °C when the ceramics were
sintered for 4 h in air ambience, and the appearance of ZrO, (monoclinic structure) was attributed to the evaporation of
lithium at higher temperature [20]. However, the XRD result in this work unambiguously demonstrates the existence of
cubic phase and the absence of ZrO,. Hence, the different sintering processes and platinum crucibles can influence the
formation of cubic phase to some extent, and the pure tetragonal phase is expected to exist in the case of x<0.5. With the x
value increasing from 0.5 to 0.6, the intensities of tetragonal phase get weakened and those of cubic phase get enhanced,
which reflects that the latter phase has taken the large proportion in the LisMg3Zr,O9 (x=0.6) ceramics. All peaks are
indexed as MgO (Fm-3m, PDF#45-0946) when x is higher than 0.7, implying that the cubic-structured solid solutions can

be formed with an appropriate Li»ZrO3-MgO ratio. According the result shown in Fig. S2, there are no significant changes
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on the XRD patterns for x=0.5&0.7 ceramics sintered at different temperatures. Therefore, Li,ZrO3-MgO ratio plays a more
important role than sintering temperature on the phase composition within the region of 1300-1500 °C.

Based on the above results, Rietveld refinement is performed by using FullProf suite, and LixMgZrO4 and MgO are
chosen as starting models. The final refined plots, coupled with the crystallographic data for all samples sintered at 1500 [
are shown in Fig. S3 (a-e¢) and Table 1, respectively. With x value increasing from 0.5 to 0.6, the relative content of
tetragonal phase decreases from 94.34% to 74.95%, and that of cubic phase shows an upward tendency until the ceramic is
completely full of cubic phase as x>0.7. The variation in the unit cell volume of (1-x)Li,ZrO3-xMgO ceramics is plotted in
Fig. 3(b). Since the ionic size of Mg?* (0.72 A) is smaller than that of Li* (0.76 A) at a coordination number of 6, the lattice
parameters and cell volumes of (1-x)Li»ZrOs3-xMgO (0.7<x<0.8) ceramics slightly decreases with the increasing MgO
content. However, abnormal change is observed when x values increases from 0.5 to 0.6, which should be investigated in
future work because it might be associated with many factors such as phase composition, grain size, residual stress, ion

valence state or defects.
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Fig. 3 (a) XRD patterns for the (1-x)Li2ZrOz-xMgO ceramics sintered at 1500 °C (b) Variation of unit cell volume in (1-x)Li2ZrOs-
XMgO sintered at 1500 °C

Table 1 Molar content and refinement parameters of (1-x)Li2ZrOs-xMgO ceramics sintered at 1500 °C

x :fjﬁ; ne 1 (%)° a=b (A) ¢ (A) V(A% (f;i’) (R%IS
141/amd 1 94.34 4.19858(2)  9.16027(3)  161.4779(21) 53 ok
Fm-3m 2/3 5.66 426071(1)  4.26071(1)  77.3474(5)
o 141/amd 1 74.95 4.19443(4)  9.20773(5)  161.9938(40) s 6o
Fm-3m 2/3 25.05 426482(1)  4.26482(1)  77.5715(5)
0.7 Fm-3m 1/4 100.00 427664(3)  4.27664(3)  78.2183(16) 14.0 16.9
0.75 Fm-3m 2/3 100.00 426866(4)  4.26866(4)  77.7812(22) 15.6 11.2
0.8 Fm-3m 4/7 100.00 426107(2)  4.261072)  77.3670(11) 19.0 14.3




2 is the number of molecules in unit cell; ® y is the phase content

According to the results of unit cell parameters listed in Table 1 and the apparent density shown in Table 2, the relative

density of (1-x)Li,ZrO3-xMgO (0.7<x<0.8) ceramics sintered at 1500 °C is calculated as Equ. 1 and Equ. 2.

nM
Pu = N (1
. = % x100% @)
th

where n is the number of molecular in unit cell (see Table 1), M is the theoretical molecular weight, ¥ is the refined unit cell
volume (see Table 1) and N is Avogadro’s number. As for x=0.5 and x=0.6, the theoretic density of these mix-phase

ceramics can be evaluated as follows.

M, +7 M,
NV. 7 NV

1 2

Pu =1 3)

where the subscripts of “1” and “2” indicate tetragonal and cubic phase, # is the phase content, M; and M, are temporarily
defined as the molecular weights of LixMgZrO4 and Lix-Mg3ZrOg, respectively. As shown in Table 2, the relative density
witnesses a downward tendency, decreasing from 94.5% to 90.5% as the x value increasing from 0.5 to 0.75, which
indicates the relevance between sintering characteristics and MgO content. Considering the weight loss caused by
evaporation of lithium at higher temperatures, the samples sintered at 1500 °C are considered as appropriate candidates for

performing structure-property analysis.

Table 2 Molecular volume, relative density, theoretical relative permittivity (eteo.), Observed relative permittivity (er) and porosity-

corrected relative permittivity (erc) of (1-x)Li2ZrOs-xMgO ceramics sintered at 1500 °C

X Vi (A3) 7 (%) (g?(:c:;P) ( ;/2;;3) R.D. (%) & Ere Edreo.

161.4779(21) 94.34

0.5 3.98(0) 3.76(3) 94.5(7) 16.503)  17.84(3)  11.58(0)
116.0212(8) 5.66
161.9938(40) 74.95

0.6 3.95(0) 3.72(3) 94.2(7) 153822)  16.752)  11.48(0)
116.3572(8) 25.05

07  312.8730(66) 100.00 3.94(0) 3.66(3) 92.9(8) 14222)  15.732)  11.71(0)

075  116.6718(33) 100.00 3.90(0) 3.53(3) 90.5(8) 13.193)  15.143)  11.52(0)

0.8 135.3923(19) 100.00 3.86(0) 3.52(3) 91.2(8) 12.65(4)  14.34(5)  11.24(0)

Fig. 4 shows the backscattered electron images (BEI) of LioMgZrOs (x=0.5) and LisMg3Zr,O9 (x=0.6) ceramics

sintered at 1500 °C. It can be observed that two types of grains co-exist in these ceramics, which agrees well with the XRD



result shown in Fig. 3(a). In order to clarify the phase compositions for both grains, EDS is conducted in LisMg3Zr,O9
ceramic sintered at 1500 °C. Since the beryllium window tube of detector absorbs X-ray on lightweight elements, the Li
element in the ceramics cannot be detected in this work. The granular crystals exhibit a Mg-rich phase with an element ratio
of Mg:Zr:0=19.94:13.81:66.25, while those rod-like crystals exhibit a Zr-rich phase with a ratio of
Mg:Zr:0=19.25:16.10:64.65, indicating that a mixture of cubic and tetragonal phase can be formed at x=0.6. Secondary
electron images (SEI) of LisMg;Zr;016 (x=0.7), LixMg3ZrOs (x=0.75) and LixMgaZrO7 (x=0.8) ceramics sintered at
1500 °C are shown in Fig. 5. All the samples exhibit dense microstructures with homogeneous grains, which is inconsistent
with the relative density shown in Table 2. Since the oxide ceramics are poor conductors of heat, temperature gradient will
appear in the sintering process. As a result, the surface of the sample possesses higher density than that in the interior of

sample, which has been testified by the cross-sectional SEM micrographs shown in Fig. S4.

s

40um- - 40pm

Fig. 5 Secondary electron images (SEI) of (a) LisMg7Zr3O1s (x=0.7), (b) Li2MgsZrOs (x=0.75) and (c) Li2MgsZrO7 (x=0.8) ceramics

sintered at 1500 °C

The relative permittivity of (1-x)Li>ZrO3-xMgO ceramics sintered at different temperatures is shown in Fig. 6(a). The
&- values increase with the increasing relative densities (decreasing porosities) at lower sintering temperatures, while they

depend more on intrinsic factors such as chemical composition and crystal structure when they densified at 1500 °C. In



order to investigate effects of crystal structure on the dielectric characteristic of (1-x)Li»ZrO3-xMgO ceramics, the

Shannon’s additive rule is used to calculate ionic polarizability (atheo.)-
a,,, =2-2x)a(Li")+xa(Mg")+(1-x)a(Zr*)+(3-2x)a(0*) (4)

where a (Li"), a (Mg*"), o (Zr*") and o (O*) are the ions polarizabilities reported in Shannon’s literature [23]. Thereafter,

the theoretical relative permittivities are calculated by Clausius-Mossotti equation shown in Equ. 5 [24].

— 3I/m + 8ﬂ-atheo. (5)

& =
3y —dra

theo.

where Vi, is the calculated molar volume (see Table 2). Since there are two phases distributing in the LiMgZrO4 and
LisMg3Zr,O9 composite ceramics, the corresponding relative permittivities should be calculated by Lichtenecker
logarithmic rule [25].

Eneo. =V, In(g)) +v, In(s,) (6)

theo.
where v; and v, represent the volume fractions of tetragonal and cubic phases. a(Li;MgZrO4) and a(LixMg3ZrOg) are

temporarily used to define the theoretical ionic polarizabilities in composite materials. For the samples sintered at 1500 °C,

porosity-corrected permittivity (&) is calculated to eliminate the influence of porosity on the observed ¢, values.

obs. rc

Eps —E :5(51—% e

380[754 gl + 2gobs.

where ¢, is the observed relative permittivity, ¢; is permittivity of porosity (defined as 1), d was the fractional porosity.

17 19
(a) - (b)
" T 184 5
164 ”// L A
* spese s =17 En G - b e
215 ~N—— z TR, T ™
2 )~ > 16 ~—_ g
= = T S
= — e = e ~—
) S — e
) - o) e T .
e -— i
£ ol . Z |4 44(29.84%) ™
=13 a— x5 - — = ) .
o e x=0.6 .- = A(25.349%)
“—a 07 e B 131 AT.64%)  § e
- x=0.75 ' g B
12 4 X=08 | ¢ £ —x , AC1270%) b
12 |oAQLI2%
— . — —
11 T T T T T T T 1 ' v ' T : Ly )
1250 1300 1350 1400 1450 1500 1550 0.50 0.55 0.60 0.65 0.70 0.75 0.80
Sintering Temperature (°C) x value

Fig. 6 Relative permittivity of (1-x)Li2ZrOs-xMgO ceramics as a function of sintering temperature (b) Variation of theoretical relative
permittivity (emeo.), Observed relative permittivity (e-) and porosity-corrected relative permittivity (&) of (1-x)Li2ZrOz-xMgO ceramics

sintered at 1500 °C

The theoretical relative permittivity (emeo.), observed relative permittivity (e-) and porosity-corrected relative

permittivity (&) of (1-x)Li2ZrO3-xMgO ceramics sintered at 1500 °C are listed in Table 2, and the relationship between



dielectric permittivity and Li»ZrO3-MgO ratio is illustrated in Fig. 6(b). With the x value increasing from 0.5 to 0.8, the .
values linearly decreases from 17.84 to 14.34, and these values are slightly higher than the measured values (12.65-16.50),
implying that the dielectric characteristic is mainly dependent on intrinsic and structural factors. However, there is a
significant discrepancy between &0, and ¢ values with a deviation (4) more than 10%, which indicates that the peculiar
crystal chemistry of (1-x)Li,ZrO3-xMgO ceramics might enhance the relative permittivity beyond the value expected from
the Clausius-Mossotti equation. Similar results can be also observed in Li;Mg3;BOs (B=Ti, Sn, Zr) system reported in
previous works, and “structural change” such as local atomic motion or polyhedral distortion is considered the reason for
above deviations [12, 13, 23]. Indeed, the gap between eueo. and ¢, values gradually decreases from 29.84% to 11.12% with
the increasing x value. Since both the LiO¢ and (Mg,Zr)Os octahedra are distorted in tetragonal phase, the cation and anion
are more likely to move to adjust configuration at high frequencies, which might increase the relative permittivity of
LioxMgZrO4 and LisMg3Zr,O9 ceramics [26]. When the tetragonal phase has been transformed into cubic phase, “structural
changes” becomes less significant, and there might be less “rattling” or “compressed” cations with the increasing MgO
content.

Fig. 7(a) demonstrates the Q-f values of (1-x)Li»ZrO3-xMgO ceramics sintered at different temperatures. In general,
several factors lead to the dielectric loss in the microwave range and these factors can be divided into two parts: intrinsic
loss and extrinsic loss [2, 27]. In this work, the extrinsic losses are caused by porosity, second phases, defects or
microcracks, while the phase composition or internal vibrations will be contributed to the intrinsic loss. As shown in Fig.
7(a), all curves of Q-f values exhibit similar trends with those of apparent densities, which indicates the strong relevance
between porosity and dielectric loss at lower temperature. It is worth mentioning that both the Li,MgZrO4 and LisMg3Zr,O9
ceramics possess multiphase, and some microcracks can be observed on the surface of LioMgZrO4 sintered at 1500 °C.
Therefore, it is difficult to determine the contribution of different types of loss mechanisms to Q-f values under the above
situation. Once the x value is higher than 0.7, the difference between Q-f values for ceramics sintered at 1500 °C is mainly
caused by varied intrinsic factors, because they possess single phase as well as similar lower porosities. It is reported that
higher bond energy can stabilize the crystal structure and the Q-f'values might be predicted by the variation of bond energy
[28, 29]. According to the chemical bond and the electronegativity theory, the individual bond energy in cubic-structured

ceramics is calculated and divided into ionicity part and covalence part [30-32].

Ef =t E¥+tE"! (®)



(r., +rB)

Ef =~4 B2 (F E, )" (KJ/mol) )
E —1383088(10/ ol) (10)

where rc4 and rcp are the covalent radii, £4.4 and Ep_p are the homonucler bond energy obtained from the handbook of bond
energies [33]. As for . and #, these values are defined as covalent and ionic proportional coefficient in individual bond and
calculated as following equations.

L+t =1 (In

(12)

where Sa and Sg are the electronegativities of A and B ions. The calculated results are listed in Table S1 and the correlation
among Li-O, Zr-O, Mg-O bond energies and Q-f values of (1-x)Li>2ZrO3-xMgO ceramics is demonstrated in Fig. 7(b). As
shown in Table S1, the Zr-O bond has the largest covalent bond energy, with about 390 KJ/mol, followed by Ti-O bond
(about 210 KJ/mol), while the energy in Li-O bond is the lowest, with only about 71 KJ/mol. Since all types of bonds
possess same length, there is no change in the ionicity energies at the specified chemical composition. With the x value
increasing from 0.7 to 0.8, the bond length in (1-x)Li2ZrO3;-xMgO ceramics gradually decreases from 2.1383 A to 2.1306 A,
resulting in an upward tendency of bond energy in all typical bonds. Thus, it can be speculated that the addition of MgO
increases the stability of individual bonds and decreases the diclectric losses in cubic structured (1-x)Li>ZrO3-xMgO

ceramics.
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Fig. 7 (a) Q-f values of (1-x)Li2ZrOs-xMgO ceramics as a function of sintering temperature (b) Relationship among Li-O, Zr-O, Mg-O
bond energies and Q-f'values of LisMg7Zr3O1s (x=0.7), Li2MgsZrOs (x=0.75) and Li-MgsZrO7 (x=0.8) ceramics sintered at 1500 °C

Fig. 8 discusses the correlation between MgO content and temperature coefficients of resonant frequency (zy) of (1-

x)Li12ZrO3-xMgO ceramics sintered at 1500 °C. The 7y value is defined as the combination of coefficient of dielectric

10



constant (z;) and the thermal expansion coefficient («), while the latter can be neglected due to their lower coefficient
(la|<10 ppm/°C) [34]. As shown in Fig. 8, the 7y value linearly decreases from -21.96 ppm/°C at x=0.7 to -34.66 ppm/°C at
x=0.8. According to the data obtained from the handbook of bond energies, a sequence of the dissociation energies of Eng-
Mg(11.3kJ/mol) < Erii(105.0kJ/mol) < Ez:.z(298.2kJ/mol) can be identified. Thus, in spite of the increasing individual bond
energy shown in Table S1, the addition of MgO significantly decreases the total bond energies of unit cell and influences
the 7y values in cubic-structured Li>ZrO3-MgO ceramics. The zr value of LisMg3ZrO9 (x=0.6) is slightly lower than that of
LisMg7Zr3016 (x=0.7), which indicates that the phase composition plays a certain role in affecting the temperature stability
of the ceramics. The above explanation needs to be further discussed by more precise experiments, which are beyond the

study in this work.
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Fig. 8 Temperature coefficients of resonant frequency (zy) of (1-x)Li2ZrOs-xMgO ceramics sintered at 1500 °C and corresponding total

bond energy in unit cell

4. Conclusion

(1-x)Li2ZrO3-xMgO (x=0.5, 0.6, 0.7, 0.75 and 0.8) ceramics were successfully prepared by the conventional solid-state
method. The XRD and EDS analysis demonstrates that multiphase can co-exist in the x=0.5-0.6 composition, and single
phase with cubic structure appears in the case of x>0.7. Changes in the microwave dielectric properties are caused by the
transformation of the microstructure as a crucial intrinsic factor. The lower polarizability of Mg?" in comparison with Zr**
results in the decrease in relative permittivity, while the local atomic motion or polyhedral distortion might cause a
significant deviation between & and & values. The changed crystal structure can be explained by the variation of
individual bond energy, which plays a major role in affecting the Q-f value. Although the addition of MgO enhances
stability of individual bond, the downward tendency in the total bond energies of unit cell is considered as a main factor in

the decrease of the 7y values. In addition, the microwave dielectric properties are also affected by extrinsic factors such as

11



apparent density, second phases and microcracks. All the ceramics possess more than 90% theoretical density at 1500 °C
with excellent microwave dielectric properties of ~12.5-16.5, Q:f~77,000-166,000 GHz and z~-10 ppm/°C to -35 ppm/°C.
In addition, a good combination of properties can be found in LiobMgsZrO; ceramics sintered at 1500 °C (¢~=12.65,
Q:/=165,924 GHz and z=-34.66 ppm/°C), indicating that the system is a suitable candidate for further investigation or

industrial applications.
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