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A B S T R A C T

Novel high-entropy Li2(Mg0.2Mn0.2Co0.2Ni0.2Zn0.2)2Mo3O12 ceramics (LAM) were prepared by solid-phase re
action method. LAM ceramics have a pure phase with a single orthorhombic structure and a space group of Pnma 
(62). The grain size increases gradually with the increase of sintering temperature and the distribution of each 
solid solution element is uniform. The ceramic samples sintered at 625 ◦C have excellent microwave dielectric 
properties (εr = 9.82 ± 0.13, Q × f = 20,514 ± 261 GHz, τf = − 67.74 ± 1.63 ppm/◦C) and are analyzed in 
conjunction with the P-V-L theory for microwave dielectric properties. In addition to this, the high entropy 
design increases the Vickers hardness and compressive strength of LAM ceramics to 4.54 ± 0.13 GPa and 441 ±
34 MPa, respectively.

1. Introduction

With the rapid development in the field of electronics and informa
tion technology, the demand for ceramic dielectric materials has risen 
dramatically, aiming at achieving product miniaturization, high pack
aging density, and reduced production costs [1,2]. In this context, 
low-temperature co-fired ceramic (LTCC) technology stands out as the 
main approach to realize solutions for high-density integrated wiring 
and packaging strategies, especially for system applications at high 
frequencies (typically ranging up to the microwave region) [3]. In order 
to further reduce cost and save energy, ultra-low temperature co-fired 
ceramic (ULTCC) technology has been developed based on LTCC tech
nology [4]. ULTCC is sintered at temperatures lower than 700 ◦C, which 
enables matched co-firing with cheaper and more readily available 
metallic Al electrodes [5]. Ultra-low temperature co-fired ceramics 
(ULTCC) enable electronic components with both high performance and 
low cost, which is particularly suitable for the future generation of 
telecommunications [6].

Conventional ULTCC technology requires ceramics with low dielec
tric constant (εr, to improve the signal transmission rate), high quality 
factor (Q × f, to reduce the power consumption of microwave devices) 
and near-zero temperature coefficient of resonance frequency (τf, to 
improve the temperature independence of microwave devices) [7–9]. 
The current commercial mainstream of LTCC and even ULTCC systems is 

based on the glass-ceramic system, and although glass-ceramic has a low 
sintering temperature, the microwave dielectric properties are relatively 
poor [10]. Chen et al. [11] prepared low-melting Na2O-K2O-SiO2-
B2O3-Al2O3-P2O5 glass by the fusion method and composite with quartz 
to prepare glass with a dielectric constant of 6.51, a loss of 8 × 10− 3, and 
a flexural strength of 82 MPa glass-ceramic. Gao et al. [12] prepared 
xZnO-(100-x) B2O3 (x = 45–64 mol%) microcrystalline glass for ULTCC 
by solid-phase reaction method. 55 ZnO-45 B2O3 glass-ceramics sintered 
for 5 h at 640 ◦C exhibited the best microwave dielectric properties εr =

6.09, Q × f = 20,389 GHz, τf = 14 ppm/◦C and a Vickers hardness of 625 
kgf/mm2. Although they meet the ULTCC sintering temperature stan
dard (Sintering temperature is abbreviated as ST, ST < 700 ◦C), their 
mechanical properties are far from those required for applications under 
extreme conditions. Molybdate system microwave dielectric materials 
have excellent microwave dielectric properties, but there are fewer 
ceramic types with sintering temperatures less than 700 ◦C [13–18]. 
Li2Mg2Mo3O12 ceramics have excellent microwave dielectric properties 
(εr = 9.26, Q × f = 58,583 GHz, and τf = − 51 ppm/◦C) and low sintering 
temperature (ST = 650 ◦C) to fulfill the performance requirements of 
ULTCC [19]. Nevertheless, Li2Mg2Mo3O12 ceramics also suffer from 
poor mechanical properties and are prone to mechanical failure when 
applied under extreme conditions [20]. Therefore, it is not enough for 
ULTCC materials applied under extreme conditions to have excellent 
microwave dielectric properties, but they should also have good 
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mechanical properties to improve the reliability of the devices and 
prolong their service life.

In recent years, high-entropy ceramics have become a research 
hotspot in many fields such as energy storage, thermoelectricity and 
batteries because of their unique properties [21,22]. In addition to this, 
high entropy ceramics can improve mechanical properties by severe 
lattice distortion [23]. Corlett et al. [24] successfully prepared (Co, Cu, 
Mg, Ni, Zn)Al2O4 ceramics with Vickers hardness greater than 10 GPa by 
hot press sintering at 1375 ◦C. Lin et al. [25] prepared high entropy Sr 
(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)AlO4 ceramics with layered perovskite 
structure by using solid-phase reaction method, and utilized the high 
entropy effect to increase the compressive strength from 583 MPa to 
1040 MPa. It can be seen that the high entropy effect can also effectively 
improve the mechanical properties of ceramics.

This study employs a high-entropy design to improve the mechanical 
properties of Li2Mg2Mo3O12 ceramics and enhance their reliability 
under extreme conditions. By calculating the ionic radius difference 
(ΔR) and the entropy value (ΔSsite), five types of A2+ ions (A =
Mg0.2Mn0.2Co0.2Ni0.2Zn0.2) were selected to occupy the Mg lattice sites 
(calculation formulas and results can be found in Eqs. S1-S2 and 
Table S1), thereby inducing lattice distortion to balance the microwave 
dielectric and mechanical properties.

2. Experimental

Li2(Mg0.2Mn0.2Co0.2Ni0.2Zn0.2)2Mo3O12 ceramics were prepared by a 
solid-phase method using Li2CO3, MgO, MnO, CoO, NiO, ZnO, and MoO3 
as raw materials with a purity of greater than 98.5 % (all the raw ma
terials used were from Aladdin), and were weighed according to stoi
chiometry. The raw materials were ball milled for 6 h, dried, and then 
calcined at 500 ◦C for 6 h. The calcined powder was ball milled for 
another 6 h, dried, sieved, and added to PVB (Polyvinyl Butyral) for 
granulation (ball milling media: ZrO2, ball weight ratio of 8:1, rotation 
speed 450 rpm). The granulated powder was then pressed into cylin
drical billets with a diameter of 12.7 mm and a thickness of 7 mm at a 
pressure of 5 MPa, and put into a vacuum-sealed bag and subjected to a 
cold isostatic pressure of 200 MPa. Finally, the sintering was carried out 
for 3 h at 575–675 ◦C.

The density of the ceramic samples was determined by Archimedes’ 
method and the results are shown in Table S1. The crystalline phases of 
the ceramic samples were detected by X-ray diffraction (XRD, Cu Kα- 
radiation, 40 mA, 40 mV, 0.01◦, 2θ = 10◦–70◦, Bruker), and use GXAS-II 
software to perform Rietveld refinement on XRD data to obtain lattice 
parameter information. The theoretical density (ρth) of the ceramic 
samples was calculated by bringing the calculated cell volume into Eq. 
(1): 

ρth =
AZ
VN

(1) 

where A is the relative atomic mass, Z is the number of atoms in the 
single cell, V is the volume of the cell, and N is Avogadro’s constant. The 
relative density (ρrel) were then calculated by combining Eq. (2): 

ρrel =
ρbu

ρth
(2) 

ρbu and ρrel are the bulk density and relative density of the ceramic 
samples, respectively. The microstructure of the ceramic samples was 
examined using a scanning electron microscope (SEM, Zeiss, Oberko
chen, Germany) and the grain size of the ceramics was counted using the 
Nano Measurer software. The microwave dielectric properties of the 
samples were tested by an Agilent Keysight E5063A network analyzer 
with resonance frequencies between 11.3 and 12.5 GH, and the τf of the 
ceramics was calculated by the following equation: 

τf =
fT2 − fT1

fT1(T2 − T1)
(3) 

where fT1 and fT2 denote the resonant frequencies at T1 (25 ◦C) and T2 
(85 ◦C).

3. Results and discussion

The XRD detection results of LAM ceramics at each sintering tem
perature are shown in Fig. 1. It can be observed that the LAM ceramics 
assay results at each sintering temperature coincide with the Li2Mg2

Mo3O12 standard PDF card, which all show a single orthorhombic phase 
structure. Fig. 1(b) shows that the strongest diffraction peaks of LAM 
ceramics show a left-right swaying shift with increasing sintering tem
perature, which suggests that the cell volume of LAM ceramics exhibits 
an increasing-shrinking floating change with increasing sintering tem
perature. In Fig. 1(c) of the LAM structure, A2+ and Li + are distributed 
in a variety of coordination environments, including low-symmetry 
[Li0.341/A0.659O6]1 and highly distorted [Li0.471/A0.529O6]2 octahedral 
centers (8d and 4c Wyckoff loci) as well as edge-sharing triangular 
prisms [Li0.21/A0.79O6]3 (4c Wyckoff loci). Mo6+ occupies two different 
[MoO4] tetrahedral centers (4c and 8d Wyckoff point positions), and 
each [MoO4] tetrahedron is connected to three different [Li/AO6] 
polyhedra [19]. To further investigate the crystal structure of the 
high-entropy ceramics at each sintering temperature, the XRD data were 
subjected to Rietveld refinement to obtain the lattice parameters and 
theoretical densities (Table 1). The cell volume increases gradually with 
the sintering temperature, but the cell volume of the ceramic samples 
decreases abnormally when the sintering temperature reaches 675 ◦C. 
Fig. 3(f) also shows a small amount of amorphous or poorly crystallized 
microparticles at grain boundaries, further demonstrating the precipi
tation of Li [26]. A2+ and Li + occupy the polyhedral centers together, 
and the ionic radius of Li+ (CN = 6, r = 0.76 Å) is larger than the A2+ ion 
average radius (CN = 6, rave = 0.694 Å) [27], the Li+ ion content de
creases, and the polyhedral volume decreases accordingly, resulting in a 
lower cell volume.

Fig. 2(a–e) shows the microscopic morphology of LAM ceramics at 
each sintering temperature (Fig. S1 shows the statistical data of grain 
size), and Fig. 2(f) shows the variation of the average grain size with 
sintering temperature. It can be found that the sintering is more dense 
and the grain size increases gradually with the sintering temperature. 
When the sintering temperatures (ST) were 575 ◦C and 675 ◦C, signifi
cant porosity was present in the ceramic samples. At 575 ◦C, the pres
ence of porosity is mainly attributed to the low sintering temperature 
which does not meet the densification requirement, while at 675 ◦C, the 
presence of porosity is mainly attributed to the high sintering temper
ature which causes the billet to be overcooked. Fig. 2(f) shows that the 
average grain size increases abnormally at 675 ◦C, which further proves 
that the sintering temperature is too high, resulting in secondary 
recrystallization of LAM ceramics.

To further verify the uniformity of the distribution of each solid- 
solution element, EDS energy spectroscopy was performed on the 
ceramic samples sintered at 625 ◦C, and the results are shown in Fig. 3. 
Fig. 3(b) shows that the distribution of each element is uniform without 
obvious aggregation and segregation.

To further investigate the influence of intrinsic factors on the mi
crowave dielectric properties of LAM ceramics, we use the P-V-L theory 
to calculate the ionicity (fi) and lattice energy (U) of the bonds and 
discuss the influence of both on the microwave dielectric properties of 
ceramics. The complex bond decomposition theory was first utilized to 
decompose LAM into the following dibond expression [28]:

Li2A2Mo3O12=Li/A(1)1/3O(1)2/3+Li/A(1)1/3O(3)1
2/3+Li/A(1)1/3O 

(3)2
2/3+Li/A(1)1/3O(4)2/3+Li/A(1)1/3O(6)1

2/3+Li/A(1)1/3O(6)2
2/3+Li/A 

(2)1/6O(2)1
1/3+Li/A(2)1/6O(2)2

1/3+Li/A(2)1/6O(5)11/3+Li/A(2)1/6O 
(5)2

1/3+Li/A(3)1/3O(1)2/3+Li/A(3)1/3O(7)1
2/3+Li/A(3)1/3O(7)2

2/3+Mo 
(1)1/4O(2)1/3+Mo(1)1/2O(3)2/3+Mo(1)1/4O(4)1/3+Mo(2)1/2O(1)2/ 

3+Mo(2)1/2O(5)2/3+Mo(2)1/2O(6)2/3+Mo(2)1/2O(7)2/3
Calculations of fi for LAM ceramics were carried out according to the 
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Fig. 1. (a) XRD spectra of LAM ceramics at various sintering temperatures, (b) magnification of the strongest diffraction peak of LAM ceramics, and (c) Rietveld 
refinement results of XRD data and schematic diagram of LAM crystal structure.

Table 1 
Lattice parameters, theoretical density and bulk density of LAM ceramics at each sintering temperature.

ST (◦C) a (Å) b (Å) c (Å) V (Å3) α = β = γ(◦) ρth (g⋅cm− 3) Rp (%) Rwp (%)

575 5.12146 10.47995 17.61886 945.652 90 4.2060 7.3 9.8
600 5.12001 10.47801 17.61538 945.021 90 4.2088 6.1 8.3
625 5.12235 10.48216 17.62216 946.191 90 4.2036 6.8 8.8
650 5.12462 10.48730 17.63165 947.586 90 4.1974 7.4 9.3
675 5.11901 10.47501 17.61395 944.489 90 4.2112 6.9 9.1

Fig. 2. SEM photographs of LAM ceramics at various sintering temperatures.

Fig. 3. SEM photo and EDS energy spectrum detection of LAM ceramics sintered at 625 ◦C.
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P-V-L theory [29,30]: 

fμ
i =

(Cμ)
2

(
Eμ

g

)2 =
(Cμ)

2

(
Eμ

h

)2
+ (Cμ)

2 (4) 

(
Eμ

h

)2
=

39.74
(dμ)

2.48 (5) 

Cμ = 14.4bμ exp
(
− kμ

s r
μ
0
)[
(Zμ

A)
*
−

n
m
(Zμ

B)
*]/

rμ
0 (6) 

where dμ is the bond length and the polarization energy of the chemical 
bond (Eμ

g ) is divided into an anisotropic part (Cμ) and a homopolar part 

(Eμ
h). 

(
Zμ

A
)* and 

(
Zμ

B
)* are the effective number of valence electrons on 

cation A and anion B, respectively: 

U=
∑

μ

(
Uμ

bc +Uμ
bi

)
(7) 

Uμ
bc =2100m

(
Zμ
+

)1.64

(dμ)
0.75 fμ

i (8) 

Uμ
bi =

1270(m + n)Zμ
+Zμ

−

dμ

(

1 −
0.4
dμ

)

f
μ

i
(9) 

where Uμ
bc and Uμ

bi represent the covalent and ionic parts of the lattice 
energy, respectively, and Zμ

− and Zμ
+ represent the valence states of the 

ions. Fig. 4 demonstrates the average ionicity and lattice energy per
centage of each bond of LAM ceramics at 625 ◦C. From the figure, it can 
be found that the ionicity and lattice energy of the Li/A-O bond are 
significantly lower than those of the Mo-O bond, which indicates that 
the influence of the Mo-O bond on the microwave dielectric properties 
dominates.

It is well known that the microwave dielectric properties of ceramic 
specimens are affected by a variety of external factors including, but not 
limited to, variations in porosity, second phase and grain size [31]. In 
order to avoid the influence of external factors on the dielectric constant 
as much as possible, Eq. (11) was used to correct the relative dielectric 
constant [32,33]: 

εcorr = εr(1+ 1.5P) (10) 

where P is the porosity, ρrel is the relative density of the ceramic sample, 
and εr and εcorr are the relative permittivity (results are shown in 
Table S1) and the porosity-corrected permittivity (results are shown in 
Fig. 5), respectively. Fig. 5 shows εcorr and fi for LAM ceramics. εcorr 
varies in much the same way as fi, and the following relationship exists 
between the two [34]: 

εr =
n2

r − 1
1 − fi

+ 1 (11) 

where nr is the refractive index. The P-V-L theory is studied for crystals, 
and idealized crystals do not have pores. So when the P-V-L theory is 
applied to the study of ceramic materials, the relative constant (εr) often 
represents the Pore-corrected dielectric constant (εcorr). The more ionic 
the chemical bond, the stronger the polarization of the bond and the 
higher the corresponding dielectric constant.

The bond-averaged ionicity and lattice energy calculations for LAM 
ceramics at all sintering temperatures are shown in Figs. 5 and 6.

Fig. 6 shows the variation of quality factor (Q × f), U and relative 
density of LAM ceramics at different sintering temperatures. From the 
figure, it can be found that the Q × f firstly increases from 18,434 GHz to 
21,460 GHz and then decreases to 18,025 GHz, and the relative densities 
firstly increase and then decrease, and all of them are above 92 %. The 
trends of the Q × f and the relative densities are more or less the same, 
but there is a big difference in the trends of Q × f and relative density at 
the sintering temperature of 650 ◦C. This is due to the decrease of the 
lattice energy. On the one hand, it is due to the decrease of lattice en
ergy, which leads to the great difference in the trends of the two. The 
higher the lattice energy, the more stable the crystal structure is, and the 
corresponding Q × f value is higher. On the other hand, it is due to 
changes in the grain size. When the average grain size increases and the 
number of grain boundaries decreases, the degree of phonon scattering 
at the grain boundaries is reduced, which helps to improve the Q × f 
value. However, an abnormal increase in grain size will deteriorate the 
Q × f value, which is caused by an excessively high ceramic sintering 
temperature. Fig. 2 shows that when ST > 625 ◦C, the grain dispersion 

Fig. 4. Percentage of fi and U for each chemical bond for sintered LAM ceramics at 625 ◦C.

Fig. 5. Dielectric constant (εr), pore-corrected dielectric constant (εcorr) and fi 
of LAM ceramics at various sintering temperatures.
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increases rapidly, which negatively affects the Q × f value.
The resonant frequency temperature coefficient (τf) is a key param

eter of microwave dielectric ceramics, which determines the tempera
ture stability of microwave dielectric ceramics [35]. In this study, the 
resonant frequency temperature coefficient of LAM ceramics is exam
ined, and τf floats between − 76.19 and − 61.11 ppm/◦C. The results are 
shown in Fig. 7. To further analyze the influencing factors of τf, the total 
bond valence (Vij-total) and [Li/AO6] oxygen octahedral average torsion 
(Δoct) were calculated using Eqs. (13)–(15) [36,37]: 

Vij− total =
∑

vij (12) 

vij = exp
(

Rij − dij

n

)

(13) 

Δoct =
1
6
∑

(
Ri− O − Rave

Rave

)2

(14) 

where vij is the bond valence of ion i and ion j forming an ionic bond; dij 
is the bond length; Rij is the bond valence parameter; n is the constant 
0.37; Ri-O is the bond lengths of atoms i and O in the [Li/AO6] oxygen 
octahedron, and Rave the average bond lengths, and the results of the 
calculations are shown in Fig. 7. The variation trend of Δoct is basically 
the same as that of τf, while Vij-total and τf show a negative correlation. 
The relationship between the change of Δoct and τf is in general agree
ment with the results of Li et al. [38]. The bond valence theory indicates 
[36] that the higher the bond valence, the higher the energy required to 

recover the oxygen polyhedral deformation, which ultimately leads to a 
decrease in τf, which is consistent with the results of this study. At a 
sintering temperature of 675 ◦C, the magnitude of τf change in LAM 
ceramics is significantly different from the magnitude of Vij-total and Δoct 
change, which may be due to the high sintering temperature.

Table 2 demonstrates the ULTCC materials reported in recent years. 
The LAM ceramics in this work have high Q × f values and more near- 
zero τf compared to the reported ULTCC materials with low dielectric 
constants. It can be seen that the LAM ceramics are very promising 
candidates for ULTCC.

Fig. 8 (a, b) shows the comparison of the Vickers hardness and 
compressive strength of LAM ceramics and Li2Mg2Mo3O12 ceramics at 
each sintering temperature. The Hv and σ of LAM and Li2Mg2Mo3O12 
ceramics both show a trend of first increasing and then decreasing as the 
sintering temperature rises. When the sintering temperature is 575 ◦C, 
the Hv and σ of the LAM ceramics are the minimum values, which are 
2.54 GPa and 300 MPa, respectively. When the sintering temperature is 
raised to 625 ◦C, the Hv and σ of the LAM ceramics reach their maximum 
values, which are 4.54 GPa and 441 MPa, respectively. As the sintering 
temperature of the LAM ceramics is further increased, both the Hv and σ 
decrease. From the figure, it can be seen that the Hv and σ of LAM ce
ramics are significantly higher than those of Li2Mg2Mo3O12 ceramics. 
The Mg sites in LAM ceramics are occupied by ions with five different 
ionic radii, which will inevitably cause severe lattice distortion, thereby 
hindering the strain inside the lattice under external forces, suppressing 
transgranular fracture, and improving the mechanical properties of LAM 
ceramics. This is due to the severe lattice distortion effect caused by the 
high entropy LAM ceramic.

The Hv and σ of the LAM ceramics follow much the same trend as the 
relative densities, but there is a significant difference at the sintering 
temperature of 650 ◦C. According to Hall-Petch relationship [45,46], the 
following relationship exists between yield strength and grain size: 

σy =σ0 + k⋅G−
1
2 (15) 

where σy denotes the yield limit of the material, representing the value 
of the stress at which 0.2 % permanent residual deformation of the 
material occurs, σ0 denotes the lattice frictional resistance, k is a con
stant, and G is the average grain size of the sample. Ehre et al. [47] 
showed that the hardness can be used in place of the σy, which also 
conforms to the Hall-Petch relationship. It can be seen that the incon
sistency between the change in relative density and mechanical prop
erties at a sintering temperature of 650 ◦C is due to the increase in grain 
size at this sintering temperature. According to Eq. 16, the larger the 
grain size, the worse the mechanical properties. The smaller the grain 
size, the more the proportion of grain boundaries in ceramics, the more 
the dislocations will be hindered by the grain boundaries during their 
movement, and the greater the stress required for the corresponding 
dislocation slip.

4. Conclusions

High entropy design is used to improve the mechanical properties of 

Fig. 6. Quality factor (Q × f), U and relative density of LAM ceramics at various 
sintering temperatures.

Fig. 7. Temperature coefficient of resonance frequency (τf), total bond valence 
(Vij-total), and oxygen octahedral average torsion (Δoct) of LAM ceramics at 
various sintering temperatures.

Table 2 
Microwave dielectric properties and sintering temperature (S.T.) of ULTCC 
materials.

Sample εr Q×f (GHz) τf (ppm/C) S.T. Ref.

ZnO-B2O3 6.09 20,389 14 640 ◦C [12]
Cu3Mo2O9 7.20 19,300 − 8 660 ◦C [39]
Li2O-CoO-WO3 8.42 18,500 − 46 600 ◦C [40]
3Li2O-Bi2O3-6P2O5 6.80 16,900 − 71 625 ◦C [41]
CuO-B2O3-Li2O 5.84 10,120 − 33 625 ◦C [42]
CaO-ZnO-B2O3-P2O5 4.32 16,820 − 27 740 ◦C [43]
BiZn2VO6 8.90 13,000 − 97 600 ◦C [44]
LAM 9.82 21,460 − 68 625 ◦C This work
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LAM ceramics. The results show that the best mechanical properties of 
LAM ceramics (Hv = 4.54 GPa, σ = 441 MPa) are significantly better 
than the best mechanical properties of Li2Mg2Mo3O12 ceramics (Hv =

3.53 GPa, σ = 390 MPa). This suggests that it is feasible to use high 
entropy design to improve the mechanical property performance 
method in LAM ceramics. In addition to this, the microwave dielectric 
properties of LAM ceramics were investigated and the best microwave 
dielectric properties of LAM ceramics were obtained when ST = 625 ◦C 
(εr = 9.82, Q × f = 20,514 GHz, τf = − 67.74 ppm/◦C). The microwave 
dielectric properties of LAM ceramics are strongly influenced by external 
factors, especially the relative density and grain size. The results show 
that the effect of Mo-O bonds on the microwave dielectric properties is 
significantly higher than that of Li/A-O bonds. εcorr floats are mainly 
attributed to the change in the average fi of the bonds, and the decrease 
in the Q × f value of the LAM ceramics at ST = 650 ◦C is due to the 
decrease in U. The floating of τf is mainly due to Vij-total variation.
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