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Abstract 

At extremely low temperatures, Ag2CaV4O12 was easily synthesised using the traditional solid-

state approach. With a low relative permittivity (εr) of 7.52 and a high quality factor (Qxf) of 48,800 

GHz (f = 13.6 GHz) and a temperature coefficient of resonance frequency (τf) of -77.4 ppm/°C, dense 

ceramics sintered at 480 oC with outstanding microwave dielectric characteristics were attained. By 

combining with rutile TiO2, a composite ceramic with balanced microwave dielectric properties (τf = 

3.2 ppm/°C, εr = 10.96, and Q×f = 49,081 GHz) were achieved. No chemical reaction between 

Ag2CaV4O12 and silver and aluminum occurred. All of the findings show that Ag2CaV4O12 has the 

potential to be used as dielectric resonances in wireless communications and as substrates in low-

temperature cofired ceramics. Furthermore, the processing at an ultralow temperature of Ag2CaV4O12 

shows that it is extraordinarily energy saving from the point of view of fabrication and might allow for 

room-temperature synthesis by combining with high-energy mechanical milling or sintering using high 

pressure such as hot isostatic pressing (HIP), spark plasma sintering (SPS), and cold sintering (CS). 

Keywords: Ceramics; Dielectric properties; Low-temperature synthesis; Low-temperature cofired 

ceramics 
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Introduction 

Due to their extensive applications in dielectric resonances, filters, oscillators, and antennas, 

microwave dielectric materials have been regarded as the main components in wireless communication 

1-3. The Internet of Things (IoT) and 5th generation telecommunications have increased the demand 

for microwave dielectric materials in recent years4-6. Among them, miniaturization is still an 

indispensable demand which is driving the manufacturing of microwave dielectric materials. High 

permittivity (εr) is considered advantageous to achieve miniaturization 1 as the device size is directly 

proportional to εr
-1/2. High dielectric loss and a substantial temperature coefficient of permittivity are 

prevalent in high permittivity materials 7-9, compromising frequency selection and thermal stability 

and restricting their practical applications. On the other hand, the multilayer cofired ceramic 

technologies provide viable miniaturization solutions by paralleling the dielectric tapes layer by layer 

to gain equivalently high permittivity. In this respect, the manufacturing of modern microwave devices 

relies heavily on low-temperature cofired ceramic technology (LTCC) 2, 10-11. The dielectric materials 

utilized in these technologies should have appropriate dielectric properties and chemical compatibility 

with electrodes (such as Cu and Ag) 10. Sintering temperatures lower than the melting points of the 

electrodes (e.g., 1084 oC for copper) are one of the success criteria for LTCC ceramics so they can be 

co-fired with the electrodes. To lower the sintering temperature of LTCC microwave ceramics, glasses 

or oxides having low melting points are added. The recent proposition of inexpensive aluminum 

electrodes (with a melting point ~ 660 oC) to replace silver and copper has prompted the emergence 

and rapid development of the so-called ULTCC (ultra-low temperature cofired ceramic). The sintering 

temperatures in ULTCC are generally lower than 700 oC to achieve consolidation and avoid electrode 

melting. The shift from LTCC to ULTCC poses a new challenge to discover new materials that can be 
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sintered below 700oC and have good chemical compatibility with Al. 

To date, some materials with low sintering temperatures (around 700 oC) have been synthesized, 

the bulk of which are tungstates, tellurates, vanadates, molybdates, together with various alloying 

additions such as Li, Na, and K 12-17. For LTCC applications, several combinations of the above-

mentioned chemicals have been studied. Out of those systems, the Ag2O-CaO-V2O5 system is the most 

appealing because it has two low-melting-point constituents, making it an attractive choice for a low-

firing material system for ULTCC. Interestingly, only one compound Ag2CaV4O12 exists in the Ag2O-

CaO-V2O5 system according to the phase diagram. Researchers mainly focused on optical and 

photocatalytic properties of Ag2CaV4O12 18, while the dielectric properties have not been studied before 

to the best of our knowledge.  

 

Figure 1 

The crystal structure of Ag2CaV4O12 is depicted in Figure 1 (a-c), along with the corresponding 

coordinated polyhedral with oxygen. There are three different types of polyhedra: (i) V5+ cations are 

four-coordinated with oxygen via corner-sharing to form a tetrahedron. Four such corner-sharing VO4 

tetrahedra formed a hollow channel along the c-axis. (ii) Ag+ cations are six-coordinated with oxygen 

forming an octahedron that separates from each other but is connected with the adjacent tetrahedra via 

edge-sharing. (iii) Ca2+ cations are eight-coordinated with oxygen forming a dodecahedron, which is 

corner-connected with the tetrahedron (VO4) and edge-connected with the octahedron (AgO6). As a 
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result, it enticed us for the first time to investigate the microwave dielectric and low sintering 

temperatures of Ag2CaV4O12. 

We developed a novel ultralow-temperature-firing ceramic, Ag2CaV4O12, based on these factors, 

and investigated its potential applicability in ULTCC technology. In the microwave frequency regime, 

the sintering behavior and structure-property relationship were examined, together with the chemical 

compatibility with aluminum and silver. 

 

Experimental procedures 

Ag2O, CaCO3, and V2O5 (all reagents have a purity of 99.9%) were used as raw materials to 

synthesize Ag2CaV4O12 ceramics through a conventional solid-state sintering route. The raw materials 

were weighed depending upon the stoichiometric ratio and mixed using ethyl alcohol and ZrO2 balls 

in nylon containers for 6 h in a planetary ball mill. After milling, the slurries were kept at 120 °C to 

dry followed by calcination at 300 °C for 6 hours. After calcination, the powders were re-milled to 

break the agglomerates and 5 wt.% PVA was added as a binder as a sintering aid. Finally, the mixture 

was cold pressed into pellets having Φ10×6.5 mm under 10 MPa. To optimize the densification of 

Ag2CaV4O12 the sintering process was carried out in the temperature range from 420-500 oC with an 

increment of 20 oC. 

Archimedes' principle was used to measure the bulk density of sintered ceramic. The crystal 

structure and phase purity were analyzed using X-ray diffraction (CuKα1, 1.54059 Å, Model X’Pert 

PRO, PANalytical, Almelo, Holland). The relative density can be calculated as follow: 

mea
re

th

= 100%ρρ
ρ

×               (1) 

where, the ρmea represents the bulk density obtained via the Archimedes principle, and the ρth is the 
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theoretical density that is calculated based on the XRD data. High-resolution transmission electron 

microscopy (HRTEM) (JEM-2100F) at an accelerating voltage of 200 kV was used together with 

selected area electron diffraction (SAED) to analyze the samples. Filed emission scanning electron 

microscope (FE-SEM).was used to examine the surface morphologies of the samples. The dielectric 

properties such as relative permittivity (εr), quality factor (Q×f) at microwave frequency, the 

temperature coefficient of resonant frequency (τf), and IR spectra were measured using the techniques 

mentioned in our earlier reports.19  

 

Results and discussion 

 

Figure 2 

XRD spectra of the powders calcined at various temperatures (from 150-500 oC) are shown in 

Figure 2. For comparison, the XRD pattern of the ball-milled sample is also shown. Interestingly, the 

ball-mixed precursors (uncalcined) contained Ag2CaV4O12 as a dominant phase (JCPDS No. 42-0095) 

with minor unreacted CaCO3. This is unexpected but might origin from the driving force (like frictional 
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and gravitational force, heat effect) from ball milling caused by high rotate speed. To rule out the high 

energy offered by ball milling and get deep insight into the phase formation of Ag2CaV4O12, a 

comparative experiment was designed via hand grinding of the raw materials. As shown in 

Supplementary information Figure S1, the hand-ground powders with low-temperature heat treatment 

(at 50 oC, 100 oC, and 150 oC) formed the Ag2CaV4O12 phase. Ag2CaV4O12 can be formed just via ball 

milling and low-temperature heating after hand grinding, revealing its low reaction entropy. 

With increasing the calcination temperature, diffraction intensities of CaCO3 decreased and 

completely disappeared at 460 oC and, single-phase Ag2CaV4O12 with a tetragonal space group P4/nbm 

was detected. No variation in XRD profiles was observed as the temperature was further increased to 

500oC. Moreover, the high similarity of Raman spectra (Supplementary information Figure S2) for the 

samples sintered in the range of 420 to 500 oC suggested the structural stability of Ag2CaV4O12. 

 

Figure 3 
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Figure 4 

To improve crystal structure analysis and better comprehend phase purity, Rietveld refinement 

was applied to XRD data of the sample sintered at 480 °C. The zero shift, background, scale factor, 

lattice parameters, atomic positions, and profile parameters were refined in sequence until acceptable 

reliability factors (Rp = 10.06%, Rwp = 8.64%, Rexp = 3.44%) were achieved. The refinement result is 

demonstrated in Figure 3, and a clear match can be seen between the experimental and calculated 

profiles. The refined lattice parameters were calculated as a = b = 10.4385 Å and c = 4.9674 Å and 

summarized in Supplementary Materials Table 1 along with the atomic coordinates. Along the 

crystallographic [11� 0] direction, an HRTEM image (Figure 4a) and the associated SAED pattern 

(Figure 4b) were obtained, revealing well-defined crystalline fringes with lattice spaces of 5.1 and 7.4 

corresponding to lattice planes (001) and (110), respectively. 
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Figure 5 

SEM images and grain size distribution of Ag2CaV4O12 ceramics sintered at various temperatures 

are shown in Figure 5. Image analysis software revealed dense microstructures with tiny grain sizes 

ranging from 0.91 m to 2.1 m in all samples (Nano Measurer). No noticeable variations in particle size 

and morphology were found as the sintering temperature increased from 440 to 480 °C, indicating that 

the extrinsic effect of grain size on dielectric properties could be ruled out. 

The bulk density and microwave dielectric characteristics of Ag2CaV4O12 ceramics as a function 

of sintering temperature are shown in Figure 6a-d. The calculated theoretical density of Ag2CaV4O12 

was 3.99 g/cm3. Figure 6a shows the bulk density which increased monotonously from ~ 87.5% of 

the theoretical density (3.49 g/cm3) at 420 °C to ~ 95.6% of the theoretical density (3.81 g/cm3) at 

480 °C, depicting the highest relative density at this temperature. Upon further increasing the sintering 

temperature to 500 °C, the bulk density of the samples started to decrease, giving an optimum sintering 

temperature of Ag2CaV4O12 to be 480 oC. The enhanced density is due to the grain growth, which 

agrees well with the microstructure evolution. Several other materials in literature, such as Sr3V2O8, 

Ba2CuGe2O7, Li2ZnGeO4, AgPb2Mg2V3O12 have also demonstrated similar phenomena.15, 20-23. 
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Figure 6 

The variations in the relative permittivity (εr) follow the same trend as the density reaching a peak 

value at 480 oC before decreasing. It is generally accepted that that intrinsic and extrinsic factors such 

as the porosity, secondary phase, and grain boundaries control microwave dielectric properties 25-29. 

The corrected permittivity (εcorr) was calculated using the Bosman and Having's equation to exclude 

the influence of porosity on the permittivity, which is given in the equation below 30: 

εcorr = εr(1+1.5p)     (3) 

where p represents the fractional porosity. The calculated εcorr values, as shown in Figure 6b, are higher 

than the measured permittivity with a minimal deviation of 6.7% between them. It should be noticed 

that the corrected permittivity varies very little with sintering temperature, showing that density has a 

dominant effect on relative permittivity. Furthermore, we infer that the calculated εcorr value should 

approach the intrinsic relative permittivity value, given the features of single-phase and similar grain 
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size. To confirm this hypothesis, the Clausius-Mossotti equation was used to calculate the theoretical 

permittivity 31-32: 

εth = 3𝑉𝑉𝑚𝑚+8𝜋𝜋𝛼𝛼𝐷𝐷
𝑇𝑇

3𝑉𝑉𝑚𝑚−4𝜋𝜋𝛼𝛼𝐷𝐷
𝑇𝑇                              (4) 

𝛼𝛼𝐷𝐷𝑇𝑇  = 2α(Ag+) + α(Ca2+) + 4α(V4+) + 12α(O2-)    (5) 

where 𝑉𝑉m represents the mole volume of the primitive unit cell; 𝛼𝛼𝐷𝐷𝑇𝑇  is the total ionic polarizability 

of individual ions, can be obtained from the rule of mixture (eq. 4). For the sample sintered at 480 °C, 

𝛼𝛼𝐷𝐷𝑇𝑇  value was calculated to be 43.46 Å3 using the above equation, through which the εth was calculated 

and gave a value of 7.16 31. The εth value is moderately lower than the measured value (εr ~7.52) which 

can be attributed to the “rattling” or “compressed” cations 31. In this system, the movement of the ions 

leads to polyhedral distortions, causing increased ion polarizabilities and the permittivity of 

Ag2CaV4O12 ceramics. By comparison with the estimated dielectric properties as given above, it is 

found that the calculated permittivity (7.05) value is slightly lower than that (7.52) measured at the 

microwave range, which could be attributed to the extrinsic contributions 33. Additionally, the optical 

permittivity (1.83) only contributes to 25.9% of the total permittivity (7.05), which indicates that the 

ionic polarization was the primary contribution to the microwave dielectric properties rather than 

electronic 31. 

The change in quality factors (Q×f) as a function of sintering temperature is shown in Figure 6c. 

As the sintering temperature increased from 420 to 480 °C, the Q×f (at 13.6 GHz) values progressively 

increased from 38,100 to 48,800 GHz, then decreased with the increasing sintering temperature. Both 

intrinsic factors, such as lattice vibration mode, packing fraction, and also the extrinsic factors 

including the grain morphology, second phase, or porosity play a vital role in quality factor 26. No 

secondary phase was discovered in sintered samples, as evidenced by XRD patterns, and all samples 
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have similar grain sizes. Since the quality factor follows the same trends of density, it is anticipated 

that the density has the primary effect on the quality factor compared to other external factors. However, 

the intrinsic contributions from structural features to the Q×f value can be described by the packing 

fraction, which is given as 34-36: 

Packing fraction = the volume of packed ions
the volume of a unit cell

×Z 

= 
4𝜋𝜋

3� ×(2×𝑟𝑟𝐴𝐴𝐴𝐴
3 +𝑟𝑟𝐶𝐶a

3 +4×𝑟𝑟𝑉𝑉
3+12×𝑟𝑟𝑂𝑂

3)

𝑉𝑉
×Z       (6) 

where r represents the effective ion radii; V is the volume of a primitive unit cell and Z is the number 

of formula units per unit cell which has a value of 2 in the current system. Furthermore, when plotted 

against sintering temperature, the trend of packing fraction as a function of sintering temperature is 

comparable to that of the quality factor (Figure 6c). A higher packing fraction corresponds to a lower 

lattice vibration, leading to the lower dielectric loss and the higher quality factor. The theoretical 

quality factor was calculated to be 83,500 GHz, nearly double the measured Q×f value (48,800 GHz). 

Processing concerns, such as density, pore size, and grain size, can all contribute to such a huge 

variance. 

As a function of sintering temperature, Figure 6d displays the temperature coefficient of resonance 

frequency (τf ) values. The τf values float between -77.4 and -85.3 ppm/°C and are unaffected by the 

sintering temperature. To sum up, with εr 7.52, Qxf 48,800 GHz, and τf -77.4 ppm/°C, the Ag2CaV4O12 

ceramic sintered at 480 °C exhibits the best microwave dielectric characteristics. 

The IR reflectivity spectrum can be used to estimate the inherent microwave dielectric 

characteristics of Ag2CaV4O12 ceramic 37-40. The contribution of lattice vibration to dielectric 

characteristics in the microwave band can be extrapolated by fitting the infrared reflection spectrum 

with the Kramers-Kronig (K-K) transform. Only the contribution of ionic and electronic displacement 
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polarisation is considered in the permittivity, which should be consistent with the measured value in 

the microwave frequency region. Extrapolated dielectric loss is commonly referred to as an inherent 

dielectric loss. As shown in Figure 7, the measured data were fitted using a classical harmonic 

oscillator that was modeled as follows: 

2
( ) 1

( ) 1
R( )ω

∗

∗

ε ω

ε ω

−

+
=                                 (7) 

2 2

2 2 2 2 2 2 2 2 2 2
1 1

( ) ( ) ( )
( )

( ) ( )

n n
j j j j

j jj j

i
S S

i

∗

∝

ε ω ε ω ε ω

ω ω ωγ
ε

ω ω ω γ ω ω ω γ= =

= ′ − ″

−
= + −

− + − +∑ ∑
       (8) 

where n denotes the order of transverse polar-phonon modes; ωj, Sj, and jγ is the frequency, strength, 

and damping constant of the j-th mode; and ε∞ is the electronic polarization induced relative 

permittivity. When the ω meet the conditions of ω << ωj, equations (6 and 7) are feasible: 

n n

2
1 1

+ = + pj'
j

j j oj

Δ∝ ∝

ω
ε ω ε ε ε

ω= =

′( ) = ∑ ∑        (9) 

2

2
1

n
pj j

j oj

ω γ
ε ω ω

ω=

″( ) ≈∑                  (10) 

n

4
1

tan = =
( )

j j

j j

S ωγεδ
ε ε ω ω=

″
′ ′∑               (11) 

There are 15 modes employed in the Ag2CaV4O12 ceramic, and comprehensive information on the 

fitted parameters is presented in Table 1. The dielectric characteristics are primarily influenced by these 

modes at 88.61 cm-1, 183.97 cm-1, and 200.4 cm-1. Real and imaginary parts of the complex permittivity 

are shown in Figure 7. Based on the fitted parameters, the calculated permittivity at optical range (ε∞) 

is 1.83 with a permittivity of 7.05 at microwave frequency. The theoretical quality factor was fitted to 

be 83,500 GHz. 
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Figure 7 

For practical application of microwave dielectric ceramics, the materials have to follow certain 

properties out of which one of the requirements is to have the |τf| values lower than 10 ppm/°C to 

guarantee the thermal stability of resonance frequency. To regulate/optimize the τf values to near zero, 

researchers have primarily used two strategies. The first way is to combine certain materials with 

positive τf values, such as TiO2 (τf = +450 ppm/°C) and CaTiO3 (τf = +800 ppm/°C) to make composite 

ceramics. The second strategy is to tune the τf values to near zero by forming a solid solution through 

doping or substitution. To modify the τf values, TiO2 was used to create a composite with the 

composition (1-x)Ag2CaV4O12-xTiO2 (x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6). 
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Figure 8 

To assess the formation of composite, XRD was performed on the 0.5Ag2CaV4O12-0.5TiO2 

ceramic sintered at 480 °C for 6 hours. As demonstrated in Figure 8a, all of the peaks in the compound 

were matched to two phases: Ag2CaV4O12 and TiO2. There was no additional phase that could be seen, 

indicating that there was no chemical reaction between Ag2CaV4O12 and TiO2. EDS examination 

reveals that the small grains correspond to the TiO2 phase, whereas the bigger grain is the matrix 

Ag2CaV4O12, as shown in Figure 8b. Table 2 shows the microwave dielectric characteristics of ((1-

x)Ag2CaV4O12-xTiO2) composite ceramics sintered at their optimal temperature (480 oC). Because of 

the higher permittivity of TiO2 (εr ~ 105), the permittivity gradually increased with increasing x.41. The 

permittivity of the mixture phases was calculated using equation 6 and shown in Table 2, which were 

similar to measured values. Composites sintered at 500 °C with x = 0.5, optimum microwave dielectric 

properties were achieved which are given as εr ~ 10.96, Q×f ~ 49,081 GHz, and a near-zero τf ~ 3.21 

ppm/°C. 

εr = V1lgε1 + V2lgε2      (12) 

Microwave dielectric properties of some low-firing ceramics are listed in Table 3 41-53. The 

Majiority of the compositions show good microwave dielectric properties together with low 

densification temperatures (< 960 °C). Generally, borates, silicates, and phosphates possess low 
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relative permittivity, e.g., Li3AlB2O6 with the lowest εr ~ 4.9, whereas high relative permittivity is 

shown in those containing titanium and terbium. By comparison, the present Ag2CaV4O12 has the 

lowest sintering temperature (480 oC) and competitive microwave dielectric properties, which renders 

an enormous potential in the ULTCC field. 

 

Figure 9 

Because Ag2CaV4O12 has a sintering temperature substantially lower than the melting points of Ag 

(961 °C) and Al (660 °C) electrodes, it has the potential to be used in LTCC and ULTCC technologies 

as it doesn’t react with the electrode material. Co-firing with Ag and Al (in 20 wt. percent) was done 

by sintering at 480 °C to test the chemical compatibility of Ag2CaV4O12 with Ag and Al electrodes. 

XRD patterns only indicated the diffraction peaks of Ag2CaV4O12 and Ag/Al with no intermediate 

confirming the lack of reaction between the Ag2CaV4O12 and Ag/Al as shown in Figure 9 a&d. During 

the microstructural examination using SEM, two types of grains with varied sizes and morphologies 

were observed as can be seen in Figure 9 b&e. The smaller grains were found to be Ag2CaV4O12 phase 

by EDS analysis, while the larger bulk grains were Ag/Al as shown in Figure 9 c&f. The chemical 
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compatibility between Ag2CaV4O12 and Ag/Al was proven by the above results, confirming the 

potential utilization of Ag2CaV4O12 in LTCC and ULTCC applications.  

 

Conclusions 

In this paper, we presented a novel Ag2CaV4O12 ceramic and its composite with TiO2 with excellent 

microwave dielectric properties. These compositions could be easily synthesized via the conventional 

solid-state approach at extremely low temperatures (~ 50 oC) which is vital to demonstrate the chemical 

compatibility with common electrode materials such as Ag and Al where phase purity was examined 

through Rietveld refinement. Density variation and microstructure evaluation revealed a dense ceramic 

being sintered at 480 oC, exhibiting optimum microwave dielectric properties such as a low relative 

permittivity (εr) of 7.52 and a high quality factor (Q×f) of 48,800 GHz. The large negative temperature 

coefficient of resonance frequency (τf) of -77.4 ppm/°C was reduced to a positive value of ~ 3.2 ppm/°C 

upon combining with rutile TiO2 (60mol%), which inherently possesses a positive τf value, with almost 

no drift of resonance frequency was achieved. Hence, somewhat balanced microwave dielectric 

properties with an εr~ 10.96, a τf ~ 3.2 ppm/°C, and a Q×f ~ 49,081 GHz were achieved. No chemical 

reactions between Ag2CaV4O12 and Ag/Al were confirmed through XRD and EDS analysis. All results 

demonstrate the potential applications of Ag2CaV4O12 as dielectric resonances in wireless 

communications and substrates in low-temperature cofired ceramics. The ultralow temperature 

processing of Ag2CaV4O12 shows that it is extraordinarily energy saving from the point of view of 

fabrication and might allow for room-temperature synthesis by combining with high-energy 

mechanical milling or sintering using high pressure such as hot isostatic pressing (HIP), spark plasma 

sintering (SPS), and cold sintering (CS). 
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Table 1 Phonon parameters obtained from the fitting of the infrared reflectivity spectra of the 
Ag2CaV4O12 ceramic 

Mode ωoj (cm-1) ωpj (cm-1) γj (cm-1) ∆εj 

1 69.41 31.77 0.409 0.0588 

2 82.4 26.4 0.303 0.0826 

3 88.61 79.95 0.814 0.107 

4 183.97 152.45 0.687 0.128 

5 200.4 136.81 0.566 0.0668 

6 235.71 102.26 0.388 0.0507 

7 322.46 127.57 0.156 0.0469 

8 366.38 91.951 0.163 0.0538 

9 484.11 235.55 0.337 0.845 

10 534.33 129.93 0.0591 0.0225 

11 597.86 184.58 0.0953 0.248 

12 762.74 144.47 0.0359 0.0271 

13 804.57 578.37 0.617 0.099 

14 866.24 348.6 0.562 0.093 

15 909.28 144.69 0.0253 0.0479 

ε∞ = 1.83           εr = 7.05 
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Table 2 Sintering temperature (S.T.) and microwave dielectric properties of (1-x)Ag2CaV4O12-xTiO2 

composite ceramics 

x S.T. (°C) εr εcal Q×f (GHz) τf (ppm/°C) 

0.1 480 7.76 7.81 48,915 -70.9 

0.2 480 7.94 7.99 48,926 -62.8 

0.3 490 8.32 8.24 48,954 -52.6 

0.4 500 8.91 8.89 48,972 -40.3 

0.5 500 9.55 9.68 49,021 -23.7 

0.6 520 10.96 10.99 49,081 3.2 
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Table 3 Ceramics with low sintering temperature and competitive microwave dielectric properties 

Ceramic S. T. (°C) 
Microwave dielectric properties Reference 

εr Q×f (GHz) τf (ppm/°C)  
Li3AlB2O6 700 4.9 12,609 -201 40 
NaAlSi3O8 1025 5.5 11,200 -5 41 

K0.9Ba0.1Ga1.1Ge2.9O8 990 5.9 94,100 -25 42 
50wt%Al2O3-50wt% 

SiO2-B2O3-Al2O3 
875 6.2 11,400 -35 43 

KGaGe3O8 970 6.2 19,800 -21 44 
Mg3(VO4)2 950 6.4 48,800 -83 45 
Ba2V2O7 950 7.0 19,000 -74 46 
SrZnP2O7 925 7.25 71,520 -64 47 
CaZnP2O7 900 7.56 63,100 -82 47 

Li2O-B2O3-SiO2-
Al2O3-CaO 550 8 2,400 -48 48 

BaTi4O9+B2O3-ZnO-
La2O3 glass 900 27 20,000 6.5 49 

Ba2Ti9O20+3wt-%B2O3 940 28.3 10,800 -8.2 50 
Bi2Te2O8 650 39 23,000 -43 51 
TiTe3O8 720 50 30600 133 52 

Ag2CaV4O12 480 7.52 48,800 -77.4 This work 
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Figure captions: 

Figure 1 (a, c) structural diagrams projected along [100] and [001]; (b) coordination polyhedrons for 

cations. 

Figure 2 XRD patterns of Ag2CaV4O12 powders calcined at different temperatures. 

Figure 3 Rietveld refinement on XRD data of the sample sintered at 480 °C. 

Figure 4 (a) HRTEM image and (b) the corresponding SAED pattern of Ag2CaV4O12 along the 

crystallographic [11�0] direction. 

Figure 5 SEM images and grain size distribution of Ag2CaV4O12 ceramics sintered at different 

temperatures: (a) 420 oC; (b) 440 oC; (c) 460 oC; (d) 480 oC; (e) 500 oC. 

Figure 6 Variations in the (a) density, (b) relative permittivity, (c) quality factor, and (d) temperature 

coefficient of the resonance frequency of Ag2CaV4O12 ceramics as a function of sintering 

temperature. 

Figure 7 (a) IR reflectivity spectrum of Ag2CaV4O12; (b) the fitted real and imaginary parts of the 

complex permittivity based on the Kramers-Kronig relationship. 

Figure 8 (a) XRD patterns and (b) EDS analysis of 0.5Ag2CaV4O12 -0.5TiO2 ceramic sintered at 

480 °C for 6 h. 

Figure 9 XRD patterns, SEM images, and EDS analysis of the co-fired Ag2CaV4O12 with a silver (a, 

b, c) and with aluminum (d, e, f). 
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