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A B S T R A C T   

The Ca3M2Si3O12 (M = Yb, Y) ceramics with orthorhombic silico-carnotite structure were fabricated via high- 
energy ball milling and solid-state reaction route. Dense Ca3Yb2Si3O12 and Ca3Y2Si3O12 ceramics sintered at 
1260 ◦C and 1240 ◦C revealed promising microwave dielectric properties with εr = 9.2 and 8.7, Q×f = 56,400 
GHz and 29,094 GHz, τf = − 77.5 ppm/◦C and − 76.8 ppm/◦C, respectively. The connection between crystal 
structure and Q×f values of Ca3M2Si3O12 (M = Yb, Y) ceramics was discussed with respect to the packing 
fraction, and their intrinsic microwave dielectric properties were examined using the infrared reflectivity spectra 
analysis. The thermal stability of Ca3Yb2Si3O12 was improved successfully by forming 0.91Ca3Yb2Si3O12- 
0.09CaTiO3 composite ceramics with τf = +2.9 ppm/◦C, εr = 12.93 and Q×f = 26,729 GHz.   

1. Introduction 

For several years, microwave dielectric ceramics occupy an un
shakable position in the applications of dielectric resonators, filters, 
substrates, capacitors and oscillators, which have become an indis
pensable part of our digitized life. With the development of modern 
communication systems, faster transmission speed and higher quality of 
signals are required, resulting in the urgent need for high-quality and 
low-cost microwave dielectric ceramics [1]. Therefore, the performance 
requirements on ceramics are mainly divided into the following aspects: 
(1) high quality factor (Q × f); (2) low permittivity (εr); (3) near-zero 
temperature coefficient of resonance frequency (τf), satisfying the re
quirements of excellent frequency selectivity, high speed of electronic 
signal transition and good thermal stability, respectively [2,3]. 

Recently, the garnet family with the general formula of A3B2C3O12 
exhibit the characteristics of low permittivity and high performances, 
such as Ca3Y2Ge3O12, Mg3Y2Ge3O12, Ca3Al2Ge3O12, AgCa2Zn2V3O12, 

AgCa2Mg2V3O12 [4–6]. Ca3Y2Si3O12, which agrees with the general 
chemical formula of the garnet-structure A3B2C3O12, while, it was re
ported as the orthorhombic silico-carnotite structure by D.L. Poerschke 
and H. Yamane [7,8]. The crystal structure of silicate compounds with 
the stoichiometric of Ca3M2Si3O12 depends mainly on the Ionic radius of 
M. Silicon-based garnets based on Ca2+ ion are generally stable when the 
ionic radius of M is less than 0.8 Å. And for the cation with a larger 
radius, like Y3+ (0.892 Å) and Lu3+ (0.848 Å), they cannot form the 
octahedron in garnet under the environment of six coordination. It is 
therefore unlikely to be a garnet structure [9]. The visible luminescence 
of lanthanide ions, spectroscopic characterization, photoluminescence 
properties and effects of doping with Ce3+, Tb3+ and Sm3+ on lumi
nescent properties of Ca3Y2Si3O12 were researched [9–12]. To our 
knowledge, the microwave dielectric properties of Ca3Y2Si3O12 ceramics 
have not been explored yet. Besides, Poerschke reported that the 
calcium-silicon-yttrium systems had a high synthesis temperature 
(1500 ◦C), which increased the cost of material production and 
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consumption [9]. Lin et al. obtained pure phase and dense Mg2SiO4 
ceramics at 1075 ◦C by high-energy ball milling (HEBM), and reduced 
the sintering temperature by 300 ◦C [13,14]. This synthetic method is 
beneficial to improving the reaction rate and densification of ceramics 
[15]. 

In this paper, we prepared Ca3M2Si3O12 (M = Yb, Y) ceramics by 
HEBM and the solid-state reaction method, due to the similar ion radius 
of Yb3+ (0.868 Å) compared with Y3+ (0.892 Å) [16]. The grain 
morphology, and microwave dielectric properties as well as infrared 
reflectivity spectra were studied systematically. 

2. Experimental procedure 

The CaCO3, SiO2, Yb2O3, and Y2O3 with the purity of 99.99% made 
by Aladdin were used as raw materials to prepare Ca3M2Si3O12 (M = Yb, 
Y) ceramics through the solid-state reaction method. The Yb2O3 or Y2O3 
powders were dried at 900 ◦C for 2 h to avoid the absorption of moisture 
before weighting. The Ca3M2Si3O12 (M = Yb, Y) powders were weighed 
and mixed thoroughly via HEBM at a rate of 300 r/min in ethanol for 8 
h. Then the slurries were desiccative at 120 ◦C, pressed uniaxially and 
heated to 1100 ◦C for 6 h at a rate of 5 ◦C/min. The calcined samples 
were then ground into fine powders, and pressed into pellets (10 mm ×
6 mm) under 200 MPa with 5 wt% PVA as a binder and fired at 
1180–1260 ◦C for 12 h to achieve the dense ceramics. 

The particle size analysis was performed by a Nanopartide and Zeta 
potential Analyzer. The phase purity and the date of Rietveld re
finements were collected by an X-ray diffractometer. The apparent bulk 
density of samples was obtained by Archimedes method. The surface 
microstructure of the Ca3M2Si3O12 (M = Yb, Y) ceramics were observed 
by scanning electron microscopy. The εr and Q×f of ceramic samples 
were measured by the Hakki-Coleman parallel plate method based on 
network analyzer. The temperature coefficient of resonant frequency (τf) 
was measured in the range of 25–85 ◦C. 

The analysis of the Infrared reflectivity spectra of the Ca3M2Si3O12 

(M = Yb, Y) ceramics was conducted using the infrared beamline station 
at National Synchrotron Radiation Lab. (NSRL, China), by Bruker IFS 
66v FTIR spectrometer. The complex dielectric response was analyzed 
for the infrared spectra according to the harmonic oscillator model, and 
the formula is as follows [17]: 

ε*(ω) = ε∞ +
∑

n
j=1

ω2
pj

ω2
oj − ω2 − jγjω

(1)  

where ε*(ω) refers to the complex permittivity and ε∞ refers to the 
permittivity at high frequency electronic polarization. The γj, ωoj, and 
ωpj represent the decay factor, the transverse frequency, and the plasma 
frequency of the j-th Lorenz oscillator, respectively, and n is the number 
of transverse phonon modes. The reflectivity R(ω) can be written as 
[18]: 

R
(

ω
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⃒
⃒
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3. Results and discussions 

Fig. 1 manifests the particle size distribution and SEM of the mixed 
powders of CaCO3, Yb2O3, and SiO2 after conventional ball milling 
(Fig. 1 (a), (c)) and HEBM method (Fig. 1 (b), (d)), respectively. The 
agglomeration of the powders by traditional ball milling is obvious, with 
an average size of 642 nm. Noteworthily, the particle distribution of the 
powders after high-energy ball milling for 8 h is uniform, with a small 
average size of 297 nm, which is beneficial for accelerating sintering 
process and reducing the sintering temperature [13–15]. In this study, 
the high-energy ball milling method was chosen to prepare the Ca3M2

Si3O12 (M = Yb, Y) ceramics. 
Fig. 2 shows the XRD patterns of Ca3M2Si3O12 (M = Yb, Y) ceramics 

sintered at 1240 ◦C and 1260 ◦C for 12 h, respectively. For both spec
imenhttp://dict.youdao.com/w/eng/specimen/javascript:void(0);s, all 

Fig. 1. The particle size distribution and SEM of the mixed powders of CaCO3, Yb2O3, and SiO2 after conventional ball milling (a), (c) and high-energy ball milling 
(b), (d). 
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the observed diffraction peaks were in good agreement with Ca3Y2

Si3O12 (JCPDS#01-087-0453) of the orthorhombic structure with a 
space group Pnma. No other peaks were observed, which showed the 
existence of a single-phase. 

The Rietveld structure refinements were performed on the basis of 
the slow scanning XRD data of Ca3M2Si3O12 (M = Yb, Y) ceramics. The 
experimental data and refined XRD patterns for Ca3M2Si3O12 (M = Yb, 
Y) ceramics are showed in Fig. 3(a) and (b). The refined cell parameters 
were a = 6.5483 Å, b = 15.4931 Å, c = 10.0035 Å, V = 1026.501 Å3 and 
a = 6.54897 Å, b = 15.6160 Å, c = 10.0372 Å, V = 1014.842 Å3, with 
acceptable reliability factors of the profile Rp = 5.7%, Rwp = 8.2% and 
Rp = 9.8%, Rwp = 12.9% for Ca3Yb2Si3O12 and Ca3Y2Si3O12, 
respectively. 

Fig. 4 shows the SEM micrographs of the Ca3M2Si3O12 (M = Yb, Y) 
ceramics. From Fig. 4 (a)–(e), it can be seen that, with the increment of 

temperature, the pores of Ca3Y2Si3O12 ceramics continuously decrease 
and the microstructure becomes relatively dense. The uniform grains of 
Ca3Y2Si3O12 ceramics were obtained at 1240 ◦C, with an average grain 
size of 1.6 μm. And an abnormal growth occurs as the temperature in
creases further to 1260 ◦C. The dense microstructure with a clear grain 
boundary is observed in Fig. 4 (f) for the Ca3Yb2Si3O12 sintered at 
1260 ◦C, with an average grain size of 1.32 μm. 

The dependence of relative density of the Ca3M2Si3O12 (M = Yb, Y) 
ceramics on sintering temperature is presented in Fig. 5(a). The relative 
density of Ca3M2Si3O12 (M = Yb, Y) ceramics was positively related to 
the sintering temperature, and it reached saturation at a certain tem
perature. The bulk density of samples reached a maximum value of 
~4.78 g/cm3 (98.36% of the theoretical density) for Ca3Yb2Si3O12 sin
tered at 1260 ◦C and ~3.52 g/cm3 (94.6% of the theoretical density) for 
Ca3Y2Si3O12 sintered at 1240 ◦C. There was a slight decrease when the 
temperature was further increased, which might be caused by the 
abnormal grain growth. The change of εr as sintering temperature is 
presented in Fig. 5(b) εr increased firstly and then decreased slightly 
with the increase of temperature, reaching the maximum value of 9.2 for 
Ca3Yb2Si3O12 and 8.7 for Ca3Y2Si3O12, respectively. The permittivity is 
influenced by various factors, like relative density and ionic polarization 
[19]. The permittivity is mainly influenced by the ionic polarizabilities 
as to the single-phase samples with high relative densities (>95%). The 
Clausius–Mossotti equation can be applied to calculate the theoretical 
permittivity [20]: 

εr =
3Vm + 8πα
3Vm − 4πα (3)  

in which, Vm is the cell volume, α is the total amount of all ionic 
polarizability. α can be calculated by the following equation: 

α(Ca3Y2Si3O12)= 3α
(
Ca2+)+ 2α

(
​ Y3+)+ 3α

(
Si4+)+ 12α

(
O2− ) (4)  

where, α(Ca2+) , α(Y3+), α(Si4+) and α(O2− ) ,are 3.16 Å3,3.81 Å3,0.87 Å3 

and 2.01 Å3, respectively [21]. The calculated theoretical permittivity is 
8.5278 for Ca3Yb2Si3O12 and 8.55 for Ca3Y2Si3O12. The relative error of 
Ca3Yb2Si3O12 between the measured permittivity and the theoretical 
value is 7.9%, and 1.7% for Ca3Y2Si3O12, indicating the presence of 
rattling cations in Ca3Yb2Si3O12 [4]. 

Fig. 6 presents the variation in Q×f and τf values of Ca3M2Si3O12 (M 
= Yb, Y) ceramics. The variation tendency of the Q×f with sintering 
temperature was comparable to that of the permittivity and relative 
density. For the samples with the highest density, the optimal Q×f 

Fig. 2. XRD patterns of Ca3M2Si3O12 (M = Yb, Y) ceramics sintered at 1240 ◦C 
and 1260 ◦C for 12 h. 

Fig. 3. The Rietveld refinement plots of Ca3M2Si3O12 (M = Yb, Y) ceramics sintered at 1260 ◦C and 1240 ◦C for 12 h.  

Y. Wang et al.                                                                                                                                                                                                                                   



Ceramics International xxx (xxxx) xxx

4

values are 56,400 GHz for Ca3Yb2Si3O12 and 29,094 GHz for Ca3Y2

Si3O12. Usually, the quality factor is closely associated with (i) the 
inherent losses related to the lattice vibration modes and (ii) the external 
factors such as secondary phase, grain morphology, grain boundaries, 
and porosity [22,23]. As to dense ceramics with a single-phase, the in
fluence of the extrinsic factors can be negligible. According to Kim et al. 
[24,25], the relationship between Q×f and the packing fraction is the 
following: the lattice vibration declines as the packing fraction in
creases, which further causes an intrinsic loss decline. The packing 
fraction can be calculated by the following equation: 

packing ​ fraction(%)=
volume ​ of ​ packed ​ ions

volume ​ of ​ unit ​ cell
× Z (5) 

The packing fraction of Ca3Yb2Si3O12 sintered at 1260 ◦C was 
65.35%, with the value of 62.39% for Ca3Y2Si3O12 at 1240 ◦C. Thus, the 
higher Q×f of Ca3Yb2Si3O12 than that of Ca3Y2Si3O12 could be explained 

by the larger packing fraction. As seen in Fig. 6, the sintering tempera
ture had weak influence on the τf value and it fluctuated at − 77.5 ppm/ 
◦C for Ca3Yb2Si3O12 and at − 76.9 ppm/◦C for Ca3Y2Si3O12. 

The intrinsic dielectric properties are usually analyzed by Infrared 
spectroscopy. The IR reflectivity spectra of Ca3Yb2Si3O12 and Ca3Y2

Si3O12 ceramics are shown in Fig. 7, which are fitted by software REFFIT 
according to the classic harmonic oscillator model [6]. The fitted pa
rameters of Ca3Yb2Si3O12 ceramic are listed in Table 1 (The fitted pa
rameters of Ca3Y2Si3O12 ceramic are listed in Table S1). The dielectric 
permittivity at the optical frequency are 1.94 and 1.738, and the 
intrinsic permittivity are 8.9 and 9.0 for Ca3Yb2Si3O12 and Ca3Y2Si3O12, 
respectively, which are close to the measured values of 9.2 at 13.9 GHz 
and 8.7 at 14.2 GHz. This indicates that the dielectric constant in the 
microwave band is mainly contributed by ion displacement polarization 
[26]. The Lorentzian function formula can be used to calculate the 
theoretical quality factor of Ca3M2Si3O12 (M = Yb, Y), and the dielectric 

Fig. 4. SEM images of (a)–(e) Ca3Y2Si3O12 ceramics sintered at 1180 ◦C/6 h, 1200 ◦C/12 h, 1220 ◦C/12 h, 1240 ◦C/12 h, and 1260 ◦C/12 h and (f) Ca3Yb2Si3O12 
ceramics sintered at 1260 ◦C/12 h. 

Fig. 5. Relative density, εr values of the Ca3M2Si3O12 (M = Yb, Y) ceramics sintered at various temperatures for 12 h.  
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loss can be estimated by the following formula [27,28]: 

ε, = ε∞

∑n

j=1

ω2
pj

ω2
oj
= ε∞ +

∑n

j=1
Δεj (6)  

tan δ=
ε′′
ε′ = ω

∑n

j=1

Δεjγj

ω2
oj

(
ε∞ +

∑n
j=1Δεj

) (7) 

By calculation, the theoretical Q×f value of Ca3Yb2Si3O12 is 73,815 
GHz (f = 13.9 GHz) and 33,470 GHz (f = 14.2 GHz) for Ca3Y2Si3O12, 
which are higher than the values measured by the TE01δ method. 
Therefore, grain size, pores and other extrinsic factors may cause the 
dielectric loss to increase, and the influence of the extrinsic factors can 
be reduced by optimizing the process to decrease the dielectric loss. 

The microwave dielectrics require a close-zero τf to achieve the 
thermal stability of electronic devices. The approach of adjusting largely 
negative τf consists of adding opposite τf materials like CaTiO3(τf =

+800 ppm/◦C) or TiO2(τf = +460 ppm/◦C) [29–31]. In this work, we 
chose to add CaTiO3 to adjust τf by forming (1-x) Ca3Yb2Si3O12-xCaTiO3 

ceramics. Fig. 8 exhibits the XRD graphic of the (1-x) Ca3Yb2Si3O12-x
CaTiO3 (x = 0.09, 0.11) ceramics sintered at 1240 ◦C. All the diffraction 
peaks of (1-x) Ca3Yb2Si3O12-xCaTiO3 ceramics matched well with the 
Ca3Yb2Si3O12 and CaTiO3. The top of Fig. 8 exhibits the BSE image and 
the EDS analysis result of x = 0.09 ceramic. The EDS analysis proved the 
marked darker grains belonged to CaTiO3. The above evidences indi
cated that Ca3Yb2Si3O12 has good chemical compatibility with CaTiO3. 
Table 2 manifests the microwave dielectric performances of (1-x) 
Ca3Yb2Si3O12-xCaTiO3 ceramics. The near-zero τf (+2.9 ppm/◦C) was 
acquired in 0.91Ca3Yb2Si3O12-0.09CaTiO3 ceramic sintered at 1240 ◦C, 
with εr = 12.93, Q×f = 26,729 GHz. 

4. Conclusions 

Two orthorhombic silico-carnotite structured Ca3M2Si3O12 (M = Yb, 
Y) microwave dielectric ceramics were fabricated via high-energy ball 
milling and the solid-state reaction route. Dense Ca3Yb2Si3O12 and 
Ca3Y2Si3O12 ceramics sintered at 1260 ◦C and 1240 ◦C, respectively, 
presented low εr (9.2 and 8.7), high Q×f (56,400 GHz and 29,094 GHz), 

Fig. 6. The microwave dielectric properties (Q × f and τf values) of the Ca3M2Si3O12 (M = Yb, Y) ceramics sintered at various temperature for 12 h.  

Fig. 7. The measured and fitted IR reflectivity spectra of the Ca3M2Si3O12 (M = Yb, Y) ceramic.  
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and negative τf (− 77.5 ppm/◦C and − 76.9 ppm/◦C). The variation in the 
Q × f values of Ca3M2Si3O12 (M = Yb, Y) ceramics was highly dependent 
on the packing fraction. The intrinsic εr (8.9 and 9.0) and Q×f (73,815 
GHz and 33,470 GHz) of Ca3Yb2Si3O12 and Ca3Y2Si3O12 ceramics were 
extrapolated based on the fitted infrared reflectivity spectra, respec
tively, revealing the dielectric constant in the microwave band is only 
contributed by ion displacement polarization. Additionally, the 
0.91Ca3Yb2Si3O12-0.09CaTiO3 composite ceramics were formed to 
adjust the largely negative τf successfully with εr = 12.93, Q×f = 26,729 
GHz and τf = +2.9 ppm/◦C. 
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19 589.25 19.432 11.704 0.00112 
20 636.76 156.27 45.022 0.0848 
21 654.13 118.01 25.383 0.0414 
22 686.19 137.92 41.023 0.0477 
23 714.9 124.4 33.285 0.0366 
24 731.48 92.228 25.717 0.0181 
25 859.52 214.71 55.061 0.084 
26 892.41 136.81 50.693 0.0283 
27 937.62 175.03 33.217 0.0415 
28 954.21 104.76 24.234 0.014 
29 987.1 68.269 14.903 0.00535 
ε∞ =1.94  

Fig. 8. XRD patterns of (1-x) Ca3Yb2Si3O12-xCaTiO3 (x = 0.09, 0.11) ceramics 
and the BSE image with the EDS analysis result of 0.91Ca3Yb2

Si3O12-0.09CaTiO3. 

Table 2 
Microwave dielectric properties of (1− x) Ca3Yb2Si3O12-xCaTiO3 composite 
ceramics.  

x value S.T. (◦C) εr Q × f (GHz) τf (ppm/oC) 

0 1260 9.21 56400 − 76.5 
0.09 1240 12.93 26729 +2.9 
0.11 1240 13.87 18193 82.79  
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