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A B S T R A C T   

Low-εr microwave dielectric ceramics Ca3ZnAl4O10 with orthorhombic structure were fabricated by solid-state 
reaction process. Good grain uniformity and compact microstructure were observed at 1290 ◦C. Single phase 
Ca3ZnAl4O10 ceramics were obtained at the range of 1250–1330 ◦C and exhibited promising microwave 
dielectric properties with εr = 8.11–8.31, Q×f = 23,060–30,750 GHz and τf = − 27.5 to − 23.3 ppm/◦C. The 
larger positive deviations between εtheo and εcorr as well as the smaller |τf∣value could be ascribed to the strong 
“rattling” effect. The calculated bond valence show that Ca2+, Al3+ are “rattling” cations while Zn2+ is “com
pressed” cation. Furthermore, the Q×f values is mainly affected by the density and packing fraction.   

1. Introduction 

The rapid development of wireless communication technology has 
facilitated the widespread application of microwave dielectric ceramics 
as key materials for substrates, resonators, filters and other devices. Due 
to low latency, large capacity and high transfer rate are the major 
characteristics of 5G technology, microwave dielectric materials with 
acceptable permittivity (εr) and high quality factor (Q×f) have received 
extensive attention [1–3]. Low latency is one of the key enablers of 5G 
technology to serve multiple emerging applications having diverse re
quirements. To accomplish the faster signal transmission speed and 
shorten the signal delay time (td), dielectrics with a low permittivity (εr 
< 10) have become a research hotpot since td is proportional to ̅̅̅̅εr

√ [4, 
5]. 

There have been various low-εr ceramics systems reported in the last 
decade including borates, aluminates, silicates, germanates, vanadates, 
phosphates, and molybdates [6–12]. Compared to the other systems, 
borates, vanadates and phosphates usually have a significant advantage 
in low sintering temperature but suffer from the drawbacks of moisture 
absorption and the porous microstructures caused by the volatilisation 
of low melting point components. Germanates have a moderate sintering 

temperature, but are not suitable for mass production by reason of 
expensive GeO2. Aluminates and silicates have been widely welcomed 
because of their low-cost raw materials, easy fabrication, material sta
bility, and non-absorbent. Moreover, the feature of low permittivity in 
Al-based systems comes mainly from the low ionic polarizability of Al3+

(0.79 Å3) and the strong covalent bonds in different kinds of [Al-O] 
polyhedrons. Consequently, aluminates have garnered considerable 
attention [13–23]. For example, Lan et al. [13] have reported that 
LiAl5O8 with an inverse-spinel structure sintered at 1600 ◦C possessed 
the properties of εr = 8.43, Q×f = 49,300 GHz, and τf = − 38 ppm/◦C. 
Spinels with the general formula of M2+Al2O4 have lower sintering 
temperature (1425–1460 ◦C) and higher Q×f value compared with the 
LiAl5O8 ceramic, such as MgAl2O4 (εr = 8.2, Q×f = 68,900 GHz, τf =

− 75 ppm/◦C) [19] and ZnAl2O4 (εr = 8.5, Q×f = 56,300 GHz, τf = − 79 
ppm/◦C) [22]. Liu et al. reported CaAl2O4 ceramic sintered at 1450 ◦C 
exhibited superior properties of εr = 8.9, Q×f = 91,350 GHz, and τf =

− 55 ppm/◦C [20]. Besides, other Al-rich ceramics in grossite-type [14], 
melilite-type [15], ramsayite-type [16], sillimanite-type [17], and 
hexacelsian-type [18] also have desirable microwave dielectric prop
erties (Table 1). 

As another Al-rich compound, Ca3ZnAl4O10 was first synthesized at 
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the temperature 1300–1350 ◦C by Barbanyagre et al. in 1997 [24], and 
subsequent investigations have focused on the host material for the 
production of reddish and bluish-emitting phosphors [25,26]. However, 
the microwave dielectric properties of Ca3ZnAl4O10 ceramics have not 
been reported yet. In this work, Ca3ZnAl4O10 ceramics were synthesized 
using the solid-state sintering reaction in the CaO–Al2O3–ZnO system. 
The crystal structure, sintering characteristics, microstructure, and mi
crowave dielectric properties were discussed in detail. 

2. Experimental procedure 

High-purity powders of CaCO3 (99.99 %, Aladdin), ZnO (99.99 %, 
Aladdin), and Al2O3 (99.99 %, Aladdin) were weighted according to 
Ca3ZnAl4O10. The stoichiometric powders were ball-milled with alcohol 
at a speed of 250 r/min for 6 h. The slurries obtained were dried and 
calcined at 1180 ◦C for a 4 h solid-state reaction, and then reball-milled 
in alcohol for another 6 h. The acquired slurries were dried and com
pressed into cylindrical pellets (Φ = 10 mm, H = 6.5 mm) mixed with 5 
wt% polyvinyl alcohol (PVA). Next, above columnar samples were 
heated at 500 ◦C with a rate of 2 

◦

C/min for 2 h to remove PVA. Finally, 
to limit Zn evaporation, the specimens were muffled in the powder of the 
same composition and sintered at 1250–1330 ◦C for 6 h. 

The composition and phase structure of the sintered Ca3ZnAl4O10 
ceramics were investigated by X-ray powder diffraction using Pan
alytical X’pert Pro diffractometer with Cu Kα radiation in the 2θ range of 
5–80o. The XRD data was refined according to Rietveld method by 
Fullprof software. Bulk densities of ceramics were measured through 
Archimedes method. Microstructure morphology in the ceramic samples 
was examined using Hitachi S4800 scanning electron microscope. The εr 
and Q×f values were measured by a network analyzer (Model E5071C, 
Agilent Co., CA). The τf value was obtained using the following equation: 

τf =
f85 − f25

(85 − 25) × f25
× 106 (1)  

where, f85 and f25 are the resonant frequencies at 85 ◦C and 25 ◦C, 
respectively. 

3. Results and discussion 

Fig. 1 compares the XRD profiles of the Ca3ZnAl4O10 ceramics sin
tered at 1250–1330 ◦C for 6 h to the standard data (JCPDS 01-087- 
0266). By a comparison between them, no apparent additional crystal 
phase or diffraction peaks were generated in the ceramics. All peaks can 
be well indexed to a Ca3ZnAl4O10 single phase crystallized in the space 
group Pbc21, indicating that the desired pure phase samples with 
orthorhombic structure were obtained successfully. To understand the 
crystal structure information in detail, Rietveld refinement was done 
using FullProf software. The Rietveld refinement pattern of the Ca3Z
nAl4O10 specimens at various temperatures are shown in Fig. 2(a–e), and 

the low refined reliability factors Rp, Rwp, and χ2 are listed in Table 2. All 
the values of refinement parameters are less than 10 %, indicating that 
the calculated results are reliable. A schematic structure of Ca3ZnAl4O10 
is sketched in Fig. 2 (f). In the structure, a three-dimensional network are 
consisted of [ZnO4] and [AlO4] tetrahedrons in which Zn1 (8e Wyckoff 
position) and Zn2 (4d Wyckoff position) locate in the former tetrahedra 
while four kinds of Al cations locate in the latter tetrahedra. In the 
[AlO4] tetrahedrons, Al1 and Al4 cations occupy the 8e and 4c Wyckoff 
position, while Al2 and Al3 cations occupy the 4d Wyckoff position 
respectively. All tetrahedra are linked each other only by corner-sharing 
and connect the [CaO6] octahedrons in the form of edge-sharing or 
angle-sharing. There two kinds of Wyckoff positions of Ca2+ in the oc
tahedron. The Ca1 and Ca3 cations at 8e Wyckoff position are sym
metrically located in two edge-sharing octahedrons. Ca2 cations in the 
4d Wyckoff position are located in the [Ca2O6] octahedrons, and these 
octahedrons share edge with [Ca1O6] and [Ca3O6] octahedrons. A 
channel is composed of six tetrahedrons with center calcium atoms Ca2, 
which are surrounded by eight nearest neighbors O anions with 4d and 
8e Wyckoff positions (as shown in the red short-dashed circle). Ca1 
(Ca3) cations are surrounded by six nearest oxygen neighbors (O1 and 
O2 at 4d, O4, O6 and O7 at 8e, and O5 at 4b Wyckoff site) and it can be 
seen from the blue short-dashed circle. Accordingly, these coordination 
environment can be represented as distorted [CaO6] octahedra and 
[CaO8] square antiprism, respectively [27]. 

Figs. 3 and 4 present the typical SEM images of Ca3ZnAl4O10 ce
ramics sintered at 1250–1330 ◦C and their corresponding grain size 
distributions. For the ceramic sintered at 1250 ◦C, the surface 
morphology of sample displayed relatively compact and the small grains 
below 1.5 μm were preponderant inside the ceramic. The average grain 
size increased slightly to 1.69 μm and dense microstructure with clear 
grain boundaries were developed at 1270 ◦C. Further sintering to 
1290 ◦C, the surface morphology of ceramic changed to denser and more 
uniform, following the increase in particle size. The grain uniformity in 
microstructure could be confirmed by Fig. 4 (c), which reveals the grain 
size distribution is mainly within the range 0.8–2.4 μm. When the 
ceramic was sintered at 1310 ◦C, the phenomenon of abnormal grain 
growth appeared, and the average grain size increased to 2.73 μm 
rapidly. Meanwhile, some grains began to melt and the grain boundaries 
became blurred, all indicating that over-sintering had occurred. With 
increasing the sintering temperature to 1330 ◦C, the liquid-like areas 
occurred. Many small grains were trapped within or between the 
abnormally grown large grains, perhaps by reason of some abnormal 
grain benefited from the liquid phase would suppress the grain growth of 

Table 1 
Microwave dielectric properties of some Al-based ceramics with εr < 10.  

Ceramics ST (◦C) εr Q×f (GHz) τf (ppm/ 
◦C) 

Ref 

LiAl5O8 1600 8.43 51,700 − 38 13 
CaAl4O7 1575 8.45 25,500 − 98 14 
Sr2SiAl2O7 1525 7.2 33,000 − 37 15 
Ca2Sn1.9Zr0.1Al2O9 1525 8.67 77,800 − 69.8 16 
Al2SiO5 1525 4.4 41,800 − 17 17 
BaAl2Si2O8 1475 6.36 44,800 − 46.9 18 
MgAl2O4 1460 8.75 68,900 − 75 19 
CaAl2O4 1450 8.9 91,350 − 55 20 
Ca2Sn1.92Al2O8.84 1450 8.3 105,700 − 63.7 21 
ZnAl2O4 1425 8.5 56,300 − 79 22 
LiZn0.01Si0.01Al0.98O2 1300 6.12 56,986 − 122 23 
Ca3ZnAl4O10 1290 8.31 30,750 − 23.3 This 

work  

Fig. 1. X-Ray diffraction patterns of Ca3ZnAl4O10 ceramics sintered at various 
temperatures ranging from 1250 ◦C to 1330 ◦C for 6 h. 

C. Su et al.                                                                                                                                                                                                                                       



Ceramics International 50 (2024) 7767–7774

7769

other grains [28]. The coexistence of exaggerated large and small par
ticles, which could be seen from the grain size distributions in Fig. 4 (e), 
leading to the degradation in grain uniformity. 

To provide a further insight into the uniformity of grain distribution, 
the grain size distribution of samples was statistically analyzed by 
Origin, as shown in Table S1. Then, Gaussian fitting was performed base 
on the statistical results (as shown in Fig. 4 and Table S1). The grain size 
distribution was in accord with the normal distribution (Adjusted R- 
squared >0.85) and the standard deviation was small as sintering tem
perature rose from 1250 ◦C to 1290 ◦C. These results showed that the 
grain size distribution was uniform, which was the phenomenon of 
normal grain growth. Abnormal grain growth occurred at 1310 ◦C, and 
the grain size distribution had deviated from the normal distribution 
with the relative high standard deviation of 1.7985. As the sintering 
temperature was further increased to 1330 ◦C, the grain size distribution 
of the ceramic did not obey a normal distribution (Adjusted R-squared 
<0.5), and the high standard deviation of 3.6797 indicated that the 
grain size distribution in this sample was very irregular. This similar 
phenomenon could be also found in the KSrPO4 [29] and La5Sn4O15 
ceramics [30]. 

Fig. 5 depicts the bulk density, relative density, relative permittivity, 
and pore-corrected permittivity of Ca3ZnAl4O10 ceramics as functions of 
sintering temperature. As illustrated in Fig. 5 (a), the bulk density and 
relative density of Ca3ZnAl4O10 ceramics raise first and then decline 
with the rise of sintering temperature, which is in accordance with the 
microstructure evolution. From 1250 ◦C to 1290 ◦C, the bulk density 
increases monotonously from 96.23 % of the theoretical density (3.267 

g/cm3) to 96.93 % of the theoretical density (3.268 g/cm3). Further 
increasing the sintering temperature results in a decline of relative 
density to 95.65 % at 1330 ◦C, giving an optimum sintering temperature 
of Ca3ZnAl4O10 to be 1290 ◦C. The improvement and decline in density 
are due to the grain growth and over-sintering, respectively, which is 
consistent with the SEM characterization. 

As shown in Fig. 5 (b), increasing sintering temperature brings about 
an increase of the relative permittivity εr, which reaches a maximum 
value of 8.36 at 1290 ◦C. A downward trend of εr is observed with the 
further increase in the sintering temperature, which is kept in step by the 
trend of density. Considering that the relatively small permittivity of air 
(about 1) trapped in the pores would also affect the εr, the pore- 
corrected permittivity (εcorr) was calculated to exclude the influence of 
porosity on εr through Bosman and Havinga’s correction [31]:  

εcorr = εr (1 + 1.5p)                                                                        (2) 

where P is the fractional porosity. Different sintering temperatures 
resulted in limited variation in the calculated εcorr values, and these εcorr 
values were a little higher than the εr values with a minimal deviation of 
4.6 % between them. The total polarizability (α) and the molar volume 
(Vm) significantly affect the εr in the microwave frequency region. 
Therefore, the theoretical permittivity εtheo of Ca3ZnAl4O10 ceramics can 
be calculated by the Clausius–Mossotti (C-M) equation and additive rule 
[32,33]: 

εtheo =
3Vm+8πα
3Vm− 4πα (3)   

αtheo = 3α(Ca2+) + α(Zn2+) + 4α(Al3+) + 10α(O2− )                            (4) 

where αtheo and Vm are the sum polarizability and molar volume, 
respectively. 

As shown in Table 3, the εtheo values of Ca3ZnAl4O10 ceramics vary 
from 6.150 to 6.155, which are obviously lower than their εcorr values 
with positive deviations [Δεr = (εcorr - εtheo)/εtheo] of 39.45–41.23 %. 
Shannon ascribed the large deviations (Δεr = 13–44 %) in εcorr and εtheo 
to the presence of “rattling” cations [33]. The rattling effect was 
described by Dunitz and Orgel as follow, when the central cation at the 
polyhedron becoming loosening, the polyhedron would change its 
configuration to adapt the cation, thereby resulting in a polyhedral 
distortion and corresponding to the higher polarizability [34]. Similar 
phenomenon occurred in MgxY3-xAl5-xSixO12 (x = 0.1–0.6) [35] and 
REVO4 (RE = Yb, Ho) [36] due to the rattling effect of the cation sites, 
which can be understood by bond valence (BV, Vi) [37,38]: 

Fig. 2. Rietveld XRD patterns of Ca3ZnAl4O10 ceramics sintered at various temperatures for 6 h (a) 1250 ◦C, (b) 1270 ◦C, (c) 1290 ◦C, (d) 1310 ◦C, (e) 1330 ◦C, and 
(f) is the schematic diagram of Ca3ZnAl4O10 structure. 

Table 2 
Refinement parameters and reliability of Ca3ZnAl4O10 ceramics.  

Structural 
parameters 

S.T. (oC) 

1250 1270 1290 1310 1330 

a (Å) 5.1389 
(2) 

5.1387 
(2) 

5.1384 
(2) 

5.1386 
(2) 

5.1392 
(2) 

b (Å) 16.7394 
(3) 

16.7386 
(3) 

16.7379 
(2) 

16.7430 
(3) 

16.7441 
(3) 

c (Å) 10.7188 
(2) 

10.7183 
(2) 

10.7184 
(3) 

10.7167 
(3) 

10.7173 
(3) 

α = β = γ (◦) 90 90 90 90 90 
V (Å3) 922.05 

(2) 
921.93 
(2) 

921.85 
(2) 

922.02 
(3) 

922.24 
(3) 

Rp (%) 6.79 6.60 6.61 7.07 7.31 
Rwp (%) 8.92 8.67 8.62 9.31 9.55 
χ2 1.33 1.24 1.24 1.42 1.49  
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vij = exp
[

Rij − dij

b

]

(5)  

Vij=
∑

vij (6)  

where Rij is the bond valence parameter, dij is the bond length between 
atom i and j measured by the Rietveld refinement results, and b is the 
constant 0.37 Å. The bond valence of each ion in Ca3ZnAl4O10 sintered 
at 1290 ◦C are listed in Table 4. The bond valance of Ca2+ are less than 
the ideal valence of 2 v.u., especially the Ca2+ adopted eight- 
coordinated exhibits a smaller value of 1.5607 v.u., suggesting that 
this Ca2+ to be the “rattling” cation in its polyhedron. Likewise, all the 
Al3+ show smaller bond valences than their normal valence of 3 v.u., 
suggesting these “rattling” cation Al3+ are small for the tetrahedral site. 
As for Zn2+, the bond valence (3.0115 v.u.) is bigger than its ideal 
valence of 2 v.u., showing “compressed” cation Zn is tightly bound in the 
tetrahedra. Therefore, the large Δεr might be ascribed to the strong 
rattling effect caused by Ca2+ and Al3+ in their distorted polyhedra. 

To our knowledge, the τf of most microwave ceramics with low-εr is 
mainly affected by the structural factors, in which bond valence is an 
important factor to understand the structure-activity relationship [39]. 
For the orthorhombic structured Ca3ZnAl4O10 with a complex frame
work, the bond valence of eight-, six- and four-coordinated site cations 
should be considered. Then the relationship between τf value and the 
sum of cation bond valence is illustrated in Fig. 6 (a) and Table 5. The 
lower bond valence means the weaker bond strength in the polyhedra, 
which leads to a smaller restoring force to recover the deformation of the 
polyhedra, thereupon a shift of τf value in the positive direction happens 

[40]. Viewed from another perspective, τf can be explained by the 
temperature coefficient of dielectric constant (τε) and the coefficient of 
the thermal expansion (αL) through relationship τf = –(αL + 0.5τε). For 
Ca3ZnAl4O10 ceramic sintered at its optimum temperature, the τε value 
measured at microwave frequency between 25 ◦C and 85 ◦C is 35.4 
ppm/◦C. The αL value calculated from the relationship mention above is 
5.6 ppm/◦C, thus τf is mainly driven by τε since the value of latter is 
bigger than that of αL. The differential equation (Eq. 7) derived from C-M 
equation by Bosman and Havingais [31] in favor of understanding τε 
from the structural point of view. This equation describes the relation
ship among τε εr, αL, and the temperature coefficient of ionic polariz
ability (ταm, as seen from Eq. (8)) [41]. According to the values of εr, τε, 
and αL, the value of ταm is 28.5 ppm/◦C, indicating that ion polarizability 
of Ca3ZnAl4O10 ceramic is increasing with rising temperature in the 
range of 25–85 ◦C. This result can give a good indication of rattling ef
fect is acceptable to explain the structure-activity relationship of Ca3Z
nAl4O10 ceramics. The rattling effect means a weakening of the bond 
strength as well as the bond valence, which would correspond to an 
increase in ion polarizability and a decrease in energy for recovering the 
deformation of polyhedra. As a result, the stronger rattling effect in the 
series of Ca3ZnAl4O10 contributes to the large Δεr and the smaller 
|τf∣value. Recently, similar phenomena caused by rattling effect have 
been uncovered in AEuV2O8 (A = Bi, La) [42] and AGe4O9 (A = Ba, Sr) 
[43]. 

τε=
1
ε

(
∂ε
∂T

)

=
(ε − 1)(ε+2)

3ε

(
1

αm

dαm [T,V(T)]
dT

− 3αL

)

(7)  

Fig. 3. SEM images of the Ca3ZnAl4O10 ceramics sintered at different temperatures for 6 h (a) 1250 ◦C, (b) 1270 ◦C, (c) 1290 ◦C, (d) 1310 ◦C, (e) 1330 ◦C.  
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ταm =
1

αm

dαm [T,V(T)]
dT

(8)  

Usually, the Q × f value of the microwave ceramic relies on the two 
aspects of extrinsic factors and intrinsic factors. The extrinsic factors are 
mainly divided into the secondary phases, bulk density, porosity, and 
grain morphology, which can be investigated by the XRD, densimeter 
and SEM. The XRD patterns and Rietveld refinement results in this work 
show that the sintered ceramics are single-phase materials, thus the ef
fect of secondary phase could be neglected. Therefore, densification and 
grain morphology are the main extrinsic loss to the Ca3ZnAl4O10 ce
ramics. The trend of Q×f values as the sintering temperatures increased 

Fig. 4. The particle size distribution and average grain size of Ca3ZnAl4O10 ceramics sintered at (a) 1250 ◦C, (b) 1270 ◦C, (c) 1290 ◦C, (d) 1310 ◦C, (e) 1330 ◦C, 
respectively. 

Fig. 5. The bulk density, relative density, relative permittivity, and pore- 
corrected permittivity of Ca3ZnAl4O10 ceramics sintered at 1250–1330 ◦C for 
6 h. 

Table 3 
The measured permittivity εr, pore-corrected permittivity εcorr, theoretical 
permittivity εtheo, and Δεr of Ca3ZnAl4O10 ceramics at different sintering 
temperatures.  

S.T. (oC) εr εcorr εtheo Δεr (%) 

1250 8.12 8.579 6.152 39.45 
1270 8.24 8.664 6.154 40.79 
1290 8.31 8.693 6.155 41.23 
1310 8.21 8.651 6.153 40.60 
1330 8.11 8.639 6.150 40.47  
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were similar to that of the relative density, which might be due to the 
elimination of porosity inside the ceramic during densification. Besides, 
the small grains are usually accompanied by more boundaries and comes 
about the lattice mismatch with higher dielectric loss consequently. 
Hence, the promotion of Q×f value was caused by the combined factors 
of the densification and normal grain growth in ceramic. When the 
sintering temperature rose from 1290 ◦C to 1330 ◦C, the relative density 
exhibited a downward trend as well as the Q×f value decreased from 
30,750 GHz to 23,060 GHz. The reason for this phenomenon could be 
related to the high sintering temperature, which would lead to the 
abnormal grain growth with blurred grain boundaries and destroy the 
uniformity in microstructure, and thereupon increase the dielectric loss 
of the ceramics [44]. The packing fraction, lattice vibrations, bond 
strength, lattice energy, and other parameters related to the crystal 
structure are common intrinsic factors, specifically, a higher packing 
fraction (P.f.) stands for a smaller space for the lattice vibration and thus 
avoiding the higher dielectric loss [45–47]. The packing fraction of 
Ca3ZnAl4O10 ceramics is evaluated using following equation: 

Packing fraction f (%)=
volume of the atoms in the cell

volume of unit cell
× Z  

=
4π/3×

(
2r3

Ca1(3)+r3
Ca2+r3

Zn+4r3
Al+10r3

O

)

V
×4 (9)  

where rCa1(3) = 1.12 Å; rCa2 = 1 Å; rZn = 0.6 Å; rAl = 0.39 Å; rO = 1.38 Å 

are the effective radii of the ions. As plotted in Fig. 6 (b), the trend of Q×f 
value and packing fraction is in good agreement. However, the Q×f 
values of these ceramics are unsatisfactory with the maximum value of 
30,750 GHz. The anharmonic vibration in a distorted polyhedra might 
be facilitated by the strong rattling effect thereupon deteriorates the 
Q×f. Ion doping or substitution is a good way to improve the Q×f value 
of the materials in some previous work [48–50], and this idea will be 
applied in the performance modification of Ca3ZnAl4O10 ceramics in the 
future. In summary, the advantages of Ca3ZnAl4O10 ceramics over other 
Al-rich compounds in Table 1 are the markedly lower sintering tem
perature, the obvious smaller |τf∣value and a relatively low εr. 

4. Conclusions 

Microwave dielectric ceramics Ca3ZnAl4O10 with low-εr were syn
thesized using standard solid-state method. The crystal structure, sin
tering behaviour, microstructure of Ca3ZnAl4O10 ceramics were 
systematically investigated together with their effects on the properties. 

Table 4 
Bond length and bond valence of Ca3ZnAl4O10 ceramic sintered at 1290 ◦C.  

Bond type 
Bond length (Å) 

BV (v.u.) Ideal BV (v.u.) 

Ca1-O1 Ca1-O2 Ca1-O4 Ca1-O5 Ca1-O6 Ca1-O7 Ca1-O2 Ca1-O4 Ca1-O5 Ca1-O6 Ca1-O7   1.8832 2 
2.2202 2.4113 2.4909 2.4901 2.3820 2.4567   
Ca3-O1 Ca3-O2 Ca3-O5 Ca3-O8 Ca3-O9 Ca3-O10   1.7742 2 
2.6144 2.4421 2.5722 2.2547 2.3839 2.3607   
Ca2-O1 Ca2-O3 Ca2-O4 Ca2-O6 Ca2-O7 Ca2-O8 Ca2-O9 Ca2-O10 1.5607 2 
2.3459 2.7411 2.6304 2.4763 2.8973 2.4120 2.5854 2.8584 
Al1-O2 Al1-O3 Al1-O7 Al1-O10     2.7033 3 
1.7197 1.7835 1.8468 1.8496     
Al2-O1 Al2-O2 Al2-O4 Al2-O8     2.7878 3 
1.7049 1.8509 1.805 1.793     
Al3-O4 Al3-O6 Al3-O8 Al3-O9     2.9205 3 
1.6775 1.7649 1.9142 1.7508     
Al4-O3 Al4-O5 Al4-O6 Al4-O7     2.5199 3 
1.7985 1.8414 1.8754 1.78     
Zn-O3 Zn-O5 Zn-O9 Zn-O10     3.0115 2 
1.9126 1.7745 1.7745 1.7915      

Fig. 6. (a) The relationship between sum of cation bond valence and τf values 
of Ca3ZnAl4O10 ceramics sintered at different temperatures; (b) The relation
ship between packing fraction and Q×f values of samples sintered at various 
temperatures. 

Table 5 
Bond valence, packing fraction (P.f.) and microwave dielectric properties of 
Ca3ZnAl4O10 ceramics at different sintering temperatures.    

S.T. (oC)   

1250 1270 1290 1310 1330 

[Ca1O6] 
octahedra 

BV (v.u.) 2.0083 1.9081 1.8832 1.8546 1.8021 

[Ca2O6] 
octahedra 

BV (v.u.) 1.7094 1.7529 1.7742 1.8108 1.8618 

[Ca2O8] square 
antiprism 

BV (v.u.) 1.5521 1.5591 1.5607 1.5419 1.5492 

[Al1O4] 
tetrahedra 

BV (v.u.) 2.7278 2.6795 2.7033 2.7292 2.7077 

[Al2O4] 
tetrahedra 

BV (v.u.) 2.9819 2.9176 2.7878 2.8876 2.9687 

[Al3O4] 
tetrahedra 

BV (v.u.) 2.8541 2.8739 2.9205 2.9040 2.8806 

[Al4O4] 
tetrahedra 

BV (v.u.) 2.4059 2.4841 2.5199 2.5026 2.4371 

[ZnO4] 
tetrahedra 

BV (v.u.) 3.0317 3.0197 3.0115 3.0243 3.0343 

[CaO6] 
octahedra 

Mean BV 
(v.u.) 

1.8589 1.8305 1.8287 1.8327 1.8319 

[AlO4] 
tetrahedra 

Mean BV 
(v.u.) 

2.7424 2.7388 2.7329 2.7559 2.7485 

Cation BV sum (v.u.) 9.1851 9.1481 9.1337 9.1548 9.1639 
εr 8.12 8.24 8.31 8.21 8.11 
Q×f (GHz) 25,840 28,590 30,750 27,240 23,060 
τf (ppm/◦C) − 27.5 − 23.7 − 23.3 − 25.7 − 26.6 
P.f. (%) 54.037 54.044 54.049 54.039 54.026  
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The XRD pattern and Rietveld refinement indicate the Ca3ZnAl4O10 
formation a single orthorhombic structure phase with a Pbc21 space 
group. A well-packed grains and homogeneous microstructure were 
observed at 1290 ◦C. The optimal properties were obtained with εr =

8.31, Q×f = 30,750 GHz and τf = − 23.3 ppm/◦C. The large positive 
deviations (Δεr = 39.45–41.23 %) between εtheo and εcorr could be 
ascribed to the strong rattling effect. The bond valence results show that 
the Ca2+ adopted eight-coordinated behaves a more active “rattling” 
cation. Also, the variation in τf could be correlated with the rattling 
effect and the sum of cation bond valence. The variation in the Q×f 
values is congruously related to the density and the packing fraction. 
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