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A B S T R A C T

BaAl2−2x(ZnSi)xSi2O8 (x= 0.2–1.0) ceramics were prepared using the conventional solid-state reaction method.
The sintering behaviour, phase composition and microwave dielectric properties of the prepared compositions
were then investigated. All compositions showed a single phase except for x = 0.8. By substituting (Zn0.5Si0.5)3+

for Al3+ ions, the optimal sintering temperatures of the compositions decreased from 1475 °C (x= 0) to 1000 °C
(x= 0.8), which then slightly increased to 1100 °C (x= 1.0). Moreover, the phase stability of BaAl2Si2O8 was
improved. A novel BaZnSi3O8 microwave dielectric ceramic was obtained at the sintering temperature of
1100 °C. This ceramic possesses good microwave dielectric properties with εr = 6.60, Q× f = 52401 GHz (at
15.4 GHz) and τf =−24.5 ppm/°C.

1. Introduction

Low-permittivity (εr < 15) microwave dielectric ceramics are key
materials for microwave wireless communication in the form of high-
frequency substrates, dielectric antennae, high-accuracy capacitors and
millimeter-wave components such as resonators and filters [1]. As the
operating frequency ranges of microwave wireless communication ex-
pand, the high performance of microwave dielectric ceramics with low
permittivity has attracted much attention.

Usually, silicate has low relative permittivity due to the SieO bond,
which comprises 45% ionic bond and 55% covalent bond strength [2].
Recently, many silicates, such as willemite (Zn2SiO4), forsterite
(Mg2SiO4) and diopside (CaMgSi2O6) [3–5], have been explored as
potential candidates for millimeter-wave devices given their low per-
mittivity and high quality factor.

Celsian (BaAl2Si2O8), a natural plagioclase-feldspar mineral, is used
as environmental barrier coating, BaAl2Si2O8: Eu2+ phosphor and
matrix material in fibre-reinforced composites [6–8]. At present, the
thermal, optical and mechanical properties of celsian ceramics have
received considerable research attention, whereas their dielectric
properties have been investigated in only a few studies. In 2000,
McCauley reported the dielectric properties of Ba1−xSrxAl2Si2O8 solid
solutions [9]. From 2005 to 2009, Krzmanc et al. [10–14] system-
atically investigated the crystal structure and microwave dielectric

properties of plagioclase-feldspar-based ceramics and found that
BaAl2Si2O8 ceramics exhibit high Q × f value when sintered at 1500 °C
for 40 h. Lei et al. [15] prepared near-zero shrinkage BaAl2Si2O8 mi-
crowave dielectric ceramics at a sintering temperature of 1475 °C using
ethanol as a dispersant. Although BaAl2Si2O8 and other plagioclase-
feldspar-based ceramics possess good microwave dielectric properties,
their commercial application is hindered by some problems. For ex-
ample, the sintering temperature of Ba1−xMxAl2Si2O8 (M = Ca, Sr;
0≤ x≤ 1.0) solid solutions is approximately 1500 °C, which strictly
calls for high energy consumption and the requirement of an equip-
ment. Although KxBa1−xGa2−xGe2+xO8 (0 ≤ x ≤ 1.0) solid solutions
have good microwave dielectric properties and low sintering tempera-
ture, their raw materials, such as Ga2O3 and GeO2, are expensive.
NaxCa1−xAl2-xSi2+xO8 (0 ≤ x≤ 1.0) solid solutions with low sintering
temperature have a maximum quality factor value of only 17600 GHz.

Hence, a feasible solution to these problems is to decrease the sin-
tering temperature of BaAl2Si2O8 ceramics and keep the high Q× f
value. Similar to BaAl2Si2O8, Al-containing ceramics and aluminates,
such as Sr2Al2SiO7, MAl2O4 (M= Mg, Zn), and Y3Al5O12 [16–19], have
ultra-high sintering temperatures owing to their strong AleO bonds and
high lattice energy. Aluminum content has an important effect on sin-
tering temperature. In addition to sintering temperature, the phase
transition of BaAl2Si2O8 is another notable problem for us. BaAl2Si2O8

has three different phases—hexagonal, monoclinic and orthorhombic.
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Hexagonal celsian can coexist with monoclinic celsian at temperatures
below 1590 °C. A reversible phase transition will occur between the
hexagonal and orthorhombic phases at about 300 °C; this phase tran-
sition is accompanied by a violent volume change [20]. Therefore, the
phase transition of celsian will cause microcracks and degrade its mi-
crowave dielectric properties.

Reducing Al proportion in the compound is a proper method of
decreasing the sintering temperature and adjusting the phase transition.
In 1979, Sclar demonstrated the substitution mechanism, by which,
(Fe0.5Si0.5)3+ ions replaced Al3+ ions in CaAl2Si2O8 [21]. The manu-
facturing temperature of CaAl2−2x(FeSi)xSi2O8 (0 ≤ x≤ 1.0) ceramics
ranges from 1050 °C to 1200 °C. This work provided a new approach to
decrease the sintering temperature of Al-containing ceramics and form
a new CaFeSi3O8 phase. Liu et al. [22,23] substituted Al3+ in
SrLaAl1−x(Zn0.5Ti0.5)xO4 ceramics with (Zn0.5Ti0.5)3+ and obtained a
new SrLa(Zn0.5Ti0.5)O4 phase. With the exception of the end member
CaFeSi3O8 in CaAl2−2x(FeSi)xSi2O8 (0 ≤ x≤ 1.0) ceramics, the ex-
istence of CaZnSi3O8, BaZnSi3O8 and CaMgSi3O8 [24–27] have been
confirmed by previous studies. AMSi3O8 (A = Ca, Ba; M= Mg, Zn, Fe)
is a new type of plagioclase-feldspar material, which has a similar
structure to MAl2Si2O8 (M= Ca, Sr, Ba) and medium sintering tem-
perature, thus provides the feasible option of lowering the sintering
temperature and stabilizes the phase composition of BaAl2Si2O8 cera-
mics by forming a solid solution between BaAl2Si2O8 and BaZnSi3O8.

Therefore, (Zn0.5Si0.5)3+ ions were used to substitute the Al3+ ions,
and BaAl2−2x(ZnSi)xSi2O8 (x= 0.2–1.0) solid solutions were prepared
through the conventional solid-state reaction method. The sintering
behaviour, phase composition, and microwave dielectric properties of
BaAl2−2x(ZnSi)xSi2O8 (x= 0.2–1.0) ceramics were investigated.

2. Experimental procedure

The BaAl2−2x(ZnSi)xSi2O8 (x = 0.2–1.0) ceramics were prepared by
conventional solid-state method using reagent grade BaCO3 (99.8%),
Al2O3 (99.5%), ZnO (99.5%), and SiO2 (99.5%) powders as raw mate-
rials. According to the stoichiometry, the raw materials were weighed
to ball milled in a polyethylene jar for 12 h using ZrO2 balls with
deionized water. After drying at 85 °C, the mixtures were calcined in
the temperature range of 950 °C–1100 °C for 3 h with a heat rate of
5 °C/min. And then the powders were uniaxially pressed into samples
with dimensions of 12 mm in diameter, and 6 mm in height under a
pressure of 150 MPa. The samples were sintered in the temperature
range of 980 °C–1250 °C for 3 h at a heating rate of 5 °C/min in air, they
were cooled at a rate of 1 °C/min down to 1000 °C and then at a rate of
2 °C/min down to 800 °C, finally naturally cooled in the furnace. The
XRD data were obtained using X-ray diffraction (XRD, XRD–7000,
Shimadzu, Kyoto, Japan) using CuKα radiation. The microstructure was
observed by scanning electron microscope (SEM, Sirion 200,
Netherlands) and grain size distributions was obtained using Image J.
The εr and the unloaded Q × f value were measured at about 15 GHz in
the TE011 mode by Hakki and Coleman method [28] using a network
analyzer (Agilent E8362B, Agilent Technologies, USA) and parallel
silver boards. The τf value in the temperature range of 30–80 °C was
calculated by Formula (1):
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where f(T1) and f(T0) represent the resonant frequency at T1 (80 °C) and
T0 (30 °C), respectively.

3. Results and discussion

The XRD patterns of the BaAl2−2x(ZnSi)xSi2O8 (x= 0.2–1.0) cera-
mics sintered at different densification temperatures are shown in
Fig. 1. The diffraction peaks that corresponded to BaAl2−2x(ZnSi)xSi2O8

(x= 0.2–0.6) were indexed to monoclinic BaAl2Si2O8 (PDF#38-1450),
and the XRD peaks of BaAl2−2x(ZnSi)xSi2O8 (x = 1.0) agreed well with
that of BaZnSi3O8 (PDF#23-0481), which exhibited a lower symmetry
than BaAl2Si2O8 phase. The XRD patterns of x= 0.2–0.6 showed that
the ceramics crystallized in a single phase without a hexagonal phase.
This result indicated that solid solutions were formed. However, when
x= 0.8, a mixture of BaZnSi3O8 (∼80 mol%) main phase and second
phases such as BaSiO3 (∼18 mol%) and little SiO2 (∼2 mol%) formed,
as shown in Fig. 1(d). This result indicated that the maximum solubility
of BaAl2−2x(ZnSi)xSi2O8 is located between 0.6 and 0.8.

Fig. 2 presents the microstructures and grain size distributions of
thermally etched BaAl2−2x(ZnSi)xSi2O8 (x= 0.2–1.0) ceramics sintered
at different temperatures. Dense and homogeneous microstructures
were present in x= 0.2 and x= 0.4. With the substitution of
(Zn0.5Si0.5)3+ for Al3+, the ceramics became more sensitive to sintering
temperature. Hence, when x increased to 0.6 and 1.0, some abnormal
grain growth and little porosity was observed in Fig. 2(c) and (e). As for
x= 0.8, the distribution of grain was disorganized, which was attrib-
uted to the effects of multi-phases and glass. The average grain size
estimated from insets in Fig. 2(a)–(e) was about 1.02, 1.11, 1.27, 0.95,
and 1.04 μm corresponding to x = 0.2, 0.4, 0.6, 0.8, and 1.0. The grain
growth was promoted when x increased from 0.2 to 0.6. The distribu-
tion of grain size for x= 0.8 and 1.0 was erratic, and the average grain
size was slightly reduced.

The bulk densities and the relative densities of
BaAl2−2x(ZnSi)xSi2O8 (x= 0.2–1.0) ceramics sintered at different
temperatures for 3 h are demonstrated in Fig. 3. The bulk densities of
BaAl2−2x(ZnSi)xSi2O8 (x= 0.2–0.8) initially increased with increasing
sintering temperature and decreased after reaching their maximum
value. However, the bulk densities of BaAl2−2x(ZnSi)xSi2O8 (x= 1.0)
linearly increased until a molten trace appeared at sintering tempera-
tures exceeding 1100 °C. Thus, we disregarded the microwave dielectric
properties of BaAl2−2x(ZnSi)xSi2O8 (x = 1.0) sintered at temperatures
above 1100 °C. The maximum densities of the ceramics also increased
initially and then decreased above x= 0.8 with increasing x. On one
hand, maximum density increased with increasing atomic weight. On
the other hand, porosity affected maximum density. Therefore, as the
(Zn0.5Si0.5) dopant with higher weight than the Al atom, maximum
density showed an increasing tendency. Whereas glass phase promoted

Fig. 1. The XRD patterns of BaAl2−2x(ZnSi)xSi2O8 (x = 0.2–1.0) ceramics sintered at
different densification temperatures: (a) x= 0.2, 1200 °C; (b) x = 0.4, 1125 °C; (c)
x = 0.6, 1075 °C; (d) x = 0.8, 1000 °C; (e) x= 1.0, 1100 °C.
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the densification of BaAl2−2x(ZnSi)xSi2O8 (x = 0.8) (Fig. 2(d)), so it
exhibited higher maximum density than BaAl2−2x(ZnSi)xSi2O8

(x = 1.0) (Fig. 3(a)). The variation tendency of density for each com-
position sharpened with increasing x, indicating that the ceramics be-
came more sensitive to sintering temperature. The maximum relative
density for each composition was higher than 95%, however, the re-
lative density of BaZnSi3O8 was smaller than other compositions.

Fig. 4 shows the relative permittivity of BaAl2−2x(ZnSi)xSi2O8

(x = 0.2–1.0) ceramics sintered at different temperatures for 3 h. The
correlations between εr and sintering temperature exhibited the same

trend as those between relative density and sintering temperature
(Figs. 3 and 4). For different compositions, the maximum εr value is
controlled by ionic polarizability, porosity, and so on [29]. The ionic
polarisability of (Zn0.5Si0.5)3+ (1.455 Å3) is larger than that of Al3+

(0.79 Å3) [30]; thus, the εr of BaAl2−2x(ZnSi)xSi2O8 (x= 0.2–0.6)
showed a gradually increasing trend [13]. However, when the x
reached 0.8, εr dramatically decreased. The decrease in relative per-
mittivity for x= 0.8 should be attributed to the glass phase and low
relative permittivity of BaZnSi3O8. By contrast, the decrease in relative
permittivity for x = 1.0 arose from changes in lattice structure and

Fig. 2. SEM images and grain size distributions (insets) of thermally etched BaAl2−2x(ZnSi)xSi2O8 (x= 0.2–1.0) ceramics sintered at different densification temperatures: (a) x= 0.2,
1200 °C; (b) x= 0.4, 1125 °C; (c) x= 0.6, 1075 °C; (d) x = 0.8, 1000 °C; and (e) x = 1.0, 1100 °C.
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densification (Fig. 1).
Table 1 shows the theoretical relative permittivity of

BaAl2−2x(ZnSi)xSi2O8 (x = 0.2–0.6 and 1.0) compounds calculated
with the polarisability suggested by Shannon and the Clausius–Mosotti
equation [30]. The trend of calculated εr versus the composition agreed
well with the experimental result except for that of x= 1.0 due to the
structural changes and poor density of BaAl2−2x(ZnSi)xSi2O8 (x = 1.0)
(Fig. 3). The positive deviations (Δ,%) between experimental and the-
oretical relative permittivity are observed in Table 1. In fact, the
Clausius-Mossotti equation is suitable for high symmetric crystal ma-
terials with ion displacing polarisation. The distorted polyhedrons oc-
curred in low symmetric crystal structure, which led to the emergence
of “rattling” cations in the center of polyhedron with corresponding

high polarisabilites [31]. Thus, the deviations (Δ,%) between experi-
mental and theoretical relative permittivity of BaAl2−2x(ZnSi)xSi2O8

resulted from its low symmetry (monoclinic). Moreover, the Δ, % value
reduced dramatically at 1.0 due to its lowest relative density (Fig. 3(b)).

Fig. 5 shows the Q × f values of BaAl2−2x(ZnSi)xSi2O8

(x= 0.2–1.0) solid solutions sintered at different temperatures for 3 h.
As sintering temperature increased, the Q × f of each composition in-
creased to a maximum value before decreasing. The change in max-
imum Q × f value exhibited a trend that opposed that of the relative
permittivity as x increased from 0.2 to 1.0. A maximum Q × f value of
52401 GHz was obtained for BaZnSi3O8 (x= 1.0). The density, second
phase and glass phase not only influenced the relative permittivity but
also dielectric loss. Compared with BaAl2Si2O8 (x= 0), BaZnSi3O8

(x= 1.0) possessed a similar relative permittivity of approximately
6.60, but a higher Q × f value and a considerably lower sintering
temperature [15].

The τf value is related to the coefficient of thermal expansion αl and
the temperature coefficient of relative permittivity τε, and can be cal-
culated as follows [33]:

= − −τf αl τε1
2 (2)

αl is approximately 10 ppm/°C for oxide ceramics [34]. τε can be cal-
culated with [35]:
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As inferred from Eqs. (2) and (3), τf is mainly determined by εr and
the slope of εr-T. When τε is negative, τf increases with the relative

Fig. 3. (a) The bulk density and (b) the relative density of BaAl2−2x(ZnSi)xSi2O8

(x= 0.2–1.0) ceramics as a function of sintering temperatures for 3 h.

Fig. 4. The relative permittivity (at 15.0–15.5 GHz) of BaAl2−2x(ZnSi)xSi2O8

(x= 0.2–1.0) ceramics as a function of sintering temperatures for 3 h.

Table 1
Comparison of the calculated and experimental relative permittivity of some silicate and
germanate ceramics.

Composition x εcalc εexp Δ,% Ref.

BaZnSiO4 – 7.71 12.20 +36.80 [1]
Bi4Si3O12 – 11.8 14.20 +16.90 [30,32]
KxBa1−xGa2-xGe2+xO8 0.6 4.83 6.10 +28.20 [14]

0.67 4.76 6.0 +20.67
0.9 4.58 5.60 +18.21
1.0 4.49 5.50 +18.36

CaAl2Si2O8 – 4.70 7.14 +34.17 [30]
BaAl2−2x(ZnSi)xSi2O8 0 5.21 7.20 +27.64 [13]

0.2 5.34 7.22 +26.04 This work
0.4 5.46 7.25 +24.69
0.6 5.58 7.31 +23.67
1.0 5.60 6.60 +15.15

Fig. 5. The Q × f value (at 15.0–15.5 GHz) of BaAl(2−2x)(ZnSi)xSi2O8 (x= 0.2–1.0)
ceramics as a function of sintering temperatures for 3 h.
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permittivity. When τε is positive, τf decreases with relative permittivity
[36]. Fig. 6(a) shows the temperature dependence of relative permit-
tivity (εr) at 1 MHz for BaAl2−2x(ZnSi)xSi2O8 (x= 0.2–1.0) ceramics.
The relative permittivity of each composition increased with increasing
temperature, indicating that τε is positive. The slope of εr-T slowly in-
creased as x increased from 0.2 to 0.8 and decreased thereafter. How-
ever, the nonlinear phenomenon appeared for x= 0.4, this phenom-
enon may be caused by phase transition [1,37,38]. Thus, the slope
variation of εr-T had a similar trend with that of εr, and τf has an op-
posite trend with that of εr (Fig. 6(b)). It was noted that the τf value at
microwave frequency of about 15 GHz agreed well with the slope of εr-
T curve (τε) at 1 MHz based on Eq. (2), which indicated that the mea-
suring frequency above 1 MHz seldom affected on the change tendency
of εr with T of the BaAl2−2x(ZnSi)xSi2O8 ceramics.

4. Conclusions

The sintering behaviour and microwave dielectric properties of
BaAl2−2x(ZnSi)xSi2O8 (x = 0.2–1.0) solid solutions were investigated
in this study. Substituting (Zn0.5Si0.5) for Al in BaAl2Si2O8 considerably
decreased sintering temperature from 1475 °C (BaAl2Si2O8) to 1100 °C
(BaZnSi3O8). BaAl2−2x(ZnSi)xSi2O8 (x= 0.2–0.6 and 1.0) solid solu-
tions did not exhibit a hexagonal phase and microcracks, and
(Zn0.5Si0.5)3+ substitution significantly improved the phase stability of
BaAl2Si2O8. The maximum solubility of BaAl2−2x(ZnSi)xSi2O8 was be-
tween 0.6 and 0.8 for x, and a low temperature eutectic was obtained at
x = 0.8. Composition and density strongly dominated the microwave
dielectric. The variation in relative permittivity and Q × f value ex-
hibited the same trend as that of bulk density for each composition. The
εr value gradually increased and reached a maximum value of 7.31 at
x = 0.6 before decreasing. The variation of Q × f value had an opposite
trend with that of εr value. The τf reached the maximum negative value

of −63 ppm/°C at x = 0.8. A new type of plagioclase BaZnSi3O8 was
prepared at 1100 °C, which possesses good microwave dielectric prop-
erties with εr = 6.60, Q × f= 52401 GHz (at 15.4 GHz) and
τf = −24.5 ppm/°C and a medium sintering temperature. However, the
sensitive sinterability and slightly negative τf value of BaZnSi3O8 have
to be improved in the future.
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