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A B S T R A C T

In this paper, thermal stable Y3MgAl3SibO12-TiO2 microwave composite ceramics were firstly fabricated by the
high temperature solid phase reaction method. The influence of the sintering temperature, microstructure on
microwave dielectric properties of Y3MgAl3SiO12 by doping TiO2 were investigated in detailed. TiO2 addition
reduced the ceramic sintering temperature and improved the distribution of grain size. The negative temperature
coefficient of resonant frequency (τf = −32 ppm/°C) of Y3MgAl3SiO12 was adjusted to near zero value.
0.8Y3MgAl3SiO12-0.2TiO2 ceramic sintered at 1475 °C for 6 h achieved the optimized microwave dielectric
properties: εr = 12.2, Q × f= 21,050 GHz, τf =+5.2 ppm/°C, which indicated that 0.8Y3MgAl3SiO12-0.2TiO2

is a potential candidate for dielectric patch antenna and substrate.

1. Introduction

With the development of the Internet of Things, Internet+, 5G
Communication, and Multi-Channel Communication Technologies, new
communication technologies require faster transmission speed and
higher quality of signals, leading to urgent development of novel mi-
crowave dielectric ceramic materials [1–3]. Especially, ceramic mate-
rials with low dielectric constant (εr < 15), and higher quality factor
(Q × f > 10000 GHz) and near-zero temperature coefficient of re-
sonant frequency (τf = ±10 ppm/°C) are the hotspots of research.
Silicate ceramics and composites, including willemite [4], pyroxene
[5], cordierite [6], Mg2SiO4–CaTiO3 [7] and mullite-SiC [8], are a
series of important and promising microwave dielectric ceramics for 5G
communication. Song et al. firstly reported the microwave dielectric
properties of pure phase garnet type Y3MgAl3SiO12 ceramic with
εr = 10.1, Q × f= 57,340 GHz, τf =−32 ppm/°C [9]. However, the τf
of Y3MgAl3SiO12 is negative, not near zero. The τf value of willemite
and cordierite had been reported to tune to zero by the addition of TiO2

with positive τf (+460 ppm/°C) [10,11]. However, most silicate cera-
mics were difficult to tune τf to zero by the either mixing end-members
with negative and positive τf or formation of solid solution by high
temperature solid state reaction, like forsterite and mullite ceramics

[12–14]. Herein, in order to tune τf of Y3MgAl3SiO12 to near zero, TiO2

with positive τf was selected to form new composite ceramics. The
microstructure microwave dielectric properties of Y3MgAl3SiO12–TiO2

were studied as a function of sintering temperature and TiO2 amount.

2. Experimental procedure

(1-x)Y3MgAl3SiO12-xTiO2 (x = 0, 0.05, 0.10, 0.15, 0.20, abbre-
viated as YMAST00, YMAST05, YMAST10, YMAST15 and YMAST20)
ceramics were prepared by traditional solid state reaction method. High
purity raw materials MgO (4 N, Aladdin Industrial Corporation), Y2O3

(4 N, Aladdin Industrial Corporation), Al2O3 (4 N, Aladdin Industrial
Corporation) and SiO2 (4 N, Aladdin Industrial Corporation) were
weighted and calcined at 1300 °C for 4 h. After adding different molar
ratios of TiO2 (99.00%) in Y3MgAl3SiO12, then the mixtures were
ground by a planetary ball mill for 1 h and then dried at 120 °C.
Subsequently, the powders were pressed into cylindrical green bodies
(Φ15 mm × 8 mm). Finally, the green pellets were sintered at
1425–1625 °C for 6 h at a heating rate of 4 °C/min.

The bulk densities of sintered ceramic samples were measured by
the Archimedes method. The crystalline phases of the ceramics were
identified by X-ray diffraction (XRD) using Cu Kα radiation with Ultima
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IV (Rigaku, Japan) operated at 40 kV and 40 mA. The morphology of
ceramics was examined using a scanning electron microscopy (SEM,
Hitachi S-4800, Hitachi, Japan). The dielectric properties of the sam-
ples were measured by Agilent E5071C network analyzer. The τf was
calculated with the following formula:

= × °(f f ) 10
f (T T )

(ppm/ C)f
2 1

6

1 2 1 (1)

Where f2 and f1 represent the resonant frequency at T2 and T1, re-
spectively. T1 and T2 are 85 °C and 25 °C, respectively [15].

3. Results and discussion

Fig. 1 showed the relationship between bulk density and sintering
temperature of YMAST00, YMAST05, YMAST10, YMAST15 and YMAST20
ceramics. The bulk density of all ceramics increased with increasing
temperature and then decreased after reaching the maximum values,
which indicated that there was an optimum densification temperature
as listed in Table .1. On the other hand, it should be noted that the
densification temperature of ceramics with adding TiO2 was lower than
the sample without TiO2 adding. With the increase of TiO2 content, the
sintering temperature was found to decrease and the sintering range
was broadened, indicating TiO2 was beneficial for reducing sintering
temperature and densification of ceramics.

XRD patterns of YMAST00, YMAST05, YMAST10, YMAST15 and
YMAST20 ceramics at the optimum sintering temperature were showed
in Fig. 2. The diffraction peak of YMAST00 matched well with the
standard PDF card of Al5Y3O12 (Cubic Crystal System, Space Group la-
3d), it was a single-phase. With the increase of TiO2 content, impurities
Y2Ti2O7 (PDF#28–2065) and TiO2 (PDF#99–0008) were found in the
samples and the intensity of the diffraction peak gradually increased.
Combining theoretical balance formulas and XRD, we can know that
part of TiO2 chemically reacted with Y3MgAl3SiO12 to form Y2Ti2O7

[16] and glass phase.
The SEM images of (1-x) Y3MgAl3SiO12-xTiO2 ceramics were given

in Fig. 3(a–d), where we can see that the grain sizes distribution was
uniform and the grain sizes tended to decrease with increasing TiO2

amount, Grain size distribution was obtained by Image J and Gaussian
Fitting, as displayed in Fig. 3(e–h). The average grain size decreased
slightly from 2.1 μm for YMAST05 and YMAST10 to 1.9 μm for YMAST15
and YMAST20 with the amount of TiO2 increased, because TiO2 and
Rod-shaped grains seated at the grain boundary and pores, and in-
hibited the grain growth. Fig. 4 was the EDS of YMST20 ceramic at
1475 °C. The content of Magnesium and Silicon were basically un-
changed, point B has higher content of Oxygen and Titanium, lower
content of Aluminum, which can be indicative of the Y2Ti2O7 phase in
Rod-shaped grains, in agreement with the XRD data (Fig. 2).

The relative dielectric constant (εr) of YMAST05, YMAST10,
YMAST15 and YMAST20 as a function of sintering temperature was
shown in Fig. 5. The εr appeared to increase rapidly with the increase of
sintering temperature at first, and then tended to be stable, agreeing
well with the change of bulk density (Fig. 1). Furthermore, εr value
increased with the increase of TiO2 amount in Fig. 5, attributed to the
much higher εr value of TiO2 (~106) than that of Y3MgAl3SiO12 (~10)
[17]. According to the mixing law, the εr of composites should meet the
following formula [18–21]:

= +X ln X lnln Y Y T T (2)

Where XY and XT are the percentage of Y3MgAl3SiO12 and TiO2 in the
total volume, respectively. εY and εT are the εr of Y3MgAl3SiO12 and
TiO2, respectively. Since the εr value of TiO2 (~106) is much larger
than of Y3MgAl3SiO12, the overall εr increased with the increase of
TiO2. It demonstrated that the addition of TiO2 was useful to improve εr
value of Y3MgAl3SiO12 ceramics.

Fig. 6 showed the Q × f of (1-x) Y3MgAl3SiO12-xTiO2 ceramics in-
creased at first and then decreased after reaching the optimum value
with the increase of sintering temperature, indicating that Q × f value
was closely related to bulk density. It is well-known that the dielectric
loss is mainly composed of intrinsic loss and extrinsic loss. Intrinsic loss
is mainly affected by internal factors such as ionic polarization and
crystal structure. The extrinsic loss is mainly affected by external

Fig. 1. The bulk density of YMAST00, YMAST05, YMAST10, YMAST15 and
YMAST20 ceramics sintered for 6 h

Table 1
The optimal sintering temperature and optimal bulk density of YMAST00, YMAST05, YMAST10, YMAST15 and YMAST20.

YMAST00 YMAST05 YMAST10 YMAST15 YMAST20

Optimal sintering temperature 1575 °C 1575 °C 1525 °C 1525 °C 1475 °C
Optimal bulk density 4.110 g/cm3 4.388 g/cm3 4.389 g/cm3 4.379 g/cm3 4.382 g/cm3

Fig. 2. The XRD of YMAST00, YMAST05, YMAST10, YMAST15 and YMAST20
ceramics at the optimum temperature for 6 h
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defects such as second phase, grain size and distribution, grain
boundaries, glass phase and oxygen vacancies. The Q × f of YMAST05
and YMAST10 ceramics were smaller than that of pristine samples,
mainly because a small amount of secondary phase had little effect on
the Q × f value of Y3MgAl3SiO12 ceramics. With the increase of TiO2,
the decreasing trend of Q × f became faster, indicating that excessive
TiO2 incorporation caused lattice defects. When x ≥ 0.2, Q × f de-
creased further from about 54,000 GHz to about 21,000 GHz, which
was mainly related to the second phase of glass phase, TiO2 and
Y2Ti2O7, whose Q × f only is 9,000 GHz [22]. Herein, the secondary
phases were the main cause of the sharp deterioration of the Q × f
value of YMAST ceramics. Although the second phase filled some of the
pores and limited the growth of grains, the second phase led to an in-
crease in the grain boundary of Y3MgAl3SiO12, which were easy to
produce the internal stress of lattice distortion to increase, causing an
increase in loss.

The εr, Q × f and τf of (1-x) Y3MgAl3SiO12-xTiO2 ceramics as a

function of x value sintered at the optimum temperature were shown in
Fig. 7. The red line displayed that εr value of all ceramic samples with
TiO2 was increased compared with εr value of ceramic sample without
TiO2, Q × f had the opposite trend compared with εr value as showed
with black line, all in agreement with the theoretical explanations. The
blue line in Fig. 7 was obvious that the τf value increased from
−25.3 ppm/°C to 5.23 ppm/°C, being consistent with the calculation
theory of the composite ceramic, described in the following formula
[18–21]:

= + +f V f V f V f1 1 2 2 3 3 (3)

Where V1, V2 and V3 are respectively the percentage of TiO2, Y2Ti2O7

and Y3MgAl3SiO12 in the total volume, τf1, τf2 and τf3 are the τf value
TiO2, Y2Ti2O7 and Y3MgAl3SiO12 [23]. The τf of TiO2 is +460 ppm/°C,
the τf of Y2Ti2O7 is −30 ppm/°C and the τf of Y3MgAl3SiO12 is
−28.1 ppm/°C. Therefore, the τf value of (1-x) Y3MgAl3SiO12-xTiO2

ceramic was closer to zero with the increase of TiO2.

Fig. 3. The SEM and grain size distribution of YMAST05, YMAST10, YMAST15 and YMAST20 ceramics at optimum sintering temperature.
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4. Conclusions

(1-x)Y3MgAl3SiO12-xTiO2 composite ceramics were prepared by a
high temperature solid phase reaction method. TiO2 addition reduced
and broadened the sintering temperature and range of the composite
ceramics. The XRD patterns showed that with the addition of TiO2, the
main crystalline phase was still Y3MgAl3SiO12, and the second phases of
Y2Ti2O7 and TiO2 appeared. With the amount of TiO2 increased, the

densification temperature and Q × f was lowered, and the εr and τf
increased. The optimized microwave dielectric properties of YMAST05
ceramic sintered at 1550 °C was achieved: εr = 10.7,
Q×f= 42,242 GHz, τf =−25.40 ppm/°C. YMAST10 ceramic YMAST05
ceramic showed the optimized microwave dielectric properties sintered
at 1525 °C: εr = 11.0, Q×f = 39,929 GHz, τf = −20.16 ppm/°C.
YMAST15 ceramic achieved the optimized microwave dielectric prop-
erties at 1525 °C: εr = 11.3, Q×f= 31,195 GHz, τf =−10.69 ppm/°C.
YMAST20 ceramic achieved the optimized microwave dielectric prop-
erties at 1475 °C: εr = 12.2, Q × f = 21,050 GHz, τf = +5.2 ppm/°C.

Fig. 4. The EDS of YMAST20 ceramic at optimum sintering temperature.

Fig. 5. The εr of YMAST05, YMAST10, YMAST15 and YMAST20 ceramics sintered
for 6 h.

Fig. 6. The Q × f of YMAST05, YMAST10, YMAST15 and YMAST20 ceramics
sintered for 6 h.
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