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ABSTRACT

Mg3B,0g is a typical microwave dielectric ceramic with a high Qf value, but the pure Mg;B,0¢ ceramic is
difficult to be obtained due to the volatilization of B,O3 resulting from the high temperature during the fabri-
cation process. We reveal the effects of Mg/B ratio and Sr** substitution for Mg>* on the phase composition,
sintering behavior, microstructure, and microwave dielectric properties of Mg;B>0¢. The pure Mg;B,04 ceramic
can be obtained with Mg/B ratio equal to 1.2. Proper excessive free-MgO is benefit to the improvement of Qf
value of Mg3B,0g, while it is detrimental to the densification of MgzB,0e. No second phase was detected in the
Sr2* substituted MgsB,0e and excellent microwave dielectric properties (e, = 6.9, Qf = 110820 GHz, and
1 = —32.4 ppm/°C at 12.8 GHz) were obtained in the (Mg.998510.002)3B206 (x = 0.2 mol.%) ceramic sample
sintered at 1250 °C for 3h, making it a hopeful candidate for wireless communications. These results bring
forward the underlying insights needed to direct the design of microwave dielectric ceramics with high Qf values

for personal communication applications.

1. Introduction

Microwave dielectric ceramic is a new type of functional ceramic
material which can be used at microwave circuits (mainly 300 MHz-300
GHz). It is commonly used as resonators, filters, phase shifters and
substrates in microwave integrated circuits [1-5]. With the develop-
ment of communication technology to 5G/6G, microwave components
are developing towards miniaturization, chip and low cost. Low tem-
perature co-fired ceramics (LTCC) technology has been widely used and
requires that microwave dielectric materials must be co-fired with
metal electrodes [6-8]. However, the sintering temperatures of ceramic
materials are generally high [9,10]. At present, there are four common
ways to reduce sintering temperature. (1) Adding sintering aids with
low melting point/softening point, such as H3BO3; [11], BaCu(B5Os)
[12-14] and glasses [9,15], to improve the densification by liquid
phase sintering mechanism. Although the sintering temperature of the

ceramic material was effectively reduced, its microwave dielectric
properties were deteriorated significantly. (2) Using ultra-fine powder
to improve the driving force of sintering [16]. However, the sintering
temperature reduction is limited, which still can't meet the application
requirements of LTCC. (3) Special sintering methods, such as spark
plasma sintering (SPS) [17]. However, complex and expensive equip-
ment is needed in the material preparation process, which is not con-
ducive to industrial promotion. (4) Developing materials with low
sintering temperature [18-22].

MgO is widely used as a high temperature and heat-resistant ma-
terial. Because of its excellent electrical insulation and high thermal
conductivity, it can also be used as a substrate material. The thermal
conductivity of MgO used as ceramic substrate is more than two times
higher than that of alumina. However, the high sintering temperature
limits its application in LTCC. It was reported that the sintering tem-
perature of MgO can be significantly reduced by introducing B,O3. In
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Fig. 1. (a) Typical XRD patterns of the MgO-B,03 ceramic samples sintered at 1250 °C for 3h with different Mg/B ratios and (b—e) typical SEM images of the thermal
etched surface of MgO-B,O3 ceramic samples sintered at 1250 °C for 3h with Mg/B ratio equal 1.1:1, 1.2:1, 1.3:1, and 1.4:1, respectively.

the binary system of B,O3-MgO, the stable compounds are Mg3;B>O¢
(1400 °C), Mg,B,05 (1381 °C) and MgB,0, (1193 °C) [23]. Mori et al.
[24] found that Mgs3B,0¢ (kotoite) has good microwave dielectric
properties in the study of new glass ceramics for LTCC. However,
Mg3B,0g is easy to decompose into MgO and Mg,B,Os in the process of
heating, which results in deteriorations of its sinterability and dielectric
properties. In addition, in the process of Mg3B,Os calcination/sintering
at high temperature, the volatilization of B,O3 will cause serious de-
viation from the nominal composition. Although the densification of
Mg3B,0¢ at 950 °C can be achieved by adding Li,O-MgO-B>03-SiO5
glass as sintering assistant, its dielectric properties are significantly
deteriorated, and its optimal Qf value is only 21000 GHz (at 6.5 GHz)
[5]. In addition, proper ion substitution, especially elements with si-
milar properties such as congeneric elements is beneficial to the im-
provement of densification and dielectric properties. For example, Song
et al. [25] fabricated (Mg;_,S1,)2A14Sis015 (MS,AS) ceramics by tradi-
tional sintering method and found that the densification of the MS,AS
ceramic with x equal 0.2 was dramatically enhanced and a evident
increasing of Qf value from 24100 GHz to 38900 GHz (at ~13 GHz) was
also obtained. In this paper, a simple method was presented for the
preparation of single phase Mgs;B,0O¢ ceramic by adjusting the Mg/B
ratio. The effects of Mg/B ratio and Sr?* substitution for Mg on the
phase composition, sintering, microstructure, and dielectric properties
of Mg3;B,0¢ were also studied in details.

2. Experimental

MgsB,0¢ samples were prepared by solid state reaction. The ana-
lytical pure MgO (98.5%) and H3BO3 (99.5%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. In order to investigate the effect
of Mg/B ratio on the phase composition and dielectric properties of
Mg3B>0g, Mg/B ratio equal to 1.4:1,1.3:1,1.2:1,1.1:1 were selected in
the batch. The MgO and H3;BO; with different proportion are weighed
and then poured into nylon tank for ball milling for 4h. The slurry is
dried and calcined at 1100 °C for 3h. The calcined powder is milled
again and then granulated with PVA. Then it is pressed into a cylinder
with a diameter of 11 mm and a height of 5-6 mm. These cylinders
were sintered at 1250 °C for 3h.

The (Mg;.,Sr,)3B20g ceramics were also prepared by solid-state
reaction method. The raw materials were high-purity MgO (98.5%),
SrCO3 (99.0%), H3BO3 (99.5%), purchased from Sinopharm Chemical

Reagent Co., Ltd. According to x (0, 0.1%, 0.2%, 0.5% and 1 mol.%),
the above raw materials are weighed and put into Nylon tank, for ball
milling with zirconia ball and anhydrous ethanol for 4h, dried at 100 °C
and then calcined at 1100 °C for 3h. The calcined powder is crushed and
milled again, dried, and then added to PVA for granulation. It is com-
pressed into a cylindrical block with a diameter of 11 mm and a height
of 5-6 mm under uniaxial pressure, and then put into a muffle furnace
for sintering at 1200-1250 °C for 3h.

The bulk densities of as-fabricated ceramic samples are character-
ized by Archimedes drainage method. The phase compositions of the
calcined powder sample and the sintered ceramic samples were ana-
lyzed by X-ray diffractometer (D8 advance X-ray analyzer, Cu target,
Ko, wavelength 0.15406 nm) with the scanning angle between 20 and
70°. Scanning electron microscope (JEOL JSM-7800F) was used to ob-
serve the thermal etched surface of the sintered ceramic sample. Before
the observations, smart coater (JEOL DII-29030SCTR) was used to
sputter gold on the thermal etched surface of the ceramic samples, so as
to reduce the adverse effect of electronic agglomeration caused by the
poor conductivity of the sample. The closed cavity method is used to
measure the microwave dielectric properties of the samples by using
vector network analyzer (Agilent N5230C-220PNA-L), and the re-
sonance frequencies at 20 and 80 °C were measured respectively, and
then the temperature coefficient of resonance frequency between 20-
80 °C is calculated by equation (1).

fo o s 100(ppmyec)

b7 7% (80 — 20) a

where fgo and f5o represent the resonant frequencies at 80 °C and 20 °C,
respectively.

3. Results and discussion

Fig. 1(a) shows the typical XRD patterns of MgO-B,O3 ceramic
samples sintered at 1250 °C for 3h with different Mg/B ratios. In the
binary system of B,03-MgO, the stable compounds are Mgs;B,O¢
(1400 °C), Mg»B>05 (1381 °C) and MgB,0, (1193 °C) [23]. Due to the
volatilization of B,O3, excessive B,O3/H3BO3 was usually added in the
ceramics containing B,O3 or H3BO3 [26-28], such as NiTiNb,Og-B,03
[28] and MgZrNb,Og-H3BO3 [3]. In this study, when the Mg/B ratio is
1.4, the sintered samples are mainly composed of Mg;B,O¢ phase and a
small amount of free MgO (marked by the blue arrows in Fig. le),
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Fig. 2. (a) Densities, (b) permittivities, (c) Qf, and (d) temperature coefficients of resonant frequency (ty) of the MgO-B,O3 ceramic samples sintered at 1250 °C for 3h

with different Mg/B ratios.

which shows that the excessive H3BO3 is not enough to make up for the
high temperature volatilization of B,O3. When Mg/B decreased to 1.3,
the free-MgO (marked by the blue arrow in Fig. 1d) still remains in the
sample. When Mg/B is 1.2, the sample is a single phase Mg3B,0¢ after
sintering at 1250 °C for 3h. Fig. 1(b-e) shows typical SEM images of the
thermal etched surface of MgO-B,O3; ceramic samples sintered at
1250 °C for 3h with Mg/B ratio equal 1.1:1, 1.2:1, 1.3:1, and 1.4:1,
respectively. It can be clearly seen that all the as-fabricated ceramic
samples have dense microstructures and the grain sizes of the ceramic
samples with Mg/B ratio equal 1.1:1 and 1.2:1 are much larger those of
the samples with Mg/B = 1.3 and 1.4, which indicates that more B,O3
is beneficial to the grain growth. Fig. 2(a) shows the bulk densities of
the MgO-B,03 ceramic samples sintered at 1250 °C for 3h. With the
decrease of Mg/B ratio from 1.4 to 1.1, the bulk densities of sintered
samples decrease monotonously. As mentioned before, the stable
compounds in MgO-B,O3 binary system are Mg;B»0s, Mg>B-Os and
MgB,0,4. Their theoretical densities are 3.04, 2.91, and 2.53 g/cm3,
respectively. In addition, the theoretical density of MgO is 3.57 g/cm®.
When Mg/B ratio is 1.4 and 1.3, Mg3B,06 and MgO phase (marked by
the blue arrows in Fig. 1d-e) coexist in the sintered ceramic samples,

and the content of MgO phase in the former is higher than that in the
latter. In addition, with the Mg/B ratio reduced to 1.1, Mg,;B,Os phase
with lower theoretical density appears, which leads to further reduction
of bulk density of sintered samples.

Fig. 2(b-d) show the microwave dielectric properties of the
MgO-B,03 ceramic samples sintered at 1250 °C for 3h as a function of
Mg/B ratio. As illustrated in Fig. 2(b), the change trend of permittivities
of the sintered sample with Mg/B ratio is similar to that of bulk density,
which indicates that the bulk densities, to some extent, determine the
permittivities of the as-fabricated ceramic samples. When Mg/B ratio
decreases from 1.4 to 1.1, the permittivities decrease monotonously
from 7.1 to 6.4, while the Qf value (at ~13 GHz) increase first and
reach the maximum (136302 GHz) at 1.3, and then decrease to
32994 GHz. Generally speaking, the Qf value of a material is not only
related to its intrinsic properties, but also related to the external factors
such as grain boundaries, pores, defects and so on [29]. In this study,
when the Mg/B ratio is reduced from 1.4 to 1.3, the content of free MgO
decreases monotonously, which is conducive to the densification of
MgO-B,03 samples (as illustrated in Fig. 1d and Fig. 2a) and results in
the increase of Qf value of sintered samples. The Qf value of MgO is as
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Fig. 3. Typical XRD patterns of the (Mg;.,Sr,)3B20¢ (x = 0-1.0 mol.%) ceramic samples sintered at 1250 °C for 3h.

high as 670000 GHz [30]. When Mg/B is 1.2, the corresponding sin-
tered sample is only single-phase Mg3;B,Og and no free-MgO is detected,
which results in the sharp drop of Qf value. With Mg/B further reduced
to 1.1, the Qf value of the corresponding sample further decreased. In
addition, in the process of Mg/B ratio change from 1.4 to 1.1, the
temperature coefficients of resonant frequency (tf) of the sintered
MgO-B,03 ceramic samples sintered at 1250 °C for 3h have little
change, between —30.1 and —37.6 ppm/°C.

In order to investigate the effect of Sr** substitution for Mg®* on
Mg3B50g, the ceramic samples with Mg//B equal to 1.2 is selected
below due to single phase and the higher Qf value. Fig. 3 shows the
typical XRD patterns of the (Mg;_,Sr,)3B20¢ (x = 0-1.0 mol.%) ceramic
samples sintered at 1250 °C for 3h as a function of Sr** substitution. It
can be seen from Fig. 3 that the undoped ceramic (x = 0) is a pure
Mg3B>0¢ phase (JCPDS 75-1807), which corresponds to an orthor-
hombic system, a spatial group Pnmn (No.58). No diffraction peak
corresponding to second phase was detected in all the Sr-substituted
(Mg1.,S1,)3B20¢ (x = 0-1.0 mol.%). It is reported that during the
synthesis of Mg3B,0s, Mg>B>05 (local BO3 enrichment) and/or free
MgO (local B,O3 deficiency) are easy to be produced. When a small
amount of Sr** is added, the segregation of B,Os in the sample is re-
duced. Accordingly, a single-phase (Mg;_,Sr,)3B20g (x < 1.0 mol.%)
solid solution is formed, indicating that the substitution of Sr** for
Mg>* does not affect the phase composition of Mg3B,Os.

Fig. 4A-E shows the typical SEM images of the thermal etched
surfaces of (Mg;.,Sr,)3B20g (x = 0, 0.1%, 0.2%, 0.5%, and 1.0 mol.%)
ceramics sintered at 1250 °C for 3h. As presented in Fig. 4A, the pure
Mg3B,0¢ shows a relatively dense compact and the grain size is small.
Compared with it, the grain size of (Mg;_,Sr,)3B20g ceramics increases
obviously after Sr>* substitution. In addition, the grain size of (Mg;.
,S1,)3B20g increases with the increment of Sr?* substitution. Moreover,
the more Sr®* substitution, the larger grain size. It may be that the grain
boundary migration rate of (Mg;.,Sr,)3B20g increases after the in-
troduction of Sr**. To clarify this more clearly, the area scan EDS
analysis of the thermal etched surfaces was carried out to confirm the
distribution of Sr*™* in the sintered (Mg;_,Sr,)3B20¢ (x = 0, 0.2%, 0.5%,
and 1.0 mol.%) ceramic sample. Fig. 4F-I shows the EDS layered image
and the element distribution of Sr, Mg, and O corresponding to (Mg;.
%S1,)3B20g (x = 1.0 mol.%) ceramic sample, respectively. The Mg and

O element show homogenous distribution (Fig. 4M, I), while Sr element
shows an enrichment at the grain boundary (Fig. 4S). Furthermore, the
(Mg0.998S10.002)3B20g (x = 0.2 mol.%) ceramic sample has larger and
uniform grains, cleaner grain boundaries, more homogenous distribu-
tion of Sr** (Fig. 4C), which are beneficial to its microwave dielectric
properties, especially its Qf value.

Fig. 5 shows the relative densities and permittivities of (Mg;.
Sr,)3B20g (x = 0, 0.1%, 0.2%, 0.5% mol.%) ceramics sintered at
1200-1250 °C for 3h as a function of Sr*>* substitution. The bulk den-
sity of pure MgsB,Og ceramics is 2.95 g/cm® (the corresponding re-
lative density is 95.6%), which is similar to that of the samples sintered
at 1350 °C for 4h by Kan et al. [30]. Compared with pure Mg3B,Og, the
theoretical density of (Mg;.,Sr,)3B20g remained almost unchanged
after doping a small amount of Sr*>*. However, due to the substitution
of Sr** for Mg?™", the mean grain sizes become much larger and some
pores trapped in the grains and abnormal-grew grains (see Fig. 4A-F)
occur, most likely because of the significantly accelerated grain
boundary migration of (Mg;.,Sr,)3B2O during the sintering process.
The relative density of (Mg;.,Sr,)3B2Og sintered samples decreases with
the increment of Sr** substitution. In addition, the sintering tempera-
ture also has a certain influence on the relative density of MgsB,Og, as
shown in Fig. 5. When the amount of Sr?* substitution is the same, such
as x = 0.2, the relative density corresponding to 1225 °C is the largest
(96.1%), which further shows that the sintering activity of Mgs;B,O¢
increases with the amount of Sr>™ substitution. For a ceramic material,
the permittivity, to some extent, is determined by its relative density. As
illustrated in Fig. 5, the change trend of the permittivities of the as-
sintered (Mg;.,Sr,)3B20g ceramic samples is similar to that of relative
density. Under the investigated experimental conditions (sintering
temperature ~1200-1250 °C and x < 1.0 mol.%), the relative densities
of as-fabricated (Mg;.,Sr,)3B2O¢ ceramic samples are all above 90%,
accordingly the corresponding permittivities change little with sin-
tering temperature and Sr*>* substitution amount, basically between 6.6
and 7.0.

Fig. 6 shows the Qf values and temperature coefficients of resonant
frequency of (Mg;.,Sr,)3B20¢ (x = 0-1.0 mol.%) ceramic samples
sintered at 1200-1250 °C for 3h as a function of Sr?* substitution.
Generally speaking, the Qf value of a material is not only related to its
intrinsic properties, but also related to the external factors such as grain
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Fig. 4. (A-F) Typical SEM images of the thermal etched surfaces of (Mg;.,Sr,)3B20g (x = 0, 0.1%, 0.2%, 0.5%, and 1.0 mol.%) ceramics sintered at 1250 °C for 3h;
(F-I) EDS layered image and element distribution of Sr, Mg, and O corresponding to (Mg;.,Sr,)3B20¢ (x = 1.0 mol.%) ceramic sample sintered at 1250 °C for 3h,
respectively.

Fig. 5. Relative densities and permittivities of the (Mg;.,Sr,)3B206 (x = 0-1.0 mol.%) ceramic samples sintered at 1200-1250 °C for 3h.



Y.j. Gu, et al

Ceramics International xxx (XXxXX) XXX—XXX

Fig. 6. Qf and temperature coefficients of resonant frequency (tf) of the (Mg;.,Sr,)3B20¢ (x = 0-1.0 mol.%) ceramic samples sintered at 1200-1250 °C for 3h.

boundaries, pores, defects and so on. When the substitution of Sr?* for
Mg?* increases from 0 to 1.0 mol.%, the Qf values of the sintered
ceramic sample increase first, saturate at x = 0.2 mol.%, and then
decrease quickly. As mentioned above, the (Mgg.9985r0.002)3B206
(x = 0.2 mol.%) ceramic sample has larger and uniform grains, cleaner
grain boundaries, more homogenous distribution of Sr** (Fig. 4C),
which are beneficial to its microwave dielectric properties, especially
its Qf value. In addition, the Qf values of the (Mgo.9985r0.002)3B206
(x = 0.2 mol.%) ceramic samples decrease slightly with the sintering
temperature increasing from 1200 °C to 1250 °C. The reason for the
above results may be that, on the one hand, the lattice distortion and
other defects of Mg3B,0¢ increase with the Sr?* substitution for Mg2+,
which is harmful to its Qf values; on the other hand, the higher sin-
tering activity of Mgs;B,O¢ is conducive to the densification of the
sample, resulting in the improvement of the quality factor. Further-
more, the temperature coefficients of resonant frequency of all the
(Mg1.,S1,)3B20¢ (x = 0-1.0 mol.%) ceramic samples sintered at
1200-1250 °C is between —28.0 and —33.1 ppm/°C and the deviations
is very little. This indicates that under the experimental conditions in
this study, Sr** substitution for Mg®* and sintering temperature have
little effect on the temperature coefficients of resonant frequency. In
short, the optimal microwave dielectric properties (¢, = 6.9,
Qf = 110820 GHz, and ty = —32.4 ppm/°C at 12.8 GHz) were ob-
tained in the (Mg 9985r0.002)3B20¢ (x = 0.2 mol.%) ceramic samples
sintered at 1250 °C, making it a hopeful candidate for wireless com-
munications.

4. Conclusions

Microwave dielectric ceramics (Mg ,Sr,)3B20g (x = 0-1.0 mol.%)
were prepared by solid state method. The effects of Mg/B ratio and Sr**
substitution for Mg®* on the phase composition, microstructure, sin-
tering behavior and microwave dielectric properties of (Mg;_,Sr,)3B20g
(x = 0-1.0 mol.%) ceramics were investigated. Single phase Mg3B,0s
ceramics was obtained when the Mg/B ratio is 1.2. Some free-MgO was
detected when Mg/B ratio is 1.4 and 1.3, which is favorable to the
improvement of Qf values. In addition, the substitution of Sr** for
Mg2+ enhances the densification and grain growth of (Mg;.,Sr,)3B20¢
(x = 0-1.0 mol.%) ceramics sintered at 1200-1250 °C for 3h. All the
Sr?* substituted ceramic samples exhibit single orthorhombic MgsB,0¢

phase (JCPDS75-1807) and no diffraction peaks corresponding to
second phase was detected. Excellent microwave dielectric properties
(er = 6.9, Qf = 110820 GHz, and 1, = —32.4 ppm/°C at 12.8 GHz)
were obtained in the (Mgg.998570.002)3B206 (x = 0.2 mol.%) ceramic
sample sintered at 1250 °C for 3h, making it a hopeful candidate for
personal communications in 5G/6G.
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