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HIGHLIGHTS

e A novel high-Q Li;Mg3Ti; x(Al; oNb; /2)x06-4Wt%LiF(0.02 < x < 0.08) ceramics were prepared by solid stated reaction.

e The Q x f value of ceramics was increased by the substitution of (Al; 2Nb; /2)‘”.

e The Li;Mg3Tig.96(Aly /2Nb1 /2)0.0406-4Wt%LIF ceramics sintered at 900 °C exhibited excellent microwave dielectric properties.
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A novel system LioMgsTij.x(Aly/2Nb1/2)xO6-4Wt%LiF(0.02 < x < 0.08) ceramics were synthesized by the solid
stated reaction method to improve the microwave dielectric properties of the ceramics. The phase composition,
sintering characteristics and microwave dielectric properties of LioMgsTi;x(Al; /2Nbj /2)x06-4Wt%LiF(0.02 < x <
0.08) ceramics were then explored. The results demonstrated that at the optimal sintering temperature(900 °C),
with the (Al; 5Nb; 2)** ions increased, the ¢, value decreased and the absolute value of 7y augmented. Moreover,

the Q x f value of ceramics was in accord with the relative density, which enlarged at first until the doping
content reached the solid solubility limit (0.04 mol) of the ceramics. In total, the LizMgsTi;.0.96(Al;/2Nby,
2)0.0406-4Wt%LiF ceramics sintered at 900 °C for 6 h showed the best microwave dielectric properties of
£~15.54, Q x f~154,000 GHz and t4~-38.3 ppm/°C.

1. Introduction

As the quickly changing and enormous progress of the information
technology, aerospace and military industries, the demand for commu-
nication microwave components and the requirements for their quality
are increasing. Therefore, it is of considerable significance to search for
microwave dielectric ceramics that can not only be prepared at low
temperature but also have excellent performance for the progress of
science and technology and the development of passive devices [1-3].
The organic electronic functional materials and multiferroic materials
both have been researched extensively [4-7]. Microwave dielectric ce-
ramics, as a kind of functional electronic ceramics developed recently,
should be satisfied with the following dielectric characteristics: high
quality factor (Q x f) value, an appropriate dielectric constant (g;) and
temperature coefficient of resonant frequency (tf) near to zero [8,9].

The Li-based oxide ceramics such as LioMgTiO4, LioMgTi3Og and
LioMg3sBOg (B =Ti, Sn, Zr) have been proved to own excellent
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microwave dielectric properties [10-18]. Moreover, the sintering tem-
perature should be lower for LTCC applications. Adding sintering ad-
ditives is the preferred method to reduce the sintering temperature.
Sintering additives are mainly divided into oxides (such as B303, CuO),
composite glass (such as ZBS, LBS), compounds (such as LiF) and com-
posite additives (such as LiF-V505-CuO) [19]. Zhifen Fu et al. studied to
add different sintering additives LC (2 wt%LiF + 2 wt%CuO) into
LioMg3TiOg ceramics to reduce the sintering temperature. However, the
74 still shows a large negative value and Q x fvalue is low in this method
[11]. Based on this, this team synthesized 0.9LioMgsTiOg-0.1SrTiO3-4wt
%LiF to improve T4, but the Q x f value was still a question [12].
Nowadays, LioMgsTiOg-4wWt%LiF has attracted a lot of attention for its
low-temperature sintering characteristic and good t; value, but the Q x f
value is low as well [20]. Recently, the researchers found that high Q x f
value could be achieved by replacing Ti** with composite ionic [21-26].
Zhe Xiong et al. have reported that (Al; 5Nb; 5)** had a positive impact
on dielectric characteristics of Bag75NdgsTi;gOs4 ceramics [21].
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CaTi; x(Alp sNbg 5)xO3 ceramics studied by G.H. Chen et al. showed a
£~52.6, Q x f~22,914 GHz and t;~6.4 ppm/°C [22]. Besides, a
low-temperature sintering LizTi; x(Alg.sNbg 5)xO3 ceramics researched
by T.W Zhang et al. showed excellent &, ~21.2, Q x f~181,800 GHz and
t4~12.8 ppm/°C [23]. Therefore, investigating the effects of
(Aly oNby /2)4+ on LisMg3TiOg-4wt%LiF ceramics to improve the Q x f
value has become essential things that should be addressed urgently.

Here in this work, sintering by conventional solid stated reaction
method, the microwave dielectric properties of LioMgsTiOg-4wt%LiF
ceramics has been improved by replacing the B-site Ti*" ions of the
ceramics with composite ions (Al; oNb; /2)‘”. Then, microstructure, the
phase composition and sintering characteristics of the LioMgsTi; x(Al;,
oNbj /2)x06-4Wt%LiF (LMTAN for short) (0.02 < x < 0.08) ceramics
sample was observed and studied. Besides, we deeply analyzed the
variations of microwave dielectric properties, including dielectric(e,),
quality factors(Q x f) and temperature coefficient of resonant frequency
(ty). Finally, we primarily investigated the effect of (Al; sNb; /2)4+ ions
doped to the improvement of the Q x f value, which could be more
suitable for modern information devices.

2. Experimental procedure

Firstly, high purity (>99%) Li»COs, TiO3, MgO, Nb2Os, Aly03, and
LiF powders were used as starting materials and mixed in terms of the
chemical formula LioMgsTi; x(Al;,2Nbj,2)x06 (x = 0.02, 0.04, 0.06,
0.08). Then, the materials were added together with deionized water for
ball grinding by zirconium balls for 8 h. The materials after dried and
screened were pre-fired at 1000 °C for 4 h. After that, the second batch
was carried out, which weighed 4 wt% LiF according to the quality of the
pre-fired powders and ground with the after-pre-fired powders for 8 h.
Then, the processed materials granulated after mixed with 5 wt%-7wt%
paraffin, afterward, at the 200 Mpa pressure, the powders were com-
pressed into a ®10mm cylinder with the height of 5 mm. Finally, the
ceramic body was completed after sintered at 850-950 °C for 6 h and
then cooled down to room temperature in the furnace.

The X-ray diffraction (Rigaku D/max 2550 PC, Tokyo, Japan) was
used to measure the crystalline structures of the LTMAN ceramics over
30-100°. The scanning electron microscopy (ZEISS MERLIN Compact,
Germany) was used to observe the microstructure of the ceramics. And a
network analyzer (N5234A, Agilent Co, America) was used to study the
microwave dielectric properties of all samples in the frequency range of
7-14 GHz [27]. Among which the t; was measured from 25 °C to 85 °C
could be calculated according to the following equation:

— sz 7f'1'1
fr(T = Th)

In which fr» is the resonant frequency at 85 °C and f; is that at 25 °C.
The relative density could be calculated by the following equation:

T x 10%(ppm /°C ) @

Prelative

:pp”—“’k % 100% @

theory

where the p puk and p seory are bulk density and theoretical density,
respectively. The bulk density is usually researched by the Archimedes
method and the p seory can be calculated as follows:

ZA

Piveors =N 3

In which A and Z are the weight of the atom and the atom number in
a unit cell. V. and Ny are the unit cell’s volume and Avogadro number
[28].

3. Results and discussion

Fig. 1 displays the XRD pattern of LMTAN sintered at 900 °C for 6 h,
the insert picture is the magnified patterns of specific peaks. It can be
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observed that when 0.02 < x < 0.04, the samples show the character-
istics of the rock-salt structure, in which all the diffraction peaks exhibit
to the Li;Mg3SnOg-like (PDF#39-0932) standard card, all the diffrac-
tion peaks shift to higher angle compared with standard card because
the radius of Ti** and Sn** are different, and no other diffraction peaks
could be found. However, when x > 0.04, the second phase can be
detected apart from the main crystal phase LioMg3TiOg, which is iden-
tified compared to the MgAlO4 phase by Jade software. Furthermore, it
can be concluded from the XRD picture that when x < 0.04, all of the
(Al /5 Nby 2)** replaced the Ti** and occupied the position of Ti*" ions
in the lattice and formed a solid solution, because of approximate radius
size between the (Al; 2 Nbl/z)4+ (R=0.588 ;\, CN = 6) and the Ti** (R
=0.605 A, CN = 6). For this reason, the diffraction peaks shift to higher
angle when 0.02 < x < 0.04 in the insert picture, when x > 0.04, the
diffraction peaks stop shift because the second phase has been formed.
So, the limit of the solid solution is 0.04 mol.

Fig. 2 exhibits the microstructure of LMTAN sintered at 900 °C for 6
h. In summary, all samples are presented to be densified. It is observed
that the grain size increases significantly when 0.02 < x < 0.04, because
of the (Al; / Nby /2)4+ composite ions are dissolved in LisMg3TiOg-4wWt%
LiF ceramic crystal, which reduces the free energy of the ceramic and
promotes the sintering process [29]. However, the average grain size
decreases and the grain shape varies as x increasing. It can be owing to
the too much (Al oNby /2)4+ composite ions were added to form the
second phase and the appearance of oxygen vacancy makes the grain
grow abnormally, which thus inhibits the growth of a part of grains.
Meanwhile, when x = 0.08, the samples are in uniform size and there are
round dots grain formation at the grain boundary, due to the dot pre-
cipitation at the grain boundary of the aluminum element in the sub-
stitution process of (Al 2Nb; /2)4+ ions, which can be found in the study
of Li et al. [30]. The driving force of ceramic sintering is grain boundary
energy, and impurities at grain boundary make grain boundary energy
decrease, which reduces the ion diffusion rate during the sintering
process and inhibits the growth of grain. Consequently, it has a negative
impact on microwave dielectric properties of the ceramics.

To demonstrate the relationship between relative density and sin-
tering temperature, we plot the relative density of LMTAN ceramics
versus sintering temperatures, as is shown in Fig. 3, which has illustrated
the relative density of LMTAN ceramics augment at first and then
decrease with the rising of sintering temperature. The relative density of
all samples reaches the best value at 900 °C, indicating that the optimum
sintering temperature of samples is 900 °C. At the optimal sintering
temperature, with the enhancement of the substitution amount of (Al;,

Fig. 1. The XRD patterns of LioMgsTij x(Al;/oNby/2)xOg-4Wt%LiF ceramics
sintered at 900 °C for 6 h.
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Fig. 2. The SEM photographs of LioMg3Ti;.x(Al; /oNb; /2)xO6-4Wt%LiF ceramics
doped with (a) x = 0.02, (b) x = 0.04, (c) x = 0.06, (d) x = 0.08 sintered at 900
°C for 6 h.

Fig. 3. The relative density of LioMgsTi;x(Al;/2Nb;/2)x06-4Wt%LiF ceramics
versus sintered temperatures.

aNby 2)** composite ions, the relative density first goes up and then go
down. When the substitution amount is 0.04 mol, achieves the
maximum value of 96.2%. The experimental results indicate that the
substitution of (Al; oNb; /2)4+ composite ions improves the densification
of ceramics because the composite ions (Al; ,2Nbq /2)4+ solid solution in
ceramic crystals reduces the free energy, which promotes the sintering
process. However, when (Al;,oNby /2)4+ substitution amount is too
much, the relative density of ceramics decreases because the second
phase is formed after LMTAN ceramics reach the solid solution limit.
Moreover, it can be observed from Fig. 2 that the size of grain decreases
and the size is not uniform, which reduces the density of ceramics, so the
relative density decreases as well.

Fig. 4 displays the variations of the relative dielectric constant(e;) of
LMTAN ceramics at different sintering temperatures. On the whole, the
e of LMTAN ceramics augments at first and then reduces with the in-
crease of sintering temperature, which is in accordance with the
changing trend of the density. On the other hand, when the sintering
temperature is 900 °C and the composite ions substitution of (Al; 2Nb,,
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Fig. 4. The dielectric constant ¢, of LioMg3Ti; x(Al;2Nb; /2)x06-4Wt%LiF ce-
ramics versus sintered temperatures.

2)* is 0.02 mol, the ¢, reaches the best value, and the ¢, reduces then
with the augment of the substitution, indicating that the substitution of
(Aly /oNby /2)4+ ions reduces the e, value of LisMgsTiOg-4wWt%LiF ce-
ramics. This phenomenon can be explained in two aspects. First of all,
when 0.02 < x < 0.04, (Al; oNb; /2)4+ and LioMg3TiOg-4wt%LiF ceramic
form a complete solid solution, & mainly related to the size of the
dielectric polarization rate, which can be get from the Shannon rule
[31]. This rule is shown in eq (4), in which o means the polarization rate.

a(A2BO,) = 2a(A™) + a(B*) + 4a(0F) @

From this equation, for a given molecule formula, the polarizability
can be summed by the rule that the total polarizability is equal to the
sum of the polarizability of the decomposed parts.

According to Shannon rule, the dielectric polarization rate of (Al;,
oNb; /2)4+ (2.38 A) is less than that of the Ti*! ions (2.93 10\), so the
dielectric constant of LMTAN ceramics will decrease if the (Al;/2Nb;,
)™ replace the Ti*" ions completely.

Secondly, when x > 0.06, the second phase MgAl;,04 (¢, = 8.8) is
generated, and the &, value continued to decrease according to the
Lichtenecker rule, which is shown as follows.

Ine= ZVi Ing; 5)

where ¢ and V; represent the relative permittivity and the volume
fraction of the i-th phase, respectively.

For a particular material system, the product of Q and f would be a
constant value. Therefore, Q x f value is often used to evaluate the
quality factor of ceramics materials. Fig. 5 describes the Q x f value
curves of LMTAN ceramics at different sintering temperatures. On the
whole, the Q x f value improves at first and then declines with the
increment of temperature, and reaches the maximum value at the
optimal sintering temperature of 900 °C, which is consistent with the
change of relative density. On the other hand, it can be observed that
when the sintering temperature is 900 °C. With the increase of the (Al;,
oNb; /2)4+ substituted, the Q x f value also shows the similar trend that
first increase and then decrease, reaching the maximum value of
154,000 Ghz when the substituted of (Al; 2Nb; /2)4+ content is 0.04 mol.
The substitution of (Al;,,Nb; /2)4+ ions effectively improves the Q x f
value of LipMgsTiOg-4wt%LiF ceramics. Based on the previous analysis,
the main reasons for the change of Q x f value are as follows: firstly, the
introduction of (Al; /5Nby 2)** ions reduces the surface free energy and
promotes the densification process; second, when the substitution
amount of (Aly /sz1/2)4+ ions is higher than 0.04 mol, the phase of
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Fig. 5. The Q x f values of LipMgsTi;.x(Al;,5Nb;/2)xO6-4Wt%LiF ceramics
versus sintered temperatures.

MgAl;0O4 appears, which enhances the negative effect of crystal struc-
ture defects on LMTAN ceramics. Meanwhile, the Q x f value of
MgAl;04 is 68,900 GHz, far less than the Q x f value of LioMg3TiOg-
based ceramics. According to the Shannon rule, the Q x f value of
LMTAN ceramics should decrease in this condition.

Finally, a comprehensive properties summary of LMTAN ceramics at
the optimal sintering temperature has been summarized in Table 1. As is
shown in this table, the resonant frequency temperature coefficient t¢
declined with the increase of (Al;/2Nb, /2)4+ content substituted. Ac-
cording to eq (6):

1
= —ap — 518 6)

From this equation, the t; value is mainly related to oy, and 7., where
ay is the linear expansion coefficient and 7. is relative dielectric constant
temperature coefficient. The a; of microwave medium is usually 10
ppm/°C, so t; is mainly decided by the relative dielectric constant
temperature coefficient t.. Generally, the bigger the dielectric constant
is, the larger the positive value will appear in the temperature coefficient
of resonance frequency. Meanwhile, ceramics with a small dielectric
constant have a large negative resonance frequency temperature coef-
ficient. When 0.02 < x < 0.04, the t; value of LMTAN ceramics has a
large negative value with the e, value decreases. The second phase
MgAl»,O4 generated when x > 0.04, according to the Lichtenecker rule,
the 7 value of MgAl,O4 is —78 ppm/°C, which is far less than the
temperature coefficient of LMTAN ceramics, so 74 has a more significant
decline.

The microwave dielectric properties for different LioMgsTiOg based
ceramics sintering at their optimum temperatures are shown in Table 2.
For LipsMg3TiOg ceramics, the best Q x f ~152,000 GHz and the relative
stable t; ~-38.3 ppm/°C are obtained at 1350 °C, the sintering tem-
perature is too high for its widely application. The addition of LiF as a
common sintering aid to Li;Mg3TiOg ceramics can reduce the sintering
temperature to 950 °C. But the properties especially the Q x f value
decreases to 131,000 GHz compared with LisMgsTiOg ceramics, which
can be attributed that the grain size deducts significantly while adding
LiF promote sintering densification. Moreover, the (Al; ,oNb; /2)4+ ions
are introduced into LipMgsTiOg-4wt%LiF ceramics to replace Ti*" to
improve the Q x f value. Furthermore, LioMg3Ti;.x(Al; 2Nb; /2)xO6-4wt
%LiF ceramics sintered at 900 °C for 6 h showed the best microwave
dielectric properties of &,~15.54, Q x f~154,000 GHz and t;~-38.3
ppm/°C, which can be applied to LTCC application effectively.
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Table 1
The relative density and dielectric properties of LMTAN ceramics at the optical
sintering temperature.

LiyMg3Ti; <(Al; 2Nby /2)xO6- Rq (%) e Q x f(GHz)  t{(ppm/°C)
4wt%LiF
x = 0.02 95.6 15.72 152,000 —36.2
x = 0.04 96.2 15.54 154,000 —38.3
x = 0.06 95.5 15.41 149,000 —43.6
x = 0.08 95.3 15.32 146,000 —48.4
Table 2

The optimum sintering temperature and the most excellent microwave dielectric
properties of Li;MgsTiOg based ceramics.

Component sintering € Qxf T{(ppm/
temperature(°C) (GHz) °C)
Li,Mg3TiOg 1350 15.2 152,000 -39 [10]
Li;Mg3TiOg-4wt%LiF 950 16.2 131,000 —44 [19]
LioMg3Ti; x(Al; 2Nby 900 15.54 154,000 —38.3

2x06-4Wt%LiF

4. Conclusions

In summary, this work presented the effects of the (Al; oNb; /2)4+ on
the sintering characteristics and microwave dielectric properties of
LioMg3TiOg-4wWt%LiF ceramics, which demonstrated that the compound
ions doping could enhance the performance of the ceramics especially
the Q x fvalue. The ceramics were synthesized by a conventional solid
stated reaction method. Then we studied the phase composition, sin-
tering characteristics and microwave dielectric properties of LMTAN
ceramics. It could be concluded that the solid solubility limit of (Al;,
oNb; /2)4+ in the LMTAN is 0.04 mol, so the degree of lattice reaches the
maximum when x is 0.04 as well. Moreover, at the optimal sintering
temperature(900 °C), with the (Al;/»Nb; /2)4+ ions increased, the e,
value decreased and the absolute value of t; augmented. Moreover, the
Q x f value of ceramics was in accord with the relative density, which
augmented at first until the doping content reached the solid solubility
limit (0.04 mol) of the ceramics. Furthermore, the Li;MgsTip g6(Al1,
aNb1 /2)0.0406-4Wt%LiF ceramics sintered at 900 °C for 6 h showed the
best microwave dielectric properties of e,.~15.54, Q x f~154,000 GHz
and t4~-38.3 ppm/°C.
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