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Abstract

In this work, the microstructure and microwave dielectric properties of novel (1 —x)MgTiO;—xCa,, 551, sTiO; (x=0.035-
0.045) ceramics were investigated. The samples were prepared via the solid-state sintering method using the pre-synthesized
ultrafine MgTiO; and (Ca, 551, 5)TiO; powders by molten-salt reaction. As the x value increases from 0.035 to 0.045, the
quality factor (Q-f) of the samples presents an increase first and then a decrease, reaching the maximum of 70,000 with
x=0.0375. The dielectric constant (¢,) increases monotonously with the increase of x, which is 20.96 when x=0.0045. The
temperature coefficient of resonant frequency (z;) progressively increases with increasing content of Ca sSt, sTi0;. When
x=0.004, the obtained 0.96MgTi0;-0.04Ca sSr(, sTiO; ceramics sintered at 1275 °C for 4 h display excellent microwave
dielectric properties with an &, value of about 20.57, a relatively high Q-f value of roughly 58,000 GHz, and a near-zero 7;
value of approximately — 1.16 ppm/°C. Such ceramics might be a good candidate for high-performance microwave dielectric

devices.

1 Introduction

In global wireless communication system, various micro-
wave dielectric components have been rapidly developed in
the last decades, in which microwave dielectric materials
play a key role with massive employments [1-5]. In order to
meet the demands for high-performance microwave devices,
there are three major features that excellent dielectric mate-
rials should possess: an appropriate dielectric constant (e,),
high quality factor (Q-f) and near-zero temperature coeffi-
cient of resonant frequency (z;) [6, 7]. A higher ¢, value
would facilitate the miniaturization of devices, high Q-f ena-
bles a low loss, and near-zero 7; provides a high stability at
varied application temperatures [8].

Among all the low-loss materials with a medium die-
lectric constant, ilmenite-structured magnesium titanate
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(MgTiO;) is one of the well-known candidates in indus-
try [9, 10]. Because of their low dielectric loss, MgTiO;
ceramics have been widely applied in dielectric compo-
nents such as phase shifters, tunable filters, antennas, and
stabilizers of frequency oscillation for the communica-
tions at microwave frequency [11, 12]. Generally, MgTiO;
ceramics possess good dielectric performances with an
g, value of about 17 and Q-f of roughly 160,000 GHz
(at 7 GHz) [13]. However, the 7; value of pure MgTiO;
ceramics is roughly — 50 ppm/°C, which is not appropri-
ate for such devices. To obtain dielectric materials with
a near-zero 7; value, the normally adopted approaches are
to combine two or more materials of opposite 7; values to
form a solid solution or mixed phases [14—16]. Therefore,
the compositing of MgTiO; with other compounds of a
positive 7; value is considered as the most feasible way
to produce the desired high-performance MgTiO;-based
microwave dielectric materials with a near-zero 7; value.
In the literature, the perovskite-structured CaTiO;
(e,=170, Q-f=3600 GHz and 7;=800 ppm/°C) and
StTiO; (¢,=290, Q-f=4800 GHz and 7;= 1700 ppm/°C)
are generally introduced into microwave dielectric ceram-
ics on account of their high positive z; values [17-20].
For the preparation of MgTiO;-based microwave dielec-
tric ceramics, Huang et al. [21] indicated that with a ratio
of Mg:Ca=95:5, the obtained 0.95MgTiO;—0.05CaTiO,
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ceramics possessed a near-zero 7; value with £, =20-21
and Q-f= ~56,000 GHz (at 7 GHz). Also in 2004, it was
reported that 0.964MgTiO;—0.036SrTiO; ceramics exhib-
ited an excellent dielectric performance with &, =20.76,
Q-f=71,000 GHz, and 7;=— 1.27 ppm/°C [22]. Owing
to the similar perovskite structure between SrTiO; and
CaTiO,, it was indicated that Ca Sr;_,TiO; solid solu-
tion such as Ca, ¢St ,TiO5 and Ca,, 551, 5TiO5 would also
show a good dielectric feature [23]. So later in the work
of Pan et al. [24], Ca, 451 ,TiO; (¢,=180, Q-f=8300 GHz
and 7;,=990 ppm/°C) was added into MgTiO; to prepare
a series of (1 —x)MgTiO;—xCa ¢Sr,,TiO; ceramics,
optimizing that 0.94MgTi05-0.06Ca ¢St ,TiO5 ceram-
ics possessed an excellent combination of microwave
dielectric properties: ¢,= ~21.9, O-f= ~ 128,000 GHz,
and 7;= ~0.7 ppm/°C. And Zhang et al. [25] revealed
that after the doping of Ca,¢Sr(,TiO;, the obtained
0.78MgTi0;-0.22Ca ¢St ,TiO5 ceramics could pro-
vide a combination of dielectric properties of &, =20.25,
Q-f=74,200 GHz, and 7;=— 1.28 ppm/°C. Moreover, it is
known that Ca, sSr, sTiO; (e,=240 and Q-f=4100 GHz)
possesses a higher e, value than Ca¢Sr,,TiO5 [23],
and its temperature coefficient of dielectric constant
(r,) decreases with the increase of the e, value [26].
Since 7; & — (1/2)z,, the 7; value of a dielectric material
would increase as ¢, increases [26-28]. In other words,
Ca 551, sTi05 should also have a higher 7; value than
Ca; 4Sr,, ,TiO5. Therefore, Ca, 5Sr, sTiO; would be a bet-
ter choice to combine with MgTiO; to produce the desired
high-performance microwave dielectric materials with a
near-zero 7; value. Through doping less amount of second-
ary Ca,, 551, 5TiO; phase, such combination is expected to
obtain a MgTiO;-based dielectric ceramic composite with
a near-zero 7y, high £ and even high Q-f value. However,
to the best of our knowledge, no work about the prepara-
tion of Ca, 551, sTiO3-doped MgTiO; microwave dielectric
ceramics has been reported.

In this work, different amounts of Ca, 5Sr, sTiO; were
designed to add into MgTiO; matrix to prepare a series of
composite ceramics, which had a nominal composition of
(1 =x)MgTi0;—xCa 5Sr, sTiO5 ((1 —x)MT—xCST, where
x=0.035-0.045 with a step of 0.025). The samples were
prepared via the solid-state sintering method using the pre-
synthesized ultrafine MgTiO; and (Ca, 5Sr; 5)TiO; pow-
ders by molten-salt reaction. The molten-salt synthesis was
adopted because it could prepare the ultrafine powders to
promote the sintering of the final composite ceramics [29].
The microstructure and microwave dielectric properties of
the obtained ceramics were systematically investigated. As
expected, temperature-stable microwave dielectric ceramics
with high Q-f and moderate ¢, values were obtained through
adjusting the value of x. Such ceramics might be a good can-
didate for high-performance microwave dielectric devices.
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2 Experimental procedure
2.1 Samples preparation

MgTiO5 and Ca, sSr, sTiO5 ultrafine powders were first
separately prepared by a modified molten-salt synthesis
method [29] from high-purity raw powders of MgCl,-6H,0
(>99.0%), SrCl,-6H,0 (>99.0%), CaCl, (>99.0%), NaOH
(>96.0%), KOH (>99.0%), and TiO, (>99.0%). All the
chemicals were bought from Sinopharm Group Co. Ltd.,
which were used as received. During typical process, the
raw powders in stoichiometry were accurately weighed and
mixed in distilled water for 24 h by rotational ball mill-
ing with highly wear-resistant ZrO, balls as the grinding
media. Then the slurries were dried at 120 °C for 10 h in
air, and the resultant powder chunks were calcined in a
Muffle furnace for 3 h at 900 °C for MgTiO; and 1200 °C
for Cag sSr, sTiO;, respectively. After calcination, the
resultant powder chunks were ground and re-milled by
rotational ball milling for 12 h. During the milling, the
emulsions were cleaned by centrifuging with distilled
water for several times and then the collected powders
were dried again at 120 °C for 12 h.

Afterwards, the acquired powders were weighed and
mixed in the designed composition (1 —x)MT—-xCST,
where x=0.035, 0.0375, 0.04, 0.0425, and 0.045, respec-
tively. During the mixing, the powders were milled in dis-
tilled water for 24 h with high-resistance ZrO, balls as
the grinding media and 10 wt% PVA as the binder. After
milling, the slurries were dried again at 120 °C, and the
resultant powder chunks were ground and sieved into fine
powders. Then the obtained powders were pressed into
pellets with a diameter of 12 mm and thickness of 6 mm
under a pressure of 6 MPa. Finally, the pellets were sin-
tered at the optimal temperature of 1275 °C for 4 h at a
heating rate of 2 °C/min.

2.2 Samples characterization

The crystalline phases of the sintered samples were iden-
tified by X-ray diffraction (XRD, D/max-RB, Japan; Cu
Ka, 1=1.5418 A) in a continuous mode at a scan speed
of 4°/min. The microstructures were observed by using
a scanning electron microscope (SEM, SU8020, Hitachi,
Japan). An energy dispersive X-ray (EDX) spectroscope
attached to the SEM was applied to investigate the elemen-
tal compositions of the samples. The apparent densities
were measured based on the Archimedean principle (inter-
national standard ISO18754). The relative densities were
defined as the percentage of the measured apparent density
to the calculated theoretical density on the basis of mixture
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rule. The microwave dielectric properties of the samples
were measured on a vector network analyzer (Keysight
E5063A, America) in the frequency range of 6-9 GHz.
The dielectric constant was obtained by the Hakki—Cole-
man method, which was modified by the Courtney method
[30]. The unload Q values were evaluated by the cavity
method in the TE;;; mode, and the 7; values were calcu-
lated by the following equation [31]:

__h-h
f](TZ_Tl)

Tt ey
where f; and f, represent the TE,, , resonant frequency of
the samples at 25 and 85 °C, respectively.

3 Results and discussion
3.1 Phase composition and microstructure

In this work, all the (1 —x)MT—-xCST (x=0.035-0.045)
specimens were sintered at the optimal temperature
of 1275 °C (the lowest temperature to obtain dense
0.955MT-0.045CST sample) for 4 h to exclude the impact
of sintering. Figure 1 shows the XRD patterns of the (1 —x)
MT-xCST ceramics fabricated with x from 0.035 to 0.045.
The results reveal that all the samples are a composite of
a main ilmenite MgTiO; phase and a minor perovskite
Ca; sSr, 5TiO; phase as designed. The formation of such
composites could be attributed to the different phase struc-
tures between MgTiO; and Ca, 551, sTiO5 together with the
big ionic radius discrepancy between Mg?* (0.72 A), Ca>*
(1.00 10\), and Sr** (1.44 A) ions in the ceramics. Therefore,
all the obtained (1 —x)MT-xCST ceramics are basically a
simple solid solution of MgTiO; and Ca,, 5Sr, 5TiO;.

Fig. 1 XRD patterns of the obtained (1 —x)MT—-xCST ceramics

Figure 2 presents the typical second-electron SEM
micrographs of the obtained (1 —x)MT—xCST ceram-
ics (x=0.035-0.045). As is seen, the grains of the main
MgTiO; phase in all the samples present a normal dis-
tribution (see Fig. 2a—e), and its average size decreases
with increasing value of x, which is 5.73, 5.53, 5.35,
4.89, and 4.68 pm when x equals to 0.035, 0.0375, 0.04,
0.0425, and 0.045, respectively (see Fig. 2f). Owing
to the presence of Cag St sTiO; solid solution phase
(the small particles on the big grains) in the samples,
the movement of the MgTiO; grain boundary would be
impeded and the re-union of MgTiO; phase became dif-
ficult. Therefore, by increasing the addition amount of
Ca, sSr,, 5Ti05, the grain boundary of MgTiO; phase was
pinned by the Ca, sSr, sTiO; particles, which would finally
result in smaller MgTiO; grains. Moreover, all the sam-
ples are quite dense. Comparatively, after the addition of
Ca, 551, 5TiO3, the samples first became a little denser due
to the moderate decrease in grain size of matrix MgTiO,
phase, the promotion effect on sintering via solid solution
and the filling effect of the small Ca, sSr,, sTiO; grains into
the pores constructed by the main, big MgTiO; grains, but
with more Ca,, 551 sTiOj;, the sample would present a less
dense structure with more pores because of the increas-
ing pinning effect of Ca, 5Sr; sTiO; on the movement of
main MgTiO; phase, which will hinder the sintering of
the samples.

In order to clarify the distribution of the Ca, 5Sr, 5TiO;
solid solution phase, back-scattering electron imaging was
carried out. Typical micrograph on the polished surface of
the sample 0.955MT-0.045CST is presented in Fig. 3. It is
seen that there are two domains on the micrograph: bright
white (o) and dark gray (), indicating two kinds of grains.
According to the different sizes of the two domains, it can be
deduced that the bigger ones are the matrix MgTiOj; grains,
while the smaller ones are the added Ca, 551, s TiO; particles.

EDX technique was also used to distinguish each kind
of grain in the specimen. Table 1 presents the elemental
contents of two kinds of grains as exhibited in Fig. 3. It was
revealed that from the obtained (1 — x)MT—xCST ceramics,
0, Ti, Mg, Ca, and Sr atoms could be detected. However, on
the bright white domain (o grain), there are O, Ti, Ca, and
Sr atoms almost without Mg, indicating that it should be a
Ca,) 55t sTiO; particle. Meanwhile, on the dark gray domain
(P grain), only O, Ti, and Mg atoms were detected, revealing
that such domain is attributed to the MgTiO; grain. All these
results indicate that the obtained (1 —x)MT—-xCST ceram-
ics are a solid solution of MgTiO; and Ca, 551 sTiO;. On
combination with the XRD results, it can be confirmed that
such type of solid solution would not change the phase com-
position of the resultant composites. In addition, it can also
be seen from Fig. 3 that most of the Ca, 5Sr, sTiO; grains
segregate into the triangular grain boundaries of MgTiO,
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Fig.2 Typical second-electron SEM micrographs on the polished its the grain size distribution of the main MgTiO; phase in the speci-
surface of the obtained (1 —x)MT—xCST specimens: a x=0.035, b mens. f Relationship between x and grain size of MgTiO4
x=0.0375, ¢ x=0.04, d x=0.0425, and e x=0.045. Each inset exhib-
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Fig.3 Back-scattering electron image on the polished surface of the
typical sample 0.955MT-0.045CST

Table 1 Elemental contents measured by EDX analysis of grains o
and P as shown in Fig. 3

Elements O (at.%) Ti(at.%) Mg (at.%) Ca(at.%) Sr(at.%)
Grain o 64.33 18.71 - 7.30 9.66
Grain 62.06 18.6 19.27 - -

Fig.4 Apparent density and relative density of the (1 —x)MT-xCST
(x=0.035-0.045) specimens

grains and less amount of Ca, sSr, sTiO5 grains are on the
surface of MgTiO; grains.

Figure 4 illustrates the relationship between x, apparent
density, and relative density. As can be seen, after the addi-
tion of increasing amount of Ca, 5Sr, sTiO5, the apparent
density and relative density of the obtained (1 —x)MT—xCST
ceramics increase initially and decrease thereafter, present-
ing a maximum of 3.76 g/cm? and 95.89%, respectively,
when x=0.0375, which is consistent with the observation

Fig.5 The ¢, value of the obtained (1—-x)MT-xCST ceramics
(x=0.035-0.045)

by SEM imaging. The increase in the densification of the
obtained samples with little amount of Cag 5Sr; sTiO;
should be ascribed to the following factors: (i) the moderate
decrease in grain size of matrix MgTiO; phase, which is
beneficial for extruding gases in the samples; (ii) the pro-
motion effect on sintering via solid solution, which possibly
acts as liquid to aid the sintering; and (iii) the filling effect of
the small Ca, sSr,, s TiO; grains into the pores constructed by
the main, big MgTiO; grains (see Fig. 3). But with excessive
Ca 551 sTiO5, the movement of MgTiO; grains would be
seriously impeded due to the pinning effect of Ca,, 551, sTiO5
grains, and the sintering ability of the samples would, thus,
decrease, finally resulting in a decreased densification of
the samples.

3.2 Microwave dielectric properties

The ¢, value of the obtained (1 —x)MT—xCST ceramics
(x=0.035-0.045) is displayed in Fig. 5. It is seen that with
increasing x, the &, value of the present samples monoto-
nously increases, reaching 20.96 when x=0.045 (the maxi-
mum in the designed range of x). As is well known, &, rep-
resents the polarization capacity of microwave dielectric
ceramics. Generally speaking, the &, value of a microwave
dielectric composite is significantly dependent upon the sec-
ondary phase in the sample and its relative density (sample
densification) [32]. For a microwave dielectric ceramic com-
posite with two phases, its €, value can be estimated by using
the following equation proposed by Kim [33, 34],

111 61, = Vl lnfrl + V2 ln£r2 (2)
where ¢, represents the dielectric constant of the ceramic

composite, V; and V, are, respectively, the volume fraction

@ Springer



Journal of Materials Science: Materials in Electronics

Fig.6 The QO value of the obtained (1 —x)MT-xCST ceramics
(x=0.035-0.045)

of the constituent phases, and ¢, and ¢, represent the die-
lectric constant of the constituent phases, respectively. In
this work, the additive Ca, 5Sr, sTiO5 has much higher €,
(e,=240) than the matrix MgTiO; (¢,=17). According to
Eq. (2), with the increase of x, the ¢, value of the obtained
(1 =x)MT—-xCST ceramics would increase. Moreover, when
x<0.4, as shown in Fig. 4, the increased densification of the
samples would also contribute to the increase of ¢, value.
It should be noted that although the relative density of the
samples decreases with excessive amount of Ca, ;S sTiOs,
the resultant negative effect on the ¢, value is less than the
positive effect produced by the addition of Ca, 5Sr; sTiOs.
Therefore, the ¢, value keeps increasing with the addition of
Ca, 551, 5TiO; for the present samples.

Figure 6 presents the Q-f value of the obtained (1 —x)
MT-xCST ceramics (x=0.035-0.045). As is seen, with
increasing x, the Q-f value of the samples rises up first and
drops down later, presenting a maximum of 70,000 when
x=0.0375. The Q-f value is an important standard for the
application of microwave components under the working
frequencies since a high Q-f value implies a low dielectric
loss. Generally speaking, the porosity and grain size are the
two main factors which affect the dielectric loss of micro-
wave dielectric ceramics [35, 36]. For the present (1 —x)
MT-xCST ceramics, with increasing value of x, their relative
density increases initially (x <0.0375), indicating a decrease
of porosity. Correspondingly, the Q-f value of the samples
increases. When x> 0.0375, the porosity of the samples
increases, thus resulting in the decrease of the Q-f values.
In addition, as displayed in Fig. 2f, the grain size of the
obtained (1 —x)MT—-xCST ceramics exhibits a decreasing
tendency with increasing value of x. The decreased grain
size would lead to an increased number of grain bounda-
ries, which would give rise to the increase of dielectric loss.
Resultantly, the Q-f value of the samples would decrease.
Due to the two opposite factors, a maximum Q-f value of
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Fig.7 The 7; value of the obtained (1—-x)MT-xCST ceramics
(x=0.035-0.045)

70,000 GHz was reached for the 0.9625 MgTiO;-0.0375
Ca, 551, 5TiO5 ceramics.

Figure 7 displays the 7; value of the obtained (1 —x)
MT-xCST (x=0.035-0.045) ceramics. In this work, the z;
values were measured at 6-9 GHz in the temperature range
from 25 to 85 °C. It is seen that the 7; value of the samples
varies from — 6.41 to+5.80 ppm/°C with increasing value of
x. Since the 7; curve would go through zero point, it indicates
that a ceramic composite with 7,=0 could be obtained by
appropriately adjusting the x value. Generally speaking, the
7; value of microwave dielectric materials is related to the
composition or phases existing in the samples. The 7; value
of the present composite ceramics can be estimated by the
following mixing rule [37],

e =Vt + Votp 3)

in which V, and V, are, respectively, the volume fraction of
the constituent phases, and 7 and 7y, are the temperature
coefficients of resonant frequency of the constituent phases,
respectively. For the present (1 —x)MT—xCST system, a
sample with a near-zero 7; value of — 1.16 ppm/°C would be
obtained when x=0.04, which needs a relatively low content
of secondary phase in the sample to reach the goal compared
with the similar ceramic composites reported in the literature
(see Table 2).

4 Conclusions

Novel (1 —x)MgTiO;—xCa 551 sTiO3 (x=0.035-0.045)
composite ceramics were prepared via the solid-state sin-
tering method using the pre-synthesized ultrafine MgTiO;
and (Ca, 551, 5)TiO; powders by molten-salt reaction. The
microstructures and microwave dielectric properties of the
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Table2 Comparison on
modulating the 7, values of

MgTiO; systems

Compositions Sintering parameters 0-f(GHz) 7 (ppm/°C) Refs
0.95MgTi0;-0.05CaTiO; 1400 °C,3 h 56,000 0 [21]
0.964MgTi0;-0.036SrTiO; 1270 °C,2h 71,000 -1.27 [22]
0.94MgTi0;-0.06Ca) ¢Sr, , TiO; 1300 °C, 4 h 128,000 0.7 [24]
0.78MgTi0;-0.22Ca ¢S, , TiO; 1300 °C, 4 h 74,200 —-1.28 [25]
0.96MgTi0;-0.04Ca, St sTiO; 1275°C,4h 58,000 —1.16 This work

obtained samples were investigated. All the obtained com-
posite ceramics consist of a main ilmenite MgTiO; phase
and a minor perovskite Ca, 551, sTiO; phase. The addition
of Ca, 551, sTiO; would lead to a decreased grain size of
the MgTiO; phase in the samples. The densification of the
samples increased first and decreased later as the x value
increased from 0.035 to 0.045. When x=0.04, the 0.96MgTi
0;-0.04(Ca,) 5Sr, 5)TiO; ceramics sintered at 1275 °C for 4 h
have excellent microwave dielectric properties of €,=20.57,
Q-f=58,000 GHz, and 7;=— 1.16 ppm/°C.
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