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Mg 95Nig 05 Tig.98Zr( 0203 ceramics was prepared via conventional solid-state mixed-oxide route. The phase, microstruc-
ture and microwave dielectric properties of the sintered samples were characterized using X-ray diffraction (XRD), scanning
electron microscopy (SEM) and a vector network analyzer. The microstructure comprised of circular and elongated plate-like
grains. The semi quantitative analysis (EDS) of the circular and elongated grains revealed the existence of Mg 95Nig o5 T205
as a secondary phase along with the parent Mg 95Nig g5Tig.98Zrg.0203 phase, which was consistent with the XRD find-
ings. In the present study, e, ~17.1, Quf;~195855 + 2550 GHz and Ty ~ —46 ppm/K was achieved for the synthesized
Mg.95Nig o5 Tig.98Zr0.02 O3 ceramics sintered at 1325 °C for 4 h.
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1. Introduction

Dielectric ceramics have been studied for more
than 40 years since they were employed in the mi-
crowave devices, such as dielectric resonators, di-
electric filters, dielectric antennas etc. The search
for new materials has never stopped due to the
development in wireless communication technol-
ogy and devices, such as cellular phones, car tele-
phones, Bluetooth technology, radar technology,
global positioning system (GPS), direct TV broad-
casting, intelligent transport system (ITS), and
wireless local area network (WLAN) [1, 2].

Wireless communication is driven by the unique
dielectric properties of ceramic puck that is used as
resonator to filter and store microwave signals.

There are three key properties of ceramic di-
electrics, which determine their functionality at mi-
crowave frequencies. These properties include high
relative permittivity (€,) for reduction in size of the
devices, high unloaded quality factor multiplied by
the resonant frequency (Quf,) for selectivity, and
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near zero temperature coefficient of resonant fre-
quency (Ty) for stability [3].

Low frequency bands have been occupied, i.e.
the working frequencies have been increased from
900 MHz to 2.4, 5.2 or even to 5.8 GHz, which
would render the interest in materials with high
& [4].

A number of dielectric materials with com-
plex perovskite structure have been investi-
gated for high frequency applications [5-9].
Among this types of materials, Ba(Zn 3Ta,/3)O3
and Ba(Mg, /3Tay/3)O; showed the highest Quf,
values ranging from 100000 GHz to about
200000 GHz [9, 10]. Unfortunately, they contain
Ta, which is very costly. Moreover, their high sin-
tering temperature (1600 °C to 1650 °C), long
soaking time (~50 h) for obtaining optimum den-
sities also contribute to the high cost of preparation
of these materials [9, 10]. Therefore, Ta free ma-
terials with low sintering temperature are desirable
for the applications at high frequencies.

Magnesium titanate (MgTiO3) is one of the
low cost materials that has attracted much atten-
tion due to its good combination of microwave
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properties. MgTiO3 possess ¢ = 17, Quf,
~160000 GHz and a Ty ~ —50 ppm/K [11] but the
high negative 1¢ precludes its application. The Q,f,
of MgTiO3 has been improved by various cationic
substitutions at the A and B sites causing local lat-
tice distortion, which was greater than the effect
of impurity in MgTiOs. The partial replacement of
Mg by Ni, Co, Mn and Zn at the A-site resulted
in an improvement in the Quf, value (180000 to
264000 GHz) of pure MgTiO3 [12, 13]. Ni based
MgTiOs3, i.e. Mg o5Nig o5 TiO3 possess e ~17.2,
Quf, ~180000 GHz and t¢ ~ —45 ppm/K [13]. In
a previous study, partial (5 %) Zr** substitution for
Ti** at B-site of MgTiOj3 has resulted in a high in-
crease (160,000 to 380,000 GHz) in the Q,f, value
of pure MgTiO3; with almost unaffected T value,
i.e. T ~ —50 ppm/K [14]. Therefore, it is impor-
tant to improve the Q,f, value of Mgg 95Nig 05 TiO3
by partial (2 %) Zr** substitutions for Ti** at the
B-site.

2. Experimental

Mgp.95Nig 05Tig.98Zr0.0203 ceramics was pre-
pared by mixing high purity raw materials of
TiOy (299 %, Sigma Aldrich), NiO (=99.9 %,
Sigma Aldrich), MgO (99.95 %, Aldrich), and
7103 (99.5 %, Sigma Aldrich) in stoichiometric ra-
tios and ball milling for 10 h using yttria-stabilized
ZrO; balls as grinding media and isopropanol as
lubricant to make a fine freely moving slurry. The
slurry was dried overnight in an oven at ~95 °C fol-
lowed by sieving to get fine powders. The milled
powder was calcined at 1100 °C/5h at a heat-
ing/cooling rate of 5 °C/min followed by re-milling
to dissociate the agglomerates if any. The finely
grounded calcined powder was pressed into 4 to
5 mm high and 14.85 mm in diameter pellets and
sintered in a range of temperature from 1275 °C
to 1350 °C to get optimum density of the sam-
ples. The phase analysis of the calcined and sin-
tered samples was carried out using XRD. The mi-
crostructure of an optimum density sample was
investigated using scanning electron microscope
(SEM).

Microwave dielectric properties were measured
using Agilent network analyzer (R3767CH) in the

range of 40 MHz to 8 GHz. The cylindrical samples
were placed on a low-loss quartz single crystal at
the center of the Au-coated 36 mm high and 40 mm
in diameter brass cavity. Tf values were measured
by recording variations in the resonant frequency of
TE; s resonant mode over the temperature range of
20 °C to 80 °C and calculated using equation 1:

= f—fi/filla—T), (1)

where f1and f, are the initial and final resonant fre-
quencies at 20 °C and 80 °C, respectively.

3. Results and discussion

Fig. 1 shows the experimental (pexp) and rel-
ative densities (p;) of the sintered samples of
Mg.95Nig.05Tip.98Zr0.0003 ceramics. The density
initially increased from 3.55 g/cm3 (89.8 %) to
3.63 g/em® (92.1 %) as the sintering tempera-
ture was increased from 1275 °C to 1325 °C.
After that, a slight decrease in the density was
observed at >1325 °C. The reason for the de-
crease in the sample density with increasing sin-
tering temperature from 1325 °C to 1350 °C has
ocurred, probably due to unstable grain growth
at high temperatures [15]. The theoretical density
of Mg 95Nig o5Tip.98Zrp 0203 ceramics calculated
from the XRD data was 3.95 g/cm>.
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Fig. 1. Variation in Pexp and Pr of
Mg.95Nig 05 Tig.9§Zr 0203 ceramics as a func-

tion of sintering temperature.

The XRD patterns recorded from cal-
cined and optimally sintered (1325 °C)
Mg.95Nig.05Tig.98Z10.0203 ceramics are
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shown in Fig. 2. In both the patterns,
Mg0.95Ni0,05Ti0_982r0_0203 ceramics crystallized
in illmnite structure identical to MgTiO3 trigonal
(PDF#6-494) was observed as the major phase as-
sociated with a secondary Mg 95Nig g5 TioOs phase
(PDF#35-792). The secondary Mg 9s5Nig.os5TipO3
phase that developed as an intermediate phase
during the growth of Mgg.9sNig.sTig.98Zr0.0203
phase was difficult to eliminate from the sample
processed via mix oxide route.

The lattice parameters calculated manually
for Mg 95Nig o5 Tig.908Zr0. 0203 ceramics sintered
at 1325 °C/4 h were a = b = 0.5077 (5) nm and
¢ = 1.3914 (7) nm. This shows an increase in the
lattice parameters for Mg 95Nig.05Tio.98Z10.0203
ceramics compared with the parameters of
Mg 95Nig gsTiO3, which are a = 0.5035 nm and
¢ = 1.387 nm [3]. This is due to the larger ionic
radius of Zr** than Ti*t [16].
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Fig. 2. XRD patterns recorded from (a) cal-

cined and (b) optimally sintered (1325 °C)
Mg0~95NiO'05Ti0498Zr040203 ceramics.

Fig. 3 shows the backscattered electron image
from a thermally etched and gold coated bulk sur-
face of Mg .95Nig 05Tig.98Zrp.0203 ceramics sin-
tered at 1325 °C/4 h. The microstructure is com-
prised of slightly brighter and dark grains, indicat-
ing the occurrence of two phases. The grain mor-
phology exhibits two different types of grains: cir-
cular grains and rod-shaped grains. A similar re-
sult was observed by Tseng [17], who suggested
that the circular grains might be ilmenite phase and
the rod-shaped grains could be Mgg.95Nig g5Ti205
phase. The semi-quantitative SEM EDS (Table 1)

of the grains labeled as “A” and “B” indicated
that the composition of these grains was close to
Mg.95Nig.05Tig.98Zr0.0203 and Mgp.95Nig.05Ti2Os,
respectively. The phase constitute can be confirmed
by comparing with the results of XRD analysis of
the ceramic sample.
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Fig. 3. Backscattered electron image (BEI) of
Mg .95Nig.05Tio.908Zr0.0203 specimen sintered at

1325 °C/4 h.
Fig. 4 depicts the variation in ¢ of
Mg 95Nig 05Tig.98Zro 0203 ceramics at differ-

ent sintering temperatures. The ¢, increased with
an increase in sintering temperature and reached a
maximum at 1325 °C followed by a decrease with
a further increase in the sintering temperature. This
behavior was consistent with the trend observed in
the apparent density (Fig. 1). It is known that ¢,
is correlated strongly not only with the ionic po-
larization and the molar volume, but also with the
densities and some second phases in the microwave
frequency range. Therefore, the lower ¢, values
for the samples sintered at lower (<1325 °C)
and higher temperatures (>1325 °C) may be
attributed to the lower densities at these tempera-
tures. Mg 95Nig o5 TiO3 has &; ~ 17.2 with 88 %
density [18], while Mgo.gsNio,(ﬁTi(),ggZI‘(),()gOg has
~17.1 with 92 % density. This shows that the
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Table 1. EDS data of Mg 95Nig.05Tig.98Zr0.0203 ceramics sintered at 1325 °C/4 h.

Grain MgK NiK TiK ZrK OK
(Wt.%) (WL%)  (Wt%)  (Wt%)  (wt.%)
A 18.94 2.99 33.62 1.35 49.26
B 12.04 1.30 43.24 0 43.42
reduction in &, could be attributed to the lower 200000 ' ' ' '
polarizability per unit volume of Zr** compared 1950004 —
to Ti** [18]. A maximum ¢, ~ 17.1 was obtained 190000 E
for Mg 95Nig g5 Tig.9§Zr9.02O3 ceramics sintered at ; {
1325 °C for 4 h. The variation in ¢, with sintering % 185000
temperature is compared in Table 2. o 180000+
o 175000
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Fig. 4. Variation in &, of Mg 95Nig 05Tig.98Zrp.0203 ce-
ramics as a function of sintering temperature.

The variation in Quf, of
Mg()v95Ni0_05Ti0.9gzr0.0203 ceramics with sin-
tering temperature with error bars is shown in
Fig. 5. The trend in the variation of Quf, of
Mg0.95Nio,()5Tio_ggzro_()203 ceramics also fol-
lows the density. The increase in Quf, value
is attributed to an increase in the density. The
decrease in Q,f, value at temperatures >1325 °C
is attributed to a decrease in the density due to
non-uniform grain growth. A maximum Qf,
value of 195855 + 2550 GHz was obtained for
Mgg.95Nig 05Tip 98210203 ceramics sintered at
1325 °C/4 h, which is higher than for Zr free
Mg0.95Ni0.05Ti03 (Qufo ~ 188000 GHZ) [16]. The
Quf, value is affected by both the way of sharing

of ions in the unit cell volume. In general, the
formation of secondary MgTi,Os phase reduces
the Quf, value of MgTiO3 ceramics significantly,
although pure MgTiO3 exhibits a high Q,f, value
due to the isolation of the TiOg octahedron by
cation vacancies and the depolarization of the
MgOg octahedron. Additionally, the slight increase
in lattice constants, which can reduce ionic polariz-
ability and ¢, is identified as the dominant reason
for the high Quf, value in MgTiOs. Thus, some
authors carried out studies on MZt (where
M = Ni or Zn) ionic partial substitu-
tion in the A-site in MgTiO; to form
(Mgo.osMos)TiO3 [12, 13], which revealed a
greater improvement in the Quf, value due to the
local lattice distortion and the size effect of cations
higher than the impurity effect in MgTiO3. The sec-
ondary Mg 95Nig o5 TiO5 phase has been reported
to have lower Qf, ~ 50000 GHz [19], much lower
than that of the parent Mgg 9sNig.g5Tig.98Z1r0.0203
phase. This suggests that the formation
of secondary Mg osNigosTi,Os phase has
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Table 2. Preparation conditions, experimental densities and microwave dielectric  properties
of Mg 95Nig 05 Tig.98Zr9.0203 ceramics.
S.T. Pexp & Quf, Tf fo Diameter
(0) (g/em?) (GHz) (ppm/K) (GHz) (mm)
1275/4 h 3.52 16.1 165540 + 2040 —43.2 6.93819334 + 0.035 12.56
1300/4 h 3.59 16.5 186160 + 2260 —45.5 6.94519334 + 0.043 12.50
1325/4 h 3.64 17.1 195855 £ 2550 —46.2 6.898695334 + 0.051 12.42
1350/4 h 3.61 16.9 192655 + 2160 —45.8 6.928695334 + 0.032 12.45
lowered the Qufo of Mg().95Nio,osTio_ggZI’o_on3. References

Therefore, Zr*t substitution for Ti*t has re-
sulted in an increase of the Q,f, value of
Mgg.95Nig 05Tig.98Zr0.0203. The temperature
coefficient of resonant frequency (tf) is known
to be related to the composition and secondary
phase formation. No significant change has been
observed in the value of T with sintering tem-
perature and the secondary Mgg9sNigg5Ti2Os
phase formation as it had nearly the same T
~ —48 ppm/K [19]. The Ty ~ —46 ppm/K was
obtained for Mgy 95Nig o5 Tip.98Zr0.0203 sintered at
1325 °C for 4 h. For practical applications, tuning
of T to 0 ppm/K is necessary. Therefore, further
work is in progress to tune the ¢ to zero.

4. Conclusions

Zr substitution for Ti in Mg g5Nig¢5TiO3 ce-
ramics enhanced the Q.f, in spite of the for-
mation of Mg osNigosTi;Os phase that devel-
oped as an intermediate phase. Mgg 9s5Nig s TipOs
phase by itself degraded the Q.f, value drasti-
cally. In the present study, e, ~17.1, Quf, ~195855
+ 2550 GHz and t¢ ~ —46 ppm/K was achieved for
the synthesized ceramics sintered at 1325 °C for
4 h.
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