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a b s t r a c t

0.95MgTiO3–0.05CaTiO3 (MCT) nano powders were synthesised using sol–gel method and high energy
ball milling (HEBM). Synthesised powders were characterised using X-ray diffraction analysis to ensure
phase purity and HRTEM to determine the fine microstructural features like particle size, interplanar
spacing, etc. The powder pellets were heat treated to study the sinterability and microwave dielectric
properties and these properties were then compared with the microwave dielectric properties of micron
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sized sample. Nano powder synthesised using HEBM shows better dielectric properties, sinterability
and gets densified to 90% of theoretical density (TD) at 1200 ◦C/2 h. Dielectric resonators prepared using
chemically synthesised nano powder showed poor sinterability and microwave dielectric properties, but,
dielectric properties of HEBM samples were very near to that of solid state synthesised samples. Sintered
HEBM powders retain the microwave dielectric properties almost to the same level as the solid state

cons
synthesised powder with

. Introduction

Dielectric resonator materials are important in the minia-
urization of microwave communication devices. To meet the
equirements of miniaturization new developments in materials,
ntegration and packaging are needed. In this context, low tem-
erature co-fired ceramic (LTCC) technology has attracted much
ttention due to its capability of making three dimensional ceramic
odules with low dielectric losses and embedded metal electrodes

1–4]. In LTCC Technology silver has widely been used as electrode
aterial due its high electrical conductivity, comparatively moder-

te melting point (961 ◦C), easy processing and non reactivity with
ost of the dielectric resonator materials. But most of the dielectric

esonator materials used in microwave frequency regime have high
rocessing temperature (calcinations and sintering temperatures,
intering temperature > 1200 ◦C) [5]. Several techniques have been
eported to minimize the processing temperature namely (a) addi-
ion of low melting glasses [6,7] and (b) chemical synthesis and use

f powders with smaller particle size [8]. Low melting glass addi-
ion is found to be effective in lowering the sintering temperature
y liquid phase sintering. But this process is known to deteriorate
he dielectric properties [9]. However low cost and easy processing
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iderable lowering of sintering temperature.
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makes it an attractive option for making LTCC materials. The chem-
ical synthesis decreases the sintering temperature considerably.

MgTiO3 is a commonly used dielectric resonator material
in the microwave frequency. Microwave dielectric properties of
CaTiO3 are also well known [5,9,10]. MgTiO3 is known to have
dielectric properties εr ∼ 17, Q × f ∼ 160,000 GHz at 7 GHz and
�f ∼ −45 ppm/◦C and that of CaTiO3 is εr ∼ 170, Q × f ∼ 3600 at 7 GHz
and �f ∼ 800 ppm/◦C [5,10]. A composite 0.95MgTiO3–0.05CaTiO3
(MCT) is reported to have εr ∼ 20, Q × f ∼ 56,000 at 7 GHz and has
near zero temperature coefficient of resonant frequency. Sinter-
ing temperature of this composite is reported as 1400–1500 ◦C
[5,10]. Many researchers have made efforts to study the microwave
dielectric properties of 0.95MgTiO3–0.05CaTiO3 ceramics by vari-
ous additives or by varying processing techniques. Recently Chen
reported that addition of WO3 has modified the microstructure
and microwave dielectric properties of MCT [11]. He has also
studied the effect of ZnO and V2O5 addition on the microwave
dielectric properties of 0.85MgTiO3–0.15Ca0.6La0.8/3TiO3 [12] and
0.8(Mg0.95Zn0.05)TiO3–0.2Ca0.61Nd0.26TiO3 ceramics [13] respec-
tively and observed the possibilities of tuning microwave dielectric
properties by controlling the additive amount. Extensive studies
have been carried out by Chen on modified MCT ceramics with

modifications done by substituting different elements in the Mg,
Ca and Ti sites of MCT systematically [13–20]. In the place of Mg in
MgTiO3, elements like Zn [14,15], Co [16], La [17,18] and Nd [19]
were substituted. In the place of Ti too, substitution of Mg and Ti in
1:1 ratio was done [18,19]. For CaTiO3, substitution of Ca site was

dx.doi.org/10.1016/j.jallcom.2010.12.006
http://www.sciencedirect.com/science/journal/09258388
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of TE01ı mode in the reflection configuration over a range of temperature 20–80 ◦C,
when the sample was kept in the end shorted position. The temperature coefficient
of the resonant frequency was calculated using the formula �f = (f2 − f1)/(f1(T2 − T1))
where, f1 and f2 were the resonant frequencies at temperatures T1 and T2 and the
average value was calculated and reported to be [9,31,32].
090 M.A. Sanoj et al. / Journal of Alloys

one with Zn [16], Sr [14,18,19], Nd [20] and also with La–Na [15]
nd Nd–Na [17] in 1:1 ratios. All these substitutions gave sintering
emperature in the range of 1150–1500 ◦C and microwave dielec-
ric properties εr ∼ 19–45 with maximum possible value of 132
19], Q × f ∼ 9500–68,000 GHz and �f ∼ 8.9 to −14.9 ppm/◦C [12,13].
ielectric materials prepared by flexible chemical techniques could
e sintered at lower temperatures and showed excellent dielectric
roperties of Q × f = 73,700 at 6.5 GHz [21].

Even though a large number of papers are already published
n the microwave dielectric properties of MCT ceramics, effect of
ifferent synthesis processes on the particle size and microwave
ielectric properties of MCT was not reported before. In the present

nvestigation particle size and sinterability of nano powders of MCT,
repared via two different well established routes such as chemi-
al synthesis and high energy ball milling (HEBM) are compared
ith the MCT synthesised by conventional solid state method.
icrowave dielectric properties of the sintered samples are also

ompared.

. Experimental

.1. Preparation of 0.95MgTiO3–0.05CaTiO3 (MCT)

.1.1. Solid state route
MgTiO3 and CaTiO3 were individually synthesised using the conven-

ional solid state ceramic route using high purity Magnesium Carbonate
(MgCO3)4Mg(OH)2·5H2O Sigma–Aldrich, USA 99.9%], Calcium Carbonate (CaCO3,
igma–Aldrich, USA 99.9%) and Titanium Dioxide (TiO2, Sigma–Aldrich, USA 99.9%).
or the synthesis of MgTiO3 and CaTiO3 by solid state route carbonates of mag-
esium, calcium and oxide of titanium were accurately weighed and mixed
ith distilled water and subjected to ball milling with zirconia balls for 24 h.

he slurry was dried and calcined at 1100 ◦C/4 h. Stoichiometric quantities of
gTiO3 and CaTiO3 were weighed accurately and mixed in a ball mill for get-

ing 0.95MgTiO3–0.05CaTiO3. The slurry was then dried with the addition of 3 wt%
olyvinyl alcohol (as binder) and pressed in the form of circular discs of diame-
er 14 mm at height 7 mm. These discs were sintered at different temperatures to
ptimize the sintering temperature. Sintered pellets were used for dielectric char-
cterization and structural analysis.

.1.2. Sol–gel synthesis
For the synthesis of MCT by sol–gel method, MgTiO3 and CaTiO3 were prepared

ndividually and mixed in the stoichiometric proportion. The starting materials used
or the synthesis were Ca(NO3)2·4H2O (Sigma–Aldrich, USA 99%), Mg(NO3)2·6H2O
Sigma–Aldrich, USA 99.999%), Ti[OCH(CH3)2]4 (Acros organics, 98+%), in the

olar ratio Ca/Mg:Ti = 1:1. Solvent used for the synthesis was 2-methoxy ethanol
Sigma–Aldrich, USA). The stoichiometric quantities of the nitrates of Ca and Mg
ere dissolved in 30 mL and 50 mL of 2-methoxy ethanol respectively and stirred

or 2 h at room temperature. Stoichiometric quantities of titanium isopropoxide
ere added to 10 mL of 2-methoxy ethanol taken in separate beakers and stirred

or half an hour at room temperature. This solution was slowly added to the stirred
olution of nitrates of Ca and Mg in 2-methoxy ethanol to get a transparent gel. The
el was dried at 70 ◦C for 24 h and calcined at 500 ◦C and 650 ◦C respectively [22–26]
nd then sintered at different temperatures.

.1.3. High energy ball milling (HEBM)
The calcined powder of the MCT ceramics synthesised by solid state ceramics

oute was subjected to high energy ball milling for 20 h using a Fritsch Pulverisette
-5. The balls were of tungsten carbide (10 mm dia) and the ball to powder ratio was
0:1. The phase purity of the ball milled powder was ensured using X-ray diffraction
atterns taken after every 5 h of ball milling using Cu K� radiation (of wavelength,
1.54056 Å, Philips X’pert system) for a 2� range 10–80◦ .

.2. Characterization of powders and sintered samples

The crystallite size (d) of the nano MCT powder was determined from the XRD
atterns using Debye Scherrer’s formula d = (0.9�)/((ˇ − ˇ′)cos �), where � is the
avelength of the X-ray, ˇ and ˇ′ are the FWHM of the maximum intensity peak

f the nano MCT powder and the reference sample respectively and � is the glanc-
ng angle [27,28]. Solid state synthesised, sintered and well annealed sample was
sed as the reference. MCT nano particles were characterised using a high resolu-

ion transmission electron microscope (HRTEM) (FEI Technai G2 30S-TWIN machine
perated at 300 kV). The particle morphology, size distribution, SAD patterns and
igh resolution lattice images were recorded using HRTEM.

The dimensional changes of the disc shaped samples during sintering were
tudied using a horizontal loading dilatometer with alumina rods and bat (Model
IL 402PC, NETZSCH Instruments, Germany). Discs were sintered at different tem-
Fig. 1. X-ray diffraction (XRD) pattern of MCT ceramics synthesised using solid state
method and sintered at 1350 ◦C/2 h.

peratures and the microstructure studies of the sintered samples were done using
scanning electron microscope (JEOL, 5600LV, Tokyo, Japan). SEM images recorded
were analysed using image analysis software (Leica Qwin). The low frequency dielec-
tric measurements were carried out using LCR meter (Hioki 3532-50 LCR Hi-Tester).
The dielectric properties of the materials were measured in the microwave fre-
quency (2–6 GHz) range using a network analyzer HP 8510C (Hewlett-Packard, Palo
Alto, CA). The dielectric constant εr was measured by the post resonator method
of Hakki and Coleman modified by Courtney [29,30]. The error in εr measurement
using this technique is usually less than ±1%. Usually, three samples are prepared in
a batch corresponding to a particular composition and the measurements are made,
at least twice per each specimen. The TE01ı mode of resonance, where quality factor
is intimately related to the dielectric loss (tan ı), was used for the measurement
of quality factor. The quality factor (Q × f) was determined using a resonant cop-
per cavity whose interiors were coated with silver and the ceramic dielectric was
placed on a low loss quartz spacer, which reduces the effect of losses due to the
surface resistivity of the cavity. For measuring quality factor, the resonant cavity
method is ideal since the electric field is symmetrical with geometry of the cavity
and the dielectric. The coefficient of thermal variation of resonant frequency (�f)
was measured by noting down the temperature variation of the resonant frequency
Fig. 2. X-ray diffraction (XRD) pattern of MCT ceramics synthesised using sol–gel
method and sintered at 1300 ◦C/2 h.
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ig. 3. X-ray diffraction (XRD) pattern of MCT ceramics synthesised by HEBM. (a)
efore ball milling, (b) ball milled for 5 h, (c) 10 h, (d) 15 h and (e) 20 h.

. Results and discussion

Figs. 1 and 2 represent the powder X-ray diffraction (XRD)
atterns of MCT ceramics synthesised using solid state method,
intered at 1350 ◦C/2 h and sol–gel method, sintered at 1300 ◦C/2 h
espectively. Fig. 3 is the XRD pattern of MCT solid state synthesised
nd high energy ball milled (a) before ball milling, (b) ball milled
CT ceramics at 5 h, (c) 10 h, (d) 15 h and (e) 20 h. The recorded
RD patterns are compared with the standard ICDD data files (File
o. 79-0831 for MgTiO3 and 43-0226 for CaTiO3) and all the peaks
ere indexed accordingly. No secondary phases are present in the
-ray diffraction pattern and hence it is concluded that MCT forms
s a mixture of both MgTiO3 and CaTiO3. XRD pattern of HEBM pow-
ers clearly indicates that no contamination of the charged powder
ith ball material (tungsten carbide) takes place during the HEBM

rocess even for the longest duration of 20 h. As the milling time

s increased the peaks get broadened showing a reduction in the
iffraction domain size. The crystallite size of HEBM synthesised
CT powders calculated using Debye Scherrer formula for differ-

nt milling durations show a decrease in crystallite size with milling

Fig. 5. Transmission electron micrographs of MgTiO3 synthesised by sol–gel method
Fig. 4. The variation of crystallite size calculated from XRD patterns of HEBM sample
with milling time.

duration as shown in Fig. 4. The crystallite size is reduced to ∼30 nm
on milling for 20 h.

High resolution transmission electron micrographs (HRTEM)
and selected area electron diffraction (SAED) pattern of MgTiO3,
CaTiO3 and MCT synthesised through sol–gel synthesis are shown
in Figs. 5, 6 and 7 respectively. The particle size of sol–gel syn-
thesised MgTiO3 and CaTiO3 powders are in the range 20–30 nm.
The particle size of MCT prepared by mixing sol–gel synthesised
MgTiO3 and CaTiO3 also lies in the same range. Inter planar spacing
of the visible lattice planes are determined from the lattice images
of MCT (Fig. 7), are 4.11 Å and 4.88 Å corresponding to the (1 0 1) and
(0 0 3) planes respectively. Fig. 8 shows the particle size distribu-
tion and the high resolution image of the MCT particles synthesised
using HEBM. The particle size obtained from the TEM image was less
than about 20 nm. The TEM image analysis reveals that the parti-
cle size of MCT samples synthesised via two different methods are
in the nanometre regime and the particle size obtained for MCT
synthesised using HEBM method is the smallest (for 20 h of ball

milling).

Fig. 9 depicts the effect of temperature on shrinkage (�L/L0)
of MCT ceramics synthesised via three different methods studied
using dilatometer. The shrinkage for the nano particle compacts

(a) particle size distribution, (b) high resolution image and (c) SAED pattern.
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Fig. 6. Transmission electron micrographs of CaTiO3 synthesised by sol–gel method (a) particle size distribution, (b) high resolution image and (c) SAED pattern.

Fig. 7. Transmission electron micrographs of MCT synthesised by sol–gel method (a) particle size distribution, (b) high resolution image and (c) SAED pattern.

Fig. 8. Transmission electron micrographs of MCT synthesised by HEBM method (a) particle size distribution and (b) high resolution image.
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ig. 9. Shrinkage of MCT ceramic pellets synthesised by different method with
emperature.

egins at much lower temperatures and progresses more rapidly
n comparison with the micron sized compacts. For HEBM synthe-
ised MCT, shrinkage starts at very low temperature ∼300 ◦C and
radually increases up to ∼800 ◦C, beyond this temperature a rapid
hrinkage is obtained and the sample densifies at ∼1200 ◦C. Simi-
ar behaviour is obtained for the sol–gel synthesised MCT ceramics.

CT ceramics synthesised by solid state method shows shrinkage
nly from ∼1050 ◦C onwards and shrinkage become more rapid
eyond ∼1100 ◦C. Hence it is clear that the nano sized particle com-
acts exhibits higher sinterability and the grain growth appears to
e starting at lower temperatures than that of the micron sized
owder.

For comparison of sinterability and grain growth, SEM micro-
raphs of partially densified MCT (HEBM) and MCT (SG) sintered
t 1100 ◦C/2 h were recorded and an image analysis was carried
ut. Average grain diameters of MCT samples sintered at different
emperatures are given in Table 1 Solid state synthesised samples
id not get sintered at1100 ◦C/2 h and the samples were behaving

ike green pellets after the heat treatment. Grain growth behaviour
s found to be different for sol–gel synthesised and HEBM synthe-
ised powder compacts. Greater grain growth was observed in the
amples synthesised by HEBM than the samples synthesised using
ol–gel synthesis and sintered at 1100 ◦C. Average grain size of
bout 1.5 �m was observed in HEBM MCT ceramics and that for
he sol–gel samples were less than 1 �m when subjected to the
ame heat treatment. Also large number of inter granular shrink-
ge porosities were observed in the SEM microstructure of sintered
ano powders. These observations support the shrinkage behaviour
f MCT powder compacts shown in Fig. 9.

Fig. 10 shows the microstructures of MCT (a) synthesised by con-

entional solid state ceramic technique and sintered at 1350 ◦C/2 h
b) synthesised by sol–gel technique and sintered at 1350 ◦C/2 h and
c) synthesised by high energy ball milling (HEBM) and sintered at
350 ◦C/2 h. Image analysis results of these figures are also given in

able 1
ariation of grain diameter of MCT ceramics with the sintering temperature from
EM images.

Sample ID Average grain diameter (�m)

1100 ◦C 1350 ◦C

MCT (solid state) Not sintered 5–6
MCT (high energy ball milled) 1.2–1.5 11–12
MCT (sol gel) 0.7–1.0 7–8
Fig. 10. Scanning electron micrographs of MCT synthesised by (a) conventional solid
state method sintered at 1350 ◦C/2 h (b) sol–gel technique sintered at 1350 ◦C/2 h
and (c) synthesised using HEBM and sintered at 1350 ◦C/2 h.

Table 1. From the SEM micrographs it is clear that all the samples are
well densified. MCT ceramics synthesised by solid state synthesis
technique had minimum porosity with an average grain diameter
∼5–6 �m (Table 1). The average grain diameter of sol–gel synthe-
sised sample sintered at 1350 ◦C was about 7–8 �m and that for
HEBM sample was about 11–12 �m. Comparing these values it can
be noticed that nano particles sintered samples have larger grain
diameters. The main driving force for sintering in powder com-
pacts is the tendency to reduce the surface free energy by reducing
surface area. In the case of nano particle compacts, the total sur-
face area per unit volume is much larger when compared to that of
the micron sized powder compacts. Hence the shrinkage and grain
growth rates are greater in nano powder compacts [33].

Fig. 11 shows the variation of the relative density with sintering
temperature of MCT powder compacts synthesised by conventional
solid state ceramic route, sol–gel synthesis and the HEBM tech-
niques. Fastest densification kinetics can be observed for HEBM
powders. HEBM sample is densified to 90% of theoretical density at

1200 ◦C. The lower particle size of ball milled samples helps them
to have greater grain growth kinetics by reducing the total sur-
face area. HEBM process is also known to introduce large amounts
of dislocations and surface defects on the surface of nano powder
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Fig. 13. Variation of dielectric permittivity with sintering temperature.

Table 2
Microwave dielectric properties of MCT ceramics prepared through different
techniques.

Sample ID Sintering temperature (◦C) εr Q × f (GHz) �f (ppm/◦C)
Fig. 11. Variation of relative density with sintering temperature.

articles, which increase the sinterability of the powder compacts.
his effect can be observed in the shrinkage behaviour in Fig. 9
nd the microstructural analysis details given in Table 1. It can be
een from Fig. 11 that the densification of the solid state synthe-
ised samples are slower than the HEBM synthesised sample at any
iven temperature. The densification with respect to the sintering
emperature shows a sigmoidal dependence on temperature. This
ehaviour can be observed in the results of densification of MCT
ynthesised via conventional solid state synthesis technique and
EBM synthesis. Densification up to 96% of the theoretical density is
bserved for solid state synthesised samples. For HEBM maximum
ensity achieved is around 95% of theoretical density. The dif-
erence between theoretical density and actual density measured
sing Archimedes principle gives the amount of internal porosity.

n the case of solid state synthesised samples porosity present is
bout 4% and for HEBM samples it is 5%.

In the case of sol–gel samples, densification is very slow and
eaches 90%TD only around 1350 ◦C/2 h. Generally chemically syn-
hesised nano powders show a lower densification [8,9]. This is

ainly due to the accommodation of shrinkage porosity in the
ntergranular regions. The porosity trapped in the intergranular

egions prevents sol–gel powder compacts from acquiring high
ensities even at highest temperatures like 1400 ◦C/2 h and only
3% of theoretical density can be obtained (with 7% porosity). Fig. 12
hows the microstructure of the cross section of MCT ceramics

ig. 12. SEM micrograph of fractured surface showing intergranular porosity of MCT
SG) ceramics sintered at 1250 ◦C/2 h.
MCT(SS) 1350 17.2 60,800 −0.5
MCT (BM) 1200 17.2 24,100 −8.5
MCT (SG) 1350 16.4 16,750 −17.5

synthesised via sol–gel and sintered at 1250 ◦C/2 h. In the figure
shrinkage porosity is clearly visible which strongly supports the
lower density of the sintered samples. At higher sintering temper-
ature some of these pores may get closed due to the mass transfer
by diffusion, giving the final sintered microstructures as shown in
Fig. 10.

Dependence of the dielectric permittivity, measured using LCR
meter at low frequency (1 MHz), on sintering temperature of MCT
synthesised by solid state, sol–gel and HEBM techniques are shown
in Fig. 13. Dielectric permittivity mainly depends on polarization
in the material and its variation shows similar trends as density
variation showing highest values for HEBM samples. Dielectric per-
mittivity of the solid state synthesised samples is almost same
as that of HEBM samples. Inter granular porosity (around 7%)
introduced in the sintering process of sol–gel synthesised samples
reduces the dielectric permittivity as shown in Fig. 13.

Table 2 illustrates the microwave dielectric properties, quality
factor (Q × f) and temperature coefficient of resonant frequency
(�f) of MCT synthesised by three different methods. Only HEBM
synthesised MCT shows good resonance at lower sintering temper-
atures. Microwave dielectric properties of HEBM samples sintered
at 1200 ◦C/2 h was found to be εr = 17.2, Q × f = 24,100 GHz and
�f = −8.5 ppm/◦C. With the increase in the sintering temperature
the quality factor also increases and reaches a maximum value
(Q × f = 52,000 GHz) at a sintering temperature of 1350 ◦C/2 h. The
samples synthesised via solid state and sol–gel method, sintered at
lower temperatures do not show resonance (below 1300 ◦C). The
samples synthesised by solid state method have microwave dielec-
tric properties εr = 17.2, Q × f = 60,800 GHz and �f = −0.5 ppm/◦C
when sintered at 1350 ◦C/2 h. Chemically synthesised MCT ceram-
ics shows dielectric properties εr = 16.4, Q × f = 16,750 GHz and
� = −17.5 ppm/◦C when sintered at 1350 ◦C/2 h. Quality factor of
f
a material increases with increase in grain size and decreases with
increase in porosity and other defects present in the material as
the grain boundaries and defects act as scattering centres for the
microwave radiation. Porosity defect level (∼4%) in the solid state
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ynthesised sample is found to be much lower and hence gave high-
st quality factor. Even though the densification is good, quality
actor of the HEBM samples are marginally lower due to the pres-
nce of more intergranular porosities (5%). However the porosities
n sol–gel powder sintered samples is more (7%) in the form of
losed intergranular pores which is the main reason for the lowest
uality factors.

. Conclusions

MCT ceramics having compositions 0.95MgTiO3–0.05CaTiO3
as prepared by conventional solid state ceramic route and the
ano powders by sol–gel synthesis and high energy ball mill
HEBM) method. The crystallite size of the nano powders was
etermined using X-ray diffraction and the particle sizes of the
ano powders were determined using high resolution transmission
lectron microscopy (HRTEM). The particle size obtained for HEBM
ample is about 20 nm and that for sol–gel sample is up to 50 nm.
he sinterability of micron sized and nano sized powder compacts
ere compared and correlated with its dielectric properties. The

ample synthesised using HEBM shows excellent sinterability
nd comparatively good microwave dielectric properties at lower
intering temperature. The MCT ceramics obtained after HEBM
how more than 90% densification at a sintering temperature of
200 ◦C/2 h with dielectric properties εr = 17.2, Q × f = 24,100 GHz
nd �f = −8.5 ppm/◦C, where as the sintering temperature of solid
tate and sol–gel is above 1300 ◦C. At this sintering temperature the
icrowave dielectric properties for solid state sample is εr = 17.2,
× f = 60,800 GHz and �f = −17.5 ppm/◦C. It can be concluded that
EBM is a good synthesis technique for the preparation of nano
ielectric ceramics. Samples synthesised using this method is
ensified at lower temperatures and show microwave resonance
t lower sintering temperature in comparison with the sol–gel and
olid state synthesised samples. However temperature coefficient
f resonant frequency of the nano powder sintered samples was
uch more than solid state synthesised samples (which is near to
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