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a b s t r a c t

Composite ceramics with a nominal composition of Ba0.6Sr0.4TiO3 + x wt.% MgO (x = 0–60) were prepared
using superfine Ba0.6Sr0.4TiO3 powder derived from a citrate method and superfine MgO powder. The
sinterability, structure and nonlinear dielectric properties of the specimens were investigated. Adopting
the superfine powders was found to be effective in promoting the sinterability of the composites. The
specimens sintered at 1230 ◦C attained relative densities of around 95%. The relatively low sintering

2+
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temperature of the composites suppressed the diffusion of Mg into the lattice of the Ba0.6Sr0.4TiO3 phase,
which consequently led to a small shift of the temperature for dielectric constant maximum (Tm) to−10 ◦C.
The variation of the nonlinear dielectric properties with MgO content was qualitatively interpreted in
terms of doping and mixing effects caused by the MgO addition together with connectivity between the
Ba0.6Sr0.4TiO3 grains in the composites. At room temperature, the specimen with x = 60 showed a reduced
dielectric constant of 420 and a low dielectric loss of 0.14% at 10 kHz, while maintained a roughly good

high
tunability of 17.3% and a

. Introduction

In the past decades, barium strontium titanate (Ba1−xSrxTiO3,
ST) has drawn increasing interest because of its strong dielec-
ric nonlinearity under bias electric field and linearly adjustable
urie temperature with the strontium content over a wide temper-
ture range. The desired properties make BST a promising candidate
aterial for tunable microwave dielectric devices [1]. The applica-

ions of BST in the tunable microwave devices have been explored
n various forms, such as bulk ceramics, thin films and thick films
1,2]. BST thick films exhibit the merits of lower fabrication costs
ompared with the thin films and smaller bias voltages required
or tuning relative to the bulk ceramics. Fabricating BST thick films
n alumina substrates by screen-printing or tape-casting has been
elieved to be cost-effective and flexible in view of mass produc-
ion [3,4]. However, these thick films suffer from severe reactions
ith the substrates at high sintering temperatures [3,5]. There-

ore, their sintering temperatures have to be limited to less than
300 ◦C, which, in turn, leads to porous thick films with poor adhe-

ion to the substrates [5]. Adding sintering aids, such as glass frits
5,6] and oxide additives [3,7], is an usually employed strategy to
vercome the problem. Nevertheless, the reactions between BST
hick films and the sintering aids may result in unfavorable changes

∗ Corresponding author. Tel.: +86 27 87863277; fax: +86 27 87864580.
E-mail address: xuqing@whut.edu.cn (Q. Xu).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.08.153
figure of merit of 127 at 10 kHz and 20 kV/cm.
© 2009 Elsevier B.V. All rights reserved.

in the structure and dielectric properties [6]. Thus, improving the
sinterability of BST materials without adding the sintering aids
emerges as an intriguing subject of practical importance. Adopting
superfine starting powders with high reactivity is a viable approach
to promote the sinterability of BST materials. There have been
extensive researches on preparing superfine BST powders by var-
ious chemical solution methods, such as hydrothermal synthesis
[8,9], sol–gel process [10], co-precipitation route [11] and citrate
precursor method [12,13]. Our earlier work has revealed the effec-
tiveness of adopting superfine Ba0.6Sr0.4TiO3 powder derived from
the citrate method in reducing the densification temperature and
enhancing the overall nonlinear dielectric properties [13].

As well-known, a moderate dielectric constant, a low dielec-
tric loss and a large tunability are preferred in light of the tunable
microwave device applications. The relatively large dielectric con-
stants and relatively high dielectric losses of BST are thus regarded
to be undesired in view of the application requirements. Designing
composite systems composed of BST and nonferroelectric compo-
nents has been suggested to be efficient in diluting the dielectric
constants and suppressing the dielectric losses [1]. Various nonfer-
roelectric materials have been employed for this purpose, including
MgO [1], Mg2SiO4 [14], Mg2TiO4 [15], Mg2AlO4 [16] and MgTiO3

[17]. Magnesium can be viewed as a crucial constituent in these
nonferroelectric materials from a chemical viewpoint. Thus, the
role of magnesium on the structure and nonlinear dielectric
properties appears as an investigation-worthy issue. Since the
development of BST/MgO composites by Sengupta and Sengupta

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xuqing@whut.edu.cn
dx.doi.org/10.1016/j.jallcom.2009.08.153
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1], the composites have been the subject of extensive researches
18–22]. Moreover, the composite system has been used as the base
or designing new BST-based composites by doping various oxides
23–25]. Despite these previous works, there have been few sys-
ematical researches on the relation between structural evolution
nd nonlinear dielectric property change for the composites with
espect to the amount of added MgO. This thus warrants a further
esearch on this subject from the viewpoint of elucidating con-
ributing factors to the nonlinear dielectric properties, which may,
n turn, offer a guideline to the design of novel BST-based com-
osite systems. Furthermore, the majority of the previous works
egarding the BST/MgO composites were conducted based on BST
owders prepared by the solid-state reaction method and conven-
ional MgO powder. It is thus necessary to investigate the feasibility
nd efficiency of improving the sinterability of the composites by
sing superfine BST and MgO powders with regard to their potential
pplications [5,21].

As has been well recognized, BST compositions with a para-
lectric state at working temperatures are desirable from the
iewpoint of tunable microwave device applications because of
good property combination including relatively high dielectric

onlinearity and relatively low dielectric loss [2]. Therefore, we pre-
ared Ba0.6Sr0.4TiO3/MgO composite ceramics using Ba0.6Sr0.4TiO3
owder derived from the citrate method and superfine MgO pow-
er. In this work, the sinterability, structure and nonlinear dielectric
roperties of the composite ceramics were examined in compari-
on with Ba0.6Sr0.4TiO3 specimen.

. Experimental

Ba0.6Sr0.4TiO3 powder was synthesized by the citrate method using reagent
rade Ba(NiO3)2 (Tianjin Kermel Chemical Reagent Co., Ltd.), Sr(NiO3)2 (Tian-
in Fuchen Chemical Reagent Co., Ltd.), tetrabutyl titanate (Shanghai Experiment
eagent Co., Ltd.) and citric acid (Shanghai Experiment Reagent Co., Ltd.) as start-

ng materials. Tetrabutyl titanate was first dissolved into a citric acid solution and
arious nitrates were then added, followed by stirring to yield a transparent aque-
us solution. The mole ratio of citric acid to the total metal cation content was
.25. The precursor solution was subjected to heating in an oven to form a foam-

ike solid precursor. The foam precursor was pulverized and calcined at 650 ◦C for
h in air. The detail of the synthesis process has been described elsewhere [13].
uperfine MgO powder (99.9%, Nanjing High Technology Nano Material Co., Ltd.)
as mixed with the Ba0.6Sr0.4TiO3 powder according to the nominal compositions

f Ba0.6Sr0.4TiO3 + x wt.% MgO (x = 0–60). After thorough mixing, the mixed powders
ere uniaxially pressed under a pressure of 300 MPa into discs of 19 mm in diameter

nd 1 mm in thickness. The compacted discs were subsequently sintered at 1230 ◦C
or 2 h in air.

The phase purity of the BST powder and the crystal structure of the ceramic
pecimens were examined by a Philips X’pert PBO X-ray diffractometer using Cu
� radiation. The morphology of the BST powder was observed at a Hitachi S-
700 field emission scanning electron microscope (FESEM). The specific surface area
f the MgO powder was measured by the Brunauer–Emmett–Teller (BET) method
sing liquid nitrogen as the adsorbent. The dilatometric measurement of the com-
acted powders was conducted by a Netzsch DIL 402C dilatometer at a heating
ate of 5 ◦C/min between 20 and 1400 ◦C in air. The microstructure of the ceramic
pecimens was observed using polished and thermally etched surfaces at a Jeol
SM-5610LV scanning electron microscope (SEM) attached with an energy disper-
ive spectroscopy (EDS) analyzer. The ceramic specimens were polished to ensure
urface flatness. The bulk densities of the ceramic specimens were measured by the
rchimedes method with ethyl alcohol as the medium. The theoretical densities of

he composite specimens were estimated according to the mixing rule using the
-ray theoretical densities and volume fractions of the two constituents. The rela-

ive densities were determined from the measured and calculated data. The ceramic
pecimens were painted with silver paste on both surfaces as electrodes for mea-
uring dielectric properties. The temperature dependence of the dielectric constant
εr) was measured by a HP4294 impedance analyzer and a JYT-800L environmental
hamber between −60 and 120 ◦C. The nonlinear dielectric properties were mea-
ured at room temperature by a TH2818 automatic component analyzer at 10 kHz
nder external bias electric fields rising from 0 to 20 kV/cm.
. Results and discussion

The X-ray diffraction (XRD) analysis identified a pure perovskite
hase for the BST powder. The FESEM observation revealed that the
Fig. 1. Dilatometric curves of the compacted powders with (a) x = 0 and (b) x = 60.

BST powder was consisted of fine and uniform particles of around
100 nm. The characterization of the BST powder has been reported
in our earlier paper [13]. The BET measurement showed a specific
surface area of 11.2 m2/g for the MgO powder. The average particle
size of the MgO powder was determined to be 150 nm based on the
BET datum. These results certified superfine morphology of the BST
and MgO powders.

Fig. 1 shows the dilatometric curves of the compacted powders
with different MgO contents. The powder with x = 0 presented an
onset temperature of shrinkage at around 1060 ◦C and a maximum
shrinkage rate at 1220 ◦C (Fig. 1a). A small shoulder in the shrinkage
ratio curve appeared at around 1320 ◦C, accompanied by an abrupt
change of the shrinkage rate. It is considered to be caused by the
generation of eutectic liquid phase [26]. By comparison, the shrink-
age behavior of the composite powder with x = 60 occurred at lower
temperatures, starting from about 980 ◦C, reaching a maximum
rate at 1120 ◦C and tending to be saturated after 1260 ◦C (Fig. 1b).
An obscure bumping in the shrinkage rate could be observed near
1320 ◦C, which is regarded to be due to the appearance of the eutec-
tic liquid phase in the Ba0.6Sr0.4TiO3 component of the composite
specimen.

The dilatometric results hint that the powders could be sintered
to reasonable densification levels at relatively low temperatures.
As expected, the ceramic specimens with different MgO contents
attained relative densities of around 95% after sintering at 1230 ◦C,
as shown in Fig. 2. The relative densities of the specimens gener-
ally tended to rise with increasing MgO content. This tendency is in
accordance with the dilatometric results in Fig. 1. A similar finding
has been reported for BaZr0.35Ti0.65O3/MgTiO3 composite ceram-
ics, with the MgTiO3 addition serving to enhance the sinterability
to a certain extent [27]. The specimen with x = 0 exhibited a rela-
tive density of 94.6%, which is roughly comparable with those of
Ba0.6Sr0.4TiO3 ceramics prepared by the conventional method and
sintered at 1400 ◦C or higher temperatures [4,26]. The densification
degree of the specimen is also quite close to those of Ba0.6Sr0.4TiO3
ceramics added with 0.5 wt.% B O as sintering aid and prepared
2 3
using the conventional method by sintering at 1200–1300 ◦C [4].
Likewise, the sintering temperature of the composite specimens
is obviously lower compared with literature data for BST/MgO
composite ceramics. It has been reported that BST/MgO com-
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ig. 2. Relative density of the ceramic specimens as a function of MgO content.

osite ceramics prepared from the conventional powders usually
ecessitate sintering temperatures of 1350–1550 ◦C for achieving
easonable densification [14,20,25]. Therefore, one can conclude
hat the Ba0.6Sr0.4TiO3 and Ba0.6Sr0.4TiO3/MgO powders have a high
intering reactivity. The improved sinterability of the specimens is
ssumed to be attributed to the superfine morphology of the BST
nd MgO powders.
Fig. 3 shows the SEM micrographs of the ceramic specimens
ith different MgO contents. In general, the specimens had dense
icrostructures. The specimen with x = 0 showed small and homo-

eneous grains of about 1 �m. Two sorts of grains distinct in
ontrast could be observed for the composite ceramics, with

Fig. 3. SEM micrographs of the ceramic specimens w
mpounds 488 (2009) 448–453

the light and dark grains being ascertained by the EDS analy-
sis to be the Ba0.6Sr0.4TiO3 and MgO phases, respectively. This
assignation is consistent with previous results for BST/MgO com-
posite ceramics [18–22]. Compared with the specimen with x = 0,
the Ba0.6Sr0.4TiO3 grains in the composite specimens became
smaller, with the agglomerations of quite fine Ba0.6Sr0.4TiO3
grains being observable. This result confirms the role of the MgO
as a grain growth inhibitor for the Ba0.6Sr0.4TiO3 in the com-
posites [18]. Moreover, a generally good connectivity between
the Ba0.6Sr0.4TiO3 grains could be noticed for the composite
specimens.

Fig. 4a shows the XRD patterns of the ceramic specimens with
different MgO contents in the 2� range of 20–80◦. A pure perovskite
structure with a cubic symmetry was identified for the ceramic
specimen with x = 0. The composite specimens showed a diphase
structure, composed of a cubic perovskite-structured Ba0.6Sr0.4TiO3
phase and a cubic halite-structured MgO phase. This result indi-
cates that chemical reaction between the two constituent phases
during the sintering process appears to be insignificant. Carefully
examining the XRD patterns in Fig. 4a, a shift of the XRD peaks cor-
responding to the Ba0.6Sr0.4TiO3 phase in the composite specimens
relative to the pure Ba0.6Sr0.4TiO3 specimen (x = 0) could be distin-
guished. As a typical example, Fig. 4b evidenced the peak shift. The
specimen of x = 0 presented a basically symmetrical peak within
the 2� range of 44–48◦, assignable to the reflection from the (2 0 0)
crystal plane of the cubic Ba0.6Sr0.4TiO3. The composite specimens

showed similar peaks, which can be attributed to the (2 0 0) plane
reflection of the Ba0.6Sr0.4TiO3 phase in the composites. Each com-
posite specimen unambiguously displayed a peak shift towards
a higher diffraction angle direction compared with the specimen
with x = 0. Moreover, all the composite specimens maintained a

ith (a) x = 0, (b) x = 30, (c) x = 50 and (d) x = 60.
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Ba0.6Sr0.4TiO3/MgO composite ceramics prepared by the conven-
tional method and sintered at higher temperatures (e.g. 1550 ◦C)
provided a larger shift of the Tm to a lower temperature of
−30 ◦C [18,25]. A Ba0.6Sr0.4TiO3/MgO composite ceramic prepared
ig. 4. XRD patterns of the ceramic specimens with different MgO contents in the
� ranges of (a) 20–80◦ and (b) 44–48◦ .

asically identical peak position regardless of the contents of added
gO.
The peak shift phenomenon can be qualitatively interpreted

ith respect to the incorporation of Mg2+ into the crystal structure
f the Ba0.6Sr0.4TiO3 phase. According to the Shannon’s effective
onic radii, six-coordinate Mg2+ has a radius of 0.72 Å, which is close
o that of six-coordinate Ti4+ (0.61 Å) [28]. Therefore, Mg2+ can dif-
use into the six-fold coordinated site of the perovskite structure to
ubstitute for Ti4+ because of radius matching. This doping behav-
or can be described by the following defect reaction equation using
he Kröger–Vink notation:

gO
TiO2−→Mg′′

Ti + V
••
O + OO (1)

The substitution of relatively larger Mg2+ for relatively smaller
i4+ can lead to an enlargement of the unit cells of the per-
vskite phase. On the other hand, the formation of oxygen
acancies to compensate for the heterovalent substitution can
esult in a contraction of the unit cells. The peak shift of the
a0.6Sr0.4TiO3 phase in the composite specimens relative to the
pecimen with x = 0 appears to rely on the two-fold effect of
he Mg2+ doping on the crystal structure. The present result
ndicates that the oxygen vacancy effect is likely to be pre-
ominant. The basically identical peak position of the composite

pecimens in Fig. 4b can be attributed to a low solubility
f Mg2+ in the Ba0.6Sr0.4TiO3 phase. It has been reported for
a0.6Sr0.4TiO3/MgO composite ceramics prepared by the conven-
ional method that the solubility of MgO in the Ba0.6Sr0.4TiO3
hase is well below a mixing content of 1.0 wt.% [18]. This value
pounds 488 (2009) 448–453 451

is far below the least addition amount of MgO in the present
work.

Fig. 5 shows the temperature dependence of the dielec-
tric constant (εr) at 10 kHz for the ceramic specimens with
different MgO contents. The specimen with x = 0 displayed
a slightly diffused dielectric constant peak at around 0 ◦C,
which is well consistent with a previously reported result for
Ba0.6Sr0.4TiO3 ceramic prepared by the conventional method [29].
As well-known, the dielectric constant anomaly is ascribed to a
ferroelectric–paraelectric phase transition. The composite speci-
mens showed a similar dielectric constant behavior. The dielectric
constant peaks progressively became depressed and broadened
with increasing MgO content. This behavior is attributed to the
composite mixing effect of the nonferroelectric MgO phase, which
diluted the ferroelectricity of the Ba0.6Sr0.4TiO3 phase [20]. Com-
pared with the specimen with x = 0, the composite specimens
presented a shift in the temperature of dielectric constant maxi-
mum (Tm) to a lower temperature of −10 ◦C. This result implies that
the ferroelectric–paraelectric phase transition of the Ba0.6Sr0.4TiO3
phase in the composites occurred at lower temperatures compared
with the pure Ba0.6Sr0.4TiO3 specimen (x = 0). The Tm shift behav-
ior can be explained in terms of the incorporation of Mg2+ into the
lattice of the Ba0.6Sr0.4TiO3 phase. As has been well recognized, the
temperature stability of ferroelectricity of Ba0.6Sr0.4TiO3 is closely
associated with the magnitude of long-range coherent interactions
between the ferroelectrically active [TiO6] octahedra. The genera-
tion of oxygen vacancies due to the Mg2+ doping (Eq. (1)) can result
in a detrimental effect on the long-range coupling between the oxy-
gen octahedra. This effect is presumed to be responsible for the Tm

lowering of the composite specimens. The composite specimens
kept an invariant Tm whatever the MgO contents. This phenomenon
can be attributed to the fact that the least content of MgO addi-
tion in the present work far exceeds the solubility of Mg2+ in the
Ba0.6Sr0.4TiO3 phase, which is consistent with the analysis result of
Fig. 4b.

As suggested above, the Tm shift phenomenon was caused
by the dissolution of a small amount of Mg2+ into the lattice
of the Ba0.6Sr0.4TiO3 phase. Thus, the degree of the Tm shift
should be essentially related to the amount of Mg2+ dissolving
into the lattice. Previous literature has reported various values
of the Tm shift for Ba0.6Sr0.4TiO3/MgO composite ceramics sin-
tered under different conditions. Compared with the present work,
Fig. 5. Temperature dependence of the dielectric constant (εr) measured at 10 kHz
for the ceramic specimens with different MgO contents.
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electric MgO with a low dielectric loss is favorable to depressing
the dielectric loss of the composite specimens. One the other hand,
the Mg2+ doping resulted in the creation of oxygen vacancies for
charge balance purposes. The perovskite structure of Ba0.6Sr0.4TiO3
ig. 6. Dielectric constant as a function of bias electric field for the ceramic speci-
ens with different MgO contents.

y microwave sintering at 1550 ◦C for 20 min offered a shift of the
m to −52 ◦C [19]. In contrast, no shift of the Tm was detected for a
a0.6Sr0.4TiO3/MgO composite ceramic prepared by spark plasma
intering at 1200 ◦C for 3 min [22]. These comparisons suggest that
he sintering conditions can greatly affect the kinetics of the Mg2+

iffusion and, as a result, determine the amount of Mg2+ dissolving
nto the lattice of the Ba0.6Sr0.4TiO3 phase. Hence, one can argue
hat the relatively smaller shift of the Tm in the present work com-
ared with the composite specimens prepared by the conventional
ethod is attributable to a comparatively lower sintering temper-

ture. In other words, the relatively low sintering temperature of
he present work (1230 ◦C) depressed the diffusion of Mg2+ into the
attice of the Ba0.6Sr0.4TiO3 phase.

Fig. 6 shows the dielectric constant as a function of bias elec-
ric field for the ceramic specimens with different MgO contents.
n general, the dielectric constant of the specimen with x = 0 turned
ut to be smaller with increasing bias electric field, reflecting a
ypical feature of nonlinear dielectrics. The dielectric constants of
he composite specimens showed an analogous bias electric field
ependence. For the pure Ba0.6Sr0.4TiO3 specimen (x = 0) with a
araelectric background at room temperature, a phenomenolog-

cal equation has been confirmed to be valid to explicitly depict its
ielectric constant nonlinearity [30,31]:

�r(E)

�r(0)
= 1

[1 + ��3
r(0)E

2]
1/3

(2)

where the εr(E) and εr(0) represent the dielectric constants under
bias electric field E and zero bias electric field, respectively, and

he ˛ is the phenomenological coefficient. The prefactor term of E2,
�3

r(0), is defined as the field coefficient, quantifying the strength of

he bias electric field effect [32]. Fig. 7 shows the (εr(0)/εr(E))3 vs. E2

lots of the ceramics specimens with different MgO contents. The
pecimen with x = 0 offered a linear plot, which is consistent well
ith the behavior predicted by Eq. (2). The dielectric constants of

he composite specimens under bias electric fields also agree with
he phenomenological expression. Note that the phenomenological
xpression was worked out to describe the electric field depen-
ence of dielectric constant for polar dielectrics in a paraelectric
tate [30]. Thus, the good agreement of the dielectric constant data
f the composite specimens with the phenomenological framework
s believed to be attributed to the generally satisfactory connectiv-

ty between the Ba0.6Sr0.4TiO3 grains in the composites (Fig. 3). The
eld coefficients of the specimens were determined from plot fit-
ing, as shown in the inset of Fig. 7. The field coefficients displayed a
apid reduction from x = 0 to x = 10, followed by a slight decrement
t the higher MgO contents.
Fig. 7. (εr(0)/εr(E))3 vs. E2 plots of the ceramics specimens with different MgO con-
tents. The inset shows the field coefficient of the specimens as a function of MgO
content.

Fig. 8 shows the nonlinear dielectric properties of the ceramic
specimens with different MgO contents. The tunability was calcu-
lated as the percentage of dielectric constant change under the bias
electric field of 20 kV/cm. The figure of merit (FOM), defined as tun-
ability/tan ı, was determined from the data of the tunability and
dielectric loss. The dielectric constants of the specimens monoton-
ically decreased with increasing MgO content from 2350 (x = 0) to
420 (x = 60), which infers a dominant role of the mixing effect on
the parameter. The dielectric losses (tan ı) showed a fluctuation
around 0.25% at relatively low MgO contents (x ≤ 20) and a steady
decrement with increasing MgO content at the higher MgO con-
tents (x ≥ 30), with the specimens with x = 60 reaching a fairly low
dielectric loss of 0.14%. This variation can be explained in view of
the doping and mixing effects of added MgO. As aforementioned,
the incorporation of a small amount of Mg2+ into the lattice of the
Ba0.6Sr0.4TiO3 phase of the composite specimens led to a shift of the
Tm to −10 ◦C, which can correspondingly decrease the dielectric
loss at room temperature. Meanwhile, the addition of nonferro-
Fig. 8. Nonlinear dielectric properties of the ceramic specimens as a function of
MgO content.
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an be viewed as a network of [TiO6] oxygen octahedra. The oxy-
en vacancies located at the corners of the octahedra can form
omplex-defect pairs or electric diploes with the Mg′′

Ti at the centers
f the octahedra. The reorientation of the Mg′′

Ti − V
••
O defect pairs

ith inputted weak ac signals during the dielectric measurements
an generate an inner attrition and increase energy dissipation.
hus, this reorientation behavior is contributive to increasing the
ielectric loss. The dielectric loss fluctuation at relatively low MgO
ontents (x ≤ 20) can be visualized as a result of the competition of
hese contributing factors. The steady dielectric loss decline when
≥ 30 indicates a prevailing role of the mixing effect on the param-
ter at relatively high MgO contents.

The tunability presented an identical variation trend with MgO
ontent to that of the field coefficient, as shown in the inset of Fig. 7.
his identity reveals a consistency of the two parameters in physical
eaning, i.e., characterizing the efficiency of applied bias elec-

ric field in reducing dielectric constant. Compared with the pure
a0.6Sr0.4TiO3 specimen (x = 0), the composite specimens showed
pparently reduced tunability values. The doping and mixing
ffects of added MgO are believed to account for this phenomenon.
s is conceivable, the Tm shift of the Ba0.6Sr0.4TiO3 phase in the
omposites to −10 ◦C due to the Mg2+ doping served to decrease the
unability at room temperature. Moreover, the dispersion of non-
erroelectric MgO phase with a low dielectric constant in the matrix
f the composite specimens caused a field re-distribution effect and
educed the field exerted on the Ba0.6Sr0.4TiO3 phase, which led to
lowering of the tunability. By comparison, the composite speci-
ens showed a slight decline in the tunability with MgO content

etween x = 10–60. The specimen with x = 60 remained a roughly
ood tunability of 17.3%. Then one can argue that the tunability of
he composite specimens is somewhat insensitive to the MgO con-
ent within the investigated composition range. This insensitivity
s presumably due to the generally good connectivity between the
a0.6Sr0.4TiO3 grains in the composite specimens (Fig. 3).

As the definition implies, the variation of the FOM with
gO content depends on a compromise between the tunabil-

ty and dielectric loss data. The composite specimen with x = 60
ttained a FOM values of 127, which is higher than a pre-
ious result (80) measured under the identical conditions for
0 wt.% Ba0.6Sr0.4TiO3/60 wt.% MgO composite ceramic prepared
y microwave sintering [19]. The FOM value is also competitive
o those (62–145) measured under the same conditions for 30 wt.%
a1−xSrxTiO3/70 wt.% Mg2TiO4 (x = 0.40–0.55) composite ceramics
repared by the conventional method [33]. The FOM can be viewed
s a criterion to assess the overall properties of nonlinear dielectrics
29]. The relatively high FOM value demonstrates superior nonlin-
ar dielectric properties of the composite specimen prepared from
he superfine Ba0.6Sr0.4TiO3 and MgO powders.

. Conclusions

Composites ceramics with a nominal composition of
a0.6Sr0.4TiO3 + x wt.% MgO (x = 0–60) have been prepared using
a0.6Sr0.4TiO3 powder derived from the citrate method and
uperfine MgO powder. Adopting the superfine powders has been

roved to be a feasible approach to improve the sinterability of the
omposites. The composites ceramics sintered at 1230 ◦C attained
easonable densification levels. The relatively low sintering tem-
erature of the composites depressed the diffusion of Mg2+ into
he lattice of the Ba0.6Sr0.4TiO3 phase and, as a consequence, led to

[
[
[
[

pounds 488 (2009) 448–453 453

a small shift of the temperature for dielectric constant maximum
(Tm) to −10 ◦C. The variation of nonlinear dielectric properties of
the specimens with MgO content can be interpreted with respect
to the doping and mixing effects caused by the MgO addition
together with the connectivity between the Ba0.6Sr0.4TiO3 grains
in the composites. The mixing effect on the dielectric constant
and the loss has been found to be predominant at relatively high
MgO contents. The connectivity between the Ba0.6Sr0.4TiO3 grains
in the composite specimens is believed to be crucial to yielding
good dielectric constant nonlinearity. These results may serve to
be a clue to designing novel BST-based composite systems and
controlling the preparation process. At room temperature, the
composite specimen with x = 60 presented superior nonlinear
dielectric properties, showing a reduced dielectric constant of 420
and a low dielectric loss of 0.14% at 10 kHz while maintaining a
roughly good tunability of 17.3% and a high figure of merit of 127
at 10 kHz and 20 kV/cm.
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