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a b s t r a c t
In this work, all-ceramic barium strontium titanate (BST) composite is fabricated for the ﬁrst time at room
temperature without sintering, showing a clear phase transformation behavior at Curie temperature and
excellent electrical properties. The samples fabricated using pre-treated BST particles with a ceramic
binder and selection of the overall particle size showed the relative permittivity up to 200 and loss tangent
of 7 × 10−3 . Although the technology introduced here is demonstrated to feasible for BST, it is generic and
usable also for other inorganic materials. Thus, it can expedite and pave the way for versatile applications
of other ceramic based composites with, for instance, piezoelectric, ferroelectric, ferromagnetic or ferrite
performance used in a large variety of devices for telecommunications, sensors and actuators.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Tunable and high electrical permittivity material, barium strontium titanate (BST) ceramic, is used in e.g. antennas [1–3]
and in ferroelectric memory devices [4–6] due to its widely
adjustable functional properties. However, its integration with
other materials is challenging since its sintering temperature is
high (1300–1450 ◦ C) leading to diffusions, reactions and sintering
shrinkage of 15–20%. Previously, low temperature co-ﬁred ceramic
(LTCC) BST compositions sintered at 850 ◦ C have been reported
to partially overcome aforementioned issues [7]. Although BST
has been successfully used for tunable high frequency devices [8],
dramatically lower fabrication temperatures are desired to obtain
signiﬁcant leaps in sustainability due to high energy consumption
and development of innovative, otherwise inaccessible material
combinations.
The starting point of this work is based on room temperature
fabrication method (RTF) developed by Kähäri et al. utilizing watersoluble lithium molybdate (Li2 MoO4 , LMO) in combination with its
saturated water solution [9,10]. In this method, an external pressure causes internal forces resulting precipitation of the aqueous
solution, crystallization and high density without any heat treatment. Previously, using this method, composites with ﬁller loadings
up to 30 vol.% have been achieved [11]. Similar approaches on
bulk ceramic manufacturing have been carried out in both electronics materials [12] and structural ceramics manufacturing [13].
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The challenge of these pressure-assisted manufacturing methods
is to ﬁnd suitable solvent and solid combinations. The solids that
do not have solubility into used solvent will remain as a part of
composite materials. This greatly reduces the achievable electrical
performance due to the amount of the ﬁller material.
Novel solutions to increase the electrical performance through
higher ﬁller loading presented here are based on two features. The
ﬁrst one is the multimodal particle size distribution of the ﬁller and
binder, which is generally known to enhance the densiﬁcation by
increasing the packing rate [14]. The second one is the use of binder
based on aqueous solution, which facilitates the rearrangement
of the particles during pressing, binds the particles together and
ﬁnally crystallizes [11]. Moreover, the process utilizes an extremely
high ratio of ﬁller material (BST), which effectively enables an
increased level of functional properties not previously shown for
all-ceramic composites. In this kind of “upside-down” composite,
the amount of BST is so high that it forms the matrix with only a
small amount of LMO – hence the term “upside-down”. The novel
ideas behind the fabrication method as well as the microstructure and dielectric properties of the upside-down composite are
presented. These approaches enabled also investigation of the particle treatment and two different particle size categories on the
microstructure and electrical performance.

2. Materials and methods
Ba0.55 Sr0.45 TiO3 powder (99.9%, Praxair S.T. Technology Inc.,
USA) was used with mean particle size of 1.3 m. To increase its
particle size, pellets were pressed and sintered followed by crushing with a hydraulic pressure. The resulting powder was divided
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Fig. 1. Sample preparation. Left top: schematic of conventional 0–3 composite. Left bottom: schematic of upside-down composite. Right top: Sintered and crushed BST
particles ﬁltered to (a) 180–425 m and (b) <63 m particle sizes, and (c) milled LMO powder ﬁltered through 25 m screen. Right middle: schematic of pressure-assisted
densiﬁcation, excess LMO solution ﬂows out from perimeters of piston densifying the pellet. Right bottom: dried and densiﬁed disc (d) and densiﬁed disc with screen-printed
silver electrodes (e).

by stack of sieves with 63, 180 and 425 m screens. Precipitation
of LMO from water solution was utilized in the surface treatment
of the BST particles. 5 g of treated BST powder with 2.5 vol.% of
LMO was made by dissolving 0.08 g of LMO into 2 ml of deionized water after which 20 ml of 1,2-butanediol (>98%, Fluka) was
added. Finally, the BST particles were added and extra water was
boiled away with constant mixing thus precipitating LMO on the
BST particles. The temperature was then increased to remove most
of the butanediol on the slurry resulting a thick paste. The remaining butanediol was evaporated by spreading the paste evenly on a
Petri dish in a laboratory oven for 18 h at 150 ◦ C. The LMO powder (>99%; AlfaAesar) was prepared by ball milling and sieving
(25 m). 7.5 vol.% of LMO powder was manually mixed with BST
powder prepared earlier. The surface treatment was performed for
two sets of BST powders with screened particle size of 63–180 and
180–425 m and properties were compared to the untreated ones,
resulting in four sample types. Desired amount of mixed powders
was weighed and 0.5 ml of saturated LMO in water was added. The
mixture was axially pressed in a steel mold (diameter 10 mm) at
room temperature under 250 MPa. The pressed discs were weighed
with a precision scale, and to speed up the drying process they were
dried in a laboratory oven at 120 ◦ C for over 16 h. Alternatively, the
samples could be dried in a desiccator in room temperature for
48 h. The discs were then weighed again to calculate the amount
of vaporized water and added LMO. The dimensions of the discs
were measured by a micrometer screw for the density calculations.
Sample preparation is presented in Fig. 1.
The treatment of the particles were examined using a scanning
transmission electron microscope (JEOL JEM-2200FS analytical
STEM, JEOL USA Inc, USA). The microstructure of the composite
ceramics was investigated using ﬁeld emission scanning electron microscopy (FESEM-EDS, Ultra Plus, CarlZeiss SMT AG). For
the microstructure imaging the samples were ﬁrst polished with
water-free diamond solution and ﬁnished with ion polishing (Jeol
IB-19520CCP, Jeol Ltd., Japan). The dielectric properties were measured as a function of temperature using a precision LCR meter

(Hewlett-Packard 4284A, Keysight Technologies, USA) and a temperature chamber (SU-261, Espec Corp., Japan). For dielectric
measurements, electrodes were screen printed with silver ink
(DuPont 5064H, DuPont Microcircuit Materials, USA) on both sides
of the discs and cured at 120 ◦ C for 20 min.

3. Results and discussion
The result of BST particle treatment with LMO (Fig. 2a and b)
to aid the densiﬁcation of the upside-down composite was studied
with both HRTEM and FESEM microscopy. The EDS analysis with
elemental mapping enabled identiﬁcation of the areas where only
LMO exists. It is clear that LMO formed scattered random size particles around the BST powder, but did not uniformly cover the particle
surfaces.
The density of the fabricated LMO-BST composites was 89 ± 2%
compared to the theoretical one. According to the calculations taking into account the amount of LMO solution, the ﬁnal composite
contained 72–77 vol.% of BST, 14–16 vol.% of LMO, and 9–12 vol.% of
porosity. The density of the composites could be further improved
in the future by optimization of the surface treatment, particle
morphology and their size distribution etc. The FESEM images of
ion-polished cross-sections of different treated and untreated samples are presented in Fig. 2c–f. Analysis revealed good packing and
capability of smaller BST and LMO particles to ﬁll the voids between
the larger ones. Location of LMO particles was determined with
EDS elemental mapping, presented with red color in the inset of
Fig. 2c–f. It was observed that the amount of voids was lower in
the case of treated BST particles especially visible in the case of
larger particles (Fig. 2e). It was also noted that the additional LMO
has an essential role. Compared to the samples based on untreated
particles, the treated powders produced denser microstructure.
Furthermore, the distribution of LMO is apparently more uniform
in the microstructure of the samples prepared with the treated
powders regardless of the particle size distribution (Fig. 2c–f).

M. Nelo et al. / Applied Materials Today 15 (2019) 83–86

85

Fig. 2. Left, (a) HRTEM image of BST particles treated with LMO and elemental mapping images by EDS analysis. Elements are marked as their abbreviations. Scale bar:
200 nm. LMO was observed as randomly scattered particles on BST, marked with black arrows on HRTEM image and yellow arrows on EDS elemental map from the same
location. Left, (b) Example of smaller BST particle with random spots of LMO. LMO could be found as small lumps marked with arrows. Scale bar: 100 nm. Right: FESEM
images of sample cross-sections, large images are backscattering and smaller secondary emission images. (c) 180–425 m untreated BST particles, (d) 63–180 m untreated
BST particles, (e) 180–425 m treated BST particles, (f) 63–180 m treated BST particles. Scale bars: 10 m. Insets: EDS elemental maps of corresponding samples, analyzed
area marked with black arrows. Molybdenum of LMO is shown with red color. Scale bars: 10 m.

Fig. 3. Dielectric properties of the upside-down LMO-BST composites. Relative permittivity (a) and loss tangent (b) as a function of frequency at room temperature. Error
bars indicate variation within the measured samples. (c) Relative permittivity of the upside-down LMO-BST composite as a function temperature at 1 MHz while cooling.

The dielectric properties of the upside-down LMO-BST composites with treated and untreated BST particles with two different
particle size categories are shown in Fig. 3. The treatment of the
BST particles decreased relative permittivity (εr ) at lower frequencies, and it dramatically reduced loss tangent (tan ı) in the whole
frequency range thus being beneﬁcial from the application point
of view. On the other hand, the selection of the larger particles
(180–425 m) enabled even improved situation as it clearly produced higher εr . Thus, it is evident that treatment of the carefully

selected particle sizes can enhance the electrical performance of the
upside-down LMO-BST composite. The measured εr values were
somewhat over 200 with the lowest tan ı of 7 × 10−3 at 1 MHz.
The dependence of εr as a function of temperature at 1 MHz for
different samples are shown in Fig. 3c. The maximum value in the
εr curves can be clearly seen at about −20 ◦ C corresponding to the
tetragonal-cubic i.e. ferroelectric–paraelectric phase transformation of the Ba0.55 Sr0.45 TiO3 particles. [15,16] It is clear that due to
the presence of the low permittivity LMO, the permittivity values
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are signiﬁcantly suppressed compared to bulk BST, especially
close to the phase transition temperature. However, the achieved
dielectric properties are comparable to earlier results based on BST
thick ﬁlms (sintered at 900 ◦ C) shown to be feasible for frequency
tuning of antennas [17,18]. Furthermore, earlier reported ferroelectric materials with cold sintering method showed this clear
phase transformation curves only after post-heating at 700 ◦ C or
above [19,20]. The effect of the larger particle size (180–425 m)
can be seen as narrower and more pronounced phase transition
curve. The shape of these curves are alike, but the upside-down
composites made of untreated particles had higher permittivity
close to the phase transformation than the treated one, which is in
line with the results shown in Fig. 3a and b.
Thus it is conﬁrmed that a careful selection of the particle size of
the composite materials and the treatment of the particles improve
the electrical performance. Additionally, functional properties of
the ﬁller are maintained by the presented method without any heat
treatments afterwards, providing signiﬁcant saving in energy and
enabling integration with temperature sensitive materials such as
polymers.
4. Conclusions
This paper has introduced the ﬁrst all-ceramic BST composite
material realized at room temperature and showing a clear phase
transformation behavior at Curie temperature. Simple and industrially benign low-temperature process suitable for the production of
all-ceramic composites was demonstrated using BST particles with
bimodal size distribution as a ﬁller and aqueous lithium molybdate as a binder. The approach enables extremely high ﬁller loading
(∼75 vol.%) and relatively low porosity (∼10 vol.%) of the composite,
which results in excellent electrical properties. The results reported
here are expected to pave the way for new types of integrated
devices, and to prompt further studies towards other ﬁller-ceramic
systems with ultra-high volume fractions of the functional material
such as multiferroics [21,22] and piezoelectrics [23]. Evidently further studies should be carried out to explore the full potential of this
fabrication method for large variety of different electroceramics.
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