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ABSTRACT

This work focuses on the fabrication of textured ceramics with rod-like templates using screen-printing
technique. Rod-like K, BiNbsO15 (KBIN) crystals with an aspect ratio of 10:1 were synthesized by the reac-
tion of K;CO3, Bi; 03 and Nb,0s in molten KCl flux at 1100 °C for 2 h. The KBIN templates were mixed with
equiaxed powder of the same composition and oriented through the screen-printing reactive templated
grain growth (SP-RTGG) technique. By printing onto a flexible polymer substrate and repeating the pro-
cess of printing and drying, thick films with a thickness of several hundred micrometers were produced,
then subsequently removed from the substrate, stacked layer by layer together and pressed into pieces.
Textured KBIN ceramics were successfully obtained by this method. SEM and XRD were performed to
study the grain growth and orientation degree. The textured K;BiNbs05 ceramics showed an orienta-
tion degree (Lotgering factor) of 42% along (00 1) direction. The analysis of the dielectric properties of
the textured K;BiNbsO15 ceramics revealed obvious anisotropies.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recently, in the field of electronic materials research, much
attention has been focused on tungsten bronze structure as they
exhibit ferroelectric, piezoelectric, pyroelectric, nonlinear optical
and electro-optic properties [1-3]. As one of the most representa-
tive materials, barium sodium niobate (Ba,NaNbsO1s, abbreviated
as BNN) has been widely researched [4-6]. K;BiNbs015 (KBIN)
exhibits the same tungsten bronze type structure as BNN and
possesses large piezoelectric properties in both the longitudinal
and transverse directions, the polar axis is along (00 1) with only
one phase transition (~420°C). The crystal structure of KBIN is
orthorhombic at room temperature and has first-order ferroelec-
tric phase transition with no relaxor character [7]. Sugai and Wada
synthesized a single crystal of KBIN, stated on the basis of the
result of X-ray powder diffraction that it has a tungsten bronze
type of structure, and measured the dielectric properties £11 and
£33 with the changes of temperatures [8]. Iwai and Takuchi pre-
pared KBIN ceramic and obtained the highest value of dielectric
constant at 350°C [9], and Filip’ev et al. found that the system
K;BiNb5015-K3Li;NbsO15 is soluble in entire range [10]. However,
one of the drawbacks is that KBIN and BNN single crystals eas-
ily crack during the cooling process due to thermal stress, and
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there are many difficulties in producing large size single crystals,
which are also quite costly. For random grain oriented ceram-
ics, their electrical properties are unsatisfactory for most practical
applications.

In recent years, the technology of textured ceramics has
developed quite rapidly, with an increasing number of ceram-
ics with anisotropic properties, such as KNN-based ceramics,
Bag goSrp4TiO3, and Srgs3Bag47Nby;0g [11-13]. The techniques
reported for fabricating these materials have included templated
grain growth (TGG) and/or reactive templated grain growth (RTGG).
In TGG/RTGG process, anisotropic templates (plate-like or rod-like)
are oriented in matrix powder slurry by tape-casting technique or
extrusion technique, which have been explored extensively and
used in production of textured ceramics.

Screen-printing is another high volume technique employed for
fabricating thick-film electronic materials such as superconduc-
tors, solar cells, and so on, yet, has remained relatively neglected
for processing textured ceramics. Screen-printing has numerous
advantages over tape-casting or extrusion, which include the real-
ization of polymorphism and streamline production [ 14]. The use of
screen-printing multilayer grain growth of texturing ceramics was
proposed by Zeng et al. for textured bismuth layer-structured fer-
roelectrics (BLSFs) CaBiqTizO15 (CBT)in 2005 [15], and later on used
successfully for the perovskite structure (Nag 5Big 5)0.94Bag.0sTiO3
(NBBT) lead-free piezoelectric ceramics with a grain orientation
of 92% [16,17]. All reported textured ceramics via screen-printing
methods were used with plate-like templates. To date, texturing
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ceramic utilizing rod-like templates via screen-printing has not
been reported.

In the present paper, we report our research on the preparation
of high-purity and rod-like KBIN templates via molten salt synthe-
sis (MSS), and the screen-printing technique has been successfully
applied to texturing the anisotropic KBIN ceramics. The process
of screen-printing templated grain growth is described in detail,
and the degree of grain orientation and the anisotropic property of
textured KBIN ceramics obtained through screen-printing are also
discussed.

2. Experimental

K,CO3 (>99.5%, Shanghai Jinghua Co., China), Nb,Os (>99.8%, Shanghai Jinghua
Co., China), Bi, 03 (>99.7%, SCRC, China), and KCl (99%, Shanghai Jinghua Co., China),
were used as starting materials for the preparation of rod-like KBIN templates by
molten salt synthesis at a weight ratio of oxides to salt=1:1. K;CO3, Nb,0s, and
Bi, 03 were mixed at mole ratios of K,BiNbsO1s, to which the same mass of KCl was
later added. After being milled, dried, and ground, the mixtures were placed into an
Al, 05 crucible covered with a flat Al 03 lid, and heated to 1100 °C at a heating rate of
10°C/min in order to minimize the evaporation of Bi, held for 3 h at the temperature,
and then cooled to room temperature naturally. The product was washed with hot
de-ionized water several times to remove the residual salt until no chloride ions
were detected by silver nitrate.

Textured KBIN ceramics were fabricated by the screen-printing technique. The
matrix powders of KBIN ceramics were prepared by ball milling of appropriate
amounts of K,CO3, Nb,0Os, and Bi; 03 for 4 h in ethanol, which were then calcined
at 850°C for 3 h. The calcined matrix powders were mixed with ethyl-cellulose and
a-terpineol organic vehicle in a ball mill for 2 h, then the KBIN rod-like templates
were added with 10 wt.% of the total amount. The powders, templates and vehicles
were well mixed in a ball mill for 30 min to obtain aiming ink for the subsequent
screen-printing process. The obtained ink was composed of 30 wt.% of the inor-
ganic powders and 70 wt.% of the organic vehicles. A standard 200 mesh screen was
employed in the screen printing process subsequently.

The ink was screen-printed into a film with a thickness of 2-3 wm on the mylar
pasted on a glass substrate, and then dried at 80 °C. The process was repeated many
times until the thickness of the multilayered sheets was close to 150 wm. The sheet
was cut into 12 mm x 12 mm squares and removed from the substrate, then stacked,
and laminated to fabricate green compacts. After burning out the binder at 650 °C,
the samples were treated with cold-isostatic pressing (CIP) at 250 MPa for densi-
fication. The samples were sintered at 1150°C for 10h in air at a heating rate of
10°C/min. Silver paste was painted on the two parallel surfaces of the tablets, and
fired at 700°C for 30 min. The KBIN powders prepared by the solid-state reaction
method using the same starting materials were also prepared for comparison.

The crystal phase and texture of samples were characterized using X-ray diffrac-
tion (D/max 2550V, Rigaku, Japan) using Cu-Ka radiation, and the degree of grain
orientation was calculated by Lotgering method. Electron probe microanalysis
(EPMA-8705QH2, Shimadzu, Japan) was employed to examine the microstructure
morphology. The temperature dependence of dielectric constant and dissipation
factor were measured with an HP 4284A precision LCR meter (Agilent Technology
Co. Ltd., USA) at several frequencies from 100 Hz to 1 MHz.

3. Results and discussion
3.1. Synthesis of rod-like KBIN templates

The X-ray diffraction pattern of the powders synthesized via
MSS is shown in Fig. 1. The products are single-phase KBIN
(a~b=17.8676 A and c=7.8451 A), which well resembles with the
K,BiNbs015 JCPDF data card (no.46-0317). Fig. 2 shows SEM micro-
graph of the synthesized KBIN powders. It can be seen that the
synthesized powders are rod-like single crystals of about 1-2 pum
in diameter and 10-20 wm in length.

3.2. Grain orientation with rod-like template with
screen-printing process

Fig. 3 shows schematic of the screen printing technique and
the orientation of the samples with SP, SP, -1, and SP, -2 planes
in an ideal case (f=100%). Under the shear force of the squeegee,
the rod-like seeds could be pushed through the openings of the
screen. On the Mylar, the seeds could remain aligned parallel to the
direction of squeegee plane, which is (001) direction in KBIN sin-
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Fig. 1. (a) XRD pattern of the powders synthesized by the reaction of K;COs, Bi, O3
and Nb, 05 in molten KCI at 1100°C for 3 h, (b) JCPDS data of K3 BiNbsO;s.

gle crystal. In this screen-printing technique, the thickness of each
screen-printed ceramic film (~4 pm) is comparable to the diame-
ter of the rod-like templates, which confine the grain growth in a
single layer. Furthermore, the existence of the interface between
adjacent layers make almost all seeds “lie” flat in the SP; plane,
which is beneficial to the textured evolution.

3.3. Microstructure analysis of KBIN ceramics

The degree of grain orientation in the textured ceramics was
examined by X-ray diffraction. The degree of c-axis texturing
achieved in the printed samples was determined by calculating the
Lotgering factor. The degree of orientation f, which was defined as
[18]:
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Fig. 2. SEM micrograph of the synthesized KBIN particles by the reaction of K,COs,
Bi» 03 and Nb,Os in molten KCl at 1100°C for 3 h.



Y. Li et al. / Journal of Alloys and Compounds 509 (2011) L203-L207 L205

Squeegee

Mylar

Substrate

Screen-printing direction

SPy
%
SP,-1
SP.-2 %
stacking direction
e e e Y et e =T | 388388 RESsEI | 885
SP.-2 SP,.-1 SPy

Fig. 3. Schematic of the screen printing technique and the orientation of the samples with the SP;, SP, -1, and SP, -2 planes.

and ) I* is the sum of the XRD peak intensities for the SP, -2 plane
of the textured sample, and EI is the sum of peak intensities in the
powder diffraction pattern. The diffraction peaks between 26 = 20°
and 50° were used for the calculation.

Fig. 4 shows that X-ray diffraction patterns of the textured KBIN
ceramics in three directions are anisotropic, the X-ray diffraction
patterns of the KBIN powders prepared by the solid-state reaction
method are shown for comparison. After sintering at a temperature
of 1150°C for 10 h, tungsten bronze structure was clearly observed.
The (hk0) peaks corresponding the planes parallel to c-axis were
the most prevalent and the (0 0 [) peaks are hardly to find in Fig. 4(b)
and (c), while in Fig. 4(a) the (001) peaks become increasingly
dominant, with the relative peak-intensity ratio of (001) to (h k 0)
increasing remarkably. This will exert positive effect on anisotropic
property of textured ceramics. The degree of grain orientation in
(001) direction shows a value of 42% by calculating the Lotgering
factor with the XRD data in Fig. 4(a) and (d).

The surface microstructure of the three planes in KBIN ceramics
fabricated by screen-printing method is shown in Fig. 5 which cor-
responds to SP yer¢, SP, -1, and SP, -2 planes as indicated in Fig. 3,
respectively. Fig. 5(b) shows that most of the rod-like grains are
aligned along the screen-printing direction, since the templates
grew at the expense of fine-grained matrix grains, while in Fig. 5(a)
and (c) the grains were found to be not well oriented. The reason
can be explained as follows: during the screen-printing process, all
rod-like seeds will maintain parallel to (00 1) direction in the ideal
case. In fact, due to various factors, such as the difference in length
of rod-like seeds, the size of mesh, the viscosity of ink, and so on, it
is very difficult to make the seeds align ideally as shown in Fig. 3.
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Fig. 4. XRD patterns of SP;, SP.-1, and SP,-2 planes of the KBIN ceramics with
rod-like templates prepared by screen-printing method and powders by solid-state
method.
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Fig. 5. SEM micrographs of the three planes in textured KBIN ceramics prepared by
screen-printing method. (a) SP, -2 plane, (b) SP, -1 plane, and (c) SP; plane.

There are some rod-like templates which “lie” randomly in the SP,
plane, which has led to the similar dielectric properties on SP; and
SP, -1 planes.

3.4. Anisotropy of dielectric properties

Fig. 6 shows the temperature dependences of dielectric con-
stant measured on SPy, SP_.-1, and SP, -2 planes of specimens at
1 MHz. The dielectric spectra measured at frequencies less than
100 kHz did not show obvious anomalous peaks, thus the temper-
ature dependence of capacitance was measured at a frequency of
1 MHz for all samples, and the dielectric loss measured on SP, SP, -
1, and SP, -2 planes of specimens show values 0f 0.039, 0.042, 0.047
at 1 MHz at room temperature, respectively. From Fig. 6, it can be
seen that the textured KBIN ceramics have only one phase transi-
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Fig. 6. Temperature dependence of dielectric constant for KBIN ceramics on SP, -2,
SP, -1, and SP; planes.

tion above room temperature. At the Curie temperature of 410°C,
the dielectric constants in three directions exhibit anomalies. In
particular, the dielectric constant on SP, -2 plane was different with
those on SP| and SP, -1 planes. The dielectric properties of textured
KBIN ceramics prepared by screen-printing technique are obvious
anisotropic, compared to those of traditional randomly oriented
KBIN ceramics (T, =350°C) and KBIN single crystals (T, =420°C)
reported in literatures [7,9,19]. The T, value diversification of KBIN
ceramics fabricated by screen-printing method is mainly owing to
the composition variation of KBIN ceramics caused by the volatility
of Bi and K during high temperature sintering, and the high reac-
tivity with moisture. The temperature dependences of dielectric
constant along SP; and SP, -1 planes are found to be very close, and
different from that along SP, -2 plane. This just corresponds well to
the results of the XRD and SEM.

4. Conclusions

The rod-like K;BiNb5015 templates with a diameter of 1-2 wm
and a thickness of 10-20 wm were synthesized via MSS. The
anisotropic K;BiNbsO15 ceramics were successfully fabricated by
the screen-printing templated grain growth technique. As the grain
orientation degree of K;BiNbs 015 ceramics is just 42%, further work
is needed to improve it through changing experimental condi-
tions and parameters. We have highlighted that by taking a new
approach that utilizes screen-printing TGG or RTGG techniques
textured ceramics with rod-like templates can be fabricated.
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