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Abstract BaTiO; ceramics with a grain size of 30 nm were
prepared at 6 GPa, 1,273 K using a three-step high pressure
sintering method. The sintered bulk is uniform and the
relative density is above 96% of the theoretical value.
Similar to normal BaTiOs, successive phase transitions
were observed in 30 nm BaTiO; ceramics by X-ray
diffraction method with the change of temperature. After
annealing in O,, a broadened ferroelectric transition was
obtained at 398 K and the relative dielectric constant is
1,700 at 10 kHz.

Keywords BaTiO; nanocrystalline ceramics - High pressure
sintering - Ferroelectricity

1 Introduction

Barium titanate (BaTiO3) with a perovskite structure has
been widely used as ferroelectric material for multilayer
ceramics capacitors, embedded capacitance in printed
circuit boards, thermal imaging, and actuators, owing to
its high dielectric constant and low losses [1, 2]. It is well
known that bulk BaTiO; undergoes successive phase
transitions from cubic to tetragonal (C-T), tetragonal to
orthorhombic (T-O), and orthorhombic to rhombohedral
(O-R) with temperature decreasing. The phase transition
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occurs near 403 K (7p), 298 K (T1_o) and 183 K (Tp_gr),
respectively [3]. Effects of various factors on ferroelectric
properties of BaTiO; crystal have been studied both
theoretically [4] and experimentally [5—11]. It is generally
observed that the grain size has a significant effect on the
dielectric properties of BaTiO;. The room temperature
permittivity has a pronounced maximum for a grain size
of about 1 pum [5] and further reducing grain size leads to a
decrease of permittivity. Consequently the study of size-
dependent properties of nano grain is important both to find
the possible limit of ferroelectricity and to elucidate the
microstructural characteristics of the ferroelectrics compo-
nents. Experimentally, it is difficult to obtain nanocrystal-
line ceramics using conventional sintering methods due to
agglomeration and exaggerated grain growth. Zhao et al.
[12] reported dielectric data for dense BaTiOjz ceramics
with grain sizes from 50 to 1,200 nm fabricated by spark
plasma sintering. They found that with decreasing grain
size from 1,200 to 50 nm, the Curie temperature shifted to
lower values, and the permittivity decreased. Recently,
Deng et al obtained dense BaTiO; ceramics with grain sizes
less than 20 nm [13] and investigated its successive phase
transition.

High pressure sintering can significantly increase the
densification driving force and dramatically reduce growth
rate as a result of the decrease of diffusivity [14, 15]. Thus,
high pressure sintering is a very effective method to obtain
dense nanocrystalline ceramics.

In this paper, we report that dense BaTiO5 ceramics with
a homogeneous grain size of 30 nm can be easily prepared
from the 10 nm BaTiO; raw powder by using a specified
high pressure sintering route, i.e. the three-step high
pressure sintering method. Using the X-ray diffraction
method under various temperatures, the dependence of
phase transitions on temperatures of BaTiO3 ceramics with
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a grain size of 30 nm was investigated. The dielectric
properties were measured.

2 Experimental procedure

Ten nanometer raw BaTiO; powder was synthesized by sol-
gel processing [16]. In order to eliminate nano grain
agglomeration, which happens generally in nano materials,
a three-step method involving high pressure was adopted to
synthesize the dense uniform nanocrystalline BaTiOj
ceramics. High pressure experiments were carried out using
a cubic anvil type high pressure apparatus. The pyrophyllite
was used as the pressure-transmitting medium. The proce-
dure of the three-step high pressure sintering method was
following the route. The first step was to press the raw
powder into a pellet uniaxially at 8 MPa at room
temperature. No binders were added. In the second step,
the pellet was pressed under higher pressure, such as 3 GPa,
and then it was unloaded and ground into powder in a
mortar without any additives. The grinding time was
15 min. The processed powder was repressed using the
same method as the first step. This step was repeated
several times. The second step is crucial to crack the
agglomerations and avoid exaggerated grain growing in the
following high pressure sintering. The third step was to
process the pellet by high pressure sintering. The pellet
with the dimension of 6 mm in diameter and 2 mm in
thickness was wrapped by Ag foil to prevent from
contaminating. The pellet was inserted into a BN spacer
tube that was in turn put into a graphite heater. The sample
was first pressurized up to 6 GPa and then heated at
1,273 K in air. The sintering time was 5 min. After
temperature quenching, the sample was recovered by slow
releasing pressure.

The ceramics samples were characterized with different
techniques. The microstructure was observed by scanning
electron microscopy (SEM, XL30-FEG) on fracture surfa-
ces. Using CuK« radiation with a step size of 0.02° and a
time step of 5 s, the crystallite size of BaTiO; sintered bulk
could be calculated by the Scherrer equation from the
broadened X-ray diffraction (111) peak at room tempera-
ture. Phase composition and crystal structure were charac-
terized by X-ray diffraction (Rigaku D/max-2500). The
dielectric properties were measured using HP4194A LF
impedance analyzer in the vicinity of the Curie temperature
at 10 kHz, 100 kHz and 1 Vrms.

3 Results and discussion

The microstructure of sintered bulk is shown in Fig. 1(a).
The sintered bulk exhibits homogeneous grain size distri-
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bution, and the mean grain size is 30 nm. From the X-ray
diffraction pattern in Fig. 1(b) at room temperature, the
grain size is calculated to be 28 nm from the (111) peak
according to the Scherrer equation. By means of Archi-
medes’ method, the relative density of the BaTiO3 ceramics
is measured to be 96-98% of the theoretical value (6.02 g/
cm’).

The crystal structure of 30 nm BaTiO; ceramics is
investigated by X-ray diffraction at variable temperatures.
Figure 2(a) shows X-ray diffraction patterns of 30 nm
BaTiO; ceramics at temperatures ranging from 84 to 443 K.
The peaks indexing are simply based on the cubic structure
of the single crystal. Owing to the presence of high levels
of chemisorbed gases, the 10 nm raw powder can absorb
some impurities such as CO,, so that there are some
carbonate impure phases denoted by the asterisks in X-ray
diffraction patterns. The diffraction peaks cannot be
separated accurately since the peaks remarkably broaden
and incline to overlap when particle size is reduced to the
nanoscale [17]. So we only trace the shift trend of some X-
ray diffraction peaks, for example (200) peak. Figure 2(b)
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Fig. 1 (a) SEM image of BaTiO; ceramics sintered by the three-step
high pressure method. (b) (111) XRD peak pattern of BaTiO3
nanocrystalline ceramics at room temperature
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Fig. 2 (a) XRD patterns of 30 nm BaTiO; ceramics in various
temperature. The asterisks denote peaks to BaCOs;. (b) Enlarged (200)
X-ray diffraction peaks of 30 nm BaTiO; ceramics at various
temperatures between 20=43.5 and 46.0°. (c¢) Enlarged X-ray
diffraction peaks of 600 nm BaTiO; ceramics between 20=43.5 and
46.0° at various temperatures. The change trends of the peaks are
characterized by the dotted lines (the stronger peaks) and the arrows
(the weaker peaks)

represents enlarged X-ray diffraction peaks between 20=
43.5 and 46.0° with increasing temperature. In order to
explicitly explain the phase transitions for the 30 nm
BaTiO; ceramics, we also studied the 600 nm BaTiO3
ceramics sintered by the same method. Figure 2(c) repre-
sents the enlarged X-ray diffraction patterns of 600 nm
BaTiO; ceramics between 20=43.5 and 46.0° with increas-
ing temperature, and the change trends of peaks at various
temperatures are outlined by the dotted lines and the
arrows. The four typical diffraction patterns obviously
exhibit the characteristic of cubic, tetragonal, orthorhombic,
and rhombohedral phases, indicating that the successive
phase transitions happened with changing temperature.
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Fig. 2 (continued)

The diffraction peaks of 30 nm BaTiO; ceramics at
various temperatures cannot clearly show the characteristics
for every phase owing to the peaks broadening in Fig. 2(b).
Compared with the 600 nm ceramics, it is inferred that
successive phase transitions occur in 30 nm BaTiO;
ceramics. The phase transitions may be assigned to from
cubic to tetragonal, then to orthorhombic, and to rhombo-
hedral phase in turn with decreasing temperature.

In order to eliminate the oxygen vacancies and stresses
in 30 nm BaTiO; ceramics, the sample was annealed in O,
at 873 K for 8 h. Figure 3 shows the dielectric constant
and the dielectric loss in the vicinity of the Curie
temperature (7¢) of 30 nm BaTiO; ceramics at 10 and
100 kHz. It is found that there is a broadened dielectric
peak at 398 K. The relative dielectric constant is 1,700,
which is far less than 6,000 for normal bulk, and the
dielectric loss is less than 0.15 at 10 kHz. The broadened
dielectric peak may attribute to the size-induced diffuse
phase transition [18, 19].
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Fig. 3 The temperature dependence of the dielectric constant and the
dielectric loss of 30 nm BaTiO; ceramics at 10 and 100 kHz
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When the grain size is below 500 nm, due to the reduced
average tetragonal c/a (a and c are the unit cell parameters),
the dielectric constant of BaTiO; ceramics decreased
dramatically [5, 20]. Moreover the fraction of grain
boundary volume increases with decreasing grain size in
nanocrystalline ceramics. Thus the dielectric constant is
strongly depressed in 30 nm BaTiO; ceramics.

4 Conclusions

Dense BaTiO; ceramics with a grain size of 30 nm were
fabricated by using three-step high pressure sintering. We
investigated the X-ray diffraction of 30 nm BaTiO;
ceramics with the change of temperature. The results
indicated that successive phase transitions occurred in
30 nm BaTiO; ceramics with increasing temperature and
the ferroelectricity still retained in 30 nm BaTiO3 ceramics.

Acknowledgement This work was supported by the Ministry of
Sciences and Technology of China through the research project
(2002B61330).

References

1. M.E. Lines, A.M. Glass, Principles and Applications of Ferro-
electrics and Related Materials (Clarendon, Oxford, 1977)

@ Springer

o0

10.
11.

12.

13.

14.
15.

16.

17.
18.

19.

20.

. E.K. Akdogan, M.R. Leonard, A. Safari, in Handbook of Low and

High Dielectric Constant Materials for Applications, vol. 2, ed.
by H.S. Nalwa (Academic, New York, 1999)

. B. Jaffe, W.R. Cook, H.L. Jaffe, Piezoelectric Ceramics (Aca-

demic, London, 1971)

. W.L. Zhong, Y.G. Wang, P.L. Zhang, B.D. Qu, Phys. Rev. B 50,

698 (1994)

. G. Arit, D. Hennings, G.D. With, J. Appl. Phys. 58, 1619 (1985)
. FE.S. Yen, H. Hsing-H, C. Yen-Hwei, Jpn. J. Appl. Phys. 34, 6149

(1995)

. S. Stefan, E. Hans-Friedrich, Solid. State. Comm. 91, 883 (1994)
. M.H. Frey, D.A. Payne, Phys. Rev. B 54, 3158 (1996)
. B.D. Bruce, V.R. Eric, N. Janusz, J. Am. Ceram. Soc. 77, 3186

(1994)

K. Kinoshita, A. Yamaji, J. Appl. Phys. 47, 371 (1976)

K. Uchino, E. Sadanaga, T. Hirose, J. Am. Ceram. Soc. 72, 1555
(1989)

Z. Zhao, V. Buscaglia, M. Viviam, M.T. Buscaglia, L. Mitoseriu,
A. Testino, M. Nygren, M. Johnsson, P. Nanni, Phys.Rev. B 70,
024107 (2004)

X.Y. Deng, X.H. Wang, H. Wen, A.G. Kang, Z.L. Gui, L.T. Li, J.
Am. Ceram. Soc. (accepted) (2005)

G. Skandan, Nanostruct. Mater. 5, 111 (1995)

S.-C. Liao, Y.-J. Chen, B.H. Kear, W.E. Mayo, Nanostruct. Mater.
10, 1063 (1998)

B.R. Li, X.H. Wang, L.T. Li, H. Zhou, Mater. Chem. Phys. 78,
292 (2002)

D. Fu, H. Suzuki, K. Ishikawa, Phys. Rev. B 62, 3125 (2000)

S. Chattopadhyay, P. Ayyub, V.R. Palkar, M. Multani, Phys. Rev.
B 52, 13177 (1995)

P. Yung, W-J. Lee, K. Ho-Gi, J. Phys. Condens. Matter 9, 9445
(1997)

M.H. Frey, Z. Xu, P. Han, D.A. Payne, Ferroelectrics 206-207,
337 (1998)



	Ferroelectricity of 30 nm BaTiO3 ceramics prepared by high pressure sintering
	Abstract
	Introduction
	Experimental procedure
	Results and discussion
	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


