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Abstract

In this article, in order to obtain tetragonal nanocrystalline BaTiO3, structural investigations of mechanically activated BaTiO3 powder have

been performed. A mercury porosimetry analysis and scanning electron microscopy method have been applied for determination of the specific

pore volume, porosity and microstructure morphology of the samples. The lattice vibration spectra of nonactivated and activated powders, their

phase composition, lattice microstrains and the mean size of coherently diffracting domains were examined by Raman spectroscopy and the X-ray

powder diffraction method. The average crystal structure of obtained nanocrystalline powders, estimated from X-ray diffraction data, gave

evidence of retained, but slightly sustained tetragonality of powders, even for particles as small as �30 nm. Raman spectroscopy also gave clear

evidence for local tetragonal symmetries, in particular through the presence of a band at �307 cm�1.
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1. Introduction

It is well known that advances in microelectronics and

communication industries have led to substantial miniaturiza-

tion of many electronic devices such as multilayer ceramic

capacitors (MLCC), while the performance requirements have

increased [1]. During MLCC production process, a mixture of

ceramic powder and binder solution is formed into green

ceramic sheets by tape casting. Therefore, miniaturization

requires smaller and more uniform powder particle sizes of

many electroceramic materials [2]. For BaTiO3 ceramics,

which can be applied not only in ceramic capacitors, but also in

self-controlled heaters, communication filters and nonvolatile
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memories, a narrow powder particle size distribution and high

tetragonality is required. Unfortunately, most methods for the

production of BaTiO3 fine powders, such as the conventional

solid state reaction method, alkoxide-hydroxide route, sol-

vothermal process, hydrothermal methods, etc., are unsuccess-

ful in preparing BaTiO3 nanopowder with a tetragonal phase. It

has been established that, depending on the processing route

which has been used, size effects and the formation of lattice

OH� groups, associated with strains and defects, are factors

which stabilize the metastable cubic structure in BaTiO3 [3,4].

As a result, formation of tetragonal BaTiO3 nanopowder is

suspended. Recently, Park et al. [5] reported that nanograined

BaTiO3 ceramics prepared from noncoated BaTiO3 nanopow-

ders showed a mixed state of cubic and tetragonal phases. Their

results indicate not only the possibility of tetragonal BaTiO3

nanopowder formation, but also emphasize that developing of a

low temperature synthesis procedure directly resulting in the
d.
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formation of tetragonal BaTiO3 nanopowders is of extreme

interest.

In order to produce nanocrystalline powders and improve

the final properties of electroceramics, in recent years,

among the other methods, high energy mechanical activation

has been employed [6]. Several investigations have been

carried out in order to obtain BaTiO3 by mechanically

activating the reactants [7,8]. BaTiO3 resulted from milling

of BaO + TiO2 in a ball mill during 100 h [9], however high

temperature treatments were needed to preserve BaO in the

pure state, prior to the milling. Also, the milling in a

planetary mill of Ba(OH)2�8H2O + TiO2 resulted in a BaTiO3

powder which had poor crystallinity, so an annealing

treatment was necessary [10]. Unfortunately, all these

synthesis procedures failed to create BaTiO3 powder with

a tetragonal structure. Although production of nanocrystal-

line powders by mechanical activation can be done not only

by mechanochemical processes, but also by activation of a

single phase powder (by controlling the balance point

between fracturing and cold welding) [11], no systematic

investigation of single phase BaTiO3 mechanical activation

has been performed yet. These investigations are very

important since mechanical activation of initial powder

change its structure and reactivity and enable obtaining

ceramics with improved final properties. Therefore, in order

to investigate the possibility of obtaining tetragonal

nanocrystalline  BaTiO3, structural investigations of mechani-

cally activated BaTiO3 powder have been presented in this

article.

2. Experimental procedure

As the starting material, a high purity commercial BaTiO3

powder (Aldrich, 99.9% purity, mean grain size < 2 mm) was

used. Mechanical activation was carried out in a planetary-ball

mill (Fritsch Pulverissete 5) for 10, 20, 40 and 60 min in an

agate jar with 8 mm in diameter agate balls. The ball/sample

mass ratio was 20:1 while the tray and vial rotation speeds were

317 and 396 rpm, respectively.

The influence of mechanical activation on the change of the

specimen’s bulk density, specific pore volume and total

porosity, have been performed using the mercury porosimetry

analysis. Bulk density (rbl) and specific pore volume (Vsp) of all

samples were estimated with a Carlo Erba Porosimeter 2000

using the Milestone 100 Software System. This type of high-

pressure mercury intrusion porosimeter operates up to

207 MPa, enabling determination of the total pore volume of

all pores greater than 7.5 nm in diameter. The total porosity of

the sample (P) was determined as a product of Vsp and rbl.

The microstructure morphology of nonactivated and

activated samples has been investigated using scanning electron

microscopy (JEOL-JSM-T20).

X-ray powder diffraction patterns of the initial and activated

powders were obtained in Bragg-Brentano geometry, on a

Philips PW-1010 powder diffractometer, using Ni-filtered Cu

Ka radiation. The diffracted intensities were collected in a step

scan mode 0.028/12 s, over the 2u angular range 10–1208.
Structural refinements were carried out using the Rietveld

method and the Koalariet-Xfit computer program with

algorithms described by Coelho and Cheary [12].

Room temperature Raman spectra of the initial and activated

samples were obtained in the spectral range from 200 to

1000 cm�1, in the backscattering geometry, by a Micro Raman

Chromex 2000, using the 532 nm line of a Nd:YAG laser. The

spectral resolution was 1 cm�1. The laser output power was

50 mW and the laser beam was focused to a spot size of 5 mm at

the sample surface.

3. Results and discussion

In general, during mechanical activation the introduction of

mechanical energy may cause numerous processes such as a

refinement in crystallite size, creation and movement of

structural defects, activation of phonons, amorphisation of the

crystalline phase, phase transformations, order–disorder transi-

tions and chemical reactions [13]. Although during the

formation of mechanically activated nanocrystalline powders,

in a size reduction process, powder particles break in

dependence on the applied stress and material properties, the

production of nanoparticles does not only depend on particle

comminution, but also on the capability of stabilization of

broken fragments and their rheology [14]. When powder

particles are subjected to a mechanical stress which exceeds

their strength, the formation of cracks is initiated. As the cracks

propagate, the stored strain energy releases, leading eventually

to particle fracture. In the case when the strength of the material

is exceeded locally, especially for particles of irregular shape,

the erosion of the particle surface, accompanied with the rise of

the strain and defect concentration, may occur [15]. As a result,

the change of the powder particle morphology and powder

porosity (which is manifested by interparticle voids and pores

within individual particles) emerges. Those changes can be

analyzed by measuring specific pore volume, bulk density,

specific surface area and total porosity.

Our investigations showed that mechanical activation

caused a significant decrease of specific pore volume (Vsp)

and total porosity (P) for the activation time up to 20 min,

especially for the first 10 min (Fig. 1a and b). Further increase

of the activation time has not led to a significant change of Vsp

and P. On the other hand, the maximum values of bulk density

(rbl) were obtained for activation up to 10 min, after which the

decrease of rbl has been noticed. However, the bulk density

values of the activated samples still remained significantly

above the value of the nonactivated one, even for the longest

time of activation. Considering the change in porosity, it is clear

that a pore system reduction, which is caused by the fraction of

particles during activation and expressed through the drop of

Vsp, is a dominant phenomena for the activation up to 10 min.

Namely, the calculated value of relative decrease of Vsp during

the first 10 min of the activation was �35.4%, while the relative

increase of rbl was just �14.6%. Therefore, the total porosity of

the samples significantly decreased in comparison with the

nonactivated material. Mechanical activation also caused the

change of the specific surface from 2.42 m2/g for the
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Fig. 1. (a) Specific volume and bulk densities of mechanically activated

BaTiO3. (b) Total porosity of mechanically activated BaTiO3.

Fig. 2. (a) Microstructure of nonactivated BaTiO3. (b) Microstructure of

BaTiO3 activated for 40 min.
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nonactivated samples, up to 4.49, 4.07, 4.06 and 4.02 for the

samples activated for 10, 20, 40 and 60 min. The change of the

specific surface and a decrease of the bulk densities of the

samples activated for more than 10 min can be attributed to

powder particle aglomeration, which is a consequence of an

increase of the particle surface energy during comminution of

the initial powder particles. It should be noticed that the

tendency of agglomeration, considerably influences the

sintering and final properties of BaTiO3 ceramics. According

to our previous investigations [16] a densification rate curve for

mechanically activated BaTiO3 samples can be divided into

three process. The first process is attributed to intra-

agglomerate particle sintering, the second one to sintering of

grains between agglomerates, while the third one can be

attributed to agglomerate sintering. As a result, mechanical

activation change the microstructure of sintered material and

significantly affects final electrical properties of BaTiO3

ceramics [17].

The results obtained from mercury porosimetry analysis are

in accordance with the results obtained by SEM (Fig. 2).

According to them, mechanical activation has led to the

formation of new surfaces and comminution of the initial

powder particles. It should be noticed that during the formation

of new surfaces, excess of the energy in the surface occurs,

which together with particle diminution may influence the

producing and properties of the nanocrystalline material [18].
Our X-ray analysis indicated that mechanical activation, in

spite of powder particle diminution, did not change the

tetragonal structure of the initial powder into the cubic one

(Fig. 3) [JCPDS Card No. 5-626]. The increase in structural

disorder during activation resulted only in a decrease of the

integral intensity of XRD reflections and broadening of

diffraction profiles (Fig. 4). This can be attributed to

destabilization of the crystalline phase, refinement in particle

and crystallite sizes and generation of stress fields. It should be

noticed that destabilization of the crystalline phase is thought to

occur by the accumulation of structural defects such as

vacancies, dislocations, grain boundaries and it may lead to the

formation of amorphous domains for increased activation time.

Although the mechanism of amorphization by mechanical

activation is not clearly understood, it seems to follow the

sequence [19]: ordered phase ! disordered phase ! fine-

grained (nanocrystalline) phase ! amorphous phase.

Since significant peak broadening, which is characteristic

for the formation of amorphous domains, did not occurred in

our diffraction patterns, we have concluded that in our case the

activation time required for amorphization has not been

reached, that is mechanical activation of BaTiO3 powder up to

60 min resulted only in the formation of a nanocrystalline

BaTiO3 phase. In order to obtain the crystallite size and
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V.P. Pavlović et al. / Ceramics International 37 (2011) 2513–25182516
microstrain of the nonactivated and activated samples, the

Rietveld method has been applied. This method is based on the

whole profile fitting methodology and all reflections can be

analyzed with sufficient accuracy [17]. During the analysis, the

process of successive profile refinement was applied, until

convergence was reached [20]. Obtained values of Rwp

(weighted residual factor) varied from 9.8% (for the

nonactivated samples) to 12.6% (for samples activated for

60 min). The refinement showed that as a result of mechanical

activation tetragonal nanocrystalline BaTiO3 is formed. It was

observed that mechanical activation led to a significant

decrease of the mean crystallite size from 150 nm for the

nonactivated samples, down to 45 nm, 39 nm, 34.5 nm and

30.5 nm, for samples activated for 10, 20, 40 and 60 min,

respectively. At the same time, the generation of stress fields at

the particle edge caused increase of the sample microstrains

from 0.1 for the nonactivated samples up to 0.47, 0.61, 0.7 and

0.74 for the samples activated for 10, 20, 40 and 60 min.

According to our previous investigations, the formation of

uncompensated stress during mechanical activation can

influence the tetragonal distortion, thus leading to modification

of the phase transition temperature and electrical properties of

the sintered material [19]. Furthermore, numerous authors have

established that with decreasing of the crystallite size the

tetragonal distortion of the unit cell of BaTiO3, which is a

precondition for the presence of ferroelectricity, alters over the

pseudocubic to cubic, and finally disappears below a certain

critical size value [21–28]. The possible responsible mechan-

ism for this phenomenon is still under controversial discussion.

Arlt et al. proposed that a pseudocubic, paraelectric modifica-

tion of BaTiO3 is stabilized through internal stresses, which

arise from mechanical constraints at the boundaries, while Frey

et al. [22] suggested the so-called ‘‘brick wall model’’,

assuming that the ceramic grains consist of a tetragonal

ferroelectric core, which is surrounded by a thin layer of a cubic

phase, with a substantially lower dielectric constant. It is

important to notice that the critical crystallite value, which

enables stabilization of the room temperature cubic structure,

depends on the powder preparation method and usually ranges

from 20 to 100 nm [23–26]. Our investigations showed that the

applied mechanical activation can lead to the formation of

nanocrystalline BaTiO3 powder with a tetragonal structure,

even for particles as small as �30 nm. Since the formation of

micrometer powder particles with a tetragonal structure, as well

as cubic nanocrystalline powder particles, are not convenient

for application in multilayer ceramic capacitors production,

direct generation of nanocrystalline, tetragonal BaTiO3 is of

considerable interest [29].

The results of the X-ray analysis are in accordance with

those obtained by Raman spectroscopy measurements. Raman

spectroscopy has been employed to determine the lattice

vibrational spectra of nc-BaTiO3 powders. It is well known that

symmetry-group analysis in cubic BaTiO3 predicts no Raman

active modes, while in tetragonal BaTiO3 (space group P4mm)

it predicts eight optical Raman active modes: 4 modes of E

symmetry, 3 modes of A1 symmetry and one mode of B1

symmetry [1,24,30–33]. Each of these modes splits into
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transverse (TO) and longitudinal (LO) optical components, due

to long-range electrostatic forces associated with lattice

ionicity [24,30,32]. The number of Raman peaks in experi-

mentally obtained unpolarized spectrum of polycrystalline

samples is commonly less than the number of theoretically

derived modes, not only because of great overlapping of A1 and

E modes, as well as B1 and E modes, which frequencies are very

close to one another, but also due to the existence of a coupled-

mode interaction and overdamped character of the lowest

optical E mode (E(TO1) soft mode).

In our investigations, four Raman peaks have been recorded

and assigned to more than one phonon mode of tetragonal

BaTiO3, as presented in Fig. 5. According to literature data

[30,34] Raman peaks were interpreted as follows: the broad

peak centered around 270 cm�1 as a A1(TO2) mode, a sharp

peak at �307 cm�1 as B1 + E(LO2) + E(TO3), an asymmetric

broad peak at �520 cm�1 as A1(TO3) + E(TO4) and a broad

weak peak at �720 cm�1 as a sum of A1(LO3) and E(LO4)

modes. The observed spectrum of the nonactivated sample

agrees well with the powder Raman spectrum reported by

Hoshina et al. [26], Cho et al. [32] and Naik et al. [35], as well

as with those reported for some polycrystalline BaTiO3 samples

[30] and microcrystalline ceramics [36,37].

Our measurements show that as the applied activation time

increases, the Raman modes become broader and gradually lose

their intensity (Fig. 5). Such behavior of optical phonon modes is

a consequence of a decrease in the observed particle and

crystallite size, but also indicates a rise of lattice deformation,

defect number and disorder in the longer mechanically activated

powders. The estimated values of Raman-peak positions are
displayed as a function of the activation time, in Fig. 6. As it can

be seen, activation induced a shift to upper frequency for Raman

peaks around 260 cm�1 and 520 cm�1, particularly in compar-

ison with the nonactivated sample. These results are in good

agreement with investigations which pointed out that two

asymmetric broad A1(TO) modes, at �260 cm�1 and 520 cm�1,

are sensitive to structure defects [38]. Although as-read data

indicate that the Raman peak at �720 cm�1 also seems to be

skewed toward the high frequency side, the accuracy of this data

is reduced due to the overdamped and weak profile of that peak in

the activated samples. The observed blue shift of the A1 modes

can be related to the increase in tensile stress [39] introduced by

mechanical activation. The peak at 307 cm�1, which appears

sharp in the nonactivated sample, exhibits distinct broadening

(Fig. 5), but no significant frequency shift, as the activation time

increases (Fig. 6). Many investigations pointed out that the peak

at 307 cm�1 is specific for tetragonal BaTiO3, since it disappears

above the Curie temperature (Tc) where the structure becomes

cubic [27,28,32]. On the contrary, the persistence of Raman

bands around 260 cm�1 and 520 cm�1 well beyond Tc has been

reported [27,31,35], although this is not expected from the

symmetry group theoretical selection rules. Since the Raman

peak around 720 cm�1 has also been reported as observed only

below the phase-transition temperature [27,31,33], the broad-

ening accompanied by a drop in the intensity of Raman peaks

around 307 cm�1 and 720 cm�1 suggest that the tetragonal

structure might be slightly suppressed in activated powders [32].

4. Conclusion

In this article, the results of structural investigations of

BaTiO3 powders obtained by mechanical activation have been
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presented. It was noticed that mechanical activation caused the

decrease of the specific pore volume and total porosity,

especially for the first 10 min of activation. Microstructural

investigations showed that such activation has led to the

creation of new surfaces and comminution of the initial powder

particles. As a result, the formation of nanocrystalline BaTiO3

powder has been enabled. The Rietveld method has been

applied to analyze X-ray diffraction patterns in order to

determine the crystallite size and microstrains of the

nonactivated and activated samples. The refinement pointed

out that mechanical activation led to the decrease of the mean

crystallites size from 150 nm down to 30.5 nm, while the

microstrains increased from 2% up to 14.8%. The average

crystal structure of the obtained nanocrystalline powders,

estimated from X-ray diffraction data, gave evidence of a

retained, but slightly suppressed tetragonality of powders, even

for particles as small as �30 nm. Raman spectroscopy also

gave clear evidence for local tetragonal symmetries, in

particular through the presence of the band at �307 cm�1.

The influence of mechanical activation on lattice vibrational

spectra was expressed primarily through broadening and

gradual decrease of the Raman peaks intensity.
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