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Abstract: In this article low temperature sintering of mechanically activated BaCQjs-TiO,
system was studied. A stoichiometric mixture of BaCOjz and TiO, powders was mechanically
activated in a high-energy vibromill for 0, 30, 90 and 180 min, calcined at 800°C for 1 h and
reaction sintered at 1100°C and 1200°C for 2 h (heating rate of 10°C/min). Phase
compositions and crystallographic data of initial, activated, calcinated and sintered specimens
were obtained by the XRPD method. It was noticed that mechanical activation enhanced and
lowered the temperature of the formation of tetragonal BaTiOs. Scanning electron microscopy
was used to study and characterize microstructures of the samples.
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Pesiome: B jaHHOH padoTe HCCIEHOBAHO HH3KOTEMIEPATYPHOE CHEKAHHE MEXAHHYECKH
akrupapoparHoi  cucrempr  BaCO3-TiOs.  Cmece  nopomxkos  BaCO; wuw TiOp B
CTEXHOMETPHIECKOM COOTHOIICHAN MCeXAHITCCKH AKTHBHPOBAHA B BBICOKOIHCPICTHUCCKOH
BHOpanuHOHHOH MeapaHNe B TedeHne 0, 30. 90. 180 muu. KanpnueHpOBaHHE OPOBEJECHO HIDH
800°C B regenme 1 waca m peaknnorsoe criekawne mpy 1100 w 1200°C B revenwe 2 vacos
(cxkopocrs Harpepa 10°C/uun.). Da3oBbIH cOCTAB H KPHACTAIHYCCKHUC JAHHBIC HCXONHBIX H
AKTHBHPOBAHHBIX CMECEH. a TaKX¢ KAaJbIHHHPOBAHHBIX CICYCHHBIX O0pA3[OB HTOJVICHBIX
PEHTIEHOBCKHUM ~ MeTOJoM. IIpH HOMOINH  CKAHHPYIOUICH 3JeKTPOHHOA — MHKPOCKOITHH
HCCICHOBAHA MHKPOCTPYKTYPA 00pa3loB. YCTaHOBIEHO, UTO MEXAHHICCKAs aKTHBALHS
YCKOpAET NPOHECC CHEKAHHA H IOHIXKACT TeMIOeparypy o00pa3oCaHHsI TeTparOHaJIbHOIO
THTAHATA OAPHAL.

KnrodeBbie cnoBa: Crekanne; Mexanndeckas akrupannsg;, BaCOs-TiOs, BaTiOs;
MIRPOCTPVKTYDA.
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Cagpxaj: ¥ oBome pagy je npoy4asaHO HUCKOTEMMEPATYPHO CHUHTEPOBAHE MEXaHUqKy
akTusupaHor cucrema BaCOsz-TiO, [lpax BaCOs; u TiO, y CTeXnoMeTDHJCKOM OfHoCy je
MEeXaHUYKy aKTUBUPAH y BUCOKOEHEPreTckoMm BubpauymoHom miumHy Tokom 0, 30, 90 u
180 min, kanuynHucaH Ha 800°C TOKOM jeJHOI Haca v peakuMoHo cuHTeposan Ha 1100 u
1200°C ToxkoM pgBa wqaca (bps3uHa 3arpeBarba je usHocuna 10°C/min). @a3Hu cacTtaB
Kpuctanorpacku nogayy rovYeTHNX ¥ aKTUBUPAHUX CMeca, Kao W KallWHUCaHux M
CUHTEPOBEHUX y30paKa f[obujern Cy PEHAreHCKOM MeTo[oM. CkaHupajyhoM e1eKTpOHCKOM
MUKDOCKOMMJOM rNpoyYeHa Jje MWKPOCTPYKTypa y3opaxa. YTBpheHO je pja MexaHunqka
akTMBaymja ybpsaBa npouec CUHTepoBama, Y3 CHuXaparbe Temnepartype opmuparka
TeTparoHanHor bapujyM-TutaHara.

Kmpydne pe4qn: CuHTepoBawe;, MexaHudka  axktuBauywmja;, BaCOs-TiOs;  BaTiOs
MUKDOCTPYKTYpa.

Introduction

Ceramic materials with a perovskite or perovskite related structure such as undoped
and doped barium titanate have found wide application as capacitor dielectrics, resistors, self
regulated heaters, thermal sensors etc. Their applicability mostly stems from their
ferroelectric nature below the Curie temperature; BaTiOs; based materials exhibit a
spontaneous polarization which is reorientable with an applied electric field, giving rise to
hysteresis behaviour and a high dielectric constant. Since ferroelectric properties are highly
dependent upon grain size, domain structure and composition, controlled processing
conditions of these materials, both at the powder synthesis stage and subsequent densification
to a solid component, must be achieved. The sintering process of materials fabricated on a
barium titanate basis can be improved by liquid phase sintering at temperatures below 1320°C
[1-2], or by mechanical activation of initial powders BaCO; and TiO, [3-4].

The influence of mechanical activation of BaTiO; is closely related with different
structural changes such as phase transitions, generations of dislocations and crystal lattice
microstrains etc. [5]. The driving force of all these processes is excess enthalpy, obtained by
activation in high-energy mills {6]. As a result, mechanical activation could lower the
sintering temperature of an activated material [7].

Experimental procedure

A mixture of 50 mol% BaCO; (Merck p.a. 99 %) and 50 mol% TiO, (Ventron p.a.
99.8 %) powders was homogenized in a planetary ball mill for 120 min. The homogenized
powders were activated in a high-energy vibromill with rings (Tm MN 954/3) in air, for 0, 30,
90 and 180 min. After addition of an organic binder (aqueous solution of 2 % polyvinyl
alcohol) the powders were dried and pressed at 400 MPa. After calcination at 800°C for | h,
pellets were crashed, sieved and after addition of the organic binder, dried up to 300°C and
pressed into pellets. All samples were reaction sintered in air at 1100°C and 1200°C for 2 h
(heating rate of 10°C/min). Specific surface area determinations of initial and activated
powders were carried out using the BET method with N, absorbate. XRPD analysis of initial
powders, non activated and activated mixtures, as well as calcined and sintered specimens
were performed using a Philips 1820 with a graphite monochromator and CuKot radiation.
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Scanning electron microscopy was used to study and characterize microstructures of the
samples.

Results and discussion

In order to obtain barium titanate of acceptable purity, numerous factors such as
quality of raw materials, granulometry, mixture homogeneity and nature of the reaction
atmosphere must be controlled. Mechanical activation, as the process which affects some of
the mentioned factors, can improve reactivity of the initial mixture, which leads to the
lowering of temperature of barium titanate formation. It was noticed that specific surface area
of BaCO:-TiO, mixtures increased with the increase of activation time, as a consequence of
destruction of agglomerates and particle minimization of starting materials. The values of
specific surface areas of 2.84, 4.36, 4.53 and 3.87 m’/g were obtained for non-activated
powder and powders activated for 30, 90 and 180 min, respectively. According to SEM
investigations, the small decrease of specific surface area after activation for 180 min can be
ascribed as repeated agglomeration. As a result of mechanical activation, zones of remaining
strain are formed in some particles and formation of new surface was accompanied by the
concentration of energy on the surface layer of particles [8]. XRPD analysis of activated
mixtures that we have performed pointed out to an important increase of diffraction line
broadening, as a consequence of milling in high energy vibromill, related to the increase of
the concentration of structural defects (primarily to the dislocation densities) with the
activation time. Since the formation of new surfaces and the increase of the concentration of
structural defects is accompanied by the increase of free energy, reactivity of starting mixture
increased and lowering of the temperature of reaction sintering occurred, as well as the
increase of the solid state reaction rate.

The influence of activation on the initial temperature of solid state reaction was
confirmed by the phase analysis of diffraction patterns of calcined specimens. The presence of
four different crystal phases (witherit, anatase, rutile and cubic barium titanate phase) was
noticed after calcination (Fig. 1a), while the percentage of BaTiO3 phase changed as 11.05,
15.34, 20.83 and 25.7 wt.% for 0, 30, 90 and 180 min of mechanical activation, respectively.
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Fig. 1 Diffraction patterns: a) calcined sample (mechanically activated for 180 min); b) sample sintered
at 1100°C (mechanically activated for 180 min).
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After sintering it was noticed that for the samples sintered at 1100°C a solid state
reaction proceeded almost to the end, with the formation of a tetragonal barium titanate with
small amounts of Ba,TiO, (Fig. 1b). For the samples sintered at 1200°C the solid state
reaction proceeded entirely to the end, with formation of tetragonal barium titanate
modification. Diffraction line broadening analysis showed that the mean crystallite size and
tetragonal ratio c/a of barium titanate decreased with the increase of activation time, thus
influencing an abrupt change of crystal lattices of the samples (Fig. 2a,b). According to this,
after a certain time of mechanical activation the tetragonal crystal lattice of BaTiO: should
approach the cubic lattice, causing a prominent change in dielectric properties of the material
[8-9].
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Fig. 2 a) The dependence of mean crystallite size D on the activation time t,; b) The dependence of

tetragonal ratio c/a on the activation time t,.

Microstructural analysis of sintered specimens showed that activation of the initial
BaCQ;-TiO, mixture decreased the average grain size and porosity, which led to the
formation of a more homogeneous microstructure. Microstructure of the samples contained
two distinct areas: dense and locally porous one. Structures of the dense areas were rather
uniform, although loosely packed and agglomerated (Fig. 3). A more detailed study of the
microstructure showed that the agglomerate size decreased with the increase of the activation
time, while their morphology stayed more-or-less square (Fig. 4).

Fig. 3 Microstructure of the sample sintered

at 1200°C. Fig. 4 Microstructure of an agglomerate.

According to our investigations, formation of agglomerates is influenced by the
existence of remnant agglomeration of the BaCOs-TiO, mixture, especially for 180 min of
activation. Fig. 5 illustrates the interconnection of regions that make up the agglomerate and
their rearrangement. These regions range from a few grains strung together as a chain to large
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groups that formed irregular mass up to 5 um in size. It should be noticed that agglomeration
can influence the development of microstress, microstructural deffects and exaggerated
grains, thus affecting the microstructural development of a sintered material. However, the
effect of agglomeration depends on the size distribution, degree of agglomeration and relative
density.

Fig. 5 Microstructure of the sample sintered at 1100°C and activated for 180 min.

Conclusion

Low temperature sintering of mechanically activated stoichiometric mixture of
BaCO; and TiO, was studied. It was found that mechanical activation can improve reactivity
of the initial mixture, lowering the temperature on which formation of barium titanate occurs
and, at the same time, influencing the mean crystallite sizes and tetragonal ratio c/a of the
specimens. It was shown that due to agglomeration, mechanical activation had a prominent
influence on microstructural development of activated samples.
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