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Abstract:

Development of dielectric materials for microwave frequencies is increasing with
rapid progress in mobile and satellite communications systems, where zinc titanates have
found application due to their semi-conducting and dielectric properties. Mechanical
activation by grinding is a well-known method and common part of the powder preparation
route in the field of ceramics. The aim of this work is investigation of the influence of
experimental conditions for mechanochemical synthesis of zinc orthotitanate. Starting powder
mixtures of ZnO and TiO,, in the molar ratio that is in accordance with the stoichiometry of
zinc titanate spinel type Zn,TiO,, were mechanically activated using a high-energy planetary
ball mill. The process of mechanical activation was performed during different time intervals
from 0 to 300 minutes. Microstructure characterization was determined by X-ray diffraction
analysis and scanning electron microscopy. Also, the specific surface area (SSA) of powders
samples was measured by a nitrogen gas sorption analyzer using the BET method. The very
first traces of zinc titanate are detectable after only 5 minutes of activation. The most
interesting occurrence during the mechanical method of activation is that we have an almost
pure phase after 90 minutes.
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Introduction

Fundamental studies concerning the phase diagram and characterization of the ZnO-
TiO, system have been published since 1960s [1]. Three compounds are known to exist in the
ZnO-TiO, system: Zn,TiO, spinel ortho-titante (cubic), ZnTiO; perovsikte meta-titanate
(hexagonal) and Zn,Ti;Og (cubic). Yamaguchi et al. [2] clarified that Zn,Ti;Og is a low-
temperature form of ZnTiO; only with a cubic unit cell.
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The system still attracts the attention of researchers because of its importance in
practical applications. ZnO-TiO, system materials were first used in the chemical industry as
catalysts and colour pigments [3]. Zinc titanates, particularly Zn,TiO,, are nowadays
attractive as sorbents, for removing sulfur from coal gasification product gases [4]. In
addition, much attention has been paid to their electrical properties leading to numerous
applications as solid oxides fuel cells (SOFCs) and as high performance catalysts for the
complete oxidation of hydrocarbons or CO and NO reduction [5,6]. Recent progress of
microwave devices in the area of mobile telephones and satellite communications brought the
need for development of microwave dielectrics with low dielectric loss, high dielectric
constant and low-temperature coefficient of resonant frequencies. It has been demonstrated
that zinc titanates are good dielectric materials for microwave devices [7-11]. So, they are
nowadays widely applied as dielectric resonators and filters [12-17].

It is well known that materials properties depend on synthesis routes, governed by
the synthesizing conditions, through their physical and chemical properties. As a low-
temperature sintering method is a desirable way for obtaining microwave dielectrics, the
sintering temperature as the main parameter, can be significantly lowered without adding any
external agent if zinc titanate is prepared in a nanocrystalline form. Mechanical activation is a
common part of the powder preparation route in the field of ceramics where high-energy ball
milling has become a conventional method for producing nanocrystalline materials.

Many publications pointed out different synthesis routes for obtaining Zn,TiO,4
(cubic) compound, but unfortunately only few concern Zn,TiO, prepared by mechanical
activation, that we are interested in [11,18,19,20].

The aim of the present paper was to investigate the synthesis route and
characterization of nanocrystalline form Zn,TiO; obtained from ZnO-TiO, at room
temperature by high energy ball milling.

Experimental procedures

The starting materials were commercially available ZnO (99.9% Kemika-Zagreb) and
TiO, (99.9% Alfa product-Ventron). Titan dioxide and zinc oxide had a specific surface area
S~ 12.89 m%g and S ~ 13.71 m%/g, respectively. Appropriate amounts of the compositional
constituents in ratio 66 mol% ZnO and 33 mol% TiO,, that corresponded to the demanded
stoichiometric ratio 2:1 were weighed out and the powder mixture was afterwards placed in
500 cm’ volume zirconium oxide vessels together with balls of 10 mm in diameter (ball to
powder mixture mass ratio was 40:1). The mixture labeled as ZTO-000 was not mechanically
activated. The powders were submitted to mechanochemical treatment, in a planetary ball mill
device (Fritsch Pulverisette 5) with the angular speed of the supporting disk set on 400 rpm.
The time of milling was varied from 5 minutes to 300 minutes and mixtures, as appropriate
samples, were denoted according to the applied time of activation as ZTO-000, ZTO-005,
ZTO0-015, ZTO-030, ZT0O-090, ZTO-180 and ZTO-300.

X-ray diffraction patterns of the powder mixtures after milling were obtained using a
Norelico-Philips PW 1050 diffractometer with ACuK,, radiation and a step/time scan mode of
0.02°/0.4s.

Specific surface area (SSA) of powder samples was measured by a nitrogen gas
sorption analyzer using the BET method (Micrometrics In. Co. ASAP 2000 V1.03).

The morphology of obtained powders was characterized using scanning electron
microscopy (JSM 5300-JEOL, 30 kV).
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Results and Discussion

Results shown in fig. 1 are X-ray diffraction patterns of non-milled and the ball-
milled ZnO and TiO, powder mixture. ZTO-000 is the X-ray pattern of the starting mixture
that contains ZnO and TiO,. An insignificant amount of a rutile phase is also present in the
mixture as a common impurity of the anatase phase. The process of milling in a high-energy
planetary mill gave seven succeeding X-ray patterns.
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Fig. 1 X-ray diffraction patterns of non-milled and ball-milled ZnO and TiO, powder mixture

After 5 minutes of mechanical treatment intensities of all starting phases are
significantly lowered, which can be subscribed to the process of particle breaking. Intensive
disappearance of an ordered crystal structure is an indicator of extremely high transfer of
mechanical energy to the powder during mechanical treatment, due to the type of planetary
milling device, and also, high value of powder to balls mass ratio, such as 40:1. After 15
minutes of mechanical treatment the intensity of ZnO diffraction peaks decreased, while
peaks of anatase TiO, almost completely disappeared. Rutile diffractions, as a high
temperature form of TiO,, shows stability to mechanical treatment, so we can say that, as a
reactant, rutile is ‘consumed’ slower than anatase. In the ZTO-030 diffractogram pattern, all
phases are still present, including first traces of a new phase - Zn,TiO,. Intensities of ZnO and
TiO, peaks are lower, while Zn,TiO,4 peaks are growing.

The diffraction pattern of the powder activated 90 minutes, ZTO-090, shows an
almost clear existence of a Zn,TiO, phase. In the course of milling, a a-spinel Zn,TiO,4 (cubic,
space group Fd3m) phase has been formed within 90 min of milling. The ZnO phase has not
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been completely utilized to produce the spinel phase and the remaining amount of ZnO cannot
be converted further to a spinel-phase just by high-energy ball milling, even though milling is
conducted for a much longer milling time.

A well-known problem in the solid-state reaction route, namely ZnO volatilization,
can be avoided using mechanical treatment. However, overlapping of most intensive ZnO
peaks with most intensive Zn,TiO4 peaks is an unavoidable obstacle that is present during the
specified mechanochemical reaction with the X-ray powder diffraction method. Diffraction
patterns for ZTO-180 and ZTO-300 are very similar to the ones obtained for ZTO-090, since
they all mainly contain the Zn,TiO4 phase. Diffraction peak intensities of samples activated
90 and 180 minutes are practically identical. Yet, it is obvious that peaks of the sample
activated 300 minutes are lower than the previous ones.
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Fig. 2 The dependence of SSA vs. time of milling

The specific surface area (SSA) of powders samples was measured by a nitrogen gas
sorpcion analyzer using the BET method. Fig. 2 shows the dependence of SSA vs. time of
milling. It is obvious that the process of milling consisted of three phases: the first phase in
the range from 0 to 5 minutes of activation, the second one from 5 to 30 minutes and the third
one lasts from 30 to 300 minutes. In the early stage of grinding, the SSA increases from 13.7
to 14.4 m*/g, then decreases rapidly from 14.4 to 10.1 m*/g and then slowly (12 times slower
than the previous one) decreases till 6.4 m?*/g. Increase in SSA in the first 5 min of mechanical
activation leads us to conclude that in the early stage of grinding the process of particle
breaking is taking place. After that, from 5 to 30 minutes, rapid decrease in SSA indicates that
cold-welding and agglomeration of the starting powders are dominating processes during
mechanical activation. Since the first traces of zinc titanate are reported after 30 min of
activation, we assume that the mechanochemical reaction of obtaining zinc titanate begins
after 30 minutes. With increase of milling time, since there is no further mechanochemical
reaction, due to agglomeration, the value of SSA slowly decreases.

Scanning electron images on fig. 3 indicate a slight difference in samples activated
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30, 90, and 180 minutes. Irregular shaped sub micron particles, and agglomerates with a size
of approximately a few microns are general characteristics for these powders.
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Fig. 3 Scanning electron micrographs of various activated powders

Regardless to the previous conclusion made from the analysis based on XRD results
in which is pointed out that unreacted ZnO and TiO; are still present in ZTO-030 powders
besides Zn,TiO4 particular phases cannot be distinguished without EDS analysis, since the
recognisable polyhedron shape of TiO, particles disappears with milling. Powders activated
for 30 minutes contain edge shaped particles in size of approximately less than one
micrometer. The particle size decreases with an increase in the milling time. Powders
activated 90 and 180 minutes definitely consist of particles around 0.5 micrometers in size
and agglomerates of zinc titanate. Agglomeration is clearly visible in the powder sample
activated for 180 minutes.

Conclusions

Processes concerned with mechanical treatment are hard to comprehend, since the
impact process is regarded as a non-equilibrium one, though the results obtained in our
investigations lead to better understanding of the complexity of processes and the mechanisms
taking place in a planetary mill. The milling time period for obtaining Zn,TiO, is somewhere
between 30 and 90 minutes under the conditions used. The period of mixture homogenisation
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with intensive particle braking can be rudely estimated to be the period of time from the
beginning until 5 minutes of mechanical treatment. The main conclusion based on the analysis
is that Zn,TiO,4 ceramics can be obtained by mechanical activation after a certain time without
additional thermal treatment.
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Pezome: C  peskum  npocpeccom  meneKOMMYHUKAYUOHHBIX — cucmem  paspabomka
OUINEKMPUYECKUX MAMEPUANOB, UCNOTLIVIOUUXCS 8 MUKPOBOIHOBOU 0Oaacmu, yCUNUBAEn s,
npuyem 0coboe Mecmo NPUHAONEHCUM COCOUHEHUAM MUMAHAMA YuHKa, 01a200aps ux
NONYNPOBOOHUKOBLIM U MeXaHuueckum  ceoucmeam.  Mexanuueckas — akmueayus
usMenvbyeHueM — U36eCmHblll U 0ObIYHbIL CNOCOO NPULOMOGIEHUS NOPOUKO8 NPU NOLYUEHUU
kepamuxu. Ilocreonue oocmudicenus 6 OaHHOU 001ACMU NOOYEPKUBAIOM POTb XUMUYECKOU
peaxyuu, npomexarouel 8 xode npoyecca usmenvuenus. Llenv dannou pabomel — u3yuumo
GUANHUE IKCNEPUMEHMATLHBIX YCI08ULL OlIsl MEXAHOXUMUYECKO20 CUHmMe3d OpMOmumanama
yunka. Hcxoouvie cmecu nopowrxos ZnO u TiO, monsipHoe coomuouieHue KOMmopbvix



N. Obradovic et al./Science of Sintering, 37 (2005) 123-129 129

coomeemcmeyem cmexuoMempuy wnuneavHo2o mumanama yunka Zn,TiO, noosepenymoi
MEeXauuyeckou  aKmueayuu 6  GbICOKOIHEP2EMUUECKOl  NIAHEMAapHOU  MelbHUye.
Mexanuueckas axkmusayus nposoounace 6 unmepsaie 0-300 munym. Onpeoenenue
MUKPOCIMPYKMYPbI NPOBEOEHO Memodambl OUPPAKyul peHmMeeHOGCKUX IyHell U CKAHUpyloujel
9NEKMPOHHOU MUKPOCKONUYU. YOeNbHASl NOGEPXHOCMb NOPOWKO8 onpedenena memooom BET.
Ha nauanenoii cmaouu usmenvyenus 00 5 Mun. yOenbHasi NOGEPXHOCMb YEEIUUUBAEMCSl, d
nomom 00 30 mun. pesxo naoaem. Ilocnednee ykazvigaem na Ha¥aI0 npoyecca aiomepayun,
umo ycmanoeneno u CEM muxpozpaguamu. Modcno ckazamv, 4mo 6 OAHHBIX YCIAOBUAX
uzmepenus gasza mumanama yunka oonapysicena 90 mun. om Havana usmenrbyeHus.
Knrouesvle cnosa: Mexanuueckana axmugayus, ougpaxyus penmeenosckux ayuet, CEM,
BET, wununens.

Caoporcaj: Paszsoj ouenexmpuynux mamepujana Koju ce Kopucme y MUKpOmManacHoj ooaacmu
nogehasa ce ca HaziUM NPOSPECOM y MENeKOMYHUKAYUOHUM CUCTHEMUMA, NPU YeMY YUHK-
MUMAanamna  jeourseroa Haudze ceoje Mecmo 3axeamyjyhu  noaynpo6oOHUuUKUM U
ouenekmpuyHuM ceojcmeuma. Mexanuuxka axmueayuja ocmeapena MmieserbemM NO3ZHAM je U
yobuyajen HauuH npunpeme npaxosa y obracmu Oodujarba Kepamuxe. Ilocreora
docmuenyha y 080j obracmu Ha2nawiasajy yaoey xemujcke peaxyuje Koja ce 00ucpasa mokom
npoyeca mueserva. 3a0amax 0602a paoa je 0a npoy4u Ymuyaj eKCnepumMeHmaniHux ycioed 3a
MexaHoxemujcky cunmesy yunk-opmomumanama. Ilouemne cmewe npaxosa ZnO u TiO,, y
MONAPHOM OOHOCY KOju 00208apa CMexuoMempuju cnunennoe yunk-mumanama ZnyTiOy, cy
MeXaHUyKu axmusupamne Kopuuhiersem 8UCOKOeHepeemcKoe nianemapuoe Mmauna. Mexanuuxka
aKmueayuja NOCMampana je y pasniudumum epemenckum unmepsaiuma oo 0 oo 300 munyma.
Muxpocmpykmypra kapaxmepuzayuja epuieHa je MemoooM peHO2eHCKe ouppaxyuje u
ckenupajyhom enekmponckom muxkpockonujom. Cneyugpuuna nospuuna npaxoea mepena je
BET memooom. ¥V nouemnom cmaoujymy mieera cneyuduuna nospuiuna ce nosehasa 0o 5
MuHyma, a onoa Hazno onaoa 00 30 munyma. Cumareere cneyupuune nospuiune ykasyje Ha
npoyec aenomepayuje Koju nouurbe 15 MUHyma HaKon Mexanuuke axkmueayuje, wmo je
nomepheno u CEM muxpoepagujama. Ilpeu mpazoéu yunk-opmomumanama youenu cy eeh
nocae 5 munyma akmusayuje. Hajeasicnuju 3axwyuak je 0a ce moxom mexanuuke axmusayuje
CKOPO HUCMa YUHK-MUMAanamua @asa 3a nocmampane yciose mieserba jasna Haxon 90
MUHYMA.

Kuyune peuu: mexanuuxa axmueayuja, peroeencxka ougppaxyuja, CEM, BET, cnunen
Zn;Ti0,.
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