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Abstract

Mixtures of BaCO5;-ZnO-TiO, were mechanically activated using high-energy planetary ball mill during 20, 40 and 80 min. As the time of
mechanical activation increased, the decrease in particle size was observed. The effect of milling on microstructure was investigated by scanning
electron microscopy, as well. Sintering process was performed in air at 1100 and 1200 °C for 2 h. Various phases are present within mixtures
sintered at 1100 and 1200 °C, and almost pure BaZn,Ti4O;; phase was obtained after 80 min of milling and sintering at 1200 °C for 2 h.

© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

BaO-TiO, based materials with different Ba/Ti ratios have
been investigated in the past years and have attracted great
attention for their specific microwave properties. They are widely
used in the MW region as the parts of resonators, filters and
Multilayer Ceramic Capacitors [1]. Owing to their variety of
applications, there has been a lot of interest in studying both their
structure and properties [2]. In order to improve microwave
properties of these materials, numerous additives, such as ZnO,
MnO, SnO, etc. have been used [3—7]. Roth et al. [8] suggested
the phase diagram of the ternary system BaO-ZnO-TiO, and
reported the chemical composition of the compound BaZn,
Ti4Oy,, with the ratio of the starting oxides being close to 1:2:4.

In order to obtain the various barium—zinc—titanate phases, to
lower the sintering temperature and/or to improve microwave
properties, many synthesis routes, such as chemical processing,
mechanical activation and additives usage, can be used [3-7].
Those methods typically produce large, non-uniform and
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agglomerated particles, which generally limits the ability to
fabricate reliable electronic components [9]. One opportunity to
influence initial powder microstructure and sintering properties
of the material is to mechanically activate the powder using a
high-energy milling process. These processes are acommon way
for producing fine nano materials and have many advantages; a
low-cost, simple and ‘“‘applicable to any class of materials”
techniques. Unfortunately, no systematic investigations of
mechanical activation influence on synthesis and sintering of
BaO-ZnO-TiO, system have been performed. Furthermore,
there is a lack of information on system itself since only few
researchers [2,8] have been dealing with the BaZn,Ti,O; phase.
Taking all this into account, in this article, the influence of
mechanical activation on the structure, as well as the isothermal
sintering of BaCO5;-ZnO-TiO, system, was studied. As a result,
the authors revealed the relatively cheap, simple way, for
obtaining the densed pure material with advantageous micro-
structures and phase composition.

2. Experimental procedure

Mixtures of BaCOj3 (99% Sigma—Aldrich), ZnO (99%
Sigma—Aldrich) and TiO, powders (99.8% Sigma—Aldrich) at
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a molar ratio BaCO3:ZnO:TiO, = 1:2:4 were mechanically
activated by grinding in a high-energy planetary ball mill device
(Retsch type PH 100). The milling process was performed in air
for 20, 40 and 80 min at a basic disc rotation speed of 400 rpm.
Zirconium oxide balls (approx. 10 mm in diameter) and bowls
(250 cm?) were used with a ball to powder mixture mass ratio of
20:1. Samples were denoted as BZT-0 to BZT-80, according to
the milling time.

The morphology of obtained powders and sintered mixtures
was characterized by scanning electron microscopy (JEOL
JSM-6390 LV). The powders were crushed and covered with
gold in order to perform these measurements.

The average particle size, particle size distribution, and the
nature of agglomerates were determined by particle size
analyzer (PSA). The used instrument was Mastersizer 2000
(Malvern Instruments Ltd., UK) particle size analyzer based on
laser diffraction, which covers the particle size range of 0.02—
2000 wm. For the PSA measurements, the powders were
dispersed in distilled water, in ultrasonic bath (low-intensity
ultrasound, at a frequency of 40 kHz and power of 50 W), for
5 min.

X-ray powder diffraction patterns after milling and sintering
were obtained using a Philips PW-1050 diffractometer with ACu
Ka radiation and a step/time scan mode of 0.05°/1 s.

The binder-free powders were compacted using the uniaxial
double action pressing process in an 8 mm diameter tool
(Hydraulic press RING, P-14, VEB THURINGER). Compacts
were placed in an alumna boat and heated in a tube furnace
(Lenton Thermal Design Typ 1600). Compacts were sintered
isothermally at 1100 and 1200 °C in air atmosphere for 120 min,
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the heating rate was 10 °C/min. The density of specimens was
calculated from precise measurements of specimen’s diameter,
thickness and mass.

3. Results and discussion

It is well known that during mechanical attrition by ball
milling, the evolution of material phases is coupled to the
mechanical properties of the powders and therefore to their
microstructures [10]. It has been established that the micro-
structure evolution is controlled by the temperature, milling
intensity and composition. The grain size, internal lattice strain
and stored enthalpy are parameters characterized by most authors
[11]. Our microstructure analyses of BaCO;-ZnO-TiO, system
showed that the initial BaCO5; powder consisted of irregularly
shaped agglomerates with a size of 2 um approximately.
Compared to BaCOj particles, ZnO and TiO, spherical particles
were smaller with the particles with a size of 200 nm. It has been
observed that the grain size of the starting powder mixture,
decreased with milling time, approaching a steady state after
prolonged milling time. BZT-0O micrograph presented in Fig. 1(a)
indicated that the BaCOj particles probably served as nuclei and
have been layered over by ZnO and TiO, particles.

As a result of particles having deformation introduced by
mechanical activation, the formation of soft agglomerates and
new needle shaped grains, has been noticed in SEM
micrographs of BZT-20. Micrographs of BZT-40 and BZT-
80 clearly indicated the presence of several phases within hard
agglomerates covered with smaller particles of starting powders
(Fig. 1(c) and (d)).
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Fig. 1. Scanning electron micrographs of (a) BZT-0, (b) BZT-20, (c) BZT-40 and (d) BZT-80.
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Fig. 2. Cumulative and frequency distribution curves for

Fig. 2 shows frequency distribution and cumulative
distribution curves of all samples. Fig. 2(a) shows that the
BZT-0 particle size distribution is consisted of two differently
sized particles. The first one were about 0.7 wm, and the second
one contained particles that are about 3.5 wm in size and a
“shoulder” representing a small part of bigger particles
approximately 20 pm in size. Particle size distribution of the
starting powder mixture represents small particles of TiOj,
bigger particles of ZnO and BaCO; agglomerates, respectively,
which is in accordance with BZT-0 micrograph. Fig. 2(b)
shows a third kind of particles, with distribution at around
65 wm, indicating that some new phases have been formed, in
shape of soft agglomerates that were easily broken with
prolonged milling time.

Furthermore, we suppose that the BZT-40 and BZT-80
particle size distributions belong to the two differently sized
agglomerates — about 0.4, and 4 pm within BZT-40 and 0.4 and,
finally, 3.5 pm within BZT-80, representing the agglomerates of
some new phases, covered with smaller ones of starting powders,
which is in a great accordance with the given micrographs.

This is in accordance with the X-ray analysis, which
pointed out that mechanical activation of BaCO3;-ZnO-TiO,
system is not only characterized by crystallite size reduction
and increase in dislocation density and lattice strain [12], but
also by formation of new barium-—titanate and zinc—titanate
phases.

X-ray diffraction patterns of non-milled and ball-milled
BaCO3;, ZnO and TiO, powders are given in Fig. 3. BZT-0 is the
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(a) BZT-0, (b) BZT-20, (c) BZT-40 and (d) BZT-80.

X-ray pattern of the non-milled starting mixture containing
BaCO;, ZnO and TiO, (anatase and rutile modification). The
identification of all obtained reflections has been accomplished
using the JCPDS cards (86-1157 for TiO, anatase, 71-2394 for
BaCOs, 89-0510 for ZnO, 76-0326 for TiO, rutile, 75-1582 TiO,
brookite, 87-1781 for Zn,TizOg, 82-1175 for BaTiOz and 85-
0547 for ZnTiOs3). After 5 min of mechanical treatment,
intensities of all peaks are lowered. Also, the third modification
of TiO,, brookite, is observed within mixture activated for 5 min
along with the very first traces of metastable compound
anTi30g.

The peak’s lowering is continued within BZT-10 diffraction
pattern. Also, the very first traces of a new BaTiO; phase are
observed. BZT-20 diffraction pattern indicated that the process
of amorphization is taking place along with peak broadening.
We can also notice the appearance of ZnTiO; phase and
disappearance of TiO, rutile and brookite phases.

The decrease of crystallinity that takes place in this type
of powder processing is a consequence of defect formation
and diminuition of crystallite size causing peak broadening.
Moreover, as the time of activation is prolonged, the less
intensities and greater broadening of all peaks are observed.
In the BZT-40 pattern, we can notice the simultaneous
decrease of TiO, anatase, ZnO and BaCQO3 with an increase
of BaTiOs, ZnTiO5; and Zn,Ti3Og phases. After 80 min of
activation, all phases mentioned above within BZT-40 are
still present, although the dominant phase is a phase of
BaTiO;.
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Fig. 3. XRD patterns of non-milled and ball-milled powder mixtures.

Microstructure parameters revealed from an approximation
method [13] of ball-milled powder mixtures: average particle
size (D), density of dislocations (pp) and lattice strain (ej;;) are
given in Table 1. Tribophysical activation is characterized by
crystallite size reduction and increase of dislocation density and
lattice strain [14—16], and our experiment confirmed these facts.
Tribophysical activation leads to the reduction in cohesive
dispersion domains for all directions observed, the number of
defects within the material rises and that reclaims the diffusion
of ZnO, BaCO;5 and TiO, atoms, which leads to a solid-state

reaction. These calculations have been conducted for the most
intensive reflections of ZnO (1 00), (002) and (10 1), TiO,—
anatase (1 0 1) and (2 0 0) and BaCO;5 (1 1 1). As the time of
activation increased, some of the calculations were not possible
to conduct due to great peak broadening and overlapping with
some reflections of the final products. Analyses of micro-
structure parameters calculated from the XRD data indicate that
the most intense changes are present in the ZnO lattice and it is
obvious that the crystallite size of ZnO decreases most during
the milling process, for all three directions observed here. We
can say that the process of ZnO crystal lattice destruction is the
dominant one owing to greater hardness of TiO, and BaCOs.

Fig. 4 represents densities obtained after the compaction
process and after the sintering process at 1100 and 1200 °C for
2 h. The maximum change in densification rate is observed
within powders activated 20 min. It is also clearly visible that
the greater densities are obtained after 40 and 80 min of
activation, but not the expected ones, they are very similar to the
ones obtained after 20 min.

Some of our previous investigations [17-19] are indicating
at the same problem about densification during the sintering
process. Namely, after certain time of milling (15 or 20 min,
depending on the balls to powder mass ratio), curves got into
the saturation part and further activation does not influence the
density increase. Regarding previous analysis based on SEM
micrographs, it is clear why prolonged mechanical activation
inhibits densification. Namely, it is known that a high content of
hard agglomerates, that are present within BZT-40 and BZT-80
in a higher content than in ones activated 20 min, is not suitable
for good sinterability.

Samples activated and sintered at 1100 °C for 2 h, presented
in Fig. 5, do not posses the same structure as the non-activated
sintered ones. XRD patterns of non-activated sintered samples
indicated that several phases: BaTiO5, ZnTiO3, Ba,ZnTi;;0,;
and BaZn,Ti4O,, are present within a mixture BZT-0 sintered
at 1100 °C for 2 h. In activated and sintered samples, the
absence of BaTiO; and Ba,ZnTi;;0,; was noticed, along with
the decrease in ZnTiO3 concentration.
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Fig. 4. Densities of compacts before sintering and after isothermal sintering for
2h.
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Fig. 5. XRD patterns of mixtures sintered at 1100 °C for 2 h.

No pure phase has been obtained within mixtures sintered at
1200 °C although the Ba4ZnTi; ;0,7 phase is not present. Based
on the analysis of peak’s intensities, the concentration of
ZnTiOj; phase is decreasing with the increase in milling time.
Furthermore, no BaTiO; phase is observed within activated and
sintered samples. The almost pure BaZn,Ti4O;; phase along
with a very small concentration of ZnTiO; phase is obtained
after 80 min of milling and sintering at 1200 °C for 2 h,
presented in Fig. 6.
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Fig. 6. XRD patterns of mixtures sintered at 1200 °C for 2 h.

Micrographs of the samples sintered at 1200 °C for 2 h are
given in Fig. 7. TiO, has not reacted completely, forming the
liquid phase. Breakage throughout grains of very soft zinc—
titanate phase along with large porosity are the main
characteristics of non-activated sintered sample. Fig. 7(b)
indicated at grains smaller than 1 wm, larger grains of 2 pm in
size and the third type are grains 10 wm in size along with open
porosity and ZnO in accession. Formation of spheroidal and
closed pores as a consequence of barium—zinc—titanate blocks

opF 16 10.SE|

Fig. 7. Scanning electron micrographs of (a) BZT-0, (b) BZT-20, (c) BZT-40 and (d) BZT-80 sintered at 1200 °C for 2 h.
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Table 1
Microstructure parameters revealed from an approximation method.

Sample Phase D (nm)

pp (X 10"%cm™?)

ena 10

100 002 101 101 200 111

100 002

101 101 200 111 100 002 101 101 200 111

Zn0O 72 73 112 6 6
TiO, 80 64
BaCO; 52

Zn0 41 3R 56 14 29
TiO, 70 58
BaCO; 46

BZT-0

BZT-5

ZnO 23 23 36 57 57
TiO, 57 35
BaCO; 35

Zn0O - 23 31 - 57
TiO, 35 -
BaCO; 31

BZT-10

BZT-20

2 1.7 1.6 0.9

11 32

14 3.6
23 5.5 5.0 3.1

24 4.8

31 - 5.0 35
23 - 4.5 -
31 5.4

approaching each other increased the density and are
determining the sample activated 40 min and sintered.
Furthermore, well formed barium—zinc—titanate phase with
no visible traces of ZnO is observed within sintered BZT-80
mixture. One can notice that samples activated 80 min and
sintered have advantageous microstructures, with the appro-
priate pores/materials ratio.

4. Conclusion

In this paper, the influence of mechanical activation on the
structure, as well as the isothermal sintering of BaCO3;-ZnO-
TiO, system, was studied. Scanning electron micrographs
indicated a difference between the starting and activated
powders morphology, confirming the changes taking place
during the mechanical activation. Having in mind results based
on PSA measurements, it has been found, that frequency
distribution and cumulative distribution curves, indicated at
particle size reduction during mechanical treatment up to
20 min, along with the formation of new phases and after that
time agglomeration process has been noticed.

XRD data gave information on phase composition of
sintered samples. 1100 °C is the temperature where one can
notice the existence of several phases, such as BaTiO3, ZnTiO3,
Ba,ZnTi ;0,7 and BaZn,Ti4O¢;. With the prolonged milling
time and increasing sintering temperature, the disappearance of
BaTiO; and BasZnTi;;O,; phases and the decrease in ZnTiO;
phase concentration along with the increase in BaZn,Ti O,
has been observed. 80 min of activation and sintering at
1200 °C for 2 h are the used conditions where the almost pure
BaZn,Ti4O;; phase has been obtained, with density that is
above 92% of TD of barium—zinc—titanate.
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