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Abstract

Ferroelectric barium strontium titanate (Bag 77S10,3TiO3), BST, was prepared by solid-state reactions using as the starting compounds powder
of barium carbonate (BaCOs;), strontium carbonate (SrCOs3) and titanium dioxide (TiO,—anatase). Non-activated mixtures and mixtures
mechanically activated in a high-energy planetary ball mill (0, 5, 10, 20, 40, 80 and 120 min) were sintered at 1100, 1200, 1300 and 1400 °C for
2 h in air atmosphere. Defects and the effect of the beginning of the sintering process on the microstructure were investigated by scanning
electron microscopy (SEM). Electrical measurements (loss tangent and resistivity as the function of frequency Xc=f(log v)) were performed for
ceramics sintered at 1400 °C for 2 h. It has been found that mechanical activation can reduce the sintering temperature by around 100 °C, which
leads to significant energy savings. Furthermore, activated for 80 min and sintered at 1400 °C for 2 h exhibit the largest density values and have
about 36% lower dielectric loss at a frequency of 1 kHz and about 57% at a frequency of 10 kHz than the samples obtained from the initial non-

activated powder sintered under the same conditions.
© 2014 Elsevier Ltd and Techna Group S.r.I. All rights reserved.

Keywords: A. Milling; A. Sintering; C. Electrical properties

1. Introduction

Ferroelectric ceramics are usually alkaline earth metal
titanates: BaTiO;, SrTiOz;, CaTiOs;, (BaSr)TiO;, and Ba
(ZrTi)O3 [1]. Ceramic capacitors based on titanate have
very high capacity and small size which enable the miniatur-
ization of electronic devices. Among the mentioned com-
pounds, (BaTi03)0,65(SrTiO3)935 has the best properties, due
to the large ¢, and the corresponding tgd. The disadvantages
include large and highly non-linearly changing capacitance
with temperature change ([AC/C]/At), in the operating tem-
perature range (~55-125 °C) [2].

Barium strontium titanate, Ba; _ ,Sr, TiO5; (BST), is a ferro-
electric material with potential application in microwave

*Corresponding author.
E-mail address: kosanovic.darko@gmail.com (D. Kosanovic).

http://dx.doi.org/10.1016/j.ceramint.2014.04.023
0272-8842/© 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

devices. BST is a continuous solid solution with a tetragonal
structure; it belongs to the family of (ABOj3) perovskites and it
is composed of titanate, barium titanate (BaTiO3) and stron-
tium titanate (SrTiO3). BaTiO3 (T¢=393 K) is a prototype
ferroelectric which undergoes a sequence of crystal structure
transitions as it switches from the ferroelectric to the para-
electric phase [3]. SrTiO5 is an incipient ferroelectric i.e. it
exhibits quantum ferroelectricity which means that it under-
goes phase transition at very low temperatures (7¢c=105 K),
and the quantum effect prevents complete transition to para-
electric phase [4-6].

BST is being widely investigated as a suitable dielectric
material for a variety of applications including tunable RF and
microwave circuits, dynamic random access memories (DRAM),
bypass capacitors, and non-volatile memories [7]. Thin-film BST
has several properties that make these applications possible. Most
importantly, the BST films show a field-dependent permittivity.
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When BST is applied as a capacitor, the dielectric constant
changes in a non-linear function. The nonlinearity of dielectric
properties with respect to an applied dc voltage makes BST
attractive for tunable microwave devices such as varistors, filters,
voltage-controlled oscillators (VCQO), delay lines and phase
shifters [8&].

The aim of this study is to investigate the influence of
mechanical activation and the sintering regime on the structure
and electrical properties of BST ceramics. Based on a detailed
analysis of temperature dependence, loss tangent of the angle,
and the influence of mechanical activation on the change of
frequency characteristics, optimum technological parameters
are used for obtaining Bag;7S1523TiO; ceramics with
improved electrical characteristics.

2. Experimental procedure

Mixtures of BaCOj3 (99.8% p.a. Aldrich), SrCO; (99.8% p.a.
Aldrich) and TiO, (99.99% p.a. Aldrich) powders the molar
BaCO;:5rC0O5:Ti0,=0.77:0.23:1 were mechanically activated
in a high-energy ball mill (Retsch, PM 400). The process of
milling was performed for 0 to 120 (0, 5, 10, 20, 40, 80 and
120) min in air atmosphere. Initial samples were milled in
500 ¢m? zirconium oxide beakers together with balls of 10 mm
in diameter (the ratio of powder and balls was 1:20). After
milling, the powders were dried and calcined at a temperature
of 800 °C, for 4 h inside a chamber furnace.

The samples of activated and then calcined BST powders
were pressed at 4 t/em? (392 MPa). They were sintered in air
atmosphere and in a laboratory chamber furnace (Electron)
whose maximum temperature is 1600 °C. The samples were
placed into the furnace and sintered at temperatures of 1100,
1200, 1300 and 1400 °C for 2 h. The heating rate was 10 °C/
min, and when the furnace reached the temperatures of 1100,
1200, 1300 and 1400 °C, the pressed samples were sintered
isothermally for 2 h. The morphology of sintered BST was
analyzed using a scanning electron microscope (SEM, JSM-
6390 LV JEOL, 25 kV).

X-ray of the sintered samples were obtained on a Philips PW
1050 diffractometer, using the ACu Ko owl radiation and the
“step scan” mode with increments of 0.05°. The measurement
of the dielectric loss tangent and the values of the real (R) and
imaginary (Xc) components of the complex electrical impe-
dance of the sintered samples was carried out on the device
HIOKIT 3532-50 LCR HiTESTER, at the operating frequency
of 1 kHz and 10 kHz. The sample preparation involved the
application of platinum paste on both sides of the sintered
samples, which were then heated for 30 min at 150 °C with the
intent of curing the paste and improving conductivity.

3. Results and discussion

The greatest changes in the density of the samples occur at
1100 and 1200 °C for samples activated for 5 min, while the
effect of a prolonged milling time for 10 and 20 min is
negligible at these sintering temperatures. Small changes in
the density at lower sintering temperatures clearly indicate that

D. Kosanovié et al. / Ceramics International 40 (2014) 1188311888

the final stage of the sintering process occurs at higher
sintering temperatures.

Table 1 shows densities of BST-S samples sintered at the
following temperatures: 1100, 1200, 1300 and 1400 °C for 2 h.

Analysis of the results of isothermal sintering (Table 1)
shows that the best effect is achieved by mechanical activation
for 120 min at the sintering temperature of 1400 °C (Fig. 1).

The analysis of the dependence of density differences in
activated and non-activated samples shows that the minimal
effect of milling is observed at 1300 °C, whereas the maximum
effect can be seen in the samples sintered at 1100 °C.
Accordingly, energy savings are achieved using mechanical
activation, which also results in good technical properties of
ceramics at lower sintering temperatures.

Based on our previous results, the diffraction patterns of
non-activated and mechanically activated BST isothermally
sintered at 1400 °C for 2 h indicate that the phase composition
of the sintered samples has four phases [9]. Well crystallized
phase Bag77S19,3TiO5; shows sharp and intense peaks and
phases, such as witherite (BaCOj), strontium carbonate
(SrCO3) and anatase (TiO,) which occur in low concentrations.
The peaks of the milled and sintered samples are reduced,
which means that there is a narrowing of peaks, indicating an
improved crystallinity of the samples (Fig. 2). Having in mind
that the increase in the sintering temperature stabilizes the

Table 1
Sample densities, p; (g/cm®) of samples sintered isothermally at temperatures
of 1100, 1200, 1300 and 1400 °C for 2 h.

Sample 1100 °C, 2 h 1200 °C, 2 h 1300 °C, 2 h 1400 °C, 2 h
BST-0 3.367 3.750 4338 4518
BST-5 3.643 3.939 4393 4.606
BST-10 3.671 3.982 4.409 4.654
BST-20 3.680 3972 4421 4.688
BST-40 3.934 4.098 4444 4815
BST-80 4118 4.199 4.526 4941
BST-120 4204 4352 4.633 5.030
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Fig. 1. Density differences in non-activated samples and the sample activated
for 120 min, both sintered, as the function of the sintering temperature.
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crystal structure due to the recrystallization process, it may be
concluded that all of the above-mentioned facts suggest that
the formation of a solid solution, the composition of which is
Bay 7751023 TiO5, has actually occurred in the system.

The analysis of the evolution of microstructural constituents
during sintering, performed by scanning electron microscopy,
confirms the previously presented conclusions. Based on this

300 (111)

ntensity [a..]

20[°]

Fig. 2. Influence of the activation time on the full width at the half-maximum
of diffraction lines (111) on diffractogram of sintered BST ceramics.
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analysis, it has been found that an increased temperature and
extended sintering time result in the related processes of grain
growth and pore size reduction. Micrographs of the samples of
BST-S-0, BST-S-20, BST-S-80 and BST-S-120 sintered at
1400 °C for 2 h are shown in Fig. 3.

The SEM micrograph of the starting powder shows a large
open porosity of grains of different sizes. Fig. 3a (BST-S-0)
indicates the presence of larger, well-formed grains of barium
strontium titanate (as one phase) and smaller grains (as the
second phase). Also, in the non-activated samples, a non-
homogeneous porous microstructure is observed, which is
prevailed by the polygonal grain shape and the presence of the
so-called texture open porosity, with pores of an irregular
shape. In the sample which was mechanically activated for
20 min, uneven densification and grain growth (barium stron-
tium titanate) have been observed (Fig. 3b). The micrograph
shows the presence of a second phase (smaller particles), but
they are evenly distributed. The SEM micrograph of the
sample mechanically activated for 20 min shows an increased
mass transport. It is caused by the higher surface activity of
grain boundaries and leads to their structural reinforcement,
resulting in the appearance of fracture patterns. The micro-
graphs in Fig. 3¢ and d show that the increase of the activation
time results in a growth of a new phase, along with the size

13V X7,500  2um

Fig. 3. Scanning electron micrographs of samples (a) BST-S-0, (b) BST-S-20, (¢) BST-S-80 and (d) BST-S-120 sintered non-isothermally at 1400 °C and

isothermally for 2 h.



11886

reduction of the second phase and the reinforcement of the
boundaries between grains.

Finally, the formation of the most compact structure of a
polygonal shape, medium-sized with a slight presence of an
unreacted second phase, has been observed. Also, there is a
dominant presence of closed porosity in which spherical pores
were identified, and this phenomenon shows that the system
entered into the final sintering stage.

The influence of temperature on the dielectric loss in the
samples Bag 7751923 Ti05 (BST-S) sintered at 1400 °C for 2 h
was considered at frequencies of 1 kHz and 10 kHz.

Based on the experimental results shown in Fig. 4, it can
be concluded that tgd increases with an increased sintering
temperature (that the peaks were more pronounced). It is
observed that in all sintered samples with prolonged activation
times the first decline occurs in the value of the Curie-
temperature, and then possibly decline in the value tgd.
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Fig. 4. Influence of the activation time on the temperature dependence of the
dielectric loss in BST-S sintered samples at frequencies of (a) 1 kHz and (b)
10 kHz (system uses a dielectric loss tangent of the angle calculated from the
ratio of &/ and &//).
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Fig. 5. Influence of the activation time on the temperature dependence of the
dielectric loss in BST-S sintered samples at frequencies of 1 kHz and 10 kHz.

Based on the analysis of the results shown in Fig. 5 it can be
concluded that the optimal duration of the mechanical activa-
tion of the starting powders is 80 min. The samples of the
powder sintered at 1400 °C for 2h have about 36% lower
dielectric loss at the frequency of 1 kHz and about 57% at the
frequency of 10 kHz than the samples obtained from the initial
non-activated powder sintered under the same conditions. The
dependence graphs Xc=f (log v) for the non-activated samples
and those mechanically activated for 5, 10, 20, 80 and 120 min
at temperatures from 310 to 410 °C are shown in Figs. 6-8.
For the experimentally observed dependence graphs Xc=f
(log v) for the non-activated samples and those mechanically
activated for 5, 10, 20, 80 and 120 min in the paraelectrics one
or two peaks appear, depending on the observed temperature
and activation powders. For the temperatures of 310 and
360 °C, two peaks are observed. The first, more intense, is
located in the lower frequencies and the corresponding grain
boundary, and its frequency corresponds to the frequency at
the top of the large semicircle in the Z* plane. The second, less
pronounced peak at higher frequencies, corresponds to the
grain (Figs. 6-8).

The activated samples heated at 310 °C show a decrease in
the intensity of both peaks in the frequency dependence of
reactance graph Xc=f (log v) and the change of the position
of their maxima, while the change of the intensity and position
of peaks reflects the properties of the grain boundaries (Fig. 6).
In the samples obtained from the powder activated for 5 min,
the peak corresponding to the grain boundary decreases
sharply, spreads and shifts to higher frequencies (Iig. 6a).
As we move to higher frequencies, the peak corresponding to
the grain also shifts, but to a considerably lesser degree; the
peaks corresponding to the grain and grain boundary become
closer only in terms of intensity but not in terms of position
(activated samples 20, 80 and 120 min); therefore no super-
position occurs.

In Fig. 7 the influence of activation time on the frequency
dependence of reactance Xc=f (logv) at a temperature of
360 °C is shown. For the samples activated for 5 min the
reduction in the intensity of both peaks, as well as the change
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in the position of their maxima, has been compared to the non-
activated sample. The samples that were activated for more
than Smin (10, 20, 80 and 120 min) show a significant
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Fig. 8. Influence of activation time dependence: Xc=f (log v) at a temperature
of 410 °C.

increase of the intensity peaks and their position, compared
to the non-activated sample. The change of peak positions
reflects the properties of grains and grain boundaries; they are
shifted to lower frequencies. The changes in the peak
intensities caused by activation lead to the partial overlapping
of the activation patterns of the samples activated for 20, §0
and 120 min. In the samples activated for 10 min, one peak is
observed, and it originates from the influence of agglomerates'
boundaries.

In Fig. 8, the influence of the activation time on the
frequency dependence of reactance X-=f (log v) at a tempera-
ture of 410 °C is shown. In the samples activated for 10 min, a
decrease in peak intensity and a change in the position of the
maximum have been observed; at the same time mechanical
activation largely brings about a change in the intensity and
position of the peak which reflects the properties of grain
boundaries. For the samples obtained from the powder
activated for 10 min, the peak corresponding to grain boundary
decreases sharply, spreads and shifts to higher frequencies

(Fig. 8).



11888

The 10-min activation results in a rapid growth and reversed
directions of peak shifis, which represent the grain boundaries.
This is in line with the changes in the microstructure of the
samples that were previously discussed.

4. Conclusion

In this paper, the influence of mechanical activation on the
electrical properties of Bags731553Ti05 ceramics has been
investigated.

— Based on the measurement of the relative density of the
sintered (BST-S) it has been discovered that the largest
change in density occurs in the powders mechanically
activated for up to 20min and sintered at 1100 °C and
1200 °C for 2 h.

— Tt was found that density of BST-S samples increases with
temperature and the sintering time.

— Also, the mechanical activation of the starting powder for
120 min can reduce the sintering temperature by around
160 °C, which leads to significant energy savings.

— As far as the dielectric loss is concerned, it has been found
that the optimal duration of the mechanical activation of the
starting powders is 80 min. The samples of the powder
have about 36% lower dielectric loss at a frequency of
1 kHz and about 57% at a frequency of 10kHz than the
samples obtained from the initial non-activated powder
sintering under the same conditions sintered at 1400 °C for
2h.

— By studying the electrical properties of the BST-S sintered
samples obtained from the non-activated powder heated at
different temperatures (310, 360, and 410 °C}) it has been
found that with increasing temperatures of the sample both
active and reactive components of impedance decrease.

— With the increase in temperature the relative ratio of the
contribution of the grain and grain boundary resistance
alters in favor of the grain boundary.

D. Kosanovié et al. / Ceramics International 40 (2014) 1188311858
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Commercially available Zn0 powder was mechanically activated in a planetary ball mill, In order to
investigate the specific surface area, pore volume and microstructure of non-activated and mechanically
activated Zn0 povweders the authors performed N; physisorption, SEM and TEM. Crystallite size and lattice
microstrain were analyzed by X-ray diffraction method. XRD pattems indicate that peak intensities are
getting lower and expend with activation time. The reduction in crystallite size and increasing of lattice
microstrain with prolonged milling time were determined applying the Rietveld's method. The differ-
ence between non-activated and the activated powder has been also observed by X-ray photoelectron
spectroscopy (XPS)L XPS is used for investigating the chemical bonding of Zn0 powder by analyzing the
energy of photoelectrons. The lattice vibration spectra were obtained wsing Raman spectroscopy. In
Raman spectra some changes along with atvpical resonant scattering were noticed, which were caused
by mechanical activation.
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TEM
Raman spearoscom
n0

@ 2015 Published by Elsevier BV,

1. Introduction

Due to its wide direct band gap (3.37 eV) and large excitation
binding energy at room temperature, Zn0 is a very good semi-
conductor material and an important ceramic material for appli-
cation in gas sensors, catalysis, solar cells and transducers [ 1—-6].
With its wurtzite structure improved Zn0O characteristics, such as
smaller and more uniformed particle size, are desirabie properties
for its application in multilayer ceramic capacitors and varistor, as
well [7L It is well known that the structural, morphological, and
electronic properties of ZnO particies depend not only on the
specific crystal structure, composition, and morphology of the ox-
ide particles, but also on defect in their structure [8], A nanosized
powder with uniformed particle size distribution and coatrolied
particle morphology is highly desirable.

There are many methods which can prod uce this type of powder
such as microemulsions, colloidsynthesis routes, sol—gel methods
and spray pyrolysis, ion implentation, laser ablation etc, for the

* Corresponding author,
E-mail address: adrlanapeles@itnsaniacrs (A, Peles).

http: ! detdobore 10,0016 allcom 2015.06 247
(925-8388 /& 2015 Published by Elsevier BNV,

preparation of various nanostructures and homogenization [1]
Among these methods, to produce nanoarystalline powder and to
improve the functional properties, mechanical activation has been
employed, due to its simplicity, shortened time of sample prepa-
ration and low-cost.

Mechanical activation processes are used to modify the prop-
erties of materials, to enhance the reactivity of materials and to
produce advanced materials etc. The reactivity of materials is
dependent on different parameters such as activation time {dura-
tion time of milling process of powder) and type of energy mill
Also the different atmosphere, where the milling process is per-
formed, has a big influence on reactivity of the material. Mechanical
activation by grinding, as a method for modifying the physical and
chemical properties of powder materials, is often used in powder
technology [9,10]. Specific changes that occur during grinding have
a great influence on final properties of the obtained material, also
improving their specific application, Mechanical activation by
grinding requires a few processes and mainly occurs in four stages.
In the first stage there is a destruction of material than in the
second stage it can be observed a formation of a new surface on the
material which is destroyed. Next stage is fine grinding and finally
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transformation into a new material with a different structure and
properties | 11]. Grinding could be performed in various types of
mills such as ball-mill, planetary-mill vibratory mill, pin mifl etc.
High-energy milling process is one of the very powerful techniques
for synthesizing and particles fragmentation of all kinds of mate-
rials [ 12,13]. This method is widely used and it is continue to attract
the serious attention of researchers,

Investigations of possible modifications of material properties
are of vide interest, such as scientific and practical. A complex
analysis of activated powders is necessary and requires complete
information on the fine defect structure,

The goal of this research was to investigate the change in the
structural characteristics of Zn0 powder particles before and after
milling process for shortened time (up to 30 min).

2. Experimental procedure

Commercially available ZnO powder {Sigma Aldrich, 99.9% p.a.)
was mechanically activated by grinding in a high-energy planetary
ball mill (Fritsch Pulverisette 7) at air atmosphere. We used
wolfram carbide balls, with 5 mm in diameter, while powder to ball
mass ratio was 40:1. Activation time for this study was 5, 10 and
30 min. Measurements of spedfic surface area and pore volume of
non-activated and mechanically activated powders were carried
out using Sorptomatic 1990 Thermo Electron device. Data pro-
cessing was performed using the software package Advanced Data
Processing Version 5.1 Release 5.13.

The microstructure morphology of all powders has been
investigated using scanning electron microscopy (JEOL JSM-6330
1v) and Transmission electron microscopy (TEM, JEOL-100CX).

M-ray diffraction patterns of the initial and activated powders
were obtained on a Philips PW-1050 diffractometer with ACu-Ky
radiation and a stepftime scan mode of 0.05°(5 s. Structural re-
finements were carried out using the Rietveld's method.

XPS analyses were performed using a Kratos Axis Ultra XPS
system with Monochromated Aluminum K-Alpha X-Rays. The
chamber vacuum during measurement was at 2.5 = 107% torr. The
X-Ray gun was operated at 15 kW and 10 mA. A charge neutralizer
was used to reduce charging effects from non-conducting surfaces.
Electrons were collected at 90° from the sample surface. All survey
scans were collected with a Pass Energy of 160 eV and 1 sweep (or
averaging). All Region scans were performed with a Pass Energy of
20 eV. All data was calibrated to the C—C portion of the Cis peak at
2845 eV,

Raman scattering was performed by a He—Ne laser in three
different wavelengths, An 1800 lines/inch grating was used. The
data was collected using a count time of 5 s with 5 averaging cycles.
The samples were measured under a microscope using a 100x
objective.

3. Results and discussion

It is well known that mechanical activation leads toa decrease in
crystallite size, appearance of structural defects, phase trans-
formations, order—disorder transitions, amorphisation, chemical
reactions, etc. 3,13 During the formation of mechanically acti-
vated nanocrystalline powders, in a size reduction process, powder
particles brake in dependence on the applied stress and material
properties [13]. The changes of the powder particle morphology
and powder porosity appear during mechanical activation, man-
ifested by interparticles void and pores within individual particles.
Those changes can be analyzed by measuring pore volume and
specific surface area. Our investigations showed that mechanical
activation caused a significant increase in pore volume of ZnO
powder. Changes in pore volume and specific surface area are

shown in Fig. L.

Applied mechanical activation introduces mechanical energy
into the system, destroying the crystal structure of ZnO powder,
increase the number of pores in the total porosity. Mechanical
acrivation also changed the specific surface area. At the beginning,
non-activated powder has specific surface of 6.9 m?/g After 5 min
of activation, its value decreases to 5.9 m®/g which is probably
caused by powder particle adhesion, With prolonged milling time,
values of specific surface area are increasing up to 7.8 m%/g. These
effects could be attributed to powder particle breakage, followed by
increase in mesopore volume,

TEM analysis showed that the particles of non activated ZnD
have polygonal shape, with smooth and uniform surfaces. As a
result of mechanical activation the erosion of the surface occurred
as well as diminution of the particles, It has been also noticed that
for the samples activated for 30 min increased surface activity
influenced the formation of agglomerates, as it can be seen in Fig, 2.

The mechanical activation led to decrease in crystallite size,
increase in microstrain, introducing the energy into the system. All
that changes can be observed by lowering the intensities of XRD
peaks as well as its broadening, Depending on activation time these
changes have been study by performing XRD, XPS and Raman
analysis.

Scanning electron micrographs are in accordance with data
obtained by Ny physisorption and TEM analysis.

Fig. 3. represents SEM micrographs of non-activated Zn0O pow-
der and powders activated for 5, 10 and 30 min. Initial non-
activated ZnO is a submicron powder composed of partides
0.2—0.7 microns in size with clear boundaries between the grains. A
high degree of anisotropy in the shape and form of a large number
of needle-shaped particles is observed. Micrograph b) and c) show
that with prolonged milling time particles gained uniformed dis-
tribution, while after 30 min of activation, formation of agglomer-
ates approximately 1 micron in size, is noticed.

The size of particles accumulated on the agglomerates surface
decreases with activation time. These results are given in Table 1. At
the beginning, the size covered the range bepween 200 and 700 nm,
while with the prolonged milling time, the particle size was in the
range between 60 and 470 nm.

Soft agglomerates at the surface often form in mechanically
activated powders as a result of increased surface energy of me-
chanically activated powders. It should be notice that the forma-
tions of agglomerations during the mechanical activation can have
a negative impact on sintering process to get a ceramics with good
performance. The agglomeration of nanoscaled powders in general
decreases the density of green bodies pressed from those
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Fig. 2. TEM images of Znd powder: a) nonactivated b} activated lor 5 min, ¢} activated for 10 min and d) activated for 30 min.

agglomeration we chose the shortened time of activation, which
have so far not been taken into consideration for Zn0 powder.

Fig 4. represents XRD patterns of non-activated Zn0 powder and
the activated ones. The identification of obtained peaks has been

nanopowders, H. Ferkel and R.J. Helimig showed in their work that
a short ball-milling procedure decreases the amount of strong ag-
glomerates in alumina and zirconia nanopowders produced with
PVS and laser ablation technigue [14]. In order to reduce powder

|y
15K X20,000 15KV X20,000

16KV X20,000° g

Fig. 3. SEM micrographs of Zn0 powder: a) nonactivated, b) activated for 5 minc) activated for 10 min and d) activated for 30 min.



A Peleg et al. / journal of Alloys and Compounds 648 (2015) 971 -979

Table 1 Table 2

Farticle size of Zn0 powders obtained by SEM micrographs. Lattice parameters and unite cell volume.
Activation time, {min} Partide size, (nm} Activation time, (min} a(A) (A} v {(A%)
1] 212-704 L1} 3325059 520783 4767
5 98-545 5 325053 520802 4766
10 T6=-510 10 325143 5204935 4769
30 G4 464 30 325177 520026 4730

performed using the ICSD card #82028 for Zn0. The tree most
intensive peaksat 20 = 31.74°, 34.38°, 36.22 were assigned to {100),
(002) and (101) reflections of ZnO, indicating that samples were
polycrystalline wurtzite structure.

Mechanical energy that introduces into the system by me-
chanical activation consumes an integral phase fragmentation and
distortion of the crystal structure of the starting Zn0, as well as the
increase of microstrain, At the beginning, large crystallites of non-
activated Zn0, XRD patterns indicated sharp peaks intensities, but
with prolonged milling time, those peaks intensities are getting
lower along with their broadening. This may be explained by
destabilization of the crystalline phase, particle refinement and
crystatlite size and generation of stress field [13] This changes in
peak intensity and their broadening is related tw particle frag-
mentation and amorphization,

A process of mechanical activation is intense and energetically
favorable for the producing defects within the structure. Such
reatment of the powder leads to a significant increase in defects
such as vacancies, dislocations, grain boundaries and they lead to
change of lattice parameters and unit cell volume observed by
Rietveld's method (Table 2).

¥-ray powder diffraction (XRPD) patterns of the initial and
activated powders were obtained on a Philips PW-1050 diffrac-
rometer with ACu-Ku« radiation and a step/time scan mode of 0.05°/
5s

Lattice parameters (e, ¢) and volume of the ZnO unit cell
{V = +/3/20%c) were refined from the XRPD patterns by the Riet-
veld method using TOPAS 4.2 software, The space group P63mc
(MND.186) was used as a model, with the starting values of lattice
parameters and atomic positions adopted from 1CSD 82028. To
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Fig. 4. XRD patterns of ZnD powders.

achieve the best fit of experimental data Fundamental Parameter
Approach was applied [15]. Peak shapes, lattice parameters, and
scale were refined simultaneously. After convergence, atomic po-
sitions and isotropic temperature factors were included in the
refinement, Calculation of the volume weighted mean crystallize
sizes, based on the individual crystallite size {D) and strain {epy)
contributions to the peak profile shapes versus 26 { a convolution of
Lorentz and Gauss functions), was done using Double-Voigt
approach. Size-broadening anisotropy in whole powder pattern
fitting was described by spherical harmonics, The quality of the
Rietveld refinement was evaluated in terms of the discrepancy
factor profile weighted residual error (Rwp < 10%) and the
Goodness-of-Fit indicator {GoF ~ 1),

The influence of applied mechanical activation on crystallite size
reducing and increasing of microstrain is observed. Crystallite size
decreases with activation time from 60.7 nm, for non-activated
powder, to 35 nm for 30 min of activation. Also, the increase of
microstrain is observed, from 0.0001 % for non-activated powder to
1.15% for the powder activated for 30 min, Crystallite size decreases
with prolonged milling time, while lattice strain increases {Fig. 5).

XPS was used to study the electronic structure of the samples,
The representative XPS spectra of O 1s and Zn 2p photoelectron
lines are shown on Fig 6.

For non activated Zn0 Zn2p core level spectrum comprises of a
doublet Zn 2p 3/2 and Zn 2p 12 with symmetrical features, which
rules out the presence of multi-component Zn. The doublet was
fitted with two Gaussian peaks centered at 442,543 and 465,843 eV
as shown in Fig, 6a, con firming the Zn?* state. For the samples
activated for 5 min, the main core level XPS spectrum of Zn 2p
centered at ~442,186 eV and ~465,386 eV showed slightly asym-
metrical features, indicating the existence of Zn in its multiple-
oxidation states, The deconvoluted Zn 2p3/2 core level XPS spec-
trum shows two peaks, centered at ~465,432 eV and ~442,432 eV,
for the samples activated for 10 min, and at ~465375 eV and
~-442175 eV, for the samples activated for 30 min, corresponding to
different oxidation states of Zn. The lower energy peak in the
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Fig. 5. Changes in crystallite size and lattice strain with activation time.
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deconvoluted spectrum is attributed to the Zn®* ion array sur-
rounded by 0%~ ions in the hexagonal ZnO and is termed as the
oxide form of Zn. The deconvoluted peak centered at the higher
binding energy side is related to metallic zinc, This observation is in
agreement with the XPS study of Zn0:Mn nanoparticle thin films
performed by U. llyas et al, [16], as well as with YY.Chen et al. [17].

As it can be seen from the fit results of the O1s core level XPS
spectra for non activated Zn0O, the O 1s spectrum consists of the
main peak Oy and subpeak Oy, The main O 1s peak Oy is attributed to
0%~ bonded to Zn®* and the subpeak Oy is related to OH group
absorbed onto the surface of the ZnO particles. Beside those two
peaks, one more peak Oy has been observed for the sample acti-
vated for 5, 10 and 30 min. The formation of this peak can be related

to the presence of oxygen in oxygen deficient regions in ZnO host
matrix, and is in accordance to the study of U. llyas et al, [18],

In order to study the vibrational properties of ZnO and to un-
derstand transport properties and phonon interaction with the free
carriers we used Raman scattering. Also, to get the important in-
formation about the crystal structure, lattice distortion, phase
transformation and defects [ 19]. Therefore, Raman spectroscopy
techniques can be used to study the structural and morphological
disorder, which are strongly correlated with optical phonons in
nanostructures [20],

In the Raman spectra the non-polar Ez (high] mode at
~438 cm™! dominates, which originates from the first order scat-
tering. This mode is primarily related to the vibrational motion of
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oxygen atoms in the ZnO crystal lattice. The intensity of these
modes drastically decreases with the activation time, After 30 min
of activation, Ez (high) mode expands and increases its asymmetry
towards lower frequencies, indicating a disorganization of the lat-
tice and phonon—phonen interaction [21—-23]

At initial non-activated powder, there is the presence of the first
order mode, a weak polar mode Ay (TO) at ~380 em™! and the
presence of a very weak polar mode Ay (LO) at about 568 cm™",
Other modes derived from multiphonons process and among them
the most intensive mode is the mode of the second order
~333 cm™ !, Activation of the powder leads to an increase in the
intensity of Ay {LD) mode, After 5 min of activation, we begin t
observe the mode at 583 cm™ ! which we can, according to Tzolov's
[24] and Wei's [25] previous investigation, ascribe to first order
mode E1 (LD) and the position of the strongest mode of the second
order Ay, (Ea{high) - E;{low sllghr]1y shifted rowards lower fre-
quencies, from 333 em™! 331 am ™, With the activation time an
increasing in the Ay (LO) + E; (LO) mode is observed. After activa-
tion of 10 min, this mode may indicate an increase in axygen va-
cancies, because the increase of the concentration disrupts the
fong-range order in a grid, and thus leads to relaxation of Raman
selection rules. Together with the peak at ~570-580 cm™, the
increasing contribution of the Raman effect in the area of
545-555 cm ™! is observed, which is pronounced as a “shoulder”
peak on the side of low frequency A; (LO) + Ey (LD).

It is estimated that the activation time of 10 min or longer, this
“shoulder” effect occurs as the result of two peaks. Thereby, the
peak at ~545 cm !, according to literature [26-28] is associated
with multiphonons process and the resulting contribution to the
most convenient mode 2By low and 2LA in I', L, M, H point Bril-
uenove zone. The peak at 550-560 cm™' may be caused by the
vibration mode so called surface optical phonons, which is theo-
retically confirmed by Fonoberov and Baladin [29,30], and a defect
may originate from the surface of the particles as well as the effects
of the boundaries between the submicron domains,

With further activation, the mutual intensity ratio of the peaks
Ay (LO) + Ey (LO) and Ez (high) increase, which is caused by a sig-
nificant reduction in the size of the powder particles, The increase
in the peak intensities of Ay (LO) + E; (LO) can be caused hy so-
called EFI {electric field induced) Raman amplification via the
“charge trapping” at the grain boundaries, combined with coupled
plasma-phonon scattering, The reason of that is because the grain
boundaries of polycrystalline sample come up o a certain curva-
ture energy gap (band banding) and to the presence of a relatively
strong electric field [31] The increase in the mentioned peak can
also be caused by increased presence of surface phonons, Both ef-
fects are generally more pronounced in the case of small grain size,
i.e, particles of powder and crystallite [24,31 ], because in that case,
the specific area of the observed polycrystalline sample increases,
In support of the existence of the second effect is the observation
that aforementioned peak 2B, low mode and the existence of sur-
face optical phonons becomes stronger and moves to 555 cm!,
which may indicate an increased contribution of surface opncal
phonons, in relation to the activation of 10 min. This range looks
like non-resonant spectrum of ZnO quantum dots ~20nm in
diameter [32]. Particularly evident expansion of Ez (high) mode and
increase its asymmetry (toward lower frequencies) is arising from
disorganization lattice and phonon-phonon interactions, Peak fy
(LO) + E; (LO) is growing which confirms the existence of a peak
2B, low. In the area of 700—2200 e the biggest changes occur.
Modes in this range are highly amplified and the appearance of this
part of the spectrum resembles the appearance of resonant
amplification, although the line excitation ar633 nm (E = 1.96 eV),
which is much less than the nominal band gap of ZnD (E= 3.3 eV).

In the range of 114D—1150 cn™! the dominant contribution, at

about 11401150 cm™" is derived from 2E1 (LO) mode in G point
Briluenove zone, which belongs to the scattering of 1l order. Some
authors, such as Cusco and associates | 33], consider that in the area
of 1150—1160 cm ™" there is a contribution 24, {LO) mode (Overton
Ay (LO) mode) to G point Briluenove zones, and even that some
contribution comes from 2LO scattering involving mixed mode the
strip along the A-L-M line. In any case, there is dgreement on the
position that the Raman-effect of the 1140—1160 cm™" does not
include contributions of TO mode. Raman-effect, shows as a
“shoulder” at around 1100 to 1110 cm™ ! (Fig. 7) can be attributed to
210 dispersed in the H and K counts Briluenove zone, while at
about 1080 cm ™' can be note a smaller contribution of the Ay
(TO + LO). Otherwise, it is generally considered that the efficiency
of Raman scattering is much higher for phonon processes involving
LD mode, than processes involving TO mode. For example, Calleja
and Cardona |26] reported that 210 resonant scattering can be
increased for the photon energy around ~1 eV under basic energy
zone, The fact thatin the mechanically activated powder pradically
there was no change in the intensity of A; (TO) mode {except for a
slight weakening in the activation of the 5 min) and a significant
gain of LO mode, supports the assumption of the occurrence of
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resonance amplification in the powders activated for 30 min, The
Callender et al. [34], in the case of ZnO single crystals found that
this mode does not depend on the wavelength of the excitation
laser radiation, while the intensity E; (LO) mode increases signifi-
cantly if there is the conditions for resonant amplification, and this
coincides with what was observed in our research Powdered acti-
vated for 30 min

This could indicate that the resonant amplification occurs
through the levels in the forbidden zone [31]. Also, the appearance
of the 3LO mode, i.e. the scattering of the third order in the sample
Zn0 — 30 min further shows the Raman resonance dispersion
[3135). It is aresonant amplification across levels inthe energy gap
[23,33], which in this case is referred to the intermediate electronic
states of defects created during mechanical activation,

When measuring in the range of above 20 em ™ {third extended
measurement) with the ZnO-activated for 30 min the phenomena
Ez {low) non-polar first order mode at 98 cm™' is observed and
binds the vibration zinc sublattice (Fig. 8.) [23,33]. It is observed
that the modes Ez (low) of greater intensity than the Ez (high),
which is usually the case for non-resonant scattering. To verify the
above mentoned results, additional measurements were done
with two more laser wavelengths, one at 442 nm and the other at
785 nm.

Figs. 9 and 10 show that the laser excitation of 785 nm appears
as a typical spectrum of non-resonant scattering. In the range of
20 em ' to 800 cm! the most intense peak is Ez (low) then
Ez (high). The influence of Raman effect at ~545—560 cm™!, can be
notice as a shoulder at Ay (LO) + Eq (LO) peak that originate from
surface oprical phonons. The most intensive Ez (low) mode is
related to the vibration of the zinc sublattice [21,23], The intensity
of the E; (low) mode is stronger than the intensity of Ez (high)
mode and this is a typical case of non-resonant scattering.
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Raman spectrum of the Zn0-30 sample is obtained at the laser
exdtation wavelength of 442 nm and looks like the resonance
Raman scattering spectrum. In the range of 20 cm ! to 2200 cmy !
{Fig. 9.) the most intense peak is Ay (LO) + E¢ (LO) mode at 573 em!
and 578 cm~, which is due to resonant scattering, because of
which and peak at ~1168 cm! derived from the mode 2E; (LO] is
highlighted, With activation time up to 10 min "blue shift” of peak
Ay (LO) + Ey (LO) for more than 10 cm~!, while after 30 min of
activation peak goes left toward lower frequendes than non acti-
vated powder. Ez ( high) mode is getting lower whit activation time
and after 30 min of activation the ratio of peaks Ez (high) and A,
{LO) + E; (LO) is equal to 1:4. Ez (high) mode shifts to higher fre-
quencies with activation time of 5 and 10 min The above
mentioned peak for powder activated for 30 min takes the position
at a lower frequency than the non-activated powder, This is in
accordance with the crystallite size {~30 nm) calculated by the
Rietveld's method [22] . Blue shift of the Ez (high) mode can be
observed as extensive increase of compression type strain, con-
centration of defects increases which leads to the localization of
phonons by defects inherent in the structure of Zn0, such as oxyzen
vacancies and Zn interstitial, resulting in the Ez (high) mode and A4
{LO) + E; (LO) peak shifted to the left compared to the other
powders, In addition, the longest activation results in the signifi-
cantly reduced size of the crystallites and changes in the dominant
ype of stress in terms of domination of stress-type strain, and
possibly a change in the dominant type of defects, which also leads
o a shift to lower-mentioned mode frequendes.

4. Conclusion

In this article the results of structural investigation of mechan-
ically activated ZnO powders have been presented. It was noticed
that mechanical activation caused the increase of mesopore volume
and non-monotonic trends of specific surface area with prolonged
milling time. These effects are caused by powder particle adhesion
and breakage due mechanical activation. TEM images showed
erosion of the surface as well as diminution of the particles and the
formation of agglomerates for powder activated for 30 min. SEM
micrographs are in accordance with TEM analysis, also increase of
surface agglomeration to approximately 1 micron is noticed, Re-
sults obrained by Rietveld method show a significant decrease in
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the crystallite size from ~65 to 35 nm and increase in the microstain
up to 1.2%. Obtained results report the creation of defect and in-
crease of strain inside the hexagonal lattice of ZnO powder for
prolonged time of mechanical activation. For the mechanically
activated samples it was noticed that the main core level XPS
spectrum of Zn 2p is slighty asymmetrical. This is indicating the
existence of Zn in its multiple-oxidation states. The lower energy
peak in the deconvoluted spectrum is atributed to the Zn®* ion
array surrounded by 0° ions in the hexagonal Zn0, while the
deconvoluted peak centered at the higher binding energy side is
related to metallic zinc, For O1s, beside two peaks (O and OQy) for

non-activated powder, one more peak Oy has been observed for
the sample activated for 5, 10 and 30 min, The formation of this
peak can be refated to the presence of oxygen in oxygen deficient
regions in Zn0 host matrix. Investigation of Raman spectra showed
the “blue shift” of Raman Ez(high) mode and it lose it intensity, with
activation time, as a consequence of the compression type of stress.

Unexpected “red shift” of the same Raman mode, for powder
activared for the longest time, showed the intrinsic defect forma-
tion combined with confinement size effect. For the same sample it
is also noticed interesting resonant Raman scattering in the range
of 700—2000 cm™ ! for initial laser wavelength of 633 nm, Obtained
results indicate that mechanical activation introduced the
enhancement over the levels in the gap which in our case would
represent defects created during mechanical activation. In order to
verify above mentioned resonant Raman scattering we applied two
different laser wavelength 442 nm and 785 nm. Measurements at
442 nm confirmed “red shift” of E; {high) mode for powder acti-
vated for 30 min, Also it was noticed a significant shifts
(10-20 cm™ '} of a large number of Raman mode due to activation
time by laser-induced heating. The results of the non-resonant
Raman scattering obtained at 785 nm are opposite of the Raman
scattering at the 442 nm, This type of changes should be more
investigated.,
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In this study we have developed, for the first ime, the comprehensive theoretical model of the fluctua-
tions of the number of adsorbed molecules in MEMS chemical and biological sensors, taking into account
the processes of mass transfer, adsorption and desorption, and surface diffusion of adsorbed molecules. It
is observed that the shape of the fluctuations spectrum contains information about various parameters of
the adsorbed analyte and that even the analytes with the same affinity for the same binding sites have
different spectra. The numerical calculations performed using the derived theory show that the influence

Keywa.rds: of surface diffusion on the fluctuations spectrum can be significant. The practical value of this work stems
Chemical sensor 3 2 = L
Fdssr from the fact that the fluctuations of the number of adsorbed molecules can be a dominant noise com-

ponent in affinity-based biofchemical sensors. Therefore, the derived theory is useful for development
of the methods for the detection of analytes based on frequency domain analysis of the measured fluc-
tuations. The recognition of an adsorbed analyte using sensors with non-functionalized sensing surface
will also be considered using the presented theory.

Adsorption-desorption
Mass transfer

Surface diffusion
Fluctuations

@ 2014 Elsevier BV, All rights reserved.

1. Introduction

A large group of chemical and biological MEMS sensors is based
on the detection of target molecules adsorbed on the active sensor
surface [1]. The response of such sensors is determined by the
number of adsorbed molecules, and their selectivity is achieved
through functionalization of the sensing surface with specific probe
molecules. The target analyte concentration and the rate constants
of the interaction processes between the target and probe mole-
cules are usually obtained from the steady state data and from
the change in time of the measured parameter during the period
of the steady state establishment, However, the unavoidable fluc-
tuations of the number of adsorbed molecules also contain infor-
mation about the analyte and all processes coupled with the
binding reaction [2-4]. Such processes are adsorption-desorption
(AD) processes, mass transfer (flow and diffusion) of the target
maolecules through the sensor reaction chamber to and from the
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0167-9317/@ 2014 Elsevier BV. All rights reserved.

surface adsorption sites [5], and surface movement (e.g. surface
diffusion) of adsorbed molecules [6], as it is shown in Fig, 1a {the
flow-through reaction chamber is assumed, which is the case in
microfluidic devices, e.g. micro/nanofabricated sensors, such as
microcantilever, as well as SPR (surface plasmon resonance), FBAR
(thin Film Bulk Acoustic wave Resonator), QCM (Quartz Crystal
Microbalance), graphene-based sensors etc.). The fluctuations of
the number of adsorbed particles cause fluctuations of the sensor's
output signal and thereby affect the sensor's ultimate performance:
the total sensor noise and the minimal detectable signal. Therefore,
the analysis of fluctuations is important for: 1. determination of
sensor limiting performance; 2. obtaining additional information
about the adsorbate and its transport and AD processes (eg.
parameters useful for adsorbed analyte recognition); 3. optimiza-
tion of sensor design (the dimensions and geometry of both the
sensor reaction chamber and the sensing surface) and experimen-
tal conditions (the flow rate of the sample through the reaction
chamber, the surface density of the functionalization sites, etc.),
with the aim of improving the sensor performance.

Experimental data show that adsorption of different types of
analytes has a different influence on the spectrum of the fluctua-
tions of the sensor signal [78], i.e. that the spectrum contains a
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Fig. 1. Schematic representation of a bio/chemical sensor with flow-through reaction chamber: (a) the processes relevant for formation of sensor response: adsorption/

desorption and transport processes of target molecules, (b) sensor system gepmetry.

unique adsorbate signature, This indicates that it could be possible
to devise novel methods for detection of analytes based on the
measured fluctuations in the frequency domain, in which it would
not be necessary to functionalize the sensor surface, so the same
single sensor can be used for detection and recognition of different
analytes. However, a complete theoretical basis for interpretation
of these experimental data does not exist. Therefore, it is impossi-
ble to be certain which of the fluctuation generation mechanisms
produces the measured spectrum containing information about
the adsorbed analyte. It is not known which parameters of the ana-
Iyte and the processes occurring at the sensor surface, as well as
the geometrical and physical parameters of a sensor determine
the observed characteristic spectrum elements. Therefore, if we
wish to deduce information about an analyte from the experimen-
tally determined fluctuations spectrum and perform optimization
of the sensor design, it is necessary to devise a theory of fluctua-
tions which would take into account as many mechanisms and
processes relevant for the response formation as possible,

In a recent study [2], we presented an analysis of the fluctua-
tions of the number of adsorbed molecules taking into account
the mass transfer process in biosensors in which the spatial distri-
bution of adsorbate concentrations can be approximated by the
two-compartment model. However, the measured noise spectrum
suggests that noise due to surface diffusion may dominate the
observed noise [9].

In this paper, we consider, for the first time, the fluctuations of
the number of adsorbed molecules taking into account the pro-
cesses of mass transfer, adsorption and desorption and surface dif-
fusion of adsorbed molecules. We present the analytical expression
for the spectral density of the fluctuations and the results of the
quantitative analysis. Having in mind that the contribution of the
fluctuations of the number of adsorbed molecules to the total sen-
sor response fluctuations increases with decreasing dimensions of
the sensor, due to which the spectrum of these fluctuations in
micro and nanosensors may be dominant in certain frequency
ranges, we analyze the possibility to develop new methods for ana-
lyte detection. These methods would be based on fluctuation spec-
trum measurements in non-functionalized sensors and use the
presented theory to obtain information about the analyte from a
measured spectrum.

2. Theoretical considerations

We investigate a bio/chemical sensor with a flow-through reac-
tion chamber, in the middle of which is a sensing element, i.e. the
surface of length L and area A, where binding of the target (analyte)
molecules occurs (Fig. 1b). The binding site can be a functionalizing
molecule immobilized on the sensing surface for the selective
adsorption of the target molecule, or a non-functionalized surface
adsorption site,

The binding reaction { adsorption ) may occur when the analyte
molecule comes in the vicinity of the surface binding site. There-
fore, along with adsorption and desorption processes, analyte par-
ticle transport processes (convection and diffusion), by means of
which particles are carried to and from the binding sites, are also
important for the sensor response generation. While the direction
of convection is determined by the sample flow through the cham-
ber, and it is parallel to the adsorption surface, the direction of bulk
diffusion depends on the spatial distribution of target analyte con-
centration in the chamber. The diffusion of adsorbed particles from
one binding site to another {surface diffusion) occurs on the sens-
ing surface. We introduce the following assumptions: 1. the sur-
face density of the binding sites, n,, is uniform; 2, only one
molecule can be bound to an adsorption site; 3. all binding sites
are equivalent (i.e. they have the same value of the adsorption rate
constant krand the same value of the desorption rate constant k);
4. absence of any reaction between the adsorbing molecules; 5. no
non-specific adsoption occurs; 6, binding coupled with transport
processes leads to the formation of a thin layer depleted of adsorb-
ing molecules adjacent to the sensing surface; 7. the steady state
distribution of the adsorbed molecules is uniform on the sensing
surface.

The number of the adsorbed molecules, N(t), is a random pro-
cess, due to stochastic nature of adsorption-desorption processes
coupled with mass transfer and surface diffusion. We analyze the
fluctuations AN of the number of adsorbed particles around the
steady state value N, For the system geometry as shown in
Fig. 1b (LgW¢> 10, W/He > 10), which is common in microfluidic
sensing devices, it may be assumed that relevant quantities do
not depend on the coordinate y [10]; accordingly, the processes
of adsorption and desorption, mass transfer, and surface diffusion
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at the sensing surface are linked by the following one-dimensional
diffusion equation
AN i(u

o o

0
X W

T

FMN) AN

Here Dis the surface diffusion coefficient, which in general can
be a function of the spatial coordinates and the surface coverage.
However, we assume its constant value {both in time and space),
which is valid for small equilibrium surface coverages [6], small
variations of the coverage around the equilibrium value, and a spa-
tially uniform surface density of adsorbed molecules in the steady

state. t is the “lifetime” of the fluctuations of the number of
adsorbed molecules

(d¢ﬁ daq)'L‘ 1 kekyti Ko
T= |2 = - T et Lo il Y

Y @)
dN ~dN T KC " (ke + kfC)? "

obtained from the effective rates of increase and decrease in the

number of adsorbed molecules {a.rand d.g, respectively), consider-
ing AD process coupled with the mass transfer (convection and bulk

S/(dr<AN?)

(a)

diffusion} and using the two-compartment model approximation
for the analyte concentration distribution in a reaction chamber
(Cis the concentration in the sample injected in the chamber, and
k is the mass transfer coefficient) [2].

Using the "transport noise" approach for one-dimensional dif-
fusion and generation-recombination processes [11,12], we have
devised an analytical expression for the spectral density of the fluc-
tuations of the number of adsorbed particles 5(f), ea=2nf, shownin
the normalized form asce:display>

5(X) 1 1. o ot e
(X) T R e TR
4<:&N2::*T"K2{1 2;5’)("2 X)vX+1(1—e cos(fivX—1))
H2 XWX Te P A sin(fvX—1)] } (3)

where X = (1 + w?t?)'2, f=L{(2D1)"2 <AN*> = kekeCrpAt|( ke + kC).

The obtained expression shows the influence of various param-
eters on the spectral density, thus enabling us to investigate both
the separate influences of AD, mass transfer and surface diffusion,
and their combined effect on the fluctuations spectrum.

Si(4r<AN?>)

i ik e i il i)

(b) 100 16" 100 10

10 100 100 10 10 100 ¢

Wi

Fig. 2. Normalized spectral density of the fuctuations of the number of adsorbed molecules as the function of the parameters §=1/(20t)"" and cwt: (a) 30 diagram, { b) the

cross-sections of the 3D diagram for five different values of .
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Starting from Eq. (3), known expressions valid for two limiting
cases can be obtained:

1. when the diffusion time constant tp = [%/{2D) is much greater
than 1, Eq. (3} is transformed into the expression for the fluctu-
ations spectral density for the case of AD process coupled with
mass transfer [2]

4<AN?>1

1+ (2mf)%e2

2. when 1p < 1, Eq. (3) is transformed into the expression for the
spectral density of fluctuations due to surface diffusion [11,3]

2
NeL g e~%(cos b+ sind)]

3l

Saoprif) =

Sspll) =

where @ = [{m](2D))'2,

3. Results of numerical calculations and discussion

Using the presented theoretical model, an analysis is performed
in order to estimate the influence of the surface diffusion on the
spectrum of the fluctuations of the number of adsorbed molecules.

Figs. 2a and b show the normalized spectral density of the fluc-
tuations of the number of adsorbed molecules as the function of
the parameters f=L/(2D1)"2={1p/t)"? and wrt, A change in the
shape of the fluctuations spectrum depending on the ratio of the
constants 1, and T can be observed. While the first frequency
(eme1 =1/t) at which the decrease in the magnitude of the spectral
curve is observed in the presented diagrams is determined by the
time constant T (which means that it does not depend on surface
diffusion), different values of surface diffusion parameters influ-
ence the low-frequency (¢ < 1/1) value of the fluctuations spec-
trum and the shape of the curve at frequencies e > 1/t 1t can be
concluded that the influence of surface diffusion on the fluctua-
tions spectrum becomes significant for §<0.1, Then another fre-
quency, g, is observed at which the spectral curve bends, and

its value is determined by the constant tp In the presented
diagrams it can be seen that o, > euy. In particular, for a given
analyte (i.e. for a constant diffusion length (D7)"?) the influence
becomes more prominent if the characteristic dimension (length
L} of the sensing surface is smaller.

Fig. 3 shows the normalized spectral density of the fluctuations
multiplied by [, for three different analytes and one single sensor of
the characteristic length L=2 pm, The parameters of the adsor-
bates are Ty=T;=13=100s, D;=6510""m?/s, Dy=1.810"7
m?(s, D3=3.5-10""" m?(s, The values are selected with the idea of
applying the presented theory on actual analytes and in an actual
device. We used the experimental results shown in Ref [8],
obtained by measuring the spectrum of fluctuations of the output
signal of the graphene chemical sensor in the presence of different
analytes. The experimental value for the time constant t is of the
order of 1005 [8]. Since it has been experimentally demonstrated
that the maximum of the spectrum multiplied by findicates the
type of the analyte, we use the expression derived for the fluctua-
tions spectrum in order to obtain the frequency fma where the
maximum of the function f§ occurs. The derived approximate
expression is fe, = 0.59D/L2, By using this expression and the val-
ues of [, experimentally obtained in [8] for acetonitrile, methanol
and tetrahydrofuran, we obtained the above values for the analyte
diffusion coefficients Dy, Dy and Ds, respectively. The correspond-
ing diffusion time constants equal tp; =3-107s, 1p2=10"% s, and
Tpz =0.057 s; accordingly, 1p < 1, and the fluctuations spectrum
is predominantly determined by the surface diffusion. The inset
in Fig. 3 shows for the same three analytes the calculated spectral
density of the sensor noise, Sror, multiplied by f, which takes into
account 1/f noise together with the noise due to fluctuating num-
ber of adsorbed particles. The latter is obtained by applying the
theory presented in this paper, while the parameters of the 1/f
noise spectral density used in the calculations are determined
using the experimentally obtained curves for a graphene-based
gas sensor [8]. The curves shown in the inset are in good agree-
ment with the experimentally obtained curves shown in [8]. This
agreement between theoretical and experimental results could
mean that the maximum obtained experimentally originates from

-8 e
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107 e
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Fig. 3. The normalized spectral density of the fluctuations multiplied by f, for three different analytes, with the parameters Dyty » D272 > Daty. The inset shows the calculated
spectral density of the sensor noise for the same three analytes, Syuy multiplied by f, which takes into account 1/(f noise toget her with the noise due to fluctuating number of

adsorbed particles.
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the fluctuations in the number of adsorbed particles, caused by
surface diffusion, the AD process and bulk mass transfer,

It is observed in Fig. 3 that the frequency which corresponds to
the maximum of the function [§ differs for different analytes.
Hence the fluctuations spectrum contains information about the
analyte that can be used in its identification. It can be concluded
from the example given in Fig. 3 that it is possible to distinguish
between different analytes, including those that have a similar
affinity for binding to the same adsorption sites (the same t for
the three analytes in the example ), based on the frequency of the
maximum, if they have different surface diffusion constants. This
opens possibilities for the development of novel methods for
detection of various analytes using a single non-functionalized
sensor, based on the fluctuations spectrum measurement,

4. Conclusion

A theoretical model of the fluctuations of the number of
adsorbed molecules in MEMS bio/chemical sensors is devised, tak-
ing into account the processes of adsorption and desorption, mass
transfer, and surface diffusion of target molecules. The performed
numerical analysis provides an insight into the qualitative and
quantitative influence of surface diffusion on the spectrum of the
fluctuations. 1t is shown that this influence increases for smaller
diffusion time constants. For a given analyte the influence of sur-
face diffusion becomes more prominent if the characteristic
dimension (length) of the sensing surface is smaller. It is also
observed that the shape of the fluctuations spectrum contains
information about various parameters of the adsorbed analyte
and that even the analytes with the same affinity for the same
binding sites have different spectra.

The practical value of this study stems from the fact that
the fluctuations of the number of adsorbed molecules in microf
nanosensors can dominate over other fluctuation generating

mechanisms in a certain frequency range. Therefore, the derived
theory is useful for development of methods for detection and
characterization of analytes based on frequency domain analysis
of the measured fluctuations. Especially interesting is the applica-
bility of this theory for analyte recognition based on the fluctua-
tions spectrum, which enables detection of multiple analytes
using a single non-functionalized sensor. Furthermore, the pre-
sented theory may be used for estimation of the sensor's limiting
performance.
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Abstract:

Due fo its characteristics, cordierite, 2Mg(0-241,05-55i0,, is a high-temperature
ceramic material of a great scientific interest. Mechanical activation of the starting mixtures
containing 5.00 mass% TiO; was performed in a high-energy ball mill for 10 minutes. The
compaction pressure varied from 0.5 to 6tem™ (49-588 MPa). The sintering process was
performed at 1350°C for four hours in the air atmosphere. The phase composition of the
activated and sintered samples was analyzed using X-ray diffraction. Scanning electron
microscopy was used to analyze the microstructure of both compacted and sintered samples.
The authors have investigated the influence of compaction pressure on the sintered samples
and their electrical properties.

Keywords: Mechanical activation, Densitv, XRD, SEM, Electrical properties, Cordierite.

1. Introduction

Cordierite-based  ceramics. with the basic chemical composition of
2Mg0-2A1,05-5510,. are widely used in various fields, from substrates for micro-electronic
packaging industry to cookware. heat exchangers, glazes for floor tiles, etc. Owing to its low-
temperature thermal expansion coeficient (20-107°C™) and low relative dielectric constant
(~5). these ceramic materials are also well-known by their good thermo-mechanical, chemical
and dielectric properties [1.2]. Therefore, these could be applicable as materials exposed to
sudden temperature changes [3-7] and also as semiconducting bearers [8.9].

Our previous studies [10] show that the mechanical activation of starting components
(kaolin, quarz. magnesium oxide) has a significant impact on the lowering of the sintering
temperature. It has been demonstrated that, compared to non-activated components,
mechanically activated ones increase energy due to induced crystal defects. During a
mechanochemical treatment, several processes occur: attrition of the starting material, crystal
lattice destruction, the formation of various defects, etc. All of the mentioned proccesess
increase the chance for reactions to occur at temperatures lower than usual [11]. Furthermore,
mechanical activation could affect the final electrical characteristics: accordingly. it is very

* - . . . _
) Corresponding author: obradovic.nina@yahoo.com
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important to take into account and understand the changes that are introduced into the system
during milling.

The application of compaction pressure is an unavoidable technological procedure in
the sintering process [12-15]. The importance of this procedure is obvious, having in mind
that pressure conditions have an influence on intergranular contacts, which play an important
role in the sintering process. The initial density of samples is one of the essential parameters
and it has an important role in the final characterization of the microstructure. Along with the
applied pressure. the packing of powder particles is also the function of the material’s class,
the shape of primary particles and the strenght of interparticle connections, etc. [13.16].

In this paper, the authors have investigated the influence of compaction pressure on
the density and the microstructure of mechanically activated powders as well as the density
and electrical properies of the sintered samples.

2. Experimental procedure

In these experiments, authors used Mg(OH),, AL Os. SiO; and TiO, (all p.a. purity).
The mixture of MgO+Al,05+Si0; in the 2:2:5 ratio, with the addition of 5.00 mass% TiO,,
was mechanically activated by grinding in a high-energy planetary ball mill. ZrO, vessels and
balls with the powder-to-balls mass ratio of 1:40 were used. The milling process was
performed in the air atmosphere for 10 minutes. The samples were denoted as K-10,
according to the milling time. The X-ray powder diffraction patterns after milling and
sintering were obtained using a Philips PW-1050 diffractometer with ACu-K, radiation and a
step/time scan mode of 0.05° 1s?. The morphology of the obtained powders and sintered
samples 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 pressure used in our experiments was 0.5-6 tcmn™ (49—588 MPa). The amount of
the samples was 0.30 g. The pressure was performed in a double-sided tool 6 mm in diameter
(Hydraulic press RING 14, VEB THURINGER). The density of the specimens was calculated
from the measurements of their diameter, thickness, and mass. The theoretical density (TD) of
the mixture was 3.078 gem™ and was calculated based using the following equation:

P — ”"mixrw'e (1)
mixrure Vl + V: + V3 + V4
where: m is the mass of the mixture (30.00 g), Vi, V,, Vi and V, are the volumes of
Component 1 — MgO, Component 2 — SiO,, Component 3 — Al,O; and Component 4 — TiO,
in the mixture, respectively. calculated using the TD of the components.

The compacts were placed in an alumina boat and heated in a tube furnace (Lenton
Thermal Design Typ 1600), and then sintered isothermally at 1350°C in air atmosphere for
four hours: the heating rate was 10°Cmin™".

The electrical properties of the sintered samples were measured on 4262A LCR meter
Hewlett Packard aparatus. at the frequency of 10 kHz.

3. Results and discussion

The results obtained after compaction are presented at Tab. I and Fig. 1. The density
values were increased with the applied pressure and the greatest density was obtained after the
compaction process at 6tcm .
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Tab. I Density of green bodies obtained during the compaction of the cordierite powder with
the addition of TiO; activated for 10 minutes.

P (tem™) p (gem™) TD (%) Pret (%0) I1
0.5 1.8647 60.58 0.6058 0.3942
1 1.9110 62.09 0.6209 0.3791
2 2.0090 65.27 0.6527 0.3473
3 2.0540 66.73 0.6673 0.3327
4 2.0885 67.85 0.6785 0.3215
5 2.1227 68.96 0.6896 0.3104
6 2.1500 69.85 0.6985 0.3015

P — compaction pressure, p — green-body densities, TD — sample density as percentage of the
theoretical density. p. — relative density, IT — sample porosity. (1-prer)
The R. Panelli and F. Ambrozio Filho [17] equation is used in order to fit the obtained
density values:
1) 3
111( J: AP + B (2)
D,

V1 —

where: P is compaction pressure, D is the relative density, A is the parameter showing the
powder's abillity for compaction by plastic deformation and B is the parameter related to the
density before compaction. The values of parameters A and B, obtained by fitting the
experimental data using the Table Curve programme package are: A - 0.1785 and

B -0.7888.
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Fig. 1. Relative density values as a function of pressure fitted (black curve) by the Panelli-
Ambrozio Filho equation [17].

The authors of the compaction equation [17] state that parameter A (the slope of the
curve) determines the plastic deformation ability of a powder. The higher the A parameter. the
greater is deformation within the powder. Parameter B is a y-axis intercept. or the density of
the powder with no pressure applied. Plastic materials have higher values of A, while brittle
materials have lower A values. If we compare the results obtained in our previous studies [18]
for other materials, such as oxides of Zn, Ti. Mg, we may conclude that this powder shows
plastic deformation. However, if we take into account the complexity of this four-component
system. the inability of the equation to fit complex systems and the fact that fitting results are
not satisfactory, we can divide our results in two categories (two lines in Fig. 1). The first (I)
covers the first phase of three pressures (0.5, 1 and 2tc111'2). while the second (IT) extends over
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the second phase (3 — 6tem™). The intersection of these two straight lines should clearly
represent the distinction of two mechanisms to whose agency the powders are exposed during
the compaction process. The first one is assigned to rearranging due to particles' mutual
rapprochement and the second is the deformation breaking of powder particles [19].

The diffraction pattern for the K-10 mixture showed the presence of the starting
components (Mg(OH),. SiO., AlLO;. AIO(OH) and TiO,) [10]. Most peak intensities
decreased during a 10-minute activation process, while some peaks were broadened, which
indicated that processes of crystal lattice destruction. along with the amorphization, have
started. This is in accordance with the results obtained after the calculations of microstructure
parameters based on the approximation method. The crystallite size. calculated using
Scherrer’s equation, decreased from 63 to 48 nm for alumina, from 76 to 57 nm for silica,
from 55 to 47 nm for titanium and from 53 to 46 nm for magnesium. during a 10-minute
activation process.

Fig. 2. shows the SEM micrographs of the cordierite powder activated for 10 minutes
and pressed under a) 0.5. b) 3 and ¢) 6 t/em’.

10KV~ 'X3,000; _5pm

10kV. - X3,000 Spm C)

Fig. 2. SEM images of the starting cordierite powder pressed
under a) 0.5, b) 3 and ¢) 6t/cm”.

The powder pressed under 0.5tcm™ shows considerably high porosity and great voids
between particles are noticeable. Powder particles are clearly defined and the surface on
compact breaks is rough. With the increased pressure, powder particles are getting closer and
defined agglomerates can be observed. It is clearly visible that samples pressed under 6tcm™
have a denser structure and an increased number of mutual contacts. The porosity also
decreases and the shape of single particles is not so visible; it is right to say that blocks of
agglomerates are formed. due to higher pressures.

Fig. 3. shows the SEM micrographs of the compacts pressed under a) 0.5. b) 3 and ¢)
6 tem” pressure, sintered at 1350°C for four hours. According to the presented SEM
micrographs. we have obtained the expected results regarding the microstructure of the
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sintered samples. Fig. 3. a) shows a small-grain structure with an open porosity. The sintered

. = .
samples pressed under the pressure higher than 2tem™ show the greatest change in
microstructures, which is in accordance with Fig. 1.

b)

10KV X2,000  Fopm T 2 ‘\.L{ ¢
Fig. 3. SEM images of the compacts obtained under a) 0.5, b) 3 and ¢) 6 t/cm? pressure.
sintered at 1350°C for 4h.

The absence of the small-grain structure in the samples compacted at pressures higher
than 2tcm™ indicates that this pressure is the critical pressure that enables better contacts
between particles. Fig. 3. ¢) shows a stable structure with large surfaces and a closed porosity.
typical of the final sintering stage, which is the obvious effect of the pressure applied prior to
the sintering process. Higher pressures allow for a great number of contacts between particles.
leading to more compact samples without the small-grain structure.

Fig. 4. shows the XRD patterns of the samples pressed under a) 0.5 tcm™ and b) 6
tem™, both sinfered at 1350°C for four hours. The obtained peaks were identified using
JCPDS cards (084-1220 for cordierite. 074-2220 for Mg(OH),. 083-2241 for TiO, rutile. 074-
0201 for Si0,, 035-0310 for (MgAl)SiO3). The XRD pattern shown in Fig. 4. a) indicates the
existence of a cordierite phase along with some amount of un-reacted starting components,
such as Si0, and Mg(OH),. The presence of a rutile phase has been expected. because it was
added not with the idea of incorporating it into the cordierite crystal lattice but with the
intention to influence the mechanical and electrical properties. Accompanied with the
sintering process. the pressure of 6tem™ yielded different phase compositions. as shown in
Fig. 4. b). Apart from cordierite, as the major phase, no starting components (except TiO,-
rutile) have been detected. However, a (MgAl)SiOs phase is observed as a result of a reaction
between the starting components. Mg(OH), and SiO,.
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Fig. 4. XRD patterns of the samples compacted at a) 0.5 and b) 6t/cm? pressure.
sintered at 1350°C for 4h.

The density after the sintering process at 1350°C for four hours. as well as with the
electrical properties of cordierite ceramics are presented in Tab. II.

Tab. II Density and electrical properties of cordierite after sintering
at 1350°C for four hours.

P (tcm’z)
0.5

N N =

C (pF)
1.89
1.79
1.81
223
2.10
2.09
2.09

ted
0.009
0.009
0.010
0.008
0.008
0.008
0.007

R(Q) p (gc1n'3) TG (%) &

2.10" 2.041 66.31 14.16
108 2.075 67.41 13.21
10" 2.119 68.83 12.75
10" 2.154 69.98 15.21
10" 2.175 70.66 13.86
107 2.192 71.21 13.53
10" 2214 71.91 13.31

— 2 2
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The electrical measurements are in a great accordance with the results presented
earlier in this paper. It is obvious that they vary with the applied pressure. Two areas are
visible: the first between 0.5 and 2tcm™. and the second between 3 and 6tem™ (parts I and II
in Fig. 1). The values of the relative dielectric constant e; are increased, compared to the
normal value for cordierite ceramics, due to the addition of TiO, and they vary in the interval
from 13 to 15. Although the &, value is increased, it is still in the acceptable dielectric range.

4. Conclusions

The results of this study show that the applied pressure has an impact on the final

characteristics of the sintered material:
- The density values of green bodies increase with the greater pressure applied and the
greatest density is achieved after the compaction process at 6tcm™. Two stages are visible and
the interval is between 2 and 3tem™. indicating that powder particles are exposed to the
agency of different mechanisms.
- The SEM micrographs clearly indicate a completely different microstructure: an open
porosity and defined small-grain areas are observed in the powders pressed under lower
pressures. With increased pressure values, a closed porosity and more homogeneous
microstructures are obtained.
- According to the results presented in this study., the XRD analysis has shown a
different phase composition in the sintered samples pressed under two limit pressures. The
cordierite phase is the dominant phase; the starting components are present in the sample
pressed under 0.5tcm™. whereas they were completely used in the reaction yielding a new
phase in the sample pressed under 6tcm™.
- The final electrical properties are in great agreement with the presented results. The
values of the relative dielectric constant show that the pressure of 2tem™ yields the results
closest to the expected results; they are also consistent with standard demands related to the
applicability of cordierite ceramics.

Based upon these results, we recommend compaction between 2 and 3tcm™ as a phase
preceding the sintering process because it ensures the most favorable phase composition,
microstructure and electrical properties for this ceramic material.
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Caopycaj:  Ob3upom wHa ceojemea, xopoujepum, 2MgO-241,05;55i0, je eucoxo
MeMNePAMyYPCKU KePaMudKu Mamepujar 00 eenuxoz uxmepeca 3a Hayuuxe. Ilouemna
caea ca dodamxom 5,00 macenux % TiO; je akmueupana y eucoxko enepzemcxom smauny, 10
smunyma. Ipumucax npecoearsa xje 6uo y unmepeary 0o 0,5 do 6 tem™ (49-588 MPa).
Hzepuierio je cunmepogarse ucnpecaxa Ha 1350 °C moxom 4 cama y amamocgpepu easzdyxa.
QasHu cacmas axmusUPAHUX U CUHINEPOGAHUX Y3opaxa useéputeH je nomohy peundcercke
ougpparyuje.  Crenupajvhom — e1exkmpoHcKoM — MUKPOCKONUjOM — AHATUSUPAHE — CV
Mukpocmpyxmype. Aymopu ¢y uchnumueail ymuyaj NPUMICKA NPecoearsa Ha CUHMePOosarse
U eleKmpuYHa ceojcmea Kopoujepuma.

Kuwyune peun: mexanuuxa axmuseayuja, evemuna, XRD, SEM, enexmpuurna ceojcmea,
Kopoujepum.




PENVEAMRA GPEH)A

®OU3HYRH OARVATET
VHUREP3UTETA \ EEOTPAAY

AUTIAOMA

0 GT€YEHOM EHUGOROM OEPA30RAHY

[lacum Npeppara Agprana

potien-1  4-WI-498Y.  ropurey  FGOFYALY, CABCKH BeHdll
CYIHoa , VIMCAH-4  RA07/2604.  TOANHE,
AAHA 37 ARUGHERA AOH. OAMHE, 3ARPIIHO-AA J€ CTYAM)E HA
®U3UYROM  OARVATETY VHHEEP3HTETA Y\ EEOTPAAY, HA
CTYAHJCKO) TP\VIIH dOHTHKA

CA ONIITHA YCMeXom 8,80 ( OCAM H R0/ ) Vv TORY CTYANA B
omeHom 40 (  4€C&T )  HA AMIDAOMCROM HCIHTY.

HA OGHORY TOT H3AAJ6 MY-JOJ C€ ORA AMNAOMA O CTEYEHOM BHCOKOM
ORPA3ORAMY H CTPYYHOM HASHEY

SHNAOMUFAHK OHSIAY TA TPUMShEHY AOHTHRY U HHAOTMATHIRY

PEAHH EPO) H3 6BHAGHLMIE O M3AATHM AUNAOMAMA 240 ROH

V B6OrPaAy, RT. 4GUSMEYA R0H. TOAHHE

AERAH / PEBTOP

rode 4F Jhysnnm - nm,qrﬁmxo%mm&






MHCTUTYT TEXHUYKUX HAYKA CAHY

Hayuno Behe U'TH CAHY
HenoBoanu 6poj 373/2

Hatym 11.10.2013.

Ha ocrHoBy unanoBa 59, 70 u 82 3akona 0 HayuHOMUCTpakMBaukoj aenatHocTH (CryxbeHu
rnacuuk Peny6nuke Cpbuje 6p. 110/05, 50/06 — ucnpaska u 18/2010 — ucnpaska), uiaHom 22
Cratyra UuctutyTa Texunukux Hayka CAHY, unanom 45 TlocnoBuuka o pagy Hayunor eeha
WUTH CAHY wu [1paBuiHKKOM 0 yTBphuBamy yC/ioBa U NMpeJiora 3a CTULabe 3Bamba UCTPaKUBay
capasiHuK ¥ W300p y 3Bame uctpaxkuBay capaaHuk UTH CAHY, na cennuuu Hayunor seha
oapxanoj 11.10.2013. roauue, noHeTa je

OJUTYKA
O CTULIABY UCTPAKUBAUKOT 3BAIHA

Anpuana Ilenew, funjaomupanu gpusnyap
CTUYC UCTPAKHUBAYKO 3BAKLC

HCTPAKUBAY CAPATHUK

Oobpa3sioxeme

Anpuana [lenew, aunaomupanu (usuuap, 3anocieHa Ha pajHOM MECTY MCTpakupBaua
npunpasHuka y HHerutyty TexHuukux Hayka CAHY, nokpenyna je 19.08.2013. roauue
nocrtynak 3a u300p y UCTpaKMBAayKo 3Bae UCTpakupay capaaHuk. Ha ceanuum Hayunor seha
on 23.08.2013. roaune je ¢popmupana Komucuja 3a u3bop UMEHOBaHE y UCTPAKMBAUKO 3BambE,
koja je 03.09.2013. roauHe noaHena U3BEIITaj O U300PY U KOjH je CTaB/beH Ha yBHU] jaBHOCTH Y
eNeKTPOHCKOM 00Ky Ha BeOcTpannuu Hayunor Beha u y npuntanom o6inky y CekperapujaTy
MuerutyTa.

Ha ocHoBy oBor u3Bemraja Komucuje u npunoxxeHor u3bopHor marepujajia, yrBpheHo je
na Anpuana [lenew ucnmymwapa ce ycinoBe W3 unaHa 70 3akoHa O HayYHOMCTPaXKHBAuKoj
JIETaTHOCTH 3a CTHLAKkE MCTPaKMBAYKOr 3Bamba MCTpaXkMBay capaiHuk, Te je HayuHo Behe
JeHOTIaCHO OJJTYYHJIO KA0 Y JUCTIO3UTHBY OJUTYKE.

H
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