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Sintering and Phase Transition of the ZnTiO3
Nano Powder Dilatometric Data Deconvolution

Nebojsa Labus, Smilja Markovi¢, Maria Vesna Nikoli¢, Milena Rosi¢, Srdan D. Matijasevi¢

Abstract— Sintering and phase transition are often
superimposed at dimensional change diagram recorded during
heating. Phase transition Kinetic is thus hard to deconvolute due
to the superposition of the sintering and phase transition
dimensional change phenomena.

Metastabile perovskite phase ZnTiOzhas transition to
stabile spinel Zn2TiO4which occurs at 945°C with high Kinetic
rate. Nano powder with 40 nm particle diameter was pressed
uniaxially at 200 MPa pressure without binder to form compact
that will be consequently sintered. Dimensional change during
heating was monitored using dilatometric thermo-mechanical
analyzer TMA model SETSYS Evolution. Lever's rule was used
to calculate amount of the emerging phase during phase
transition.

The compacted specimens were treated on the non-
isothermal schedule up to 1050°C.Sintering phenomenon of the
ZnTiOs nanopowder compact was also recorded up to 900°Cwith
isothermal holding of 25 minutes where phase transition was
avoided due to lower temperature and isothermal holding.
Second run heating of the obtained sintered specimens were
recorded with the heating schedule of non-isothermal heating up
to 1050°C.

Kinetic of the phase transition was obtained from
dilatograms recorded during sintering and from bulk on the
second run heating. Furthermore, phase transition kinetics was
obtained by subsequent data subtraction of the sintering curves
without phase transition from the dilatation sintering curves
containing phase transition.

In such a manner complex kinetics of phenomena such as
sintering, linear expansion and phase transition recorded as
dimensional change during heating brings the recognition of
their mutual interconnected relations. Also application of these
mathematical operations on dilatometric data leads to the
established procedure for the sintering and phase transition data
treatment.

Index Terms—Sintering, Dilatometry, Phase transition

Nebojsa Labus is with Institute of Technical Sciences of SASA since 2001,
Belgrade, Serbia.: nebojsa.labus@itn.sanu.ac.rs,
http://www.itn.sanu.ac.rs/nebojsalabus_eng.html. ORCID
1557-0711, (https://orcid.org/0000-0003-1557-0711)

Smilja Markovi¢, is with Institute of Technical Sciences of SASA, Belgrade,
Serbia, email: smilja.markovic@itn.sanu.ac.rs, ORCID ID: 0000-0002-9264-
4406 (https://orcid.org/0000-0002-9264-4406)

Maria Vesna Nikoli¢: is with Institute for Multidisciplinary Research,
University of Belgrade, Belgrade, Serbia, email: mariavesna@imsi.rs,
ORCID ID: 0000-0001-5035-0170 (https://orcid.org/0000-0001-5035-0170)

Milena Rosi¢ is with Institute of Nuclear Sciences ,,Vinca“, University of
Belgrade, Belgrade, Serbia, email: mrosic@vin.bg.ac.rs, ORCID ID: 0000-
0001-7093-187X, (https://orcid.org/0000-0001-7093-187X)

Srdan Matijasevi¢ is with Institute for Technology of Nuclear and Other
Mineral Raw Materials (ITNMS), Franchet d Esperey 86, 11000 Belgrade,
Serbia , s.matijasevic@itnms.ac.rs

ID: 0000-0003-

ICETRAN 2022

NMI1.1 - Page 1 of 8

l. INTRODUCTION

In the following work phase transition represents change
from ZnTiOs3 to Zn,TiO4. Phase transition investigated here
encounters following phases on phase diagram ZnO-TiOz:
Zn,TiO4 (zinc orthotitanate) which has an inverse cubic spinel
structure (Fd 3m) and it is stable from room temperature to its
melting (liquid) temperature. ZnTiO3 (zinc metatitanate) has a
hexagonal ilmenite structure (R 3), a variant of the corundum
structure where the cations are ordered into two non-
equivalent oxygen sites. Zinc metatitanate is stable from room
temperature to 945.8°C. Zn,TizOg was first determined by
Yamaguchi et al. [1] as a low temperature form of ZnTiO3
having a defect cubic spinel structure with ordered cation
vacancies leading to degradation of the space group symmetry
from Fd 3m to P4532.

Phase transition belongs to second order phase transition.
Since it is changed from metastabile to stabile phase, it has
very fast kinetic rate, comparing, for example, to anatas -
rutile phase transition [2]. Phase transitions are observed
usually with the means that are enabling record of the
property that comes with the emerging phase. Here volume
change caused by structure change is registered as linear
dilatation in a function of rising temperature. This leads to a
possibility of phase transition kinetics observation.

Sintering phenomenon represents densification of the
powder compacted in desired form during heating. Sintering
dimensional change can during heating encompass phase
transition dilatataion. Also specific influence of the nano
powder during sintering is influencing phase transition
kinetics. It is often compared to bulk polycrystalline kinetics
of the same transition. This work intention is to use
dilatometry as a tool for observing phase transition and
sintering phenomena indicating their interdependent mutual
relations.

1. METHOD

Experiment is set to record phase transition from ZnTiO3
bulk specimen and ZnTiOs nano powder during sintering.
ZnTiO3 nanopowder, Aldrich [CAS 112036-43-0] was used.
Two specimens are used for this purpose. Specimen 1 and
specimen 2, respectively. Dilatometric thermo-mechanical
analyzer TMA model SETSYS Evolution device was used.
Specimens were compacted at 200 MPa uniaxially with both
sided actions. Transmission electron microscopy of the nano
powder ZnTiOs; was performed on JEOL JEM 1400 plus
microscope at 120kV and 150k enlargement.

Specimen 1 is heated to 1150°C non isothermally (1% run)
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and phase transition during sintering is recorded using
dilatometric oven. Without extracting it from dilatometric
device specimen is heated again to 1150°C, using same
temperature schedule. (2" run).

Specimen 2 is heated non-isothermally to 900°C and then
held 25 minutes at that temperature isothermally (1% run) and
thus sintering of the ZnTiO3 nanopowder is recorded. It is
expected and confirmed that phase transition is absent. Same
specimen 2, without extraction from the dilatometric device,
is than heated again, but now to 1150°C non-isothermally with
previously used thermal schedule (2™ run). Obtained curve
contains phase transition of ZnTiO3 to Zn,TiO4 recorded from
bulk specimen. All diagrams have been recorded on three
heating rates - 20, 10 and 5°C/min rate.

Stage of cooling is recorded as well with 20°C/min rate. It
is important to note that during cooling no intensive
dimensional change is present. This implies that phase
transition is irreversible.

I11. RESULTS AND DISCUSSION

Nano dimensional powder sintering process assumes
different mechanisms of mass transport compared to micro
dimensional powder sintering. Transmission electron
micrograph on Fig. 1 represents powders dimensional and
morphology introspection. Powder particles are dimension
bellow 40 nm, what is declared by the producer.

£ v
ontal Field Width[Magnification|
150000 x|

Fig. 1. TEM images of the nanopowder ZnTiO3.

At Fig. 2 temperature experimental setup with whole
interval dilatation curves and temperature programs are
presented. Sintering phenomenon reaches 18% shrinkage
while bulk specimen dimension change is represented with
3% shrinkage event. Phase transition record is marked with
red square for bulk specimen and blue square for the powder
sintering specimen.
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Fig. 2. Dilatometric curves and temperature programs for two specimens
and four runs for the 20°C/min speed, containing phase transition dilatation
for bulk and powder specimen. Experimental setup.

Metastabile perovskite phase ZnTiOs; reforms to stabile
spinel Zn,TiO4 at 950°C with high Kinetic rate. The phase
transition dimensional change diagram is consisted of
sintering shrinkage and phase transition here on named as
sintering. Obtained non-isothermally sintered specimens at
were then second run treated with same schedule. Sintering
phenomenon of the ZnTiO3 nano-powder compact was also
recorded up to 900°C with isothermal holding of 25 minutes.
Here phase transition was avoided with lower temperature and
isothermal holding. Second run heating, of isothermally
obtained specimens at 900°C, was recorded with non-
isothermal heating schedule to 1050°C. This has led to the
dilatometric curve record of the ZnTiOs phase transition in
polycrystalline bulk specimen, now recorded without
sintering, here on named - bulk.

All before mentioned was recorded for three different
heating rates - 5°C/min, 10°C/min and 20°C/min. It is
presented all together and critical points are circled, red for
the phase transition from bulk specimen, and blue circle for
phase transition from powder during sintering Fig 3.
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Fig. 3. Dilatometric curves, right axes and temperature programs left axes,
heating rates 5, 10 and 20°C/min.
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It is worth to emphasize that on the presented diagrams
phase transition during sintering 20°C/min rate is not well
distinguished, and also those final densities for 10°C/min and
20°C/min for non-isothermal sintering and isothermal are
significantly different.

Extraction of the observed region with phase transition has
been done in the 800°C to 1100°C, Fig. 4. Interval of the
shrinkage curve heated isothermally is extracted as well.
Heating rates 5, 10 and 20°C/min.

Dilatometric curve of the phase transition from bulk (red)
and
shrinkage of the evolved phase Zn,TiO, (gray)
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87.5
—— 517105010
87.0 —+— 172105010 8-10
—— 47190010 8-10
—_ —— 47290010 8-10
g 86.5 -
2 gso0{ )
% Sintered specimen
£ 855
Q
(5]
4
o 85.04
i)
[a}
84.5
84.0
T T T
5400 5600 5800
Time (s)

Fig 4. Dilatometric curves of phase transition ZnTiO; to Zn,TiO,4
extracted phase transition interval a) observed in a bulk specimen (red),
thermal expansion of the Zn,TiO, phase (gray). b) Dilatometric curves of the
phase transition and sintering (black), and sintering phenomenon without
phase transition (wine red).
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Fig 5. Relative dilatation as a function of temperature of the phase
transition ZnTiO; -> Zn,TiO, and schematic representation of the phase
composition calculation using lever’s rule

Lever law is used in a XRD determination of the solvus
curves - solid solubility curve on a phase diagram. It assumes
that phases are in equilibrium during phase transition at each
temperature. It also supposes that weight fraction of the
observed phase amount varies linearly with composition from
0to1[3].

At the dilatogram diagram, linearity, even with the sintering
curve included, represents linear thermal expansion of the
starting phase and can be fitted with linear function. Intensive
deflexion from linearity is caused by phase transition
dilatation. When phase transition is finished new phase again
reaches linearity. Dimensional difference is caused by phase
interchange and it is proportional to phase composition during
phase transition. So, the distances AB, AC have to be
determined and their relation AB/AC suites phase
composition during phase transition, f=AB/AC, Fig 5. It is
obvious that three sets of data are formed by the series made
for each experimental point. Linear C data set, linear A data
set and experimental set of curve B. All data sets have to
posses same number of points since the subtraction ought to
be performed. A and C sets have to be constructed. B is
experimental dilatation. Than A minus B values make one
column of Y. Similarly, A minus C forms second Column of
Y and finally ratio AB/AC, third. AB/AC column plot in a
function of temperature or time, represents Kkinetic curve of
the phase transition.
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Fig 6. Linear fitting and interpolation of the inserted linear functions

At Fig. 6, phase transition curve was fitted in the linear
regions before and after phase transition, light green and olive
green portions of the red curve. Linear parameters of the line
denoted as y= ax + b, where a is slope and b represents
intercept. Number of points on the dilatometric curve in the
observed interval is pointed out, it equals 888 points.
Functions F1 and F2 are inserted to the graph with the
interpolation of the linear functions points to the number of
points that are resembling experimental dilatometric curve.

Procedure steps using Origin software after interval
extraction consists of:

1. Detecting characteristic values of points and labeling
them as starting and end point - No., t seconds,
Temperature T, displacement shrinkage %

2. Determent of the number of points that interval
consists of, here 888 points.

3. Determent of the interval that represents straight line
on the begging and end of the graph that you want to
fit linear. Origin software - Data, -> Mark data range,
or Data selector, markers left and right positioned on
the graph by cursor, Enter.

4. Linear fit of the beginning, left part, of the red curve
and of the end, right part - linear fit tool — Analysis, -
> Fitting -> Linear fit. Determent Y=a+bX relation
from data sheet. Slope a and intercept b.

5. Adding a function graph F1 and F2 consisted of
straight lines. The function insertion uses a and b
parameters determined for left and right part of
dilatometric curve, here light green and olive green
parts. Graph -> Add Function Graph -> F2(x) =
3,31697-0,00254 * x where (example) 3,31697 is
intercept b and 0,00254 is slope a parameter. ->
Add. Number of points will be set to 100. Auto X
range and Display curve — checked.-> Apply

6. Interpolation of the number of points on the F1 and
F2 to experimental number, here 888. F1 select ->
workbook -> Name of the data set image of F1, F1-
C2 Enter. Graph of FuncCopy will be plot. Select
function you want to Interpolate. Go to Workbook
button. -> Workbook , C2-Y column Sheet 1,
Analysis-> Mathematics -> Interpolate/Extrapolate -
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> Open dialog -> Input C2 Y, method Linear,
Number of points determined at 2 (888). Decheck
Auto, X minimum enter the left minimal value
determined at 1. here (5457 s), Decheck Auto, X
maximum same procedure now X maximum here
(8686 s), Output new sheet, -> Ok.

7. Organize workbook of the experimental data with
interpolated values columns and subtract columns
AB and AC, and AB/AC according to the levers rule.
Plot the function AB/AC as a function of time or
temperature that represents phase composition.

1o, o fm=[AB]IAC],

0.8

0.6

Xzqtio, / Xzn,1i0,
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Phase composition change
0.2 during phase transition
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Fig 7. Dilatometric curve that represents phase composition change during
phase transition from ZnTiO; to Zn,TiOs,

Sigmoidal curve obtained by the described procedure is
presented at Fig 7. It represents disappearing of starting phase
ZnTiO; and appearance of the evolving phase Zn,TiO4. This
curve allows us to observe and, furthermore, even to discuss
the kinetic of the phase transition.

fm ZnTiO, 20°C/min
—— fm ZnTiO, 10°C/min

104 —— fm ZnTiO, 5°C/min

AB/AC

o
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1

Phase transition kinetic:
ZnTiO, -> Zn,TiO,
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=}
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T T T T T
950 975 1000 1025 1050
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Fig 8. Phase transition kinetic from bulk specimen, three heating rates:
20°C/min 10°C/min and 5°C/min.

Phase transition from bulk specimen as a function of
temperature, three heating rates, 20 10 and 5 °C/min, orange
20°C/min, red 10°C/min and wine 5°C/min represented at Fig.
8. Since the temperature is a linear function of the time, due to
non isothermal heating schedule, temperature scale is used.
Change of the phase composition represents phase transition
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kinetic. Note that temperature of the curve center is the point
with highest rate of phase transition. If the temperature of the
phase transition observed, with higher heating rate,
temperature of the phase transition is higher - 20°C/min
1021°C, 10°C/min 1004°C, 5°C/min 993°C. It is as well higher
than expected 945°C for the phase diagram of ZnTiOs [4].
Nano-dimensions are introducing difference, as well as
composition, since it is ZnTiOs3 pure.

1.0 1

—u— fm 5°C/min
—a— fm 10°C/min
fm 20°C/min

AB/AC

054 Phase transition kinetics

3 ZnTio, -> Zn,TiO,
iz sintering specimen
N heating rates
E

009 10°Cmin and

5°C/min
T T T T
940 960 9280 1000

Temperature (0C)

Fig 9. Phase transition kinetic from powder sintered specimen, three
heating rates: 20 °C/min 10°C/min and 5°C/min.

It is obvious that curves at Fig. 9 for the phase transition
kinetic for the sintered specimen do not resemble heating rate
rise trend. Also, the shape is more irregular mutually for the
different heating rates and also different regarding the bulk
specimen curves.

Mathematical procedures enabling comparison of the data
were necessary since data obtained by levers rule are different
in their appearance due to physical phenomena they include.
First, all values must be positive. Then, second, to compare
them they must be in the zero to one values interval. Third, if
the function is monotonically increasing than it should be
converted to monotonically decreasing due to the convention
that we observe disappearing phase.

Minimal value for the every set of data was determined by
applying column statistic tool. Determined value is than added
to all values in the column what has led to all values of the
function are positive

1. fm>0

Maximal value for the every set of data was determined by
applying column statistic tool. Determined maxima value is
used to divide all values with, what has led to the norming
boundary condition - all values are inside of [0,1] set

2.fm [0,1]

Column values were finally inverted by subtracting them
from 1. Parent phase disappearance shape is thus established.
Function is presented as monotonically decreasing when this
trend is absent due to final sintering stage influence.

3. fm = 1- [col]
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Fig 10. Correction by subtraction for the bulk specimen.

Dilatometric curves should be corrected mainly for the
dilatation of the carrier system and pushing rod material
enlargement. In the device with two samples, in the
differential dilatometry, this procedure is done during the
experiment. Here, we have decided to subtract linear
dilatation of the Zn,TiO4 bulk sample, from phase transition
recorded from bulk.

Specimen that was heated to 1050°C passed through phase
transition Fig. 10, (red). Specimen was second time heated to
the same temperature and this second curve represents linear
thermal expansion of the evolved phase Zn,TiO4 (gray). This
set of values will be subtracted from curve with phase
transition obtained from bulk specimen (red). Pink curve
represents difference — corrected curve (pink). Number of
points that are going to be subtracted is often equal, and if it is
not - interpolation to the number of points present in the
experimental phase transition curve is performed.

Subtraction of sintering curve without phase transiton (wine red)
from

Curve containing phase transition during sintering (black) -1.0

98 Difference curve (violet)
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Fig 11. Correction by subtraction for the powder -sintered.

Correction by subtraction of sintering curve 900°C without
phase transition (wine red) from sintering curve 1050°C that is
containing phase transition during sintering (black) is
performed, figure 11. Difference corrected curve is obtained
(violet). Large interval was presented to show that difference
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curve (violet) consists of irregularities, Fig. 11. Observed
Phase Transition interval (PT interval) was extracted. The
absence of stability for the resulting curve origins from
sintering phenomenon when nano-powder is used. High
shrinkage rates and overall large shrinkage is present due to
rearrangement of highly agglomerated powder and also from
intensive recrystallization and grain growth. It should be
mentioned that sintering curve at 900°C was obtained by
combination of non-isothermal and isothermal temperature
program sequence. Yet, correction calculation was performed.

From the difference corrected curve, by the levers rule
usage, the Kinetic phase transition curves for bulk and
sintering specimens are obtained, Fig. 12.
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Fig 12. Phase transition kinetics comparison: Corrected curves for phase
transition from Bulk and Sintered specimens.

At fig.12, obtained corrected curves for Bulk and Sintering
are presented separately from experimental curves at fig. 9
and 10. Pink, violet and purple colors are subscribed to 20, 10
and 5°C/min heating rate, respectively. Sintering corrected
curves does not follow heating rate sequence. This fact is
expected since experimental curves are distributed in the same
manner. Sintering corrected specimens’ curves for heating
rates 10°C/min and 5°C/min are close each other. Bulk
corrected curves are well distributed following the rise of the
heating rate parameter.

It is interesting to make a phase transition Kinetics
comparison: Bulk vs. Sintered and also Experimental vs.
Corrected, Fig. 13. All curves are presented together. Good
match of the bulk curves between experimental and corrected
is visible. Sintered are showing deviations between
experimental and corrected. Deviation is in the position of the
curve, as well as in the shape. This implies great influence of
sintering  phenomenon on the phase transition,
thermodynamically as well as kinetically. Temperature scale
disproportion implies activation energy difference, while
curve shape implies kinetic difference.
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Fig 13. Phase transition kinetics comparison: Bulk and Sintered,
Experimental vs. Corrected.

Although the previous comparison has led to some of the
conclusions we have presented, quantitative comparison needs
fitting function and overlapping measure determination of the
constructed function with experimental curve. We have
chosen Sigmoid shape - Boltzmann fitting function. Formula
of the fitting function is given in the equation (1). Boltzmann
fitting function has two constant values for the y = Al and
A2. Maximal rate represents X0, and ((Al+A2)/2), set of
values. Shape of the curve, on the Fig. 14, gives good
resemblance comparing to other offered functions in the
Origin software package [6]. Although shape represents rise
of the emerging phase, constants A1 and A2 enable as well
diminishing shape. Fitting function resembles Johnson-Mehl-
Avrami-Kolmogorov (JMAK) expression for the model of the
kinetics for the isothermal phase transformations [5]. Their
phenomenological model is often used for crystallization
process and solid phase transition Kinetic description.

init value:A1=0 YA
final value:A2=1
centerx0=0 (40, (AM+A2)2)
time const:dx=1

y"=(R2-A1)/dx
A

Fig 14. Sigmoid shape - Boltzmann fitting function for phase transition
kinetic process.

4,- 4,

(x=xp )/ dx

7]+e

9

o))
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Fig 15. Phase transition curve, Boltzmann fitting function — Bulk,

corrected, 5°C/min.

Example of the fitting function is presented on Fig 15.
Fitting function (light green thin) for the experimental set of
data (purple bold). Regular residual curve quantifies
resemblance (blue, right axes). Table inserted represents
fitting function parameters listed in a report data sheet of the
fitting procedure. Residuals are the measure of discrepancy
with the experimental curve and they also are listed in a report
data sheet.

EXP Phase transition ZnTiO, -> Zn,TiO, Bulk
CORR Phase transition ZnTiO, -> Zn,TiO, Bulk corr. LTCE Zn,TiO,

—— exp. 20°C/min Rdsidual
BULK

= exp. 5 °C/min Residual

—— exp. 10 °C/min FE’SOI&AN
corr.20°C/min Repidual
corr.10 °C/min Residual

g
o
1

and fitted

o
corr.5 °C/min Resi

o) 7862 g
= — =
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900 950 1000 1050
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Fig 16. Bulk phase transition curve, 5, 10, 20°C/min, experimental and
corrected, Boltzmann function fitted — Residuals

Curves presented at Fig. 16 of experimental and corrected
curves are bold with symbols in the colors previously used.
Fitted function is green thin line for experimental and blue
thin line for corrected curves, all on left axes. It is visible that
residuals (cyan and olive, thickness refers to a heating rate,
right axe) for the experimental and corrected curves are
mutually resembling, Fig. 16. This implies that corrected
curves are following fitting equation just as good as
experimental. Only 20°C /min are somewhat shifted. This can
be subscribed to the fact that at larger heating rates stress -
strain relation is not negligible.
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EXP Phase transition ZnTiO, -> Zn,TiO, PT + Sintering
CORR Phase transition ZnTiO, -> Zn,TiO, PT + Sint. corr. sint 900°C
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Fig 17. Sintering phase transition curve, 5, 10, 20°C/min, experimental and
corrected, Boltzmann function fitted — Residuals

Same procedure of fitting for experimental and corrected
curves with Boltzmann function is performed at sintering
phase transition curve, Fig. 17, left axes. Residual functions
for experimental (olive) and corrected (cyan) are showing
intensive difference for the corrected and experimental, right
axes. If the fitted functions are observed for experimental
(green thin) and corrected (blue thin), it is obvious that shape
of the curve that represents phase transition with correction is
showing more resemblance with the sigmoid shape. Thus, the
made correction is more reasonable.

SINTERING

—— exp.10°C/min Resjdual
= exp.5°C/min Residual
exp.20°C/min Residual
corr. 20°C/min Residual
corr. 5°C/min Residual
corr. 10°C/min Residual

- 0.04
4 i \ - 0.02
{| Z
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= ¥ —_- 240
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= exp. 5 °C/min Residual A S 21 002
h ) = .
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o ) 2=
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corr.10 °C/min Residual 5 O
corr.5 °C/min Residual =S EN 0.04
2 @
- )
‘,A Y \/ s
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Fig 18. Fitting function Residuals comparison Boltzmann function fitted —
Residuals, Sintering phase transition curve, 5, 10, 20°C/min, experimental and
corrected, Bulk phase transition curve, 5, 10, 20°C/min, experimental and
corrected.

Fitting function Residuals comparison experimental and
corrected — Bulk and Sintered brings a reason that if we are
comparing just residuals, Fig. 18, the conclusion drawn is that
the sintering correction brings large misfit comparing to the
bulk. The misfit is for the sintering residuals, as well for the
different heating rates presented with different thickness of
the line. Experimental curves misfit for the sintering residuals
are significant (Sintering, olive, different thickness).
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IV. CONCLUSION

Physical differentiation of the sintering shrinkage and
Phase transition phenomena dilatation has been compared
with mathematical data manipulation of the sintering curve
and phase transition subtraction. It is found that data
manipulation procedure does not give the reliable results.

Although a thorough procedure for the phase transition
kinetic data achieving from the dilatometric data and fitting
procedure with sigmoidal function has been established.
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Study of the effect of microstructure and
magnetic texture on major hysteresis loop
phenomenology using OOMMF

Mehrija Hasici¢, Aphrodite Ktena and Jasna Hivziefendic

Abstract— This paper presents a study of the effect of
microstructure and magnetic texture on the hysteresis loop
through quasi-static micromagnetic simulations using the
open-source software OOMMF. Results show that
microstructure and magnetic texture parameters can be used
to control the coercivity. The anisotropy constant is the
parameter mainly controlling the coercivity. The increase in
the volume fraction of hard inclusions in a soft matrix typically
leads to higher coercivity. In the case of randomly oriented
inclusions, the calculated coercivity is lower than that for the
homogeneous soft case which is explained through the
prominent anisotropy energy density compared to the much
weaker exchange energy density. The results will be used to
correlate simulation parameters with magnetic parameters
obtained from major hysteresis loop measurements.

Index Terms—micromagnetic calculation, microscopic
modeling, energy minimization, magnetic properties, hysteresis
loop, OOMMF

I. INTRODUCTION

MAGNETIC materials have played a significant part in
the formation of modern civilization and continue to do so
in the advancement of industrial and scientific development.
Their applications range from the compass, which was the
first known application, to power generation and
transmission, electronic appliances, analogue and digital
data storage, medical appliances such as magnetic resonance
imaging (MRI), magnetic therapy, and drug delivery,
sensors and actuators, scientific instruments, and so on [1].

Electrical steel, in particular, is a material that is widely
used in construction, shipping and other modes of
transportation, automobiles, electrical equipment and
appliances, and other metallic products. Reducing waste and
saving energy is a highly discussed and investigated topic.
Increasing efficiency and lifecycle of the electrical machines
would be beneficial for both topics.

Stresses are the result of both thermomechanical
treatments during the manufacturing of the materials and
fatigue during the lifetime of a steel structure. They are
difficult to avoid however, they should be monitored and
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treated if and when possible [2]. Increased stress levels are
known to contribute to losses [3], [4].

The study of the effects contributing to losses as well as
the effect of stress on the magnetization process is necessary
for the optimization of magnetic materials used in the above
applications. Several physical or phenomenological models
of magnetization have been developed to assist in the design
of new materials or contribute to the control of
magnetization driven processes. These models can be
grouped into phenomenological [5]-[8], microscopic [9]-
[12], atomistic [13], [14] and multiscale [15]-[18].

The modeling of the magnetization process consists in
determining the relationship between the magnetization state
of a material and external stimuli, such as externally applied
fields, mechanical loads, or heating. The major hysteresis
loop M(H) of a material, where M represents magnetization
of the material and H is applied field, yields the macroscopic
parameters typically used to classify a given material, such
as the saturation magnetization, remanence, coercive field,
energy product, for specific excitation conditions. Losses are
also obtained from the major hysteresis loop measurement
since they depend on the area of the loop. The M(H) curve is
the result of magnetization processes at the atomistic,
domain and macroscopic level, which in turn depend on the
underlying microstructure. Changes in temperature,
frequency of the applied field or stress levels affect the
M(H) characteristic. The modeling of stress dependent
magnetization processes is a challenging task due to the
highly nonlinear dependence of the magnetization on
external stimuli which is further complicated by the
magneto-elastic coupling.

The stress-strain characteristic for any given material
consists of an elastic region, where the stress is proportional
to the strain and the proportionality constant is the Young’s
modulus, and a plastic region. The microstructure in
plastically deformed materials consists of finer grains, hence
longer grain boundaries acting as pinning centers,
anisotropy dispersion, and magnetically hardened regions
which considerably affect the magnetization response.

The long-term goal of our work is to develop a modeling
approach that links stress-induced microstructural changes
to the macroscopic parameters obtained from hysteresis loop
or magnetic Barkhausen noise measurements [4], [12].
Towards this goal, in this paper, we report on the quasi-
static micromagnetic modeling of the effect of
microstructure on the major hysteresis loop phenomenology
using the open source OOMMEF software to minimize the
free energy equation of material [12], [19].

The proposed methodology is presented in the following
section which is followed by simulation results and their
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discussion. The last section summarizes the main
conclusions and presents the roadmap of our future work.

Il. METHODOLOGY

In micromagnetic modeling, the minimization of the
energy equation reflects the balance between long range and
short-range interactions and their interplay with external
stimuli, such as a magnetic field. Short range interactions
have a localized effect and are determined by the
competition between the exchange and anisotropy energy
terms which reflect the effect of the chemical composition
and the crystalline structure of the material. The long-range
interactions are represented by the magnetostatic energy
term which summarizes the magnetic fields experienced by
a given elementary volume inside the material, as the former
emanate from all the remaining volumes in it. This term
depends on the current magnetic state of the material, which
incorporates the effect of previous states as well, and is
responsible for the hysteresis property observed in magnetic
materials.

The effect of stress on the magnetization process was
introduced through various microstructural configurations as
well as through the parameters of anisotropy constant,
exchange energy coefficient, and magnetic saturation which
control the anisotropy, exchange and mangnetostatic energy
terms, respectively.

More details on micromagnetic calculations with
OOMMF are given in [12] where the effect of simulation
parameters on the major hysteresis loop phenomenology
was studied. More specifically, we discussed the effect of
discretization and cell size as well as the effect of magnetic
parameters, such as the exchange and anisortopy constants
and the orientation of the easy axis, on the major hysteresis
loop.

In this work, we report on the effect of changes in
microstructure through the introduction of hard magnetic
inclusions in a soft matrix combined with changes in the
direction of anisotropy, i.e. in the magnetic texture. The
parameters used in the simulations to define different types

of materials are the anisotropy coefficient £1, the exchange

enrgy coeffiecient lex and the magnetic saturation M.. The
parameter values used in the simulation results shown here
are summarized in Table I. They correspond to three
different types of materials: Material 1 is homogeneous with
parameters corresponding to a soft magnetic material, while
Materials 2 and 3 have inclusions of hard material in the soft
magnetic matrix. The inclusions of Material 3 are harder
than those of Material 2 with parameters corrseponding to
those of a rare earth magnet.

TABLE |
MAGNETIC PROPERTIES OF MATERIALS
Type of Parameters

Material material K, Ay M,

[,'.gj;-m“: [k,ffm] [ka Sm)
Material 1 Soft 48 21 1700
Material 2 Hard 520 21 1400
Material 3 Hard 4500 21 1280
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Fig. 1. shows the magnetization plot of a soft matrix with hard inclusions.

The simulated material is of rectangular shape discretized
along the x (length), y (width) and z (thickenss) direction in
cubic cells of side a. The size of the cubic cells is a user
defined variable which has to be chosen so that it is smaller
than the magnetocrystalline exchange length for hard
magnetic materials and magnetostatic exchange length for
soft magnetic materials, as presented in [12]. Fig. 1 shows
the initial state of the magnetization vector for every cell in
the xy plane for a given z-value. The plot is zoomed in 35x
so that it is easier to see the hard inclusions (in purple)
which are of a size of one cell. The pattern continues
throughout the sample in the xy plane. Simulations have
been carried out for two cases, where hard inclusions are
either cylindrical structures throughout the z layer, or one
spherical cell in the middle z layer. Table Il summarizes the
texture and type of inclusions for the simulations shown
here.

The applied field in all simulations is 1100 mT along the
X-axis.

TABLE Il
PROPERTIES OF HARD INCLUSIONS IN THE SOFT MATRIX USED IN THE
SIMULATIONS
# Hard Anisotropy Type of
inclusions direction inclusions
1 | Material 2 randomized cylindrical
2 | Material 2 [100] cylindrical
3 | Material 2 [010] cylindrical
4 | Material 2 [001] cylindrical
5 | Material 2 [110] cylindrical
6 | Material 2 [011] cylindrical
7 | Material 2 [101] cylindrical
8 | Material 2 [111] cylindrical
9 | Material 2 [100] spherical
10 | Material 2 [010] spherical
11 | Material 2 [001] spherical
12 | Material 2 [110] spherical
13 | Material 2 [011] spherical
14 | Material 2 [101] spherical
15 | Material 2 [111] spherical
16 | Material 3 [100] cylindrical
17 | Material 3 randomized cylindrical
Il. RESULTS

The base case used for comparison corresponds to a
homogeneous magnetic material where all cells have the
parameters of Material 1 and the anisotropy, saturation
magnetization and the applied field are all along the x-axis
or[100].
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Fig. 2. Simulated hysteresis loops of a homogeneous magnetic material
(blue) versus a material with cylindrical hard inclusions, extending
throughout the z layer, with randomized anisotropy (green), and with the
anisotropy oriented along the [1 0 0] (red) parallel to the applied field

First, we examine the effect of the anisotropy direction of
hard magnetic inclusions of Material 2. In Fig. 2, the
simulated hysteresis loop of the homogeneous case is
compared against those of materials with cylindrical hard
inclusions with anisotropy along the same direction as that
of the soft matrix and the applied field, i.e. along [1 0 O],
and with randomized anisotropy orientations. When the hard
inclusions are aligned with the soft matrix, the coercivity
increases as it is expected (red line). However, when the
anisotropy of the inclusions is randomly dispersed, the
material presents a softer response (green line). To better
understand these results, we examine the energy plots for
the two cases shown in Fig. 3.

7><104B

12k
1+ ——Exchange Energy 1
— Anisotropy Energy 1
= —— Demagnetizing Energy 1
= 08 —— Exchange Energy 2
=] Anisotropy Energy 2
|.% 0.6 [ Demagnetizing Energy 2
04 - ﬁ e
" L
A
0
-1000 -500 0 500 1000
H[mT]

Fig. 3. Energy plots for materials with hard inclusions with randomized
anisotropy (case 1) and anisotropy aligned with the anisotropy of the soft
matrix (case 2)

The peak in the computed energy terms is observed
around coercivity which is higher for the material with the
hard inclusions along the same direction of the applied field
(case 2). When the anisotropy is randomized (case 1), the
anisotropy energy term is the most prominent and does not
vary much with the field (black line). Exchange energy on
the other hand is lower (blue line) even though the exchange
constant used is the same in both cases. The exchange
energy between two neighboring magnetic dipoles depends
on the angle between their magnetization vectors, i.e. the
larger the angle, the smaller the exchange energy. When the
anisotropy is randomized and there is no predominant
preferred direction, the resistance of a given magnetic
volume to the forced change in magnetization is lower and
the magnetization rotation towards the effective field
experienced by the given volume is facilitated.
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Fig. 4. Calculated hysteresis loops for the soft homogeneous case (blue)
versus hard inclusions of Material 2 (green) and Material 3 (red)

The next step was to investigate the effect of magnetic
hardness of the inclusions by carrying out simulations with
inclusions of Material 2 and Material 3 (Fig. 4). The
anisotropy and initial magnetization of hard inclusions in
both samples is along [1 0 0]. The coercivity for the cases
shown in Fig. 4 increases six-fold as the anisotropy constant
of the inclusions increases almost ten-fold. Observed results
are consistent with major hysteresis loop characteristics of
harder magnetic materials. The step-like response of the
loop corresponding to Material 3 (red line) is an artefact of
the OOMMEF calculation.
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Fig. 5. Major hysteresis loop calculations for a sample with cylindrical
hard inclusions of Material 2 throughout the z layer with the anisotropy
lying along different directions (a) full loop (b) second quadrant

In Fig. 5 we present the effect of magnetic texture on the
major hysteresis loop phenomenology of a sample with hard
inclusions of Material 2. The details of each simulation are
given in Table 2. The anisotropy direction is varied from
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easy axis (x-axis) (#2) through various in-plane (#3 and #5)
and out-of-plane (#4, #6, #7 and #8) directions.

Hard axis loops (#3 and #6) are narrower, as expected.
The lowest coercivity is observed when the anisotropy is
along y-axis [0 1 0] in-plane and along [0 1 1] direction, out
of the plane, respectively. The case with the anisotropy
pointing out of plane along [0 0 1] (#4) yields a higher
coercivity than the previous cases. The widest loops are
obtained when the anisotropy of the hard inclusions is along
[1 0 O], collinear with the applied field, or has an x-
component [11 0], [L0 1] and [1 1 1] (#2, #5, #7 and #8).

The effect of distribution of hard cells along the z layer is
investigated next, by arranging the hard inclusions only in
one z layer, the middle one. The results are presented in Fig.
6.

Distributing the hard inclusions in only one z layer, while
keeping the pattern along the xy plane presented in Fig. 1
consequently, means a decrease in the volume fraction of
hard inclusions. Therefore, we observe that the widest major
hysteresis loop presented in Fig. 6 is narrower than the
widest major hysteresis loop presented in Fig. 5. The
discussion of Fig. 5 is valid for Fig. 6 as well. The only
different trend observed is that when the hard inclusions’
anisotropy is along [0 1 0], the observed coercivity is 10 mT
higher than in the case of cylindrical inclusions.

10 e —
T —1[100]
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c
6 —no1]
9 067 —[111]
[)
£
°
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s
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-160  -140 120 -100 -80 -60 -40 20 0

H [mT]
Fig. 6. Major hysteresis loop calculations for a sample with spherical hard
inclusions of Material 2 in the middle z layer, with the anisotropy lying
along different directions

The presented calculations demonstrate the effect of
microstructure and magnetic texture on the observed
phenomenology of the hysteresis loop. Experimental
evidence has shown that both are affected in plastically
deformed material [4], [20]. In our future work, simulations
will be based on experimental measurements and the
OOMMF software will be used to link microstructural
parameters to macroscopic magnetic parameters obtained
from a major hysteresis loop measurement, such as the
differential permeability and coercivity which have a well-
established dependence on residual stresses in a magnetic
material.

The limitations of the OOMMF software, observed
mainly in the approach to saturation in the third quadrant,
need to be further examined and ensure that they do not
affect the validity of our conclusions.
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IV. CONCLUSION

The effect of microstructure and magnetic texture on the
hysteresis loop has been studied through quasi-static
micromagnetic simulations using the open-source software
OOMMF. Microstructure was varied through cubic or
columnar inclusions of different magnetic parameters inside
a soft matrix. Magnetic texture was varied through the
anisotropy orientation of the inclusions. Coercivity varies
considerably with both microstructure and texture. When the
hard inclusions have randomized anisotropy, lower
coercivity is observed, even compared to the homogeneous
case calculation. This is explained through the interplay
between the different energy density terms, where the
anisotropy energy density is predominant, and the exchange
energy is reduced.

Future work will be focused on the correlation between
simulation parameters and magnetic parameters obtained
from measured loops at various residual stress levels on
electrical sheet laminates.
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Primeri primene fraktalne analize za
karakterizaciju novih materijala

Sanja Aleksi¢, Branislav Randelovi¢, Aleksandar Panti¢, Neda Stanojevi¢, Member, IEEE, Dusan
MiloSevié

Apstrakt—U ovom radu je dat pregled novih metoda za
prikupljanje, obradu i analizu materijala koji se koriste ili su u
fazi istraZivanja za primenu u savremenim uredajima za Siroku
ili specifi‘nu, namensku proizvodnju. Razvoj biofizike,
elektorhemije, napredak u proizvodnji alternativnih izvora
energije, biomolekulima, ali i svim ostalim oblastima nauke,
ukratko je objaSnjen vezom izmedu nanotehnologije, kao
intrdiscplinarne nauke buduénosti i novih matemati¢kih metoda
i pristupa koji omoguéavaju analizu zrna, pora i njihovih
srani¢nih delova i interakcija. Dobijeni rezultati imaju za cilj da
se elektri¢ne, fizicke i hemijske osobine materijala povezu sa
njihovim izlaznim parametrima (temperatura, gustina,
elektri¢na i magnetna provodnost...) i da se, u skladu sa tim,
dode do novih ili uvedu korekcije u postojeCe metematicke i
fizicke teorije i jednacine, da bi se dobili §to relaniji iu precizniji
rezultati za karakterizaciju uredaja u kojima se Koriste. Jedan
od elementarnih uslova za unapredivanje karakteristika
matrijala je optimizacija procesa sinterovanja i elektro-fizi¢kih
osobina materijala, §to je, takode, analizirano u ovom radu.

Kljuéne re¢i—Nanotehnologije; fraktalna analiza; obnovljivi
izvori energije; materijali za elektroniku.

I. UvoD

Sve novije i, doskora, ¢ak i nezamislivo nepoznate potrebe
modernog ¢oveka u svim sferama Zivota, primoravaju nas da
budemo kreativni i gradimo nove koncepte bezbedne i
stabilne  arhitekture, medicine, informacionih i
telekomunikacionih elemenata - objekata i sistema za prenos
informacija na Sto veée daljine sa Sto manje gubitaka,
sredstava za transport i prevoz robe i putnika, unapredenja
poljoprivrede u cilju dobijanja Sto vecih koli¢ina zdrave i
jeftinije hrane, itd. Cinjenica da su bukvalno sve oblasti Zivota
i rada, koje bi ljudima trebalo da donose dobrobiti, u
intenzivnoj fazi razvoja, podrazumeva da je osnovni
preduslov za to obezbedivanje tehnickih i tehnoloskih uslova
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za proizvodnju i koris¢enje ogromnih koli¢ina, najpre toplotne
i elektricne, a zatim i svih ostalih vidova energije. Naravno,
sve nove tehnologije bi, takode, morale zadovoljavati Sto veci
broj kriterijuma koji su okosnica borbe savremenog sveta za
ocuvanje zivotne sredine.

Nanotehnologije, nova naucna disciplina koja ukljucuje, pre
svega, fundamentalne nauke kao S§to su, fizika, hemija,
biologija, nauka o materijalima, ali i veliki broj inzenjerskih
grana (elektronika, gradevinarstvo, masinstvo), obecavaju da
¢e u buduénosti biti vrlo bitan faktor razvoja i proizvodnje
novih generacija uredaja za upotrebu u svim sferama zivota
savremenog druStva sa visokim stepenom minijaturizacije i
integracije, a minimumom utroska energije [1-6].

Razvoj tehnika i tehnologija je nezamisliv i beskoristan
ukoliko ne postoje novi nacini za koris¢enje ve¢ postojecih ili
pronalazenje nacina za proizvodnju i upotrebu novih,
modernih materijala, koji bi od strane fizike, hemije i
biologije mogli biti proucavani na neki nacin drugaciji od
klasi¢nog. Prilagodavanje metodologija je neophodno s
obzirom da se radi o objektima ¢ije su dimenzije reda veliine
nekoliko (ili nekoliko desetina) nanometara, tj. dimenzijama
koje teze veli€ini jednog atoma, molekula ili njihovih klastera
[1].

Osim gore pomenutih tehnika i tehnologija, ¢iji je razvoj
uzrocno-posledi¢no povezan sa razvojem i upotrebom novih

materijala, neophodno je razvijati i nau¢ne metode
prikljupljanja, obrade i analize dobijenih rezultata
eksperimentalnih merenja ili simulacija, koji sluze za

karakterizaciju njihovih fizickih, hemijskih ili elektri¢nih
osobina.

U ovom radu ¢e biti dat osvrt na jedan noviji matematicki
pristup, Kkoji se razlikuje od konvencionalne Euklidove
geometrije 1 predstavlja pionirske pokusaje uvodenja
drugaCijeg nacina razmisljanja primenjenog na zrnastu
strukturu materijala, koji je poznat kao fraktalna analiza.

1905 1915 1932 1963 1975

Albert Albert Rutherford's Edward Benoit

Einstein Einstein Lab Lorenz Mandelbrot
Special RT General RT Fission Chaos Fractals

SI. 1. Periodi vaznih otkri¢a tokom XX veka.

Na Sl. 1 se vidi da je do otkri¢a “fraktala” do§lo mnogo
kasnije nego S$to je to bio slucaj sa prethodnim vaznim
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saznanjima koja su pomogla ¢ovecanstvu na putu otkrivanja
velikih tajni prirode.

Jedan fenomen, veoma intrigantan za ljudsku socijalnu
inteligenciju, je ¢injenica da isti atomi predstavljaju osnovne
gradivne elemente i nosioci su istih procesa i u zivoj i u
nezivoj prirodi. Osnova tih procesa i pojava je, ustvari,
kretanje elektrona, samostalno ili unutar atoma ili molekula.
Potreba za razumevanjem “trenutka” koji pravi razliku izmedu
materije koja je Zziva 1 one koja to nije, zahteva
interdisciplinarni pristup molekularne biologije i ostalih grana
nauke i inzenjerstva. Naime, molekularna biologija, kao nauka
o Zivotu, proucava razli¢ite procese u Zivim organizmima na
molekularnom nivou. To znaci da se ona bavi i kretanjem
elektrona u biomolekulima, pa je neophodna saradnja sa
molekularnom bioelektronikom, jer se kretanje elektrona
zasniva na istim principima u zivim organizmima, kao i u
svim ostalim oblicima materije. Zbog toga je jedini ispavan
pristup proucavati ga kao zajednicko svojstvo jednog
fundamentalnog procesa [2].

Dosadasnji razvoj nauke i tehnologije ne omogucava nam
da pratimo kretanje i prouavamo pojedine elektrone, kao
nosioce elementarnog naelektrisanja i energije (elektri¢ne,
toplotne, mehanic¢ke...). U ovom trenutku je moguce
posmatranje i opisivanje kretanja molekula metodama koje
nudi kvantna fizika. Naravno, sve vreme imamo u vidu da
svaki molekul nosi klaster elektrona koji se krece zajedeno sa
njim, ali se i svaki electron ponaosob kre¢e unutar samih
atoma koji ¢ine molekule, i ¢iji su osnovni elementi grade.
Zato Cinjenica da, unutar molekula koji su delovi biosistema,
postoje atomi i elektroni koji “nisu svesni” da li su delovi Zive
ili nezive prirode, je veoma vazna, jer izdvaja molekul kao
znacéajan integrativni faktor izmedu njih.

Zbog svega toga ¢e na ovom mestu biti ukratko objasnjene
osnove fraktalne analize, kao jedne od novijih matematic¢kih
metoda, koja se danas sa velikim uspehom, narocito uzimajuéi
u obzir ogranicenja Euklidove geometrije, koriste za
karakterizaciju materijala na nivou nanometra. Korisnost
njene primene u materijalima koji su zanimljivi sa stanovosta
fizicke elektronike bi¢e prezentovana na nekoliko, od velikog
broja primera, ali bez ograni¢enja da se identi¢na analiza ne
moze proSiriti  univerzalnim principima od objekata
nanodimenzija do otkrivanja tajni kosmosa, jer sve to,
sagledano objektivnim ofima van naSeg egocentricnog
referentnog sistema, doprinosi i spoznaji uzroka, nacina i
razloga postojanja nas samih u univerzuma ¢iji smo sastavni
deo.

Zbog toga ¢e u ovom radu ukratko biti opisane osnove na
kojima se bazira ideja fraktalne matematike, metode koje se
primenjuju u zavisnosti od toga o kojoj vrsti problema i sferi
ljudkog Zivota se radi i primeri vezani za fizicku elektroniku,
alternativne izvore energije, materijale za energetiku i
telekomunikacione uredaje...

Il. OSNOVNE POSTAVKE FRAKTALNE TEORIJE

U cilju priblizavanja koncepta novog na¢ina razmisljanja i
njegove primene u pomenutim naucnim istraZivanjima
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vezanim za razvoj elektronskih komponenata, prvenstveno u
sferi primene u novim, alternativnim izvorima energije i
telekomunikacionim  sistemima,  poce¢emo  kratkom
rekapitulacijom analize BaTiOs, koja, kao $to je ve¢ receno,
predstavlja pionirska istrazivanja u ovoj grani nauke.
Pokazano je da su kod BaTiOs, ¢&iji prah ima zrnastu,
granularnu  strukturu, oblasti prostora oko granica
pojedina¢nih zrna odgovorne za skoro sve procese koji
odreduju fenomene i osobine razliCitth materijala. Naime,
pojave opisane kao, veoma specificne karakteristike
elektroprovodnosti, dielektri¢ne, feroelektri¢ne, feromagnetne,
poluprovodnic¢ke i brojne druge, zajedno definiSu bazicne
elektri¢ne osobine u ¢itavoj zapremini materijala. To znaci da
se pomenuti procesi odigravaju u slojevima koji se mogu
opisati kao ljuske Minkovskog, i da se mogu ponavljati i na
isti nacin prostirati po ¢itavoj zapremini posmatranog uzorka.
Zato je pogodna polazna tacka za opisivanje celijskih
struktura kao $to je kristalni perovskit i sliéni materijali
Voronojeva teselacija (mozaicki raspored geometrijskih figura
u prostoru koje se ne preklapaju, ali “komuniciraju”
grani¢nim oblastima bez praznina izmedu njih), jer termin
tessella potice od latinske re¢i tessella, $to znadi ravan
kamen¢i¢ ili parée keramike ili stakla za pravljenje mozaika.
Ovakav koncept je primenljiv i na zrna i na pore, i efikasan je
alat za prognozu projektovanih mikrostrukturnih svojstava i
mikrostrukturne karakterizacije materijala (SI.2).

Sl. 2. Primer Voronoevog dijagrama.

Voronojevi dijagrami imaju mnogo moguénosti za
primenuu, prvenstveno u predvidanju ili simulaciji interakcija
izmedu susednih struktura. Na primer, modeliranje bioloskih
¢elijskih struktura, modeliranje obrazaca rasta u Sumama,
procena mineralnih rezervi za rudarenje, mapiranje najblizeg
aerodroma avione koji bi trebalo da slete u hitnim
sliu¢ajevima, itd [6].

Da bi se formirala Voronojeva teselacija, potrebno je
posmatrati skup tacaka u ravni, jer je to najlakSe zamisliti,
naro¢ito u euklidskoj metrici. Za svaku tacku je moguce
odabrati oblast u okolini koji je blizi toj tacki od bilo koje
druge tacke u datom skupu. Na taj nacin svaka oblast formira
¢eliju koja odgovara toj tacki. Unija svih skupova takvih Celija
pokriva oblast prostora koji se posmatra u datoj ravni. Ta
unija skupova predstavlja VVoronojevu teselaciju.

Usko povezan pojam sa Voronojevom teselacijom je
Deloneova triangulacija. Za dati skup tadaka u nekom
matematickom prostoru, Deloneova triangulacija se formira
povezivanjem tacaka i stvaranjem trouglova sa uslovom da za
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bilo koju tacku ne postoji ni jedna druga tacka u opisanoj
kruznici odgovarajuceg trougla (S1.3).

=

SI. 3. Primer Deloneove triangulaciju sa tackama (crvenim) koje
predstavljaju centre odgovaraju¢ih opisanih krugova Deloneovih trouglova.

Bazirajuéi se na osnovnim postavkama koje smo pomenuli,
Voronojev dijagram je, najpre, definisan kao ravan ili deo
ravni ili teselacije (S), pri ¢emu je ispunjen uslov da je skup
V ={,V,,V,,V,..} i da je njihova unija skup S, a presek
izmedu bilo koje dve ¢elije prazan skup. Osim toga, ovakva
teselacija je izomorfizam sa kona¢nim skupom tacaka
Z= {Zl, Z,, 23,...Zn} iz skupa S na nacin prikazan na S1.4 i 5:

——
Skn 1490427

308U X3.500 4

SI. 5. Poligonalna aproksimacija konture zrna

Voronojeva Celija V;, koja je generisana oko tacke z;,
sadrzi sve tacke X iz S i zadovoljava jednadinu:

p(%zi) < p(x,zj),za j=#i, @

pri éemu je p Euklidovo rastojanje:
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PO = = P+ (- v, P @)
za tacku cije su koordinate:

X:(xbxz)v y:(yllyZ)' @)

Sl. 6. Primer Voronoijevog dijagrama za datu distribuciju tacaka sa jednom
pokretnom generisu¢om tackom.

Na SI.6 je dat primer Voronojevog dijagrama za datu
distribuciju tacaka sa jednom pokretnom generiSu¢om
tackom.

Algoritam za generisanje planarnih VVoronojevih dijagrama
moze biti direktan i indirektan. Prva grupa algoritama generiSe
Voronojeve celije pocevsi od, a priori, datih tacaka
generisanja. Indirektni algoritmi prvo generiSu Deloneov
trougao  koji potom proizvodi  Voronojeve  celije.
Triangulisana nepravilna mreza (TIN) je geometrijska
struktura podataka koja se koristi, npr. u Geografskim
informacionim sistemima (GIS) za 3D modeliranje reljefa
(SI.3). Osnovna karakteristika TIN strukture je koris¢enje
veéeg broja tacaka na mestima gde je prikazan nizi nivo
detalja. Generalno, kad je set taCaka definisan, mora biti
uspostavljena optimalna veza izmedu tacaka trouglova
koris¢enjem Delaunai triangulacije (DT).

Ovakve polazne geometrijske i matematicke postavke su se
pokazale kao izuzetno efikasan alat za prognozu
projektovanih mikrostrukturnih svojstava i mikrostrukturne
karakterizacije materijala ¢ije su jedinice grade zrna i pore.
Naime, cist euklidski pristup ne daje dovoljno verodostojnu
reprodukciju oblika zrna i pora, pa pretpostavka fraktalne
geometrije, bazirana na Voronojevom modelu daje rezultate
mnogo  blize realnom  formiranju  mikrostrukturnih
konstituenata—granica zrna i pora. Zato ovakav
mikrostrukturni pristup rekonstrukcije i prognoze daje i
realnije vrednosti elektrofizickih parametara i svojstava, ¢ime
se pomeraju granice unutar fraktalne mikroelekotrnike i
stvaraju novi pristupi koji vode ka minijaturizaciji i integraciji
viseg nivoa (S1.4). Diektna implikacija svega toga se vidi u
reviziji i korekcijama osnovih  fiziko - hemijskih i
eletrkofizickih zakona i jednacina (Cobbleov, Heivangov i
intergranularni  model za  odredivanje  kapacitivnosti
kondenzatora, Curie — Veisov zakon, visina Sotkijeve barijere,
dielektri¢na i magnetna susceptibilnost materijala, elektricna
otpornost...)
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Vecu fleksibilnost po pitanju rekonstrukcije strukturnih
jedinica (zrna i pora) i njihovih medusobnih odnosa sa
konacnim ciljem predvidanja osobina mikrostrukture tokom
procesa minijaturizacije obezeduje Kantorov pristup, razvijen
kao metod fraktalne analize, koji omogucava modeliranje
fraktalne povrsine modelirane kao skup fraktalnih krivih.

Kantorov ternarni skup C je kreiran iterativnim brisanjem
otvorene srednje trecine iz skupa linearnih segmenata. Neka je
| interval [0,1]. Brisanjem otvorene srednje trecine [1/3,2/3]
iz intervala [0,1], ostaju dva segmenta linije [0,1/3]uL[2/3.1].
Zatim se briSe otvorena srednja tre¢ina svakog od segmenata,
posle Cega ostaju Cetiri linearna segmenta
[0,/9]u[2/9,1/3]u(2/3,7/9]U[8/9.1]. Ovaj proces se
nastavlja do beskonacnosti. Na bilo kojoj n-toj iteraciji,
ovakav skup je moguée pokriti uvodenjem 2" intervala
pre¢nika ]/2”. Procena gornje granice « - dimenzionalne
Hausdorfove dimenzije C za pokrivanje intervala Sirine
(pre¢nika) w, (1) se dobija iz:

S

k=1

Za dobijenu vrednost gornje granice broja iteracija skupa
neophodno je prodiskutovati moguca reSenja. Iz (4) je jasno
da ¢e za n — oo ovaj razlomak biti konacan i razli¢it od nule
ukoliko je @ =In2/In3, §to znaci da je @ =In2/In3 trazena
vrednost gornje granice iteracije. Iz principa raspodele mase
moguce je zakljuciti da je ovo i donja granica iteracije datog
skupa. Dakle, Kantorova dimenzija C je Kkartezijanski
proizvod sa samim sobom, §to znac¢i da mora biti posmatran
kao deo vektorskog proizvoda vektor-tenzor [1-6].

Na identican nadin je moguée obuhvatiti 4" krugova
dijametra 20'5/ 3". U tom sludaju ée procenjena gornja
granica « -dimenzionalne Hausdorfove dimenzije C za

pokrivanje intervala Sirine (pre¢nika) w, (\/E ):

4" a n
$ W{ﬁj o)
3“ 3na
k=1
biti kona¢na i razli¢ita od nule kada n— o za a=In4/In3,
tako da Kantorov prah ima fraktalnu dimenziju
2% 2In2

o=—=
in3 In3
tacaka na jedi¢nom intervalu.

.Isto bi vazilo za bilo koji kompaktan skup

I1l. PRIMERI PRIMENE FRAKTALNOG RACUNA ZA
IZRACUNAVANIJE ILI KOREKCIJU NEKIH FIZICKIH PARAMETARA

Na postavkama datim u prethodnom delu ovog rada u
najkra¢im moguéim crtama, razvijen je veliki broj
matematickih metoda, koje se primenjuju u svim sferama
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zivota 1 u svetovima u opsegu dimenzija od nanocestica do
svemirskih objekata ili njihovih skupova.

A. Braunovo kretanje

Za oblast kojom se bavi fizicka elektronika 1 fizika
savremenih materijala za elektroniku veliki izazov je
mogucénost predvidanja i modelovanja Braunovog kretanja
elektrona u kristalnim materijalima. Sa druge strane, osnove
Braunovog kretanja bi trebalo da budu iste i u biomolekulima.
Povezivanje biofizic¢kih i sistema kondenzovane materije je od
velikog znaaja zbog potrebe za novim pristupom u
mikroelektronskim  biouredajima, biokompjuterima ili
bio¢ipovima. S obzirom na to da su submikronske Cestice
zivog 1 nezivog sistema identicne, moguce je uspostaviti
dvoznac¢no korespodentnu vezu ova dva sistema Cestica Cije je
integrativno svojstvo biomimeticka korelacija zasnovana na
sliénostima fraktalne prirode Braunovog kretanja.

U jednom od istrazivanja koja je sprovela grupa nauc¢nika,
dobijeni su eksperimentalni rezultati kretanja bakterija pod
uticajem energetskih impulsa, kao $to je muzika. Da bi bilo
moguce definisati odnos izmedu biofizickih i fizickih sistema
Cestica, uvodenjem matematicke analiticke forme i primenom
karakterizacije fraktalne prirode Braunovskog kretanja

fraktalnom interpolacijom, bilo je potrebno imati i
eksperimentalne  rezultate  pradenja  kretanja  nekih
biomolekula. Ova napredna istrazivanja ukljucuju i

proucavanja fizi¢kih sistema Cestica u ¢vrstom stanju kao deo
neorganskih sistema.

Dimenzije i obrasci kretanja bakterija i virusa ukazuju na
biomimetice sli¢nosti sa kretanjem cCestica kondenzovane
materije. Obrasci kretanja bakterija pokazuju stohasticke, a
samim tim i nepredvidive Kkarakteristike, jer se ovi
mikroorganizmi suaraju kako medusobno, tako i sa okolnim
molekulima, naglo menjaju pravce kretanja, krecu se
rotaciono ili u cik-cak linijama, $to je osnovna karakteristika
Braunovog kretanja. Putanja i brzina njihovog kretanja su
specificne za svaku bakterisku vrstu, ali im je zajednicko to
$to na sve njih znacajno uti¢u faktori okoline (temperatura,

osvetljenost, “hranljive materije”, energetski impulsi...).
Buduéi pravei  istrazivanja moraju ukljuéiti  stvaranje
matemtickih  analitickih ~ jednaina, generisanje 3D

interpolacionih dijagrama, kao i dizajniranje 3D fraktalnog
interpolacioog dijagrama kretanja bakterija i biomolekula
primenom metoda fraktalne interpolacije.

B. Materijali za alternativne izvore energije

Sa porastom svetske energetske krize, istrazivanja novih,
obnovljivih i alternativnih izvora energije su u porastu. Fokus
je na istrazivackim oblastima, ponekad od manjeg znacaja u
aplikacijama, gde su razliite metode sinteze i optimizacija
svojstava mikrostrukture izvrSile znaCajno poboljSanje
elektrofizickih svojstava izlaznih materijala i komponenti.
Ovo je posebno znacajno za vecu energetsku efikasnost u
proizvodnji elektricne energije, pa je velika potreba za
poboljsanjem performansi baterije i sistemi baterija, gorivnih
¢elija, uredaja za eksploataciju energije vodonika, tj. za
poboljsanjem kapaciteta rezervoara za tako proizvedenu
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energiju, $to je jedno od najvaznijih razvojnih pitanja u
energetskoj sferi. Imajuéi u vidu postignute rezultate u oblasti
elektrohemijskih izvora energije, posebno razvoja elektrolita,
istrazeni su doprinosi pojedinih elemenata ili matrijala
primenom fraktalne analize prirode materijala. Elektrohemija
se bavi prouc¢avanjem hemijskih reakcija koje se odigravaju
na granici izmedu elektroda (¢vrsti metali ili poluprovodnici) i
elelektrolita, odnosno jonskog provodnika, preko kojih se vrsi
razmena naelektrisanja izmedu elektroda i elektrolita. Sa tacke
gledista fizike i energetike, to znaci da se, ustvari, trazi veza
izmedu elektri¢ne energije i hemijskih reakcija. Pri tome,
elektrokatalliza ima sve veéi znac¢aj u gorivim celijama, jer

uklju¢uje supstance koje poveéavaju brzinu hemijskih
reakcija, posebno na povrSinama umetnutih elektroda,
naroito kada se koriste meSoviti jonsko-elektronski

provodljivi oksidi. Tipi¢ni primeri su elektrode u gorivim
¢elijama sa ¢&vrstim oksidom (SOFC) ili membrane za
izdvajanje kiseonika iz okolnog vazduha. Kako je za
inkorporaciju kiseonika neophodno formiranje jona kiseonika,
u sistemu moraju postojati slobodni elektroni, a to je moguce
ili povezivanjem elektroda ili, jo§ bolje, koris¢enjem
mesavine poluprovodnika i metala u ¢vrstom stanju (MIEC),
kao $to su oksidi sa perovskitnom kristalnom strukturom.
Jedan od primere takve analize je istrazivanje uticaja
parametara mikrostrukture u oblasti elektrohemije (npr. uticaj
koncentracije H0203 (od 0,01 tez% do 1 teZz%) i temperature
sinterovanja (od 1320°C do 1380°C), kao parametara
konsolidacije. Samim tim su otvorena vrata fraktalizacije
elektrohemijske funkcije i u osnovnim termodinami¢kim
parametrima je uvedena fraktalna korekcija. Sa velikim
interesovanjem se istrazuje i zavisnost fraktalne dimenzije od
koncentracije aditiva [1-6].

Anode

Sl. 7. Jedini¢na Celija koja se sastoji od dve elektorde rzdvojene elektorlitom.

Mnogobrojna novija proucavanja alternativnih izvora
energije danas su u fokusu vecéine projekata iz obasti
energetike. Kako se svet suoCava sa ozbiljnim energetskim
izazovima, razvoj i implementacija tehnologija obnovljivih
izvora energije postaju sve vazniji. U ovom trenutku se, u tu
svrhu, koriste svi raspolozivi izvori alternativne, kao i izvori
energije bazirani na fosilnim gorivima. Medutim,
najintenzivnije se proucavaju nacini koriSéenja energije
Sunca. Procesi tokom kojih dolazi do pretaranja “energije”
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Sunca u neki drugi oblik energije (prvenstveno hemijsku) su
mnogobrojni i mogu biti fotokataliticki, fotoelektrohemijski,
procesi fotosinteze... Na osnovu njih se razvijaju i
odgovarajuce tehnologije, poznate kao tehnologije solarnih
¢elija (fotonaponske i fototermalne). Iz navedenih referenci se
jasno vidi da suStinu reSenja dela problema predstavlja
upotreba materijla kao §to je TiO2, ZnO, CoS i da se svi oni
nanose u §to tanjim (nanoslojevima, kao nanoprevlake za
nanonozice...).

C. Feromagnetni i elektromagnetni materijali

Medutim, bez informaticke revolucije, bez mogucénosti
prenosa informacija izmedu nano-i makroobjekata, nista od
ovoga ne bi bilo moguce. Telekomunikacioni uredaji, tj.
uredaji i oprema za obradu, prenos i prijem signala
koris¢enjem Zzicanih, radio, optickih i dugih elektromagnetskih
urezaja, takode zahtevaju minijaturizaciju i optimizaciju
brzine prenosa informacija, sa §to manjim utroSkom i
gubicima sopstvene energije.

Za sve, gore navedene, primene i potrebe, neophodno je
obezbediti rekonstrukciju i projektovanje strukturne jedinice
(zrna i pore), da bi se postigla Sto visa minijaturizacija
morfologije. Elektomagnetni, feroelektri¢ni i srodni magnetni
materijali se sve viSe koriste za ovakve pametne i
multifunkcionalne namene. U tom smislu su zanimljiva
istrazivanja posvecena feroelektricnim materijalima, posebno
jednofaznim kristalnim materijalima u tehnologiji tankog
filma. Materijali sa strukturom perovskita imaju pravilan
atomski red, tako da u tim mrezama postoje varijacije i
promene koje se kao $abloni ponavljaju i prave domene atoma
sa pravilnim promenama u odredenom pravcu u materijalu,
kao i polarizaciju u datoj tacki. Difuzioni fazni prelaz utice na
feromagnetna svojstva materijala, jer se pod uticajem
temperature javljaju mikrostukturne promene u vidu promene
rasporeda atoma i pojave faznih prelaza u mikro i nano skali.
Zbog toga se menja i Kirijeva temperatura i trenutak pocetka
polarizacije. Ovakvi fazni prelazi su dominantni kada cvrsti
rastvor dobije homogenu strukturu. U ovoj fazi za analizu
razli¢itth povrSina zma 1 pora, i1 definisanje njihovih
geometrijskih karakteristika nije dovoljno koristiti euklidsku
geometriju. Zato se skoro uvek ukljucuje elektronska
mikroskopija, koja omogucava posmatranje objekata sa
nekoliko nivoa uvecanja. Najzastupljeniji u eksperimentalnim
prosedurama u elektriénom i magnetnom smislu su BaTiOs i
NZT (Nd (Zn0.5Ti0.5)O3) materijali, dobijeni tokom
standardnih metoda u kojima se odigravaju rekacije za
dobijanje ¢vrstog stanja.

U ovim procesima je veoma bitno poznavanje morfologije
keramickih zrna, jer se realne meduzrnaste kontaktne
povrsine, kao izrazito nepravilni oblici, mogu optisati na
adekvatan nacin samo kori§¢enjem fraktalnih modela. Model
intergranularnog kapaciteta omogucava izraGunavanje veliine
zrna odredivanjem vrednosti fraktalne dimenzije koriS¢enjem
fraktalne korekcije. Pri tome je naro¢ito vazna uloga
dielektriéne 1 magnetne konstante materijala, ¢ije vrednosti je
moguée  korigovati na osnovu fraktalne  prirode
intergranularne morfologije, a koja dovodi do korekcije u
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Heyvangovom modelu i Curie — Veissovom zakonu.

Neka pocetna istrazivanja inergranularnih kontakata
BaTiOs; keramike pokazuju da ona mogu imati jako veliki
uticaj na elektricna i magnetna svojstva u celoj zapremini
materijala. Intergranularni kontakti se formiraju tokom
procesa sinterovanja. Tokom sinterovanja, dve Cestice praha
formiraju kontakt, dok meduatomske sile poc¢inju da formiraju
vrat Cestice u kontaktnoj oblasti, §to uzrokuje povecanje
gustine materijala. Glabni mehanizam za povecanje gustine je
smanjenje slobodne povrSinske energije sistema. U daljem
procesu sinterovanja vrat pocinje da raste. Kontrola tog
procesa se vrsi razlicitim difuzionim mehanizmima (reSetkasta
difuzija, difuzija na granici zrna...), ¢ije su brzine odredene
ukupnim fluksom atoma koji dolaze do vrata.

Karakterizacija datih procesa se moze raditi simulacijom
rasta vrata u vremenskom domenu, kombinovanjem rezultata
za vrednosti kontaktnih povrSina sa kinetikom firmiranja tri ili
viSe kontaktnih povrsina ili modelom tri ili viSe zrna, koji
omogucavaju uspostavljanje ekvivalentnog modela klastera
takvih zrna. To znaci da se uzorak BaTiOs keramike moze
modelovati u elektricnom smislu kao impedansa koja sadrzi
dva kondenzatora, kalem i otpornik. Kako se uzorak keramike
sastoji od velikog broja zrna organizovanih u klastere
razli¢itih veli¢ina, moglo bi se pretpostaviti da svaki klaster,
pa cak inergranularni kontakt unutar klastera, pokazuje slicno
ponasanje. Dominantni doprinos ekvivalentnoj impedansi u
Sirokom grekventnom opsegu dolazi od kapacitivnosti, pa se
svaki 1 ntergranularni kontakt moZze posmatrati kao
intergranularni  mikrokkondenzator. Na osnovu ovih
razmatranja mogu biti formirani ekvivalentni elektri¢ni
modeli tri ili Cetiri klastera zrna, zasnovani na raCunarskom
modeliranju i simulacijama [1-6].

IV. ZAKLJUCAK

Primena fraktalne analize na fundamentalno kretanje
virusa, bakterija, ali i atoma, molekula, Klastera i elektrona u
svim strukturama poznato kao Braunovo kretanje je jedna od
osnovnih ideja koja bi povezal azivu i nezivu prirodu. Ali, i
sve oblasti inzenjerskih nauka, sa posebnim osvrtom na
fizicku elekotrniku, nauku o materijalima i savremenim
materijalima u oblasti altrnativnih izvora energije i
telekomunikacija je u povoju. POvezivanje nanotehnologija sa
biomimetikom i korekcijom svih ostalih do sada poznatih
fizickih 1 hemijskih jardnacina klasi¢nim matematiCkim
aparatom bi trebalo korigovati uzimanjem u obziru parametara
spoljasnje sredine i njihovog uticaja na ponaSanje gradivnih
elemenata zivog i ili nezivog mikrosveta.

ZAHVALNICA

Zahvalnost za otvaranje vrata za ulazak u oblast primene
fraktalne analize u granama nauka koje su obuhvatile Citav
spektar osnovnih, ali i preimenjenih nauka obuhvacenih
pojmom Nanotehnologije, sa strane svih potpisnika ovog rada
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ABSTRACT

This paper provides an overview of new methods for collecting,
processing and analyzing materials that are used or are in the
research phase for use in modern devices for wide or specific,
dedicated  production. The development of  biophysics,
electrochemistry, progress in the production of alternative energy
sources, biomolecules, but also all other fields of science, is briefly
explained by the connection under nanotechnology, as an
interdisciplinary science of the future and new mathematical methods
and approaches that allow analysis of grains, pores and their
interactions. The aim of obtained results is to connect the electrical,
physical and chemical properties of materials with their output
parameters  (temperature, density, electrical and magnetic
conductivity ...) and, accordingly, to reach new ones or introduce
corrections to existing mathematical ones and physical theories and
equations, in order to obtain as realistic and accurate results as
possible for the characterization of the devices in which they are
used. One of the elementary conditions for improving the
characteristics of the material is the optimization of the sintering
process and the electro-physical properties of the material, which is
also analyzed in this paper.

Aapplication of fractal analysis for characterization of
new materials examples
Sanja Aleksic, Branislav Randjelovic, Aleksandar Pantic,
Neda Stanojevic, Member, IEEE, Dusan Milosevic
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Mikrostrukturna 1 dielktri¢na karakterizacija
PLZT keramike

Vesna Paunovi¢, Member, IEEE, Milo§ Marjanovi¢, Member, IEEE, Zoran Priji¢, Member, IEEE

Apstrakt -PLZT keramika spada u jednu od veoma znacajnih
grupa funkcionalnih materijala koji ¢ine osnovu za proizvodnju
velikog broja elektronskih uredaja. Mikrostruktura i
dielektri¢na svojstva keramike zavise od pripreme praha i uslova
termicke obrade. PLZT prahovi, Kkoriséeni u radu su
pripremljeni na dva razli¢ita nacina, modifikovanom Pechini
metodom, primenom metode polimernog prekursora (PMM) i
parcijalnom oksalatnom metodom (B). Proces sinterovanja,
uklju¢ujuéi toplo presovanje, izveden je na 1100°C.
Mikrostruktura i fazni sastav su istrazivani SEM i EDS
analizom, dok su promena dielektri¢ne konstante i dielektri¢nih
gubitaka merene u frekventnom opsegu od 1 kHz do 20 kHz, i u
temperaturnom intervalu od 25 do 180°C. Kod ispitivanih
uzoraka primecena je znacajna razlika u mikrostrukturi i
dielektri¢nim svojstvima u zavisnosti od porekla praha i
postupka sinterovanja. Mikrostruktura PLZT(PMM) uzoraka,
otkriva prisustvo tri razli¢ita regiona u uzorcima u pogledu
oblika, veli¢ine i sastava zrna. Keramika dobijena oksalatnim
postupkom odlikuje se kuboidnim zrnima duZ granice izduZenih
zrna kao i poliedarskim zrnima.

Kljuéne re¢i — PLZT keramika, dielektricna konstanta,
dielektri¢ni gubici.

l.UvoD

PLZT keramika se zbog svojih piezoelektricnih i
feroelektricnih svojstava Siroko koristi za niz aplikacija u
elektri¢nim uredajima. U zavisnosti od koncentracije dopanta
La i odnosa Zr/Ti, mogu se dobiti pobolj$ana piezoelektri¢na i
poboljSana mehanicka svojstva kao 1 poboljsana opticka
stabilnost keramike [1-4]. Osobine PLZT keramike su u
korelaciji sa efektima na granici zrna, a samim tim i sa
mikrostrukturom koja se razvija tokom procesa sinterovanja.
Otuda je sinteza visoko Cistog i ultrafinog praha, sa dobrom
hemijskom stabilnoS¢u, od prvenstvenog znaCaja za
proizvodnju keramike specifi¢nog dizajna. PLZT keramika se
tradicionalno dobija konvencionalnim postupkom sinterovanja
koristec¢i Ciste oksidne prahove kao polazne materijale. Ova

metoda zahteva visoku temperaturu kalcinacije, a
aglomeracija  Cestica praha doprinosi neujednacenoj
mikrostrukturi keramike. Zbog toga su razvijeni novi

niskotemperaturni prahovi na bazi neorganskog i/ili
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organometalnog prekursora u cilju dobijanja homogene i
finozrnaste keramike [5-7]. Brojne tehnike za proizvodnju
PLZT keramickih prahova zasnivaju se na upotrebi alkoksida,
acetata, citrata i oksalata rastvora La, Ti, Zr i Pb koje
ukljucuju koprecipitaciju i sol gel proces. Najpoznatiji procesi
su Pechini proces i oksalatni procesi koji omogucavaju
preciznu stehiometriju materijala [7,8].

Takode, za dobijanje keramickog praha nano veliCine
koristi se mehanohemijska tehnika. Karakteristika ove tehnike
je da se reakcija C¢vrstog stanja pojacava mehanickom
energijom umesto toplotnom energijom. Pokazalo se da se
mehani¢ki dobijeni prahovi bolje sinteruju od prahova
dobijenih konvencionalnom reakcijom ¢vrstog stanja.

Svrha ovog istrazivanja je uporedno ispitivanje
mikrostrukturnih i dielektri¢nih svojstava PLZT keramike
dobijene dvema razli¢itim metodama pripreme praha.
Praskovi su pripremljeni modifikovanom Pechini metodom i
parcijalnim oksalatnim postupkom. Uticaj tehnike pripreme na
dielektriénu konstantu i dielektricne gubitke keramike je
ispitivan u frekventnom opsegu od 1kHz do 20 kHz i
temperaturnom intervalu od 25 do 180°C.

Il. EKSPERIMENTALNI DEO

Za pripremu PLZT keramickih prahova su kori§¢ene dve
razlic¢ite tehnike a) modifikovani Pechini proces, odnosno
metod polimernog prekursora (PMM) i b) parcijalni oksalat
metod (B).

U metodi polimernog prekursora organometalni kompleks
se dobija pocev od La, Ti, Zr-citrata i Pb-acetata, a nakon
termicCke obrade i kalcinacije prah se melje i presuje u pelete.
Prekursor koriS¢en za pripremu PLZT praha parcijalnom
oksalatnom metodom, sastojao se od rastvora Ti-Zr citrata,
olova i lantan oksalata. Posle termicke obrade u tri koraka i
kalcinacije, prah je takode mleven i presovan u pelete. Jedna
grupa peleta je sinterovana na 1100°C u trajanju od 2 sata
konvencionalnim postupkom sinterovanja, a druga grupa
peleta je toplo presovana na pritisku od 40 MPa a zatim
sinterovana na istoj temperaturi u istom vremenskom
intervalu. Da bi se smanjio gubitak PbO tokom sinterovanja,
sinterovanje je vrSeno u atmosferi kiseonika. Dijagrami toka
dobijanja PLZT keramike PMM i B metodom dati su na
slikama 1i 2.

Mikrostruktura PLZT keramike, dobijene razli¢itim
poreklom praha i postupcima sinterovanja, ispitana je
skenirajuéim elektronskim mikroskopom, JSM 5300, JEOL,
Japan, opremljenim EDS sistemom (Energy Dispersive
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Spectroscopy). Gustine ispitivanih uzoraka su merene
Arhimedovom metodom. Za merenje dielektricnih svojstava
na uzorke je naneta srebrna pasta. Permitivnost i dielektri¢ni
gubici su mereni Agilent 4284 LCR metrom, u frekventnom
opsegu od 1 kHz do 20 kHz na sobnoj temperaturi. Varijacija
dielektricne konstante sa temperaturom merena je u
temperaturnom intervalu od 25°C do 180°C.

La, Ti, Zr - citrat Pb - acetat

Zagrevanje Poliesterifikacija

Organometalni
kompleks

Termicki tretman
u dva koraka

Kalcinacija

Keramicki prahovi
PLZT

Sinterovanje na
1100°C, 2 sata
Sl. 1 Dijagram toka dobijanja PLZT keramike Pechini metodom.

Ti, Zr — citratni
rastvor

Zagrevanje Poliesterifikacija

Organometalni
kompleks

Termicki tretman

Kalcinacija

Oksalna kiselina +

Zr - titanat
NH,OH

Pb(NO;),, La,0;

Susenje

Termicki tretman
u tri koraka

Kalcinacija

Keramicki prahovi
PLZT

Sinterovanje na
1100°C, 2 sata

Sl. 2 Dijagram toka dobijanja PLZT keramike oksalatnim postupkom.
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I1l. REZULTATI | DISKUSIJA
A. Mikrostrukturna svojstva

PLZT keramika koriS¢ena u ovom radu pripremljena je
prema hemijskoj formuli Pbggslag ogs(Zro.65Ti0.35)0.97603 Sa
viskom PbO. Uloga viska PbO, koji podsti¢e sinterovanje u
te¢noj fazi, je veoma vaZna u pocetnoj i srednjoj fazi
sinterovanja. Isparavanje PbO u zavr$noj fazi sinterovanja je
korisno za formiranje defekata resetke koji pojacavaju difuziju
atoma, pri ¢emu se povecava gustina uzoraka. Modifikovana
Pechini tehnika, ima prednost zato $to se kalcinacija prahova
odvija na temperaturama nizim od onih koje se zahtevaju
konvencionalnim metodama, pri ¢emu se na ovaj nacin
postize dobra stehiometrija prahova.

Za obe primenjene metode sinteze praha je karakteristi¢no
da se kona¢no formiranje faza zavr§ava nakon kalcinacije na
temperaturi od 700°C, pri ¢emu dobijeni prahovi pokazuju
prisustvo samo ¢iste PLZT faze. U svim sinterovanim
uzorcima, bez obzira dali su dobijeni toplim presovanjem ili
konvencionalnim sinterovanjem, postize se visok stepen
sinterovane gustine koja se kreé¢e do 94% teorijske gustine.

Mikrostrukture PLZT keramike, dobijene od prahova
pripremljenih  metodom polimernih prekursora (PMM), i
sinterovanih na 1100°C, prikazane su na slici 3. Zbog
submikronske veli¢ine Cestica kao 1 prisustva Vvisoke
reaktivnosti praha, primecena je neujedna¢ena mikrostruktura
uzoraka, za oba postupka sinterovanja (toplo presovanje i
konvencionalni postupak sinterovanja).

30kV x3.500

Sl. 3 SEM mikrostruktura PLZT keramike dobijene Pechini metodom a)
toplo presovana i b) konvencionalni postipak siterovanja.

U mikrostrukturi ovih uzoraka, razlikuju se tri razlicita
regiona: prvi, sa nasumi¢no orijentisanim izduzenim zrnima
koja imaju visok aspekt odnos $irine i duzine, drugi sa tankim
stubastim zrnima i tre¢i region se uglavnom sastojao od
svernih zrna. Mikrostruktura je pokazala da su podetni prahovi

ISBN 978-86-7466-930-3



ZBORNIK RADOVA, LXVI KONFERENCIJA ETRAN, Novi Pazar 6 - 9. juna 2022.

submikronske  veliine Cestica, pripremljeni Pechini
postupkom, izazvali preterani rast zrna tokom sinterovanja.
Velic¢ina zrna kod uzoraka PLZT keramike dobijenih PMM
metodom kretala se od 2-4 um u sitnozrnim regionima do
10 um kod izduZenih zrna.

Mikrostruktura PLZT keramike dobijene parcijalnim
oksalatnim postupkom se znatno razlikuje od one dobijene
PMM metodom (sl.4). Mikrostruktura uzorka dobijenog
oksalatnom metodom i toplim presovanjem otkriva prisustvo
kuboidnih zrna duz granice izduzenih zrna. Takode su
prisutna i zrna iglicastog oblika i poliedarska zrna. Prose¢na
veli¢ina kubicastih zrna je manja od 5 um.

Mikrostruktura keramickih uzoraka dobijenih oksalatnom
metodom i konvencionalnim postupkom sinterovanja je
ujednaéena po celom uzorku, a veli¢ina i oblik zrna su skoro
identi¢ni (sl.4b). Zrna su sfernog oblika sa prose¢nom
veli¢éinom oko 1-2 um. Medutim, primeceno je prisustvo
malih pora, manjih od 1pm, unutar i izmedu zrna.

Sl. 4 SEM mikrostruktura PLZT keramike dobijene oksalatnim postupkom a)
toplo presovana i b) konvencionalna metoda.

Neuniformnost mikrostrukture, posebno na ivici uzoraka,
odredena je EDS spektrima. Sastav dugih, izduZenih zrna u
uzorcima PLZT (PMM) i PLZT (B) je prili¢no razli¢it. EDS
spektar za PLZT (PMM) uzorak, ukazuje da su izduzena zrna,
bogata Pb i La fazom ( sl.5a). Odnos Pb/Zr u izduzenim
zrnima je relativno veci u poredenju sa drugim regionom. S
obzirom na malu koncentraciju La, manju od 1 tez.%, La se
ne moze detektovati energetsko disperzivnom
spektroskopijom osim ako nije prisutha nehomogena
distribucija i segregacija La. Odgovaraju¢i EDS spektar uzet
iz regiona sa izduzenim zrnima u PLZT (B) keramici (SI.5b)
jasno pokazuje prisustvo novoformiranih faza bogatih Pb i Zr
sa tragovima La.
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SI.5 EDS spektar PLZT keramike dobijene a) Pechini metodom i b)
oksalatnom metodom.

B. Elektricna svojstva

Uticaj nacina pripreme praha i dobijene mikrostrukture na
dielektriéne osobine ispitivan je preko promene zavisnosti
dielektri¢ne konstante i tangensa ugla gubitaka od frekvencije
i temperature.

Zavisnost dielektri¢ne konstante PLZT keramike, dobijene
razli¢itim tehnikama, u funkciji frekvencije data je na slici 6.

Frekventni opseg za sve ispitivane uzorke kretao se od
1 kHz do 20 kHz.

Za sve sinterovane uzorke je karakteristitna visoka
vrednost dielektriéne konstante na nizim frekvencijama. Sa
poveéanjem frekvencije uocCeno je sporo monotono smanjenje
njene vrednosti do frekvencije od 10kHz, kad je promena
postala skoro konstantna.

Takode vrednost dielektricne konstante je ve¢a u uzorcima
dobijenim konvencionalnim postupkom sinterovanja (uzorci
su oznaceni kao c.S) u poredenju sa toplo presovanim PLZT
uzorcima.

Razlika u dielektricnim konstantama moze biti direktno
povezana sa varijacijama u mikrostrukturi, veli¢ini i1 sastavu
zrna.

Razli¢ita veli¢ina i oblik zrna u toplo presovanoj keramici
primeéena u PLZT (PMM) i PLZT (B) doprinosi nizoj
dielektricnoj  permitivnosti. U uzorcima  dobijenim
konvencionalnim sinterovanjem karakteristicna je uniformnija
mikrostruktura §to ima za posledicu viSe vrednosti
dielektricne  konstante i promenu & Sa
frekvencijom.

izraZeniju
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3500
—e— PLZT (B)c.s
—e— PLZT (B) t. pres
= PLZT (PMM)c.s ]

3250

PLZT (PMM) t.pres

3000
5 2750

2500 |

2250

2000 I
0 5 10 15 20

7 (kHz)

Sl. 6. Zavisnost dielektri¢ne konstante PLZT keramike od frekvencije.

Najvisa vrednost dielektri¢ne konstante na 1kHz, & = 3400,
je izmerena za PLZT Kkeramiku dobijenu oksalatnim
postupkom kovencionalnim sinterovanjem. Najnizu vrednost
pokazuje PLZT (PMM) toplo presovana keramika (& = 2400).

0.04 T T T

PLZT (B) c.s
PLZT (B) t.pres
b e o PLZT (PMM) c.s
B PLZT (PMM) t.pres

0.035

° 0.03 g
g I
0.025 g
0.02 .
1L 1 " 1
0 5 10 15 20
Jf(kHz)

Sl. 7. Zavisnost tan §od frekvencije za PLZT keramiku.

Na osnovu merenja dielektri¢nih gubitaka u frekventnom
opsegu od 1 kHz do 20 kHz, prikazanih na slici 7, moze se
zakljuciti da su dielektri¢ni gubici za sve uzorke veoma mali i
kre¢u se od 0.018 do 0.037. Najveca vrednost od 0.037 na
1kHz i znaajna promena tand u odnosu na frekvenciju, od
0.037 do 0.023 na 20 kHz, pokazuju PLZT (B) uzorci dobijeni
konvencionalnim sinterovanjem. Neuobicajena frekventna
zavisnost tand, odnosno povecanje tand sa frekvencijom,
primecena je u toplo presovanim PLZT uzorcima. Za razliku
od dielektricne konstante, koja pokazuje male promene u
frekventnom opsegu i postaje konstantna na frekvenciji vecoj
od 10 kHz, dielektricni gubici na sobnoj temperaturi
uglavnom opadaju sa frekvencijom. Bez obzira na male
razlike u tans, odgovor tangens gubitaka na kompozicionu i
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poredenju sa dielektricnom konstantom.

5500 T T T T T T T T i s T
5000 - =
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5 4000 - 1
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25 50 75 100 125 150 175
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Sl. 8. Zavisnost dielektri¢ne konstante PLZT keramike od temperature.

Uticaj naina pripreme praha i mikrostrukture na
dielektriéno ponaSanje PLZT keramike moZe se proceniti
pomoéu krivih  zavisnost dielektricne konstante od
temperature. Promena dielektri¢ne konstante sa temperaturom
za PLZT keramiku prikazana je na sl.8. Za sve ispitivane
uzorke karakteristican je porast dielektricne konstante.
Maksimum dostizu na temperaturi od 130-140°C a zatim
dolazi do smanjenja vrednosti &. Za obe metode sinteze praha
promene  su izrazenije @ kod  uzoraka  dobijenih
konvencionalnim sinterovanjem. Najve¢a promena vrednosti
dielektriéne konstante (od 2800 do 5160) primeéena je kod
PLZT (B) uzoraka koji su dobijeni konvencionalnim
postupkom za koje je karakteristi¢na sitnozrna i uniformna
mikrostruktura. To se moze videti iz odnosa maksimalne
vrednosti dielektricne konstante i dielektricne konstante na
sobnoj temperaturi tj. €max/emin, (Tabela ).

Vrednosti dielektri¢ne konstante i dielektri¢nih gubitaka kao i
0dnoS &;max /€min date su u tabeli I.

TABELA
DIELEKTRICNI PARAMETRI ZA ISPITIVANE UZORKE

& na £ max tan & | emax/e
— r rmax / Grmin
Uzorci PLZT T=300K
PLZT (B) c.s 2800 5160 0.036 1.84
PLZT (B) t. pres 2900 4566 0.018 157
PLZT (PMM) c.s 2500 4371 0.037 1.74
PLZTp(l:e,;A M)t 2800 5075 0.027 1.8
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V. ZAKLIUCAK

U radu su ispitivani efekti pripreme praha i postupka
sinterovanja na mikrostrukturne karakteristike PLZT keramike
dobijene modifikovanom Pechini metodom i parcijalnim
oksalatnim postupkom. Mikrostruktura PLZT(PMM) uzoraka
sinterovanih na 1100°C, otkriva prisustvo tri razli¢ita regiona
u uzorcima u pogledu oblika, veli¢ine i sastava zrna. IzduZena
zrna sastoje se od faza bogatih Pb i La, a odnos Pb/Zr je
relativno ve¢i u poredenju sa drugim regionom u uzorku.
Odgovarajué¢i EDS spektar izduzenih zrna u PLZT keramici,
dobijenoj oksalatnim postupkom, otkriva prisustvo faza
bogatih Pb i Zr sa tragom La. Mikrostruktura PLZT (B)
uzoraka primenom konvencionalnog postupka sinterovanja
bila je ujednacena u svim uzorcima, a veli¢ina i oblik zrna su
bili skoro identi¢ni. Dielektriéna konstanta na sobnoj
temperaturi svih ispitivanih uzoraka kreé¢e se u rasponu od
2400 do 3400 i wvisa je kod uzoraka dobijenih
konvencionalnim postupkom sinterovanja. Dielektri¢na
konstanta ne varira sa frekvencijom iznad 10 kHz. Generalno,
dielektrini gubici su veoma mali i krecu se u opsegu od 0.018
do 0.037 na 1 kHz. Frekventna osetljivost tan¢ je otkrivena u
svim ispitivanim uzorcima. Sporo povecanje tand Sa
frekvencijom se detektuje u toplo presovanim PLZT(Nb) i
PLZT(B), u poredenju sa drugim uzorcima koji pokazuju
smanjenje dielektriénih gubitaka sa frekvencijom. Najvecu
promenu & sa temperaturom pokazuju PLZT (B) uzorci
dobijeni konvencionalnim postupkom.
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PLZT ceramics belongs to one of the very important groups of
functional materials that form the basis for the production of a large
number of electronic devices. The microstructure and dielectric
properties of ceramics depend on the powder preparation and heat
treatment conditions. PLZT powders used in this work were prepared
in two different ways, modified by the Pechini method, using the
polymer precursor method (PMM) and the partial oxalate method
(B). The sintering process, including hot pressing, was performed at
a temperature of 1100°C. The microstructure and phase composition
were investigated by SEM and EDS analysis, while the change of
dielectric constant and dielectric losses were measured in the
frequency range from 1 kHz to 20 kHz, and in the temperature range
from 25 to 180°C. A significant difference in microstructure and
dielectric properties depending on the origin of the powder and the
sintering process was observed in the tested samples. The
microstructure of PLZT (PMM) samples reveals the presence of
three different regions in the samples in terms of grain shape, size
and composition. Ceramics obtained by the oxalate process are
characterized by cuboid grains along the border of elongated grains
as well as polyhedral grains.

Microstructural and dielectric characterization of PLZT
ceramics

Vesna Paunovié¢, Milo$ Marjanovié¢, Zoran Priji¢
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Elektricne karakteristike BaTiOz keramike
dopirane antimonom

Aleksandra Stojkovi¢, Student Member, IEEE, Milo§ Marjanovié¢, Student Member, IEEE, Vesna
Paunovi¢, Member, IEEE, Aneta Priji¢, Member, IEEE, Zoran Priji¢, Member, IEEE

Apstrakt—U  ovom  radu izvrSeno je ispitivanje
mikrostrukturnih i elektri¢nih karakteristika BaTiO3s keramike
dopirane antimonom (Sb/BaTiOs). Koncentracije dopanata, Sb,
kretale su se u opsegu od 0,1 do 5,0 at%. Za dobijanje uzoraka
kori$¢ena je konvencionalna metoda sinterovanja u &vrstoj fazi u
trajanju od 2 h na temperaturama od 1290 °C do 1350 °C.

SEM analiza Sb/BaTiOs dopirane keramike pokazala je da je
za uzorke dopirane manjom koncentracijom aditiva (0,1 i
0,5 at%) karakteristi¢na sitnozrna i uniformna mikrostruktura
sa veli¢inom zrna od 0,5 pm do 2 pm. Kod uzoraka dopiranih
vetom koncentracijom aditiva (2,0 i 5,0 at%) karakteristi¢na
veli¢ina zrna kretala se od 1 pm do 4 pm.

Merenje elektriénih karakteristika vr$eno je na sobnoj
temperaturi u frekventnom opsegu od 100 Hz do 1 MHz. Kod
uzorka dopiranog sa 0,1 at% Sb i sinterovanog na 1290 °C
izmerena je najvisa vrednost dielektri¢ne konstante &=2710 u
odnosu na uzorke dopirane veéim koncentracijama primesa.
Uzorak dopiran istom koncentracijom (0,1 at% Sb), ali
sinterovan na temperaturi 1350 °C, ima viSu vrednost
dielektri¢ne konstante koja iznosi &=7910.

Sem zavisnosti dielektricne konstante od frekvencije,
analizirana je i promena specifi¢ne elektri¢ne otpornosti sa
frekvencijom. Uzorci sinterovani pri najvisoj temperaturi imaju
najmanju vrednost specificne otpornosti, a i sa povecanjem
frekvencije dolazi do njenog smanjivanja. Pri istoj temperaturi
sinterovanja, a sa povecanjem koncentracije primesa, otpornost
raste.

Kljuéne reéi—Sb/BaTiOs keramika; dielektriéne karakteristike,
specifi¢na elektri¢na otpornost; mikrostruktura.

l. UvoD

Feroelektrici su materijali koji se tokom poslednjih decenija
puno koriste i imaju veliki dijapazon primene. Barijum titanat
(BaTiOs) je jedan od najcesce ispitivanih perovskitnih
materijala. Veliki broj elektronskih komponenata izraden je na
bazi BaTiOs keramike poput PTC termistora, piezoelektri¢nih
senzora, viseslojnih kondenzatora, memorija itd. [1, 2].
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Karakteristike feroelektriéne keramike jako zavise od
koncentracije i tipa primesa. Da li ¢e BaTiOs keramika imati
dielektri¢na ili poluprovodna svojstva zavisi od dopanata koji
mogu zauzeti mesta Ba?* ili Ti** jona u perovskitnoj strukturi
[3, 4]. Mesto ugradnje zavisi od radijusa jona dopanata.

Donorske primese mogu biti trovalentni joni Sb koji
zauzimaju mesta Ba?* ili petovalentni joni Sb koji zauzimaju
mesta Ti*" jona. Rastvorljivost Sb u kristalnoj resetki BaTiO3
zavisi od koncentracije dopanata i temperature sinterovanja.

Temperatura sinterovanja uti¢e na  mikrostrukturne
karakteristike koje takode odreduju svojstva keramike. Za
primenu dopirane BaTiOs; keramike, kao kondenzatorskog
materijala, treba ostvariti dobru gustinu, visoku vrednost
dielektri¢ne konstante i nizak faktor gubitaka. Za ostvarivanje
ovakvih svojstava potrebna je uniformna mikrostruktura i
dobra raspodela primesa i aditiva [5-8]. Jedna od najznacajnih
osobina BaTiOs; keramike je njena visoka vrednost
dielektri¢ne konstante (&) na sobnoj temperaturi.

U ovom radu analiziran je uticaj koncentracije primesa i
temperature sinterovanja na mikrostrukturna i elektricna
svojstva Sb dopirane BaTiOs keramike. Skeniraju¢im
elektronskim mikroskopom (SEM) vrSeno je ispitivanje
mikrostrukturnih  Kkarakteristika. Dielektri¢na konstanta i
specificna elektriéna otpornost uzoraka odredene su u
frekventnom intervalu od 100 Hz do 1 MHz.

Il. EKSPERIMENTALNA PROCEDURA

U ovom radu proucavani su uzorci BaTiOs; keramike
dopirane sa 0,1, 0,5, 1,0, 2,0 i 5,0 at% Shb. Ispitivani uzorci
dobijeni su metodom sinterovanja u ¢vrstoj fazi polazeci od
Cistih oksidnih prahova BaTiOs i ShyOs. Nakon mesanja
prahova u izopropil alkoholu, izvrSeno je njihovo suSenje i
presovanje u pelete pri pritisku od 120 MPa. Uzorci su zatim
sinterovani u atmosferi vazduha na temperaturama 1290 °C,
1320 °Ci 1350 °C.

Ispitivanje mikrostrukture ~ obavljeno  je = SEM
mikroskopijom, JEOL, SEM-5300. NanoS$enje srebrne paste
na uzorke izvrSeno je pre merenja njihovih elektricnih
karakteristika.

Za analiziranje promene dielektri¢ne konstante (&) |
specifiéne elektriéne otpornosti (p) sa frekvencijom, koriséene
su vrednosti izmerenih kapacitivnosti i otpornosti uzoraka.
Merenja ispitivanih uzoraka izvrSena su u frekventnom
opsegu od 100 Hz do 1 MHz kori$¢enjem LCR-metra Agilent
4284A [9].
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I1l. REZULTATI I DISKUSIJA

A. Mikrostrukturna ispitivanja

Relativna gustina uzoraka BaTiOsz keramike dopirane sa
Sh,03 kretala se od 82 do 95% od teorijske gustine (TG). Sa
povetanjem temperature sinterovanja raste gustina uzorka,
medutim sa poveéanjem koncentracije primesa dolazi do
njenog smanjivanja.

Uzorke dopirane sa 0,1 i 0,5 at% Sb karakteri$e homogena i
sitnozrna  mikrostruktura  sa  uniformnom  raspodelom
dopanata. Veli¢ina zrna kretala se od 0,5 do 2,0 um. Sa
povecanjem tempearture raste i veli¢ina zrna i ona se za
uzorke sinterovane na 1350 °C kretala od 1,0 do 5,0 um. Kod
uzoraka dopiranih sa 5,0 at% Sb veli¢ina zrna kretala se od
1,0 do 2,0 um za uzorke sinterovane na 1290 °C, i od 1,0 do
4,0 um za uzorke sinterovane na 1350 °C. Pri povecanju
koncentracije primesa primecuje se Smanjenje srednje veliine
zrna (SI. 1).

SI. 1. SEM mikrostruktura Sb dopirane BaTiOs keramike a) 0,1 at% Sb i
c) 5,0 at% Sb (T.ix=1290 °C) i b) 0,1 at% Sh i d) 5,0 at% Sb (T,=1350 °C).

Za razliku od nize dopiranih uzoraka kod uzoraka sa
5,0 at% Sb primeéena je mala segregacija Sb koja nije uticala
na karakteristike dopirane keramike.

B. Elektricne karakteristike

S obzirom da su uzorci presovani u pelete debljine d, a na
njih nanesena srebrna pasta polupreénika r, za izmerene
vrednosti kapacitivnosti C ispitivanih uzoraka, dielektri¢na
konstatna er je odredena korisé¢enjem formule:

g =C- d =C- d2 . 1)
&S & I'r

Uticaj koncentracije primesa i mikrostrukture na vrednost

dielektriéne konstante analiziran je na osnovu promene
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dielektri¢ne konstatne sa frekvencijom.

Promena dielektri¢ne konstante sa frekvencijom, uzoraka
dopiranih razli¢itim koncentracijama Sb pri temperaturi
sinterovanja Tsin=1290 °C je prikazana na Sl. 2. Jasno se
uocava da dielektricna konstanta merenih uzoraka opada
ukoliko koncentracija primesa raste. Pri najnizoj koncentraciji
primesa od 0,1 at% Sb zabeleZena je najvisa vrednost
dielektri¢ne konstante £r=2710, dok za najveéu koncentraciju

dopiranja od 5,0 at% Sb njena vrednost iznosi er=607.

T~ T — T T T ]
\.. f
2500 - - . .
—

T7,=1290 °C

2000 - e 0,1 at%Sb

~® - 0,5at% Sb

#  1at%Sh
- m 2at%Sb ||
1500 - 4 Sat%sSb ||
,L‘f—y-f_,_‘_f_i_i ]
B e
- ” “ ‘ 4
1000 - .

e = - — B
Lo J
s00 - ek k& % &
1 L s s 1 2 L | L 1 1 L L | 1 L 1
0 200 400 600 800 1000
f (kHz)

Sl. 2. Zavisnost dielektricne konstante od frekvencije Sb/BaTiO; uzoraka
sinterovanih na temperaturi Ts,=1290 °C za razli¢ite koncentracije dopanata.

Takode se primecuje da je vrednost dielektricne konstante
visa pri nizim frekvencijama, ali sa porastom frekvencije
opada i postaje skoro pa konstantna za frekvencije iznad
5 kHz.

T T ¥ T T T T T
8000~ 0.1 at% Sb/BaTiO; |
=
: e T,~1290°C
I o T,-1320°C ||
000" R ® 7,-1350°C
%
8
%
6000 ® -
& so00f TE—¢——0 o b
4000 i
3000 .
Qe o o
e S ——
2000 1 Il " 1 1 N 1 " 1
0 200 400 600 800 1000
f (kHz)

Sl. 3. Zavisnost dielektriéne konstante od frekvencije, uzoraka dopiranih sa
0,1 at% Sb za razli¢ite temperature sinterovanja.
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Analiziranjem uzoraka dopiranih istom koncentracijom
primesa, ali sinterovanim pri razli¢itim temperaturama, vidno
je da pri porastu temperature sinterovanja raste i vrednost
dielektriéne konstante. Na Sl. 3 je prikazana zavisnost
dielektri¢ne konstante od frekvencije, uzoraka dopiranih sa
0,1 at% Sb i sinterovanih na tri razli¢ite temperature.

Za uzorak sinterovan na temperaturi Tspn=1290 °C,
dielektricna konstanta ima najmanju vrednost i iznosi
er=2710, dok je pri najviSoj temperaturi sinterovanja njena
vrednost maksimalna i er=7910. Ove vrednosti
dielektri¢ne konstante su logi¢ne i ocekivane, jer keramici sa
najvecom gustinom i homogenom mikrostrukturom odgovara
i najvisa vrednost dielektri¢ne konstante.

Sem zavisnosti dielektricne konstante od frekvencije,
analizirana je i promena specificne elektricne otpornosti sa
frekvencijom.

Ve¢ je navedeno da su uzorci presovani u pelete debljine d,
a na njih nanesena srebrna pasta poluprecnika r, pa je za
izmerene vrednosti otpornosti R ispitivanih  uzoraka,
specificna elektriéna otpornost p odredena koris¢enjem
formule:

1znosi

rr

=R-—Z.
d

)

p=R-%

Promena specifiéne otpornosti sa frekvencijom, kod
uzoraka sinterovanih na istoj temperaturi, ali dopiranih
razli¢itim koncentracijama primesa, prikazana je na Sl. 4.

T T T T
10 ¢ 1,=1350°C
r & 1
F e 0,1at%Sb
r @ 0,5at% Sb |
10°F ® 1 at% Sb -
F = 2at%Sb |
e 5 at% Sb
. 10°F E
=] £ ﬁ
SR A
ok e g |
3 s E
e . H *
o ® ]
1000 | . ® # .
E “ . ]
100 I I
E L L . [ L
0 200 400 600 800 1000
S (kHz)

Sl. 4. Zavisnost specifi¢ne elektriéne otpornosti od frekvencije Sb/BaTiO3
uzoraka sinterovanih na temperaturi Ts,=1350 °C za razli¢ite koncentracije
primesa.

Pri koncentraciji aditiva od 0,1 at% Sb, uzorak ima najnizu

vrednost specifiéne otpornosti i ona iznosi p=3,65-10° Qm,
dok je za koncentraciju od 2,0 at% Sb zabelezena najvisa
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vrednost specifi¢ne otpornosti p=1,39-107 Qm. O¢igledna je i
tendencija opadanja specificne elektricne otpornosti sa
povecanjem frekvencije, pa su samim tim najvise vrednosti p
zabelezene pri nizim frekvencijama.

Ukoliko se posmatraju uzorci sa istom koncentracijom
dopiranja ali sinterovani pri razli¢itim temperaturama, uocava
se da ¢e sa porastom temperature sinterovanja specifiéna
otpornost imati nize vrednosti (SI. 5). Za uzorke dopirane sa
0,1 at% Sb, najvisa vrednost specifi¢ne otpornosti zabelezena
je kod uzorka sinterovanog na temperaturi od Tsn=1290 °C i
iznosi p=1,55-10° Qm, dok za Tsn=1350 °C uzorak ima
najmanju vrednost specificne otpornosti p=3,65-10° Qm.
Prime¢uje se da specificna otpornost opada sa povecanjem
frekvencije, ali na frekvencijama iznad 500 kHz postaje skoro
konstantna.

- L L
| @ 0,1 at% Sb/BaTiO;
10°F 3 .
F 8 e T,-1290°C |}
r * 7:=1320°C
r b 1.,=1350 °C
10°F i
¥
= 4 \
< 100 e E
”’K.\'\
¥ e
1000? Y @ """--.,_,_7‘7”_7-7-7-7-7 *;
® —e |
® ®
100 |- %
L1 L L | L L L 1 L L L | L L L | n L L I 4
0 200 400 600 800 1000
S (kHz)
Sl. 5. Zavisnost specificne elektricne otpornosti od frekvencije

0,1 at% Sb/BaTiOzuzoraka sinterovanih na razli¢itim temperaturama.

Opseg vrednosti specificne elektricne otpornosti za Sve
ispitivane uzorke je od 10° do 107 Qm. Ovi uzorci su dobri
izolatori. Uzrok tome je sitnozrna mikrostruktura i velika
povrsina granice zrna, $t0 je naroéito izrazeno kod uzoraka sa
ve¢om koncentracijom aditiva, kod koje su izolaciona
svojstva granice zrna uporediva sa veli¢inom zrna pa je i
specificna otpornost kod njih veéa.

IV. ZAKLJUCAK

U ovom radu ispitivana je Sb,Os; dopirana BaTiO3
keramika. Rezultati ispitivanja odnose se na mikrostrukturu i
promenu dielektricnih karakteristika uzoraka. Uzorci sa
manjom koncentracijom primesa imaju karakteristi¢nu
homogenu mikrostrukturu i veli¢inu zrna koja se kreée u
opsegu od 0,5 do 2,0 um, dok se za viSe koncentracije aditiva
vrednosti veli¢ine zrna kre¢u od 1,0 do 4,0 um.
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Najvisa vrednost dielektriéne konstante, na sobnoj
temperaturi, zabeleZena je za najnizu koncentraciju primesa.
Uocava se 1 da sa porastom frekvencije vrednost dielektricne
konstante opada. Sa povecanjem temperature sinterovanja
dielektri¢na konstanta uzoraka takode raste tako da je najvisa
vrednost izmerena za uzorke sinterovane na 1350 °C.

Sto se ti¢e specifi¢ne elektri¢ne otpornosti, ona opada sa
povecanjem temperature sinterovanja, pa se najvisa vrednost
belezi pri najnizoj temperaturi od 1290 °C. Najniza vrednost
specifiéne otpornosti, pri istoj temperaturi sinterovanja,
odgovara uzorku sa najnizom koncentracijom primesa.
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ABSTRACT

In this paper, the microstructural and dielectric characteristics of
BaTiOs ceramics doped with antimony (Sb/BaTiOs) were
investigated. Dopanate concentrations, Sb, ranged from 0.1 to
5.0 at%. The conventional solid-phase sintering method for 2 h at
temperatures of 1290 °C, 1320 °C and 1350 °C was used to obtain
samples.

SEM analysis of Sh/BaTiOs doped ceramics showed that for
samples doped with a lower concentration of additives (0.1 and
0.5 at%) is characteristic fine-grained and uniform microstructure
with grain size from 0.5 um to 2.0 pm. In samples doped with a
higher concentration of additives (1.0 and 5.0 at%), the characteristic
grain size ranged from 1.0 pm to 4.0 pm.

Measurement of electrical characteristics was performed at room
temperature in the frequency range from 100 Hz to 1 MHz. In the
sample doped with 0.1 at% Sb and sintered at 1290 °C, the highest
value of the dielectric constant &=2710 was measured in relation to
the samples doped with higher impurity concentrations. The sample
doped with the same concentration (0.1 at% Sb), but sintered at a
temperature of 1350 °C, has a higher value of the dielectric constant
of &=7910.

In addition to the dependence of the dielectric constant on
frequency, the change in specific electrical resistance with frequency
was also analyzed. Samples sintered at the highest temperature have
the lowest value of specific resistance, and with increasing
frequency, it decreases. At the same sintering temperature, and with
increasing impurity concentration, the resistance increases.

Electrical characteristics of antimony doped BaTiOz3
ceramics

Aleksandra Stojkovié, Milo§ Marjanovi¢, Vesna Paunovic,
Aneta Priji¢, Zoran Priji¢
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OcCeTJEMBOCT MarHeTOMMIICAHCHOT €JIeMEHTA
CoFeSiB amopdHe xure

Jenena Opesb, He6ojmra Mutposuh

Ancmpakm—Y o06om pady je npe3eHmo8aHo UCNUMUBAILE
ocemmugocmu machemoumneoancrhoe (MH) enemenma koo acuye
amopgue nezype CoFeSIiB y oncezy ¢gpexsenyuja 2 MHz + 5 MHz
(@ Hmax ~ 463 Alm). Ilpu 1 MHz, MH-o0noc je 45 %, dok je npu
suwum gpexsenyujama esudenmupan maxcumym xpuse AZ(H)/Z
Koju o0deosapa nomy macnemue anuzomponuje Hk. Ilosehare
paonux ppexsenyuja npalieno je nopacmom noma mazHemme
anuzomponuje Hk uume ce nosehasa u mepHu oncee macHemuoz
cenzopa 6asupanoe Ha npumenu ucnumueanoe MU enemenma.
Hcmospemeno je esudenmupana u npomena ocemmwugocmu MH
enemerma xoja npu 4 MHz u 5 MHz docmuoice najsehe apednocmu
00 oxo 0,4 %/ Alm.

Kuwyune peuu—MHU epexam, CoOFeSiB amopgpna scuua, MH
enemenm, ocemaueocm MU enemenma

. VBOJ

ITIOCTU3ABE ONTHUMAJIHUX (hyHKIIMOHATHUX
KapakTepUCTUKa eIeKTpuuHuX ypehaja wuspahenux on
(dbepomarHeTHux Jerypa je Moryhe TeKk HaKOH JETajbHOT
UCTpaXWBamba CICKTPUYHUX W MAarHeTHHX CBOjcTaBa
MaTepHjana. JemaH o HajUHTEpeCaHTHHjUX (EeHOMEHa KOjU
ce MOXE HCKODUCTUTH 3a MarHeTHe CeH30pe je
Maraetonmnenancan (MU) edekar yodeH kox aMophHHX
WIN HAaHOKPHCTAJIHMX MarHeTHO MEKMX Tpaka, >KHIA WIIH
TaHkux QuiamoBuMa. OBaj edekar, npumehen Hajupe ko[
amopduux FeCoSiB xwuna [1], omoryhuo je wHTeH3MBaH
pa3Boj ceHzopa Ha Oa3um MU-enemeHaTa, KOju Cy IaHac y
LIMPOKO] TPUMEHH KOJIl eJeKTpoHCkux komrmaca, I[TIC
HaBUTAIMja, CEH30pa poTalMje, CUcTeMa 0e30eqHOCTH,
OMOMarHeTHUX Mepema U JIp.

Y CeH30pCKOj ymoTpeOu Cy YIIIaBHOM JBE F€OMETPHjCKE
dopme: munuHApryHa (kune [2-4]) u miaHapHa (Tpake,
¢mmoBu [5-7]). AMmopdHe XuIle ce MOTY KOPHUCTHTH Yy
BEP3MjU ca 3AMITUTHUM CTaKIEHHMM oMmoTauyeM [8] wim Oe3
omorauya [9]. Bucoke BpemHOCTH MarHeTHE IEPMEaOHITHOCTH
Cy HEOIIXOJHO CBOjCTBO Ipu M300py Marepujana 3a MU
eleMeHTe, Te cy Jerype Ha O0a3um Kkobanra ca TOT
CTaHOBHUINITA y MPEAHOCTH y OJHOCY Ha Jierype Ha 0as3u
reoxha. 3a pasnuKy of jerypa Ha 6a3u kobanTa Koje UMajy
n3BaHpEIHE MarHeTHO-MeKe IeppopMaHce ca IOTIIYHO
aMOp(hHOM CTPYKTYpOM, Jierype Ha 0a3u TBOXKha MOCTHXKY

CBOje OANMYHE KapaKTEPUCTHKE HAKOH ONTHMAHUX
TEPMOMAarHeTHUX WJIM TEPMOMEXaHHMYKUX TPETMaHa (TOKOM
Kojux ce  (opMHpa  HAHOKPHUCTAaJHAa  CTPYKTypa

nucTpulOynpana y aMop(hHOj MaTPHIIN).
PenatuBHa npomena umnenance AZ/Z y oxaroBapajyhem
(pEeKBEHTHOM OIICEry MOXe€ JOoCTuhn W BHIIE CTOTHHA

Jenena Opesp — akynTeT TEeXHUUKUX Hayka y Yauky, YHuUBep3uTeTa
y Kparyjesny, Caetor Case 65, Cpbuja (e-mej:
jelena.orelj@ftn.kg.ac.rs)

He6ojma MutpoBuh — @akynrer TeXHHUKHX Hayka y Yauky,
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nporeHara (ene. Giant Magneto Impedance (GMI) effect -
ek MU edekar): 506 % CoFeNiMoBSi @ 8 kA/m [10],
1200 % CoFeBSi @ 15 kA/m [11], mro amopdHHM
KHUIlaMa OBHX Jierypa omoryhaBa mmpoke wmoryhHOCTH
npumene [12-13].

MU edekar je mUpEeKTHO MOBE3aH ca (PCHOMEHOM CKUH
edekra kon (epoMarHeTHUX Matepujasa. Hamme, mopekio
MarHeTOMMIIETAaHCHOT e(eKkTa Be3aHo je 3a MPOMEHE Y
JUHAMUIM Tpolleca MarHetusanuje. Te mpoMeHe yTUdy Ha
MarHeTHy IepMeaOWIHOCT, a CaMMM TUM W Ha IyOHHY

NpoJMpama  HaW3MEHHWYHE  CTpyje  KpPO3  MarHeTHH
npoBoaHUK ca noBehameM (pexsenimje [14]. ITo3uaro je na
J0OpH TNPOBOAHUIM Ca BEJIMKOM IepMeaOuiIHoIhy

nokasyjy Beauku MU edexkar. [lopen Tora, 3a HAM3MEHUYHY
nobyay Bucoke ¢pexsenuuje (peaa ox 1 MHz no 1 GHz)
Moaundukanuja aybuHe mpoaupama (CKUH edekra) u
MarHeTHe NepMeaOWIHOCTH HMa jaKy 3aBUCHOCT OJ
(bpexBeHIMje NpUMEHBEeHe 00yae, Kao M OJ CIOJballlker
CTaTHYKOT MAarHeTHOT I0Jba. YCIeJ BUXOPHHUX CTpyja TOK
HaeJIeKTpHCaha je MOTHUCHYT Ka IOBPIIMHU Y30pKa, LITO
JOBOAM JO ToBehawma HMIIEHAHCE, NOK €& NPHUMEHCHUM
MarHeTHHUM MOJEM TO TOTHCKUBAKE MOAYIHIIE, OJHOCHO
Mema ce e(eKTHBHA IIOBpIIMHA IMONPEYHOr MHpeceKka Kpo3
KOjy TpOTHYE HaeleKTpUCamke — CTPyja, HpU ofapeheHoj
KOHCTaHTHO] (pexBeHmmjm modOyme. [akie, BenHka
NepMeadbMIIHOCT U BHCOKa (DpEeKBEHIMja CMamyjy IyOHHY
NpOJMpama, 0K ce NPUMEHESHUM M0JbeM OHa roBehasa.

Ha nyOwan nmpoaupama dm

s -~
wou-f @,
KOJl MArHETHO MEKHX MaTrepHjajia ca HUCKUM BPEIHOCTHMA
crnequduyHe  €JEKTPUYHE  OTIOPHOCH P,  BHCOKHM
BPEHOCTHMAa MarHeTHe IepMeadMIHOCTH M a IIpH
peaTHBHO BUCOKHMM (pekBeHIMjaMa f, aMImnTyna BekTopa
TYCTHHE CTpyje omagHe Ha l/e cBoje BpeAHOCTH Y3
noBpimnHy y3opka [15]. Tlpomene u ocrammx Hampen
HaBeJeHNX (M3NUKUX cBojcTaBa (p, u) he pesynroBatn y
HU3MEeHaMa pacrioJiefie TOKa HaeJeKTpHcama MO MONPEYHOM
NpeceKy JKWIle M YTUIATH Ha M3MEHy HMIeJaHce.
®pekBeHIMja IpU K0joj AyOnMHA MPOoaUpama MmocTaje Mamba
O]l TonylpeyHuKa xune (Om < @) ce Ha3uBa KPHUTHYHA
¢bpexsennuja [16, 17], Tako ma ce mpu gajbeM moBehamy
YYeCcTaHOCTH 3anaxajy ¢penomern MI-edekra.

[Ipomena wnmmenaHce mOKa3zyje BPEMEHCKH 3aBHUCHY
MPUPOJLy TPOCTHPaka MArHETHOI I0Jba Y TMPOBOJHUKY
oxrosapajyhe marHeTHe mepMeabWIHOCTH, Ha UYeMy CYy
3acHOBaHE MOTYhHOCTH A€TEeKIHMje MarHeTHOT 110Jba HUCKOT
nHrensureta. OcersbuBocTH Besmkor MU edekra y
amopduum xkuriama [18], tpakama [19] w BumiecmojHEM
¢unmoBuma [20] Ha penaTuBHO BHIIMM (pEKBEHIHjaMa
(f > 1 MHz) mory noctuhu M3y3eTHO BHUCOKE BPEIHOCTH,
on yak Hekomuko crotuHa % / Oe (1 Oe = 10%4rm A/m).
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Bennka oceTibMBOCT KOMIUIEKCHE MMIIEJaHce amopgHe
xuue, Z, Ha npuMemeHo dC MarHeTHO mosbe, Hext, KibyuHa
je 3a pa3Boj OpOjHMX MarHeTHHX CEH30pa BHCOKHX
neppopmaHcu. Bucoke BpeTHOCTH OCET/BHMBOCTH OBAKBHX
CCH30pa C€ 3axTeBajy y MHOTUM HHXEHEPCKHM |
WH]LyCTPHjCKUM NIPUMEHAMA.

Ha caumu 1. je npukasaHa NIpUHIMIINjETHA IeMa MEpemba
MarHeTouMIlefance amophHe JKuie y crospammem dC
MarHeTHOM  IOJbY  TI€HepucaHoM  cuctemoMm  1/I-
XeIMXOILOBUX KaJIEMOBA.

1D-HELMHOLTZ COILS AMORPHOUS WIRE

Lac+

Cn. 1. lllema excnepumenma mepersa mazHemouneoance amopghue
aHcuye.

Crospallilbe JIOHTHTYIUHAIHO OC MarHeTHO mNoJjbe Hext H
LUPKYJIapHO aC MarHeTHO 10Jbe Nac (MHIYKOBaHO MPOTOKOM
Han3MeHn4He cTpyje iac(t)=lcc-Sin(2xnf 1)) yruuy Ha nmpomeny
MarHeTHe MNepMaOWIHOCTH M, TaKo Ja je HMIeIaHca
(bepomarseTHor MIPOBOJHUKA ¢byHKIMja TpH
excriepumenTanda napamerpa Z = Z (f, Hext, lcc).
Umnenanca Z je KOJWYHHK TPEHYTHHX BPEIHOCTH
HaW3MEHUYHOT HAallOHAa Vac U HAU3MEHUYHE CTPYje lac , @ KOJ

y30pKa LUIMHIPUIHOT IIPOBOJHUKA MOJTyNpedYHuKa a [21]:
. 1 J, (ka

Z=R+jX==-R, ~(ka)-L

2 J(ka)

rae ¢y Rdc enexrpuunm otnop; R 1 X peaiHu 1 MMaruHapHU

neo mmnenance Z; Jo u J1 BecenmoBe (yHKIHMje HYATOT |
npBor peaa npse Bpere, K = (14)/&n; j2=-1.

Marseto—uMIMeIaHCHU OJHOC C€ yTiaBHOM naeduHuIne

Kao pellaTHBHA [POMEHA UMIIEJAHCE Y30pKa ca IPOMEHOM

cnospanimer dc MarHeTHOT 1moJba (Hext):

OF

AZ/Z (%) =100 % % [Z(H) - Z(Hna)) Z(Hmax) (3) ,

rae je Z(Hmax) mMIeqanca mpu MakCHMalHOM MarHETHOM
noJpy. Y30pak ce Hajuenrhe Mo3MIHMOHUPA JIOHTUTYAAIHO (y
MpaBIly MarHeTHOT I10Jka), Tj. y UeHTpy cucrtema 1]]-
XenMXoJIOBUX KalleMoBa TJE j€ TMOCTHTHYyTa CKOpO
MOTIIyHa XOMOTEHOCT MAarHeTHOr TnoJea. Paau aHammze
MoryhHOCTH TNpUMEHe CHPOBOAM C€ MpopadyyH T3B.

comcTBeHEe oceTpbuBocTH  MMU-ememMeHTa 1 KOju  je
nedunucal jenHaunHoMm [22, 23]:

N =(0(AZIZ) ] d Hex) 4).
Y oBOM pagy cy TpUKazaHa BHCOKO(PEKBEHTHA

ucrpaxusamwa f € [L MHz, 5 MHz] ocetssuBoctn MU-
eneMenTa amopdue xwuie serype CoFeSiB mpednuka oko
100 um ¢ mrbeM MpOoIeHE aTPAaKTUBHOCTH HEHE IPUMEHE Y
cenzopuii. PaHuja WCTpakuBama Cy MoKasajia ja IojaBa
MMU-edekra 3amoumme Ha oko 5 kHz, a permcrpoBanu
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MMU-onnoc u3HocH 4ak 344 % npu pagHoj GpeKBEHIU)H OJ
950 kHz (@ Hmax=7,72kA/m) [24]).

Il. EKCHEPMMEHTAJIHU JJEO

IMpeamer uctpaxuBama je MMU-enement ox CoFeSiB
amopdpue okume mnpeunwka on 100 um, ngobujene
TeXHOJIOTHjoM Op3or ximaljema pactoma y potupajyhem
CJIOjy BOJE Ha YHYTpPAlIK0] MMOBPIIMHU poTupajyher mucka
(in rotating water melt-spinning [25, 26]).

Mepeme MarHeTOMMIIENAHCE je U3BEJCHO Y XOMOTECHOM
MarHeToM TNOJby TeHepucaHoM mnomohy 1/[-XenmxomoBux
KaJeMoBa TIpHW JIOHTHTYIWHAHOj opujeHTanuju MMU-
eneMeHTa. MiMrenanca HCIIMTHBAHUX y30paka XKHIa Jy>KHHE
17 mm, mepeHa je Mo METOAM YETHPH Tadke IomMohy
unctpymenra LCR HIi-TESTER HIOKI 3532-50, vy
¢pekBentHOM omicery ox 1 MHz no 5 MHz. Tokom Hammx
eKCIIepUMEHaTa aMIuuTyaa crpyje lec je oapkaBaHa
KOHCTaHTHOM M H3HOCHWJIA je 7 MA Tako Ja je MHTCH3HUTET
LUPKYJapHOT aC MarHeTHOT TO0Jba hac HAa MOBPIIMHU y30pKa
amopdue CoFeBSi xune mpegnnka 2a = 100 um mocturao
BpeaHoCT Hae = lec/ 2ma=22.3 A/m. Ha cnunu 2. je nprka3aHa
eKCIICPHIMEHTAJHA II0CTaBKa Mepema MarHeTOMMIIeAaHCe
y30paka xuua y cuctemy 1/1-XenMxoLnoBuX KajJeMoBa.

Cn. 2. EKcnepumenmania nocmagka mepersa MazHemouMneoance
1o Memoou uemupu mayxe
LCR Hi-TESTER HIOKI 3532-50, f & [1 MHz, 5 MHz].

I1l. PE3YJITATH U JUCKYCHUJA

Ha crmumm 3. je mpuka3aHa mpoMeHa umrnenance Z ycien
NpUMEHE CIOJbAIBEr MarHeTHOT 10Jba (@ Hmax ~ 463 A/m)
TpH pasuuuTUM BpegHocTuMa ¢peksennuje f e [1 MHz,
5 MHz]. OGmuk 3aBHCHOCTH HMIICJAHCE OJ CIOJhALIEr
jemHocMepHor MarHeTHOr nosba Z(Hex) ce 3HauajHO Mema,
ma ce u3 OOJIMKa KpUBE ca KOHCTAaHTHUM CMambemheM
nmnenance Ha 1| MHz, npu nassem nosehamy (pekBeHIuje
perucrpyje MakCHMyM KOjH OAroBapa MOJbY MarHeTHe
aam3otponmje Hy. YowsuB je u momepaj mO3HIHje
MaKCHMallHe BPEAHOCTH uUMIenaHce mpu rnoBehamy
(dbpexBeHnyje, Tj. moBehame Mojba MarHeTHE aHU3OTPOIIH]jE
Hk. OBo momepame MakcMMyMa MMIIeaHce Tpu noBehamy
(peKBeHIMje Ka BUIIUM BPEIHOCTUMA MAarHeTHOT I0Jba j€
pe3ynTarT JOMHHAHTHOr ydemha MeXaHH3Ma pOTaIlyje
BEKTOpa MarHeTH3alije TOKOM TIpoleca [UPKYJIapHOT
MmarHehema xue (Kpetame 3UI0Ba MAarHETHHX IOMEHA je
610kupano) [27]. TlopacToM mojba MarHeTHE aHU3OTPOIIH]E
Hx ce mnoBechaBa u MepHM oIcer MarHeTHOI CEH30pa
6azupaHor Ha NpUMeHH ncnutuBanor MU enemenTa.
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Cn. 3 Ilpomene umnedarce Z 00 cnomawrsee AC macnemnoz nosva
Hex npu noseharsy ¢pexsenyuje f € (1 MHz, 5 MHz)
(@ Hmax ~463 A/m).

Ha cimuum 4. je npukazana 3aBucHoct MU-onHoca ycnen
MPUMEHE CIOJbalIer MarHeTHOT 0Jba (@ Hmax ~ 463 A/m)

OpU  Pa3IMYMTAM  BpEAHOCTHMA pagHe (pEeKBEHIH]E
fe[LMHz, 5MHz].
05

~ =7 mA

£ H, .=0.463 kAJm
N o4 —e— 1 MHz

~ — 42 MHz

& 3 MHz

EE 4 MHz

N —8—5MHz

z

N,

0.0' 1

0.0 0.1 0.2 0.3 0.4 0.5

H,, [kAIm]

Cn. 4. 3asucnocm MH-oonoca 00 cnomaurvez dC macnemmnoz
noma Hex npu ppexsenyujamna t € [1 MHz, 5 MHz]
(@ Hmax~463A/m).
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Hajeehie Bpemnoctn MMU-ogHOCa Cy peructpoBaHe Ha
¢pexsenmju ox 1 MHz (oxo 45 % npu Hex = 0), 1ok ce
mpu najkeM TmoBehamy (QpekBeHIje yodaBa KOHCTAaHTHO
cMmamere MU -omHOCA.

Ha cnukama 5-8. mapanenHo cy mpukazaHe 3aBUCHOCTH
MMU-oxnoca AZ/Z u conctBene ocetsbuBoctu MHU-enemenra
1 (jennaunna (4)) on crmosbamimer dC MarHeTHOT 1MoJba Hext
(@ Hmax = 463 A/m) mpu pagaum ¢pekBennujama f e [2
MHz, 5 MHz]. EpuzpeHTHpaHo je KOHCTaHTHO moBehame
OCETJBMBOCTH TIpU TmopacTy pagHe ¢pekseHnuje. Ha
¢pexBennuju ox 2 MHz oceT/bUBOCT je HajHUKA U M3HOCH
oko 0,07 % / A/m pmok npu HajBefiM HCIUTHBAHHM
¢pexeennujama on 4 MHz u 5 MHz noctmxke BpeaHocT o1
oxo 0,4 % / A/m.

[lpn anamu3m npuUKa3zaHUX pe3ysiTara MOTPEeOHO je
HAIIACHTH Ja Cy OBAE TMpUKa3aHe OCCTJBHBOCTH
MOjeIMHAYHOT ceH30pckor MU-enemeHTa, J0OK je KOHA4HA
oceTsbuBOCT camor MMU-cenzopa nedpuHucana onabpaHuM
SNEKTPUYHUM KOJIOM TPH U3paadl MarHeTHOT CEH30pa
(Konmumos ocuunarop [28], CMOS IC myntusubparop [29,
30] ca pesonynujoM Mepema MarHeTHE WHAYKIHje OJl OKO
1pT).

30 0,10

2 MHz

20l - 0,00
4-0,05
15 \\\

[Z(H)-Z(H,)VZH,,) . (%)

OcemsbuBoct MU-enementa, 1 (% / A/m)

N 1-0,10
0} N
g 40,15
A
5 L A
A
. 40,20
-
0 -I 1 1 1 1 1 1 1 1 I\‘ _O 25
0 50 100 150 200 250 300 350 400 450 500

H,,. . (A/m)

Cn. 5. Ynopeonu npuxas sasucnocmu MHU-oonoca u
ocemmueocmu MHU-enemenma 00 cnomawmez dC maznemmnoz noma

Hext npu ppexeenyuju £ =2 MHz (@ Hmax~463A/m).

25 0,25
> GMI ratio €
- —— 1o <
X ‘ MF Sensitivity ‘ -
£ - =]
£ 2 >
E’ 40,15 -
3 g
L 15 4oz
N 3
< =
z - 0,05 ?
N, =
10 + >
- 0,00 5
o
m
E
5k - -0,05 2
o}

—4-0,10

C 1 1 1 1 1 1 1 1 1 1 _0,15

0 50 100 150 200 250 300 350 400 450 500

H,. (A/m)

Cn. 6. Ynopeonu npuxas sasucnocmu MH-oonoca u
ocemmugocmu MH-enemenma 00 cnomawrsez dC maznemno2 nosma

Hext npu gppexeenyuju £ =3 MHz (@ Hmax~463A/m).
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Cn. 1. Ynopeonu npuxas sasucrnocmu MHU-oonoca u
ocemmusocmu MH-enemenma 00 cnomawirvez AC macnemuoe nosmwa

Hext npu ppexsenyuju f =4 MHz (@ Hmax~463A/m).
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Cn. 8. Ynopeonu npuxas sasucnocmu MHU-oonoca u
ocemmusocmu MH-enemenma 00 cnomawrsez dC maznemnoz noma

Hext npu gppexeenyuju =5 MHz (@ Hmax~463A/m).

IV. 3AK/BYYAK

HcnutuBama MMHU-edexta konm amopdHe Xulle Jerype
CoFeSiB y ¢peksentaom omcery f € [1 MHz, 5 MHZz]
MOKa3yjy KOHCTaHTHO noBehame uMIenance y3opka KHIle.
IIpopauyn MU-oqHOCA je moka3ao Ja ce HajBehe BpeaHOCTH
nobujajy npu dpexsenrmju o1 1 MHz (@ Hmax ~ 463 AIm je
oko 45 %), a szatum ce MMU-omHoc cmamyje. Ilpu
¢pexseHnujama m3Hag 1 MHz je permctpoBaH MakcCUMyM
HMIIEIaHCe KOjU OJroBapa IOJby MarHeTHE aHH30TPOIIHje
Hk. TloBehame mnospa MmarmerHe anmsorponuje Hyx mpum
nosehamy (pekBeHLnje je pe3ynTaT JOMHUHAHTHOT ydyerrha
MeXaHW3Ma pOTalMje BEKTOpa MarHeTu3aluje TOKOM
npoueca maraehema. [lopact ¢pekBeHuunje npahen je u
nosehameM ocerssmBocTH ~ MU-enmeMeHTa, Koje  TIpH
¢pexsernujama ox 4 MHz u 5 MHz moctmxy BpenHocTi
ox oko 0,4 % / A/m.
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ABSTRACT

This paper presents an examination of magnetoimpedance
MI-effect sensitivity of CoFeSiB wires in the frequency range
of 2 MHz + 5 MHz. An Ml-ratio with a maximum of about 45 %
was obtained at 1 MHz @ Hmax ~ 463 A/m. The increase in
operating frequencies is followed by an increase of magnetic
anisotropy field Hk. The highest sensitivity values of the MI-
element of about 0.4 % / A/m were attained at frequencies of
4 MHz and 5 MHz. Consequently, the investigated CoFeSiB
wires are perspective as magnetic field sensing Ml-elements.

Sensitivity of CoFeSiB amorphous wire
magnetoimpedance element

Jelena Orelj, Nebojsa Mitrovi¢

ISBN 978-86-7466-930-3


http://www.phys-iasi.ro/en/equipment-conventional-wires-preparation
http://www.phys-iasi.ro/en/equipment-conventional-wires-preparation



