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Abstract. The material of the study was lead-free BaFep 5Nbg.503 ceramics subject to modification. The
base composition BaFep 5Nbg 503 as well as the chromium, lithium and manganese modified ones were
obtained using conventional mixed oxides and carbonates method. Synthesis was performed by the pow-
der calcination method at high temperature 1250 °C for 4 h, while the densification was carried out by
free sintering method under conditions 1350 °C/4 h. The paper presents a complex study of admixtures
influence on the crystal structure, microstructure and dielectric properties of the BFN type samples. The
mentioned dopants chromium, lithium or manganese in the BFN-type ceramics among other caused the
reduction of the electric permittivity maximum as well as significant decrease in value of dielectric loss.

1 Introduction

The BaFe;/3Nb; /503 ceramics (BFN) may be an al-
ternative material to replace lead-based ceramics such
as: PbFe;_,Nb,Os (PFN), which, due to its excellent
piezoelectric and electromechanical properties, have been
widely used for various devices, especially piezoelectric ac-
tuators, transformers and transducers [1-5]. The BFN,
just like PFN, ceramics belong to the family of multi-
ferroic materials [6] possessing perovskite structure of the
general formula ABOgs, where barium ions enter in the A
positions, while iron and niobium ions alternately occupy
the B position. The discussed materials have good fer-
roelectric (high values of dielectric permittivity) and the
ferromagnetic properties at low (negative) temperatures,
what was widely described in papers [7,8]. The electro-
physical properties of the BFN ceramics were the subject
of the following works [8,9].

It is commonly known, that in order to achieve the
high densification and optimal electrophysical parameters,
sintering temperatures used in the process of preparation
are very high and the time of the process is very long, it
is one of the disadvantages of this material. However the
main disadvantage significantly limiting the application
possibilities of BFN is high value of dielectric losses [10].
The literature describes various methods for lowering this
value, among other creation the solid solution BFN and
glass compositions such as BisO3-SiOs [11,12] or BisOs-
Li,COg3 [13]. The other method is connected with the
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modification of BFN ceramics by suitable substitution,
for example lanthanum ions [14]. To achieve the small
value of dielectric loss the dopant, to be substituted at
A or B site in ABO3 unit cell, should be suitably chosen.
In the present paper authors described the influence of
chromium, lithium and manganese modifiers on reduction
of the dielectric losses of the basic material.

2 Experiment

The base research material was BaFeq 5Nbg 505 (BFN)
obtained from a mixture of simple compounds BaCOg
(99.99%), FeaO3 (>99%) and NboOjs (99.99%). The BFEN
material was subjected to modification the following ad-
mixtures chromium, lithium or manganese in an amount
of 1.0 at.%. The mixture of the simple compositions was
milled by Fritsch-type planetary ball mill for 15 h (wet
in ethanol). As a result of doping of the three groups
of compositions powders BFN type: chromium-doped
(BFN-Cr), lithium-doped (BFN-Li) and doped with man-
ganese (BFN-Mn) were obtained. Mixtures of the powders
were synthesized by calcination method at temperature
1250 °C for 4 h at a linear heating rate of 300 °C/h.
Compaction was carried out by the free sintering method
at high temperature (Ts = 1350 °C) for 4 h (at a heating
rate of 300 °C/h). For electrical tests on the surfaces of
the samples were applied silver electrodes.

The X-ray tests were performed on a diffractometer
Philips (with a Cu lamp and graphite monochromator)
in the angular 2 from 12° to 70° (step 0.02° and mea-
surement time 4 s/step). The SEM images and the EDS
(Energy Dispersive Spectrometry) were carried out using
a scanning microscope HITACHI S-4700 with EDS Noran
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Fig. 1. X-ray diffraction patterns for BFN, BFN-Li, BFN-Cr
and BFN-Mn powders.

Vantage. For testing of microstructure surfaces of the sam-
ples BEN type ceramics sputtered carbon. Temperature
measurements of dielectric parameters were carried out on
the QuadTech 1920 LCR meter (at frequencies of the mea-
surement field from 0.02 kHz to 1.0 MHz) in temperature
range from 20 °C to 380 °C (the speed of temperature rise
2 °C/min, heating cycle). The DC conductivity measure-
ments were investigated in temperature range from 20 °C
to 400 °C (heating cycle) using a 6517B Keithley high
resistance meter (voltage applied to the sample 100 V).

3 Results and discussions

The X-ray diffraction patterns (in logarithmic scale) for all
investigated compositions are presented in Figure 1. The
X-ray investigation shows that the pure BFN ceramics-
type materials have the monoclinic symmetry with fol-
lowing cell parameters: a = 4.0743 A, b = 4.0388 A,
¢ = 2.8759 A (the best fit was obtained for the pattern
ICSD No. 00-057-0771 [15]). On the diffraction pattern
are visible only the lines connected with the perovskite
structure without any detectable lines of secondary phase.
The introduction of chromium, lithium or manganese (in
an amount of 1.0 at.%) modifiers to the base BFN com-
position does not cause formation of additional (foreign)
phases, so the doped materials at room temperature have
the same monoclinic structure, as BEN ceramics. The real
density was determined by measuring the mass and vol-
ume of the specimens. The additives caused to reduction
of the density, which is as follows: 6.17 g/cm? (for BFN-
Cr), 6.13 g/cm? (for BFN-Li), 6.07 g/cm? (for BFN-Mn)
while the theoretical density is 6.54 g/cm® (reported in
ICSD) [16]. Such reduction is connected with the increas-
ing porosity of the modified BFN ceramics.

The microstructure of the undoped BFN ceramics is
characterized by well developed, uniformed grain struc-
ture devoid of pore regions presence, as well as consisting
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of randomly oriented equiaxial grains (Fig. 2a). The mi-
crostructure of fracture BFN-Mn and BFN-Cr ceramics
(Figs. 2d and 2c) looks similar to the microstructure of
the BFN ceramics — has massed, densely packed, however
significantly smaller grains. In case of ceramics modified
by lithium the microstructure consists with much smaller,
well-crystallized grains, the participation of pores signifi-
cantly increased. It should be emphasized that grains of
ceramics with additions of Li and Cr characterized by
great uniformity of size, what influence on dielectric prop-
erties — especially the dielectric loss.

The EDS analysis was carried out on the ten randomly
selected areas of the fracture surface of all discussed sam-
ples. The results of EDS analysis (Fig. 3) are in accordance
with folded proportions of the starting components, cal-
culated on a stoichiometric material in the preparation of
the BFN-type ceramics.

Doping with Li, Mn or Cr the BFN ceramics caused
slightly decrease of the DC electrical conductivity (Fig. 4).
The results of measurements show, that the lithium ions
can replace basic cations (e.g. Fe) or they can occupy the
interstitial positions in the crystal lattice. The variety of
defects appearing in material examined as result of non-
stoichiometry or doping allows to treat it as hard doped
and partly compensated semiconductor [17].

In the case of admixing the BFN with Cr3* chromium
ion can replace the Nb%* niobium ion in sublattice B
(Wpp < Wg) as a result of heterovalence admixing. The
doping of this type cause the formation of additional holes,
which may cause change the electric conductivity in BFN
type ceramics. The Cr3+ chromium admixture may be also
substituted by the Fe3T iron ion as a result of isovalence
admixing (Wpg = Wp). In perovskite-like materials due
to the small ionic radius excess of the chromium dopant
can locate in the interstitial sites [17].

In the case of admixing the BFN with manganese
Mn**, (ion radius 52 pm) into account, can be substitute
in positions B of the iron (67 pm) and niobium (69 pm)
compound as a result of heterovalence admixing. In the
first case admixing (Wpp > Wpg) causes the formation of
additional holes. Such a type of admixing causes compen-
sation of electric charges what leads to a decrease in elec-
trical conduction of the BEN type ceramics. In the second
case substitution of the Mn** ions in the Nb>t niobium
positions (Wpp < Wp) introduces additional electrons,
increasing electric conductivity.

The values of activation energy were calculated accord-
ing to Arrhenius’ law [18] and they are inside Figure 4.

Measurements of temperature dependences of dielec-
tric permittivity reveal presence the anomalies (maxi-
mum), which is connected with the transition from ferro-
electric to paraelectric phase (Fig. 5a). The maximum has
broadened character, especially for BFN materials doped
by lithium.

Each of the discussed compositions exhibits different
properties in the phase transition regions, but in general
it can be said that the chosen modifiers causes the shift
of phase transition temperature to high values and de-
creases of maximum value of dielectric permittivity. High
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Fig. 3. EDS analysis of the element distribution for the

BFN ceramics doped by: Cr (BFN-Cr), Li (BFN-Li) and Mn
(BFN-Mn).

values of dielectric permittivity in undoped BFN ceram-
ics occurring due to the possibility of the formation in the
area with the electrode layers connector (metal — semi-
conductor) and the total capacity of the sample is the
sum of the capacity of the base material and the result-
ing capacity those created layers [7]. The introduction of
lithium and chromium ions disrupts layer system causes
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Fig. 4. An influence of the doped on the Inopc (1/T) rela-
tionship for the BFN ceramics.

a significant increase in the permittivity in the vicinity of
room temperature, while decreasing its value at the phase
transition. The manganium modification caused decreas-
ing dielectric permittivity value in all investigated range
of temperatures.
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Fig. 5. Influence of the admixtures chromium, lithium and manganese for dielectric properties BFN ceramics.
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Fig. 6. Temperature dependences of dielectric properties for BEN ceramics doped by manganese: (a) (T"), (b) tand (7).

All modifiers caused the significant reduction of di-
electric losses (Fig. 5b). The BFN-Mn ceramics has low
dielectric losses at room temperature (Fig. 6b) as com-
pared to the compositions BFN-Li (Fig. 7b), BFN-Cr
(Fig. 8b) and the pure BFN ceramics. The reduction is
probably connected with the greater uniformity of grain
size of admixtured ceramic materials. At higher temper-
atures (above 80 °C temperature) dielectric losses grow
rapidly. In case of the BFN-Cr, dielectric losses remain at
a low level to about 160 °C, whereas in the case of BFN-Li
to about 200 °C. Above these temperatures, occurs their
rapid growth. The sharp growth of the dielectric losses at
high temperatures is associated with the increase of elec-
trical conductivity at high temperatures.

Moreover the modifiers caused the decrease in the
diffuseness of phase transition. Figures 6-8 show the
temperature dependence of the real part of dielectric per-
mittivity and loss tangent of lithium, chromium and man-
ganese modified BFN ceramics measured under various

measuring frequencies. The temperature positions of di-
electric permittivity maximum is strongly dependent on
frequency of measuring field, i.e. maximum shifts to higher
temperatures with increasing frequencies (Tab. 1). The
greatest dispersion shows the BFN-Mn ceramics (in the
temperature range ~103 °C), while the smallest shows
the BFN-Li ceramics (in the temperature range ~74 °C).
Such behaviour indicates at the relaxor-like properties.

In the BFN compositions doped with manganese
(Fig. 6) and with lithium (Fig. 7) occurs reduction of the
value of dielectric permittivity. The temperature plot e(7")
of the BFN-Mn ceramics is similar to the undoped BFN
ceramics (Fig. 5). However, admixture of manganese in-
serted into the basic BFN, much decreases of the value
of dielectric permittivity. In the case BFN doping with
chromium (Fig. 8a) appears increase values of the dielec-
tric permittivity, and simultaneously reduces the dielectric
losses (Fig. 8b).
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Fig. 7. Temperature dependences of dielectric properties for BFN ceramics doped by lithium: (a) e(7'), (b) tand (7).
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Table 1. List of the temperatures (at emae) for the measure-
ment frequency for obtained samples.

BFN BFN-Cr BFN-Li BFN-Mn
Frequency [kHz] Tm [°C]
0.1 186 216 192 196
0.2 199 230 205 206
0.4 209 249 218 220
0.8 221 262 229 235
1.0 225 264 234 237
2.0 238 275 245 255
4.0 250 291 256 271
10.0 268 305 263 289
20.0 276 307 266 299

4 Conclusion

The lead-free BaFeg 5Nbg 503 ceramics may be an alterna-
tive material for leaded ceramics (e.g. PZT-type ceramics,
PFN ceramics, etc.) widely used in many fields of micro-
electronic and micromechatronics. The ferroelectromag-
netic BFN ceramics shows a behavior typical for relaxor
materials with the characteristic occurrence of frequency

100 150 200

Temperature [°C]

250

8. Temperature dependences of dielectric properties for BFN ceramics doped by chromium: (a) £(7°), (b) tand (7).

dispersion. In addition to the high values of dielectric
permittivity BFN ceramics has a high value of dielectric
losses, which can be reduced by the introduction of the
basic BFN composition of the suitable admixtures.

Compared with undoped BFN ceramics, doped ce-
ramic compositions of the BFN type (doped by man-
ganese, lithium and chromium amount 1.0 at.%) have
smaller dielectric losses as well as lower DC electrical con-
ductivity, but also much smaller value of dielectric permit-
tivity. Doped compositions of the BFN type also exhibit
extension of the phase transition area.

Reduction of dielectric losses in doped BEN type ce-
ramics significantly increases the application possibilities
ceramics in many areas of modern microelectronics and
micromechatronics.
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