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Effect of Manganese Doping on Ferrroelectric
Properties of (K.4gsNag sL1o.015)(Nbg.ogV0.02)O3
Lead-Free Piezoceramic

Chongtham Jiten, Radhapiyari Laishram, K. Chandramani Singh

Abstract—Alkaline niobate (Naj 5K, s)NbO; ceramic system has
attracted major attention in view of its potential for replacing the
highly toxic but superior lead zirconate titanate (PZT) system for
piezoelectric applications. Recently, a more detailed study of this
system reveals that the ferroelectric and piezoelectric properties are
optimized in the Li- and V-modified system having the composition
(Ko.485Nag sLig015)(NbgogV.02)O3. In the present work, we further
study the pyroelectric behaviour of this composition along with
another doped with Mn*". So, (K4ssNagsLio015)(NbgosVo02)O3 + x
MnO, (x = 0, and 0.01 wt. %) ceramic compositions were
synthesized by conventional ceramic processing route. X-ray
diffraction study reveals that both the undoped and Mn*"-doped
ceramic samples prepared crystallize into a perovskite structure
having orthorhombic symmetry. Dielectric study indicates that
Mn*" doping has little effect on both the Curie temperature (7;) and
tetragonal-orthorhombic phase transition temperature (7,,). The bulk
density, room-temperature dielectric constant (egr), and room-c The
room-temperature coercive field (E,) is observed to be lower in Mn*"
doped sample. The detailed analysis of the P-E hysteresis loops over
the range of temperature from about room temperature to 7T, points
out that enhanced ferroelectric properties exist in this temperature
range with better thermal stability for the Mn** doped ceramic. The
study reveals that small traces of Mn*  can modify
(Ko.4g5Nag sLig015)(NbgogV02)O; system so as to improve its
ferroelectric properties with good thermal stability over a wide range
of temperature.
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1. INTRODUCTION

OR several decades, PZT has been widely used as

piezoelectric materials, in actuators, transducers and
sensors, because of its superior piezoelectric properties [1]. In
recent time, however, there have been serious restrictions
imposed by many countries in the use of PZT in electrical
appliances because of the environmental concerns caused by
lead (Pb) toxicity. This has necessitated the urgent
requirement for a lead-free piezoelectric material whose
properties match with those of PZT family. As a consequence,
there has been a widespread research in recent years to find
alternative lead-free piezoelectric ceramics with properties
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comparable to their lead-based counterparts. In order to find a
replacement for lead-based piezoelectrics, attempts have been
being made towards developing several lead-free piezoelectric
materials such as potassium sodium niobate (KNN)-based
ceramics [2]-[4], bismuth sodium titanate-based ceramics [5]-
[7], bismuth potassium titanate-based ceramics [8], [9],
ferroelectric ceramics with a tungsten bronze structure [10],
and bismuth layer-structured ferroelectrics [11]-[13]. Among
the alkaline niobate-based perovskite-type ceramics, alkaline
niobate system with the composition (KgsNays)NbO; (KNN)
has been reported in literature as one of the most promising
candidates because of its good piezoelectric properties, high
Curie temperature (7,) of over 400 °C and low anisotropy [14],
[15]. In spite of these merits, KNN ceramics suffer from
certain shortcomings such as the need for special handling of
the starting powders, sensitivity of properties to non-
stoichiometry, and complex densification process [16]. To get
well-sintered pure KNN ceramics is extremely difficult under
ordinary conditions due to evaporation of K,O and Na,O at
high temperatures [14], [17]. Therefore, non-conventional
methods like spark plasma sintering, templated grain growth
and hot isostatic pressing have been used to achieve the
desired high densities in KNN ceramics [18]-[20]. These
techniques are meant for academic interest only and not
suitable for large-scale production in required in industry.
There are also other methods to improve the sinterability of
KNN ceramics, for instance, the formation of a new solid
solution of KNN with other perovskite compounds, such as
LiTaO; [21], use of novel sintering aids like K4CuNbgO,;3 [22],
and preparation from nanoscale powders [23]. Optimum
substitutions of A-site ions (K¢sNags)™ and B-site ion Nb>* by
other suitable ions in the ABOs-type perovskite structure of
KNN have been reported to enhance its piezoelectric
properties [24]-[26]. Gaur et al. reported that the substituted
KNN ceramic having the composition
(K0‘485N30A5Li0‘015)(Nb0(88Ta0‘1V0A02)O3 posSsesses the Optimum
values of room-temperature dielectric constant (egr), and
remnant polarization (P,), and piezoelectric charge coefficient
(ds3) [27]. In the present work, we further study
(Ko.485NagsLip015)(NboogVo.02)O3 and also investigate the
effect of adding MnO, into it. We use MnO, as it is widely
reported to have a beneficial effect on the electrical properties
of piezoelectric ceramics such as BaTiO; and PZT [28], [29].

II. MATERIALS AND METHODS
(Ko.48sNag sLig.015)(Nbo.ogV0.02)O03 + x MnO; (x = 0, and 0.03
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wt. %) powders were synthesized by conventional solid state
reaction method from the raw materials: K,COj; (99.0%),
Na,CO; (99.9%), Li,CO; (99.0%), NbOs (99.5%), V,0s
(98.5%), and Mn0O,(99.5%). They were weighed as per the
stoichiometric formula and homogeneously mixed for 15h in a
plastic bottle using an ordinary ball mill with isopropanol and
zirconia balls as milling media. The mixture was calcined at
850 °C for 4h. The calcined powder was then high-energy
milled in isopropanol medium using a Retsch PM 100
planetary ball mill at the speed of 250 rpm for 5h using agate
vial and balls. A mass ratio of 1:5 for powder and balls was
always maintained during milling. The rotational direction of
the vial and the sun wheel was reversed every six minutes
after a rest period of two minutes to ensure homogeneous
grinding without overheating. The milled powders were mixed
with Polyvinyl alcohol (PVA) as binder and then pressed into
pellets of 10 mm diameter and 1 mm thickness under 2-MPa
uniaxial hydraulic pressure. The pellets were sintered at 1000
°C for 2h. The corresponding ceramics so obtained for the two
compositions will be abbreviated as KM0O and KM3. The
Archimedes principle was used to measure the bulk density of
these ceramics. X-ray Diffractometer (Philips Diffractometer
PW 3020) with monochromatic Cuk,, radiation (1 = 1.54178
A) was used to characterize the crystalline phase of the
ceramics. For electrical characterization, electroding was
performed by painting silver paste on flat faces of the ceramic
pellets and firing at 150 °C for 1h. The dielectric properties of
the ceramics were measured by using an impedance analyzer
(Wayne Kerr 4294A). The polarization versus electric field (P-
E) hysteresis loops of the ceramics were recorded using an
automated P-E loop tracer (AR Imagetronics, India) operating
at 50 Hz. For piezoelectric measurements, the ceramic pellets
were poled for 30 min at 120 °C in a silicone oil bath by
applying dc electric field of 3 kV/mm. The piezoelectric
constant d;; was measured by using a Piezo d;; meter
(YE2730A d33 METER).

III. RESULTS AND DISCUSSION

The values of bulk density obtained for KM0 and KM3
were 4.352 and 4.388 g/cm’, respectively. Both the ceramic
samples reached a density of over 95% of the theoretical
density (TD, 4.51 g/cmz) of (Ko sNags)NbO; [16], indicating
that they are dense and well sintered. It can also be noted that
the density of the ceramics improves with Mn*" doping. MnO,
acts as a sintering aid and introduces the liquid phase during
the sintering process, which results in the higher density of the
Mn-substituted KNN sample [30], [31]

Fig. 1 shows the room temperature XRD patterns of
(Ko.485Nag sLio.015)(Nbo.9gVo.02)O3 + x MnO; (x = 0 and 0.03 wt.
%) ceramics. The crystalline phase of the ceramics was of
pure perovskite structure and no evidence of the formation of
any secondary phase was observed. All the diffraction peaks
can be indexed based on the standard X-ray pattern of
polycrystalline orthorhombic KNbO; structure with Amm?2
space group JCPDS No. 71-0946 in the ICDD database,
KNbO; being taken as a reference because it is iso-structural

with KNN. The splitting of the (022) and (200) peaks at 20 of
~45.5° with higher intensity counts for the (022) peak
indicates that the crystal structure of the ceramics is
orthorhombic [32]-[35]. Fig. 1 also depicts a slight shifting of
the diffraction peaks towards higher angles indicating a small
shrinkage of lattice cell volume as Mn*" content increases in
the ceramics. Partial substitution of Mn*" with ionic radius
(IR) = 0.54A for Nb** (IR = 0.644) is expected to be primarily
responsible for the altered unit cell dimensions. The observed
shifting of diffraction peaks further supports the idea of Mn*"
substitution into the (KgsNags)NbOs; lattice to form a solid
solution.
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Fig. 1 XRD patterns of (K¢ 485Nag sLig.015)(Nbg.osV.02)O3 + x MnO, (x
=0, and 0.03 wt. %) ceramics

Fig. 2 shows the temperature dependence of dielectric
constant (&) measured at 100 kHz for the two ceramic samples.
It is seen that all the ceramics depict two dielectric peaks at
about 150 °C and 410 °C. These peaks correspond to the phase
transitions of orthorhombic-tetragonal (at 7,) and tetragonal-
cubic (at T¢), respectively. This observation confirms that the
phase structure of both the ceramic samples prepared at room
temperature has an orthorhombic symmetry, as discussed in
XRD analysis. It can be remarked that the T, and T, values for
the ceramics are shifted slightly to higher temperatures due to
Mn*" doping. The change in these transition temperatures can
be the evidence of Mn*" dopants entering the lattice of
(Ko.485Nag sLig015)(Nbg.osVo.02)O3 ceramics.

The values of room temperature dielectric constant (ert)
and dielectric constant maximum at the Curie temperature 7,
(emax) are respectively 1318 and 2956 for KMO, and 1349 and
3802 for KM3. Thus, both the parameters err and &, increase
as a result of Mn*" doping in the ceramics. The observed
increase in dielectric constant for KM3 is in agreement with
its higher density. Such dependence of dielectric constant on
density has been reported in other systems [23], [36].

Fig. 3 shows the typical hysteresis loops of polarization (P)
versus applied electric field (£) plotted for some of the
temperatures recorded for KM0 and KM3, measured at 50 Hz.
It is seen in this figure that the shape of P-E hysteresis loops
exhibits a strong dependence on the temperature for both the
undoped and doped samples.
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Fig. 2 Temperature dependence of dielectric constant (¢), measured at
100 kHz, for KM0 and KM3

For both samples, as the temperature increases, the
hysteresis loops become more and more square-shaped and
well-saturated indicating the improved ferroelectric behavior
of the ceramics in the range of temperature studied. However,
the shapes and sizes of the corresponding P-E loops at each
temperature for the undoped and Mn*" doped ceramic samples
are quite different.

Fig. 4 depicts the plots of remnant polarization (P;) versus
temperature for the undoped and Mn** doped ceramic
samples. As seen in Fig. 4, for KM3, the value of P, increases
gradually from 18.9 uC/cm’ to 23.8uC/cm’ as the temperature
increases from 38 °C to 155 °C (i.e., around its 7). Similarly,
for KMO, P, increases gradually from 13.0 pC/cm’ to 18.2
pC/em? as the temperature increases from 38 °C to 155 °C. It
is seen from Fig. 4 that the values of P, are appreciably higher
for KM3 than those for KMO at each temperature of the
temperature range mentioned above. This indicates that there
is an improvement of ferroelectricity in the KM ceramics as a
result of Mn*" doping, in this range of temperature. It can be
also noted that the variation in P, over this temperature range
is confined within a much narrower range for KM3 than that
for KMO. This observation suggests that there is a great
improvement in temperature stability of ferroelectricity for the
Mn*" doped ceramic, a desirable result from the point of view
of its industrial applications in devices.

Fig. 5 shows the plots of coercive field (E.) versus
temperature for KMO and KM3. As the temperature increases
from 38 °C towards T, E. is found to decrease gradually from
7.0 kV/ecm to 3.7 kV/cm for KMO, whereas for KM3, the
corresponding decrease is observed to be from 5.9 kV/cm to
5.4 kV/cm. The lower values of E, for KM3 indicate that the
ferroelectric behavior of the ceramic becomes softer with
Mn*" doping. The significantly smaller range of variation in E,
over this wide range of temperature for KM3 suggests that the
temperature stability of ferroelectricity is greatly improved in
the Mn*" doped ceramic as compared with the undoped
ceramic. The appreciably low values of E, with the values
remaining almost unchanged over such a wide range of
temperature can be of great use for the Mn*" doped ceramic in

various applications in electronic industry.
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Fig. 3 P-E hysteresis curves at different temperatures, for (a) KMO,
and (b) KM3, measured at 50 Hz
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and KM3, measured at 50 Hz
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Fig. 5 Plots of E, versus temperature, for KM0 and KM3, measured
at 50 Hz

IV. CONCLUSIONS

Lead-free (Ko.485Nao5Lig015)(NbogsV0.02)03 + x MnO, (x =
0, and 0.03 wt.%) ceramics were synthesized by conventional
air-sintering method. Both the ceramics exhibit pure
perovskite structure with orthorhombic symmetry. Mn*" doped
ceramic exhibits higher density, room-temperature dielectric
constant &py and remnant polarization P, The remnant
polarization P, of the Mn*" doped sample remains high in a
narrow range of values from 18.9 uC/cm? to 23.8 pC/em’ over
a wide range of temperature from about room temperature to
the orthorhombic-tetragonal phase transition. On the other
hand, the coercive field E, remains significantly low for the
Mn** doped sample, confined within a narrow range of values
from 5.9 kV/em to 54 kV/ecm over the same range of
temperature. The study reveals that an optimum amount of
Mn*" doping in (KoassNagsLioo15)(NbyosVo02)Os ceramic
system can introduce desirable changes in its crystalline
structure and morphology so as to enhance its ferroelectric
behaviour and good thermal stability over a wide range of
temperature.
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