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Abstract: An efficient solid-state approach was established to synthesize (K, sNa, 5) NbO; ceramics using calcination
kinetics and microwave assisted sintering. Milling of carbonate and oxide raw materials were carried out for 15 h to
obtain homogeneous nano particles. The crystallite size of 5.30 nm was obtained for the KNN system after calcination
through optimized parameters and observed to be stoichiometric in nature. The obtained nano particles showed phase
transition from orthorhombic to tetragonal crystal structure without any secondary phases. The high relative density
and tetragonality ratio of KNN ceramics obtained through optimized sintering parameters yielded with significant

piezoelectric and ferroelectric properties.
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1. INTRODUCTION

An intense research on lead free piezo-electric
ceramics is being carried out worldwide for more
than a decade due to environmental concern and
toxicity of lead-based ceramics [1-2].
Investigation based on alkali niobates (ANbO;)
has gained momentum in recent times. The
general form of these lead-free perovskite
materials is ANbO; [3]. Potassium niobates
(KNbO;)  exhibited greater piezo-electric
properties, which are stable along the non-polar
crystallographic directions than along the polar
axis and exhibits stable orthorhombic phase over
a wide temperature range [4-6]. It has high piezo-
electric coefficient among the lead free based
piezo materials. KNbO; is extensively used in
amalgamation with sodium niobates (NaNbO,) as
a binary system which makes it one of the most
promising lead-free piezoelectric materials. It is a
combination of ferroelectric (FE), KNbO; and an
anti-ferroelectric ~ (AFE) NaNbO,.  Ferro-
electricity is reported to be up to 90% in KNbO,
in the binary system of KNbO;-NaNbOs[7].
Based on a study on various stoichiometric ratios,
it was observed that the composition
Ky sNay,sNbO; (KNN) was favorable, and the
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composition (50/50) is in between two
orthorhombic phases at morphotropic phase
boundary (MPB) as observed in lead zirconate
titanate (PZT) [8]. Potassium sodium niobate
(KNN) is satisfactorily recommended for a broad
range of applications due to its high Curie
temperature (Tc) of 420 °C and a low density of
4.51 g/cm3[9].

The Conventional solid-state route, wet
chemistry methods such as sol-gel, hydrothermal
has been applied for synthesis of KNN nano-size
powders [10-13]. Sol-gel and solid-state
synthesis of KNN ceramics have drawn much
interest due to its ability to obtain nano-size
powders. The hydrated carbonated phases formed
during sol-gel process needs high temperature
(near melting point ~1140 °C) to decompose and
this increases the volatile behavior of alkaline
elements of KNN [11,12]. The use of soft
chemistry though reduced the synthesis
temperature overcoming volatile behavior of
alkaline elements but could not avoid the
presence of carbonates during heat treatment,
there by showing the need for high temperature
[11,12]. Since solid state route can easily
decompose oxides and carbonates, it is
extensively used to synthesize ferroelectric
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powders for good control on particle morphology
[11]. Microwave assisted sintering of KNN
ceramics at 1115 °C achieved peizo-electric
charge co-efficient (d;;) value of 85 pC/N and P,
of 18 pC/em? with 93.8 % bulk density [14].
However only 3 % of the total conventional
sintering time (16 h) reported to obtain d;; value
of 80-160 pC/N was needed in case of microwave
sintering [20-21]. Microwave sintered samples
observed to be more in dense, fine uniform
microstructure and 50 % increase in d;; value
[17]. KNN samples prepared by spark plasma
sintering (SPS) method at 920 °C exhibited ds;
value of 148 pC/N and k, of 0.389 [18]. SPS
sintered samples exhibited high coercive field,
dielectric constant at room temperature and low
remnant polarization [18]. But the smaller grain
size obtained by SPS method needs post annealing
of the samples to obtain better dy; values [21]. Post
annealing is also associated with secondary grain
growth which effects the densification and
functional properties [19-22]. Overall microwave
assisted sintering is the best route to fabricate KNN
ceramics in a short time with improved piezo-
electric properties. But in KNN ceramics, the
presence of one more phase transformation around
200 °C makes it less useful and needs further
research [23]. Moreover, volatile nature of alkaline
elements, phase instability of KNN at high
temperature and low relative density of sintered
body results in difficulty to synthesize KNN
ceramics, with high densification and good piezo-
electric properties.

Hence there is a need to analyze the kinetics
behind the reaction mechanism of KNN particles.
The solid-state kinetics helps in achieving
completion of the reaction mechanism successfully
without secondary phases, thereby reducing
volatility nature of alkaline elements and improving
its densification and peizo-electric properties.

In the present work, (K,sNa,s) NbO; system
was synthesized using solid-state route by
establishing the calcination kinetic parameters to
overcome volatile nature and phase instability of
alkaline elements. Calcined powders were
compacted and densified using unidirectional
pressing and microwave assisted sintering. Later
the densified KNN ceramics were characterized
structurally and functionally to evaluate physical,

chemical, piezo-electric and ferroelectric
properties of KNN peizo-electric ceramics.

2. EXPERIMENTAL PROCEDURE

The materials Na,CO; (> 99.5 %), K,CO; (>99.0
%), and Nb,Os (99.9%) were used as supplied by
Alpha Aesar, UK. The measured stoichiometric
mixtures for the system (K,;Na,s) NbO;, (KNN)
were preheated at 200 °C for 2 h. This preheated
mixture was blended in high energy planetary ball
mill PM 200 (Retsch GmbH) for 15 h at 300 rpm
using 2.5 ml of acetone as processing medium.
Stainless steel balls were used to mix the powder
with ball to powder ratio (BPR) of 10:1. Each cycle
corresponded to 2 h of milling up to completion of
14 h and 1 h cycle for last milling hour. After each
cycle, the steel vial was cleaned and 0.2-0.5 ml of
acetone was added as a processing agent to avoid
adhesion of the powder with vial wall. The blended
powder of KNN was calcined at the temperature of
700, 800 and 900 °C for different time intervals of 7,
8 and 10 h in the conventional furnace.

The process helps to complete solid state reaction
and obtain required (K,sNa,s) NbO; system by
establishing calcination parameters. The thermal
degradation of mixed raw powder and the effect of
calcination process parameters on crystal structure,
microstructure and transmittance of KNN powder
were analyzed using thermo gravimetry / differential
thermal analyzer (DTG-60, Shimadzu), X-ray
diffractometer (XRD, Rigaku Smart Lab), Fourier
Transform Infrared Spectroscopy (FT/IR — 4200,
Jasco Germany), and scanning electron microscopy
(SEM, Zeiss Supra-40) respectively. The
diffractometer was used with Cu-K, monochromatic
radiation for the range of 20 values from 10 - 80°.
The crystallite size of calcined KNN powder was
computed using Scherer's equation Eq. (1)
(Instrumental broadening of the system used for
correction of the data):

kx 2
" Bxcos@ (1)

where D-crystallite size, k = 0.89 (Scherer’s
constant), A-wavelength(X-ray ), B- full width at
half maximum of the diffraction peak, and O-
angle of diffraction. The FTIR spectroscopy was
carried out from 400 cm! to 4000 cm! to
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determine the transmittance. The thermal
degradation was carried out using DTG - 60 with
a heating rate of 2 °C /min from RT to 900 °C in
inert atmosphere with N, gas flow rate of 50
ml/min. The grain size and morphology of
calcined powders were evaluated using
transmission electron microscopy (TEM, Philips
CM 200 FEGTEM) with 200 kV accelerating
voltage and SEM (Zeiss Supra-40) operating at
20 kV respectively. The synthesized KNN
powder were milled again for 1 h to overcome the
agglomerations formed during calcination
process and pressed uniaxially at 250 MPa using
universal testing machine to obtain disc of 10 mm
diameter with ~ 1.5 mm thickness.

These green compacts were sintered using 1600
AC microwave furnace, Super (VBCC, Chennai) at
temperature of 1100 °C, for a duration of 30 min to
get densified samples. The relative density of the
sintered bodies was determined by Archimedes
principal using density meter. KNN sintered samples
were polished using silicon carbide powder to obtain
required aspect ratio. The prepared KNN samples
were given electrical contacts by using high
temperature silver paste. Semiconducting device
analyzer B1500A was used to measure capacitance,
impedance and dissipation factor of KNN sintered
sample between ranges from 1 kHz to 1 MHz.

_ (Cxt)
Er = lepe ) )

Dielectric constant (g,) was evaluated from
room temperature to 450°C using Eq. 2. Where C
is capacitance measured, t- sample thickness, A-
surface area of the sample and &. - permittivity of
the free space (8.54x10-2 F/m). The
electromechanical coupling co-efficient (K) of
sintered KNN ceramics was evaluated using Eq.
3. Where K is the planar mode coupling factor,
f, - resonance frequency (impedance is minimum)
and f, - anti resonance frequency (impedance is
maximum).

2 _ (fu_fr)
Kp =2.51 B (3)

r
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Qm = z”ferc {fﬁl:%lff} )

The mechanical quality factor (Q,,) was
determined by Eq. 4. R and C are the resonance-
impedance and capacitance respectively at 1 kHz.
The peizo-electric charge coefficient (d;;) was
measured under a field of 4 kV/mm for 30 min at
100 °C by Piezotest PM 300 Piezotest Pte. Ltd,
Singapore. The hysteresis loops were determined
by using precision premier Il ferroelectric tester
(Radiant technologies. INC) at room temperature
under 5 kV/mm, AC field at 50 Hz with a unit,
based on modified sawyer-tower circuit [14].

3. RESULTS AND DISCUSSION

Fig. 1 indicates X-ray diffraction pattern of initial
and mixed raw powder of KNN at 5 h,10 h and 15h.
The XRD pattern of initial raw mixture reports many
minor peaks which are attributed to the
heterogeneous nature due to presence of the starting
materials (K,COs;, Na,CO;, Nb,Os) as reported in
Fig. 1. The diffraction pattern of Sh mixed raw
powder initiates formation of the perovskite
structure at 22.21° and 75.59° with few minor peaks
associated with the remains of initial mixture,
thereby arising the need for further milling. In
addition, the 10h milled raw powder showed
improved intensity of the perovskite peaks at
22.42° ,28.22° and 72.59° with reduced intensity of
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Fig. 1. XRD patterns of initial and mixed raw powders of
KNN
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minor peaks between 45-55°, which may be
attributed to the disappearance of the remains of
initial mixture.

Further, the diffraction pattern of 15 h mixed
powder was similar to that of 10 h milled powder. It
can be attributed to formation of homogenous
blended KNN powder. Furthermore, there was
improvement in the intensity of orthorhombic
crystal structure of KNN at 110, 111 and 221 planes
as shown in Fig. 1. for 15h of milling. Hence, 15h
mixing time is considered to be the optimized
milling duration to obtain nano-crystalline
homogenous KNN powder.

The solid-state reaction between the starting
precursors was analyzed using thermal analysis as
shown in Fig. 2. The DTA curve shows a
pronounced exothermic peak at 145.74 °C and
504.10°C which indicates that the DTA peak
corresponds to the reaction between the alkali
carbonates and the Nb,O5 [26]. According to the TG
curve, the weight loss of KNN mixture in the
temperature ranges 96 °C - 536.59 °C, 536.59 °C-
723.51°C and 96°C - 723.51 °C are 13.69%, 2.913%
and 16.60% respectively. The weight loss peak at
197.29 °C is attributed to simultaneous losses of
H,O and CO,[24].

The decomposition of carbonates [AHCO;] into
bi-carbonates [A,COs], where A is associated with

K+ and Na* ions occurs between 96.89 © and 197.29
°C [25]. The first exothermic peak at 145.74 °C is
due to reaction between alkaline carbonates and
niobium oxide. The second endothermic peak at
504.10 °C, based on diffusion study [27]
corresponds to the formation of an intermediate
reaction layer of (K, Na), Nb,O,,[16] on the surface
of Nb,Os particles. Further development of the
reaction at 735.44 °C leads to the formation of a
stoichiometric (K sNa, s) NbO; phase at the surface
of the reaction layer. The maximum weight loss
peaks at 455.25 °C and 536.59 °C corresponds to
coupled diffusion reaction between K+, Na+, O+
ions into niobium oxide with the removal of CO, gas
[27]. The complete decomposition of carbonates
was observed at 723 °C. Based on thermal stability
of KNN powder, calcination treatment was selected
at 723 °C and above to establish its parameters.

The diffraction patterns of calcined KNN
powders (700, 800 and 900 °C) for duration of 5, 7
and 10 h are given in Fig. 3(a), 3(b) and 3(c)
respectively. KNN powders calcined at 700 °C
reveals the formation of perovskite crystal structure
(JCPDF # :01-077-0037) at 2O values between 20-
35 ©at (111) and (100) plane with an initiation for
formation of single perovskite structure at (200),
(202) and (222) planes between 45- 60 © as given in
Fig. 3(a). The intensity of the perovskite structure at

T T T T T T T T
(145.74°C)
[—=—JoTAa-KNN mixtures | 5.5
—= —TGA-KMNN mixtures
(197.29°C
(1.96913%)
(7356.44°C) L 54
-2 (2.3987% ) (96.89°C)
(504.10°C) =
3
(=]
F50 =
4.8
(536.59°C)
(2.4260% )
(2.5561% ) (0.3569% )
(6.5996% ) (455.25°C)
-10 T T T T T T T T T T 4.6
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Temperature (°C)

Fig. 2. TGA and DTA curves of the KNN mixtures.
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Fig. 3. XRD patterns of calcined KNN powders

20-35°for 800 °C calcined powders (Fig. 3(b))
showed prominent peaks at the planes (100) and
(111) with an improved intensity of some peaks,
specially at 20 = 45-60 °C, which indicates
formation of single phase orthorhombic perovskite
crystal structure. Complete growth of pure
orthorhombic structure at (100) and (111) plane was
observed in 900 °C calcined powders (Fig. 3(c))
between 20-35°. The prominent peak split up
between 45-47° at (024) plane and improved peak
intensity between 50-60° at (122) and (214) planes
in (Fig. 3(c)) indicates complete formation of single
phase orthorhombic crystal structure [16].
Diffraction pattern for KNN powders calcined at
temperature of 900 °C for duration of 5 h (Fig. 3(c))
revealed pure orthorhombic structure without
formation of complex oxides. However, there were a
few complex oxides (secondary phases) formed by
K,NbgO,,(JCPDF #:031-1060) at 900 °C, of 7 h and
10h calcined powders. Hence the optimized
calcination parameter to synthesize (K, sNa, 5) NbO;
powders was 900 °C, 5 h.

18

T
40 60 80
26(7)

at temperature of a) 700 °C, b) 800 °C and c) 900 °C.

Fig. 4 shows the effect of calcination temperature
and duration on the crystallite size of KNN powder.
The crystallite size increased continuously from 9.47
+ 0.1 nm to 9.74 £ 0.12 nm for KNN powder
calcined at temperature of 700 °C for different time
periods. However, the increase in crystallite size is
much higher for the durations beyond 7 h. Whereas
the growth of the KNN crystallite size for 800 °C
calcined powder was increased gradually from 12 +
0.11 to 12.45 + 0.12 nm with duration. However, the
variation in the crystallite size between 7 and 10h
was comparatively less, indicating 90% completion
of the solid-state reaction. The crystallite size of
KNN powder calcined at 900 °C ranged from 13.04
+0.13 to 13.78 £0.13 nm. The increase in crystallite
size is negligible for KNN calcined powder at 900
°C for 7h and 10h. This shows the completion of
solid state reaction and is in agreement with
previously derived kinetic models [37].

The FTIR spectrum of KNN mixture and calcined
KNN powders at different temperature identifies the
functional groups and the formation of pure
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Fig. 4. Crystallite size of KNN powders as a function of time
for temperatures calcined at 700 °C, 800 °C and 900 °C.

compound between 1800 and 500 cm-! as shown in
Fig. 5(a) and 5(b) respectively. Fig. 5(a) depicts the
absorption bands at 1638.56  cmrl, 1446.05 cm!,
847.01cm! and 670.33 cm-! associated with vibrations
of H,0 [18], C-O stretching, deformation of carbonate
group (CO32-) and vibrations of (Nb5+ cations), B-O
groups respectively [16]. Curve 1 of Fig. 5(b) i.e. 700
°C calcined powder, shows the formation of perovskite
structure at 654.16 cm-! with reduced absorbent bands
at 1667.19 cm-!, 1458.18 cm-! ensuring completion of
C-O stretch band and partial removal of H,O content.
But the transmittance spectrum of samples at 800°C
and 900 °C revealed single broad penetration band at
680 cmr! due to the formation of perovskite phase [28]
indicating that it is a single oxide functional group of

T T T T . T
E !15hi Ball milled KNN mixture I
50 |
an |
£}
= i
= 20 4
-]
()
c
£ 1638.90
= ]
g 2
w
c
(L]
-
LT
1446.05
® 7 gar.01 670.33
T T T T T T T T T T T
1200 1800 1400 1200 1000 800 800
Wavenumber (cm™)
(a)
0.8 o
1.0
0.7 4
— 0.8 0.2
E] =
4 =
o o0
~ 0.5 z
w
2 3
os =
=
© 04 1164.57
E 1453.18 5
£ 2
E 0.2 4 —
o |1667.19 1623.02 lLogas 2
= =
Lo -3
700°C Calcined KNN powder
0.1 o E-ED-D°C Calcined KNN powder Loz
900°C Calcined KNHN powder 654.16
0.0 T T T T T T T T T T T
1800 1800 1400 1200 1000 &00 600

Wavenumber (cm™)

(b)

Fig. 5. FTIR spectra of (a) KNN mixture and (b) Calcined KNN powders.
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Na-O-K. These are in agreement with the TGA/DTA
results (Fig. 2), where the decomposition of carbonates
was complete for KNN samples at ~700 °C with no
further weight loss.

The morphology of KNN powder calcined at 700,
800 and 900 °C for Sh reported cubical crystal
structure is as shown in Fig. 6(a), 6(b) and 6(c)
respectively. The particles at 700 °C calcined powders
were not densely packed and the presence of voids
between the particles indicated that the solid-state
reaction of KNN powder were still in progress.
Whereas 800 °C calcined powders showed reduced
voids with better compactness among the particles
attributing to almost (90%) completion of the reaction.
However, the particles in 900 °C calcined powders
(Fig. 6(c)) were densely packed without voids due to
the completion of the reaction which were in
agreement with TG-DTA results (Fig. 2). The size of
the particles as measured from micrographs is in the
range 54.57nm - 195.3 nm and few agglomerates 257-
300 nm in size were formed by these particles as
observed by others [ 13]. TEM micrographs of calcined
KNN powders at 900 °C for 5 h is shown by Fig. 7(a)

lower magnification and 7(b) higher magnification.
The average grain size of calcined KNN powder
obtained by Image J analysis was 5.30 nm, which is
comparatively lesser than computed grain size by
Scherer's equation (Fig. 4).

EDS analysis of calcined KNN particles at
different temperatures are shown in Figs. 8(a),
8(b) and 8(c). The presence of carbon and oxygen
element peaks at 700 °C (Fig. 8(a)), and 800 °C
(Fig. 8(b)), calcined samples indicate that solid
state reaction is not completed. These are in
agreement with Table 1 and Table 2 respectively.
For samples processed at 900 °C (Figs. 8(c)), the
intensity of these elements (C, O) were negligibly
small and were mapping with Table 3, which
indicated that reaction of KNN calcined powders
were completed. The presence of niobium rich
peaks and associated potassium and sodium ions
(Fig. 8(a) and 8(b)) indicates the existence of
required system. However, the sample processed
at 900 °C (Figs. 8(c)) shows reduced peak
intensity for niobium ion and this may be due to
the diffusion of niobium ions into potassium and

20

(c)
Fig. 6. Micrographs of KNN powders calcined at temperatures (a) 700 °C (b)800 °C and (c) 900 °C.
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Fig. 7. Transmission electron micrographs of KNN powders calcined at 900 °C for 5h, at lower magnification (a) 20nm and
higher magnification (b) Snm.
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Fig. 8. EDS spectra of a KNN powders calcined at (a) 700 (b) 800 and (c) 900 °C for 10h.
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Fig. 9. Relative density of KNN Ceramics as a function of sintering temperature.

sodium ions to obtain (K, sNa, 5) NbO; system.
The relative density of KNN ceramics,
microwave sintered at different temperatures is
shown in Fig. 9. The relative density of the
sintered samples increased linearly with the
increase of temperature up-to 1100 °C. Further
the samples sintered at 1100 °C for 30min
yielded with 98+2 % relative density. However,
the samples sintered at 1120 °C near to its
melting point (1140 °C) resulted in reduced
relative density of 9542 %. Hence the optimized
sintering temperature was 1100 °C to obtain
densified samples. The weight loss in sintered
samples at 1100 °C was negligible, signifying
reduced volatility of alkaline materials in

Table 1. Elemental Table of KNN powder calcined at

700 °C, 10 h.

Element | Weight% | Atomic%
CK 6.49 15.70
OK 31.12 56.53

NaK 6.16 7.79

KK 5.57 4.14
NbL 50.65 15.84
Totals 100.00

22

Table 2. Elemental Table of KNN powder calcined at

800 °C,10 h.

Element | Weight% | Atomic%
CK 5.48 13.35
OK 3225 58.93
Na K 6.35 8.08
KK 4.71 3.52
NbL 51.21 16.12

Totals 100

Table 3. Elemental Table of KNN powder calcined at

900°C,10 h.

Element | Weight% | Atomic%
CK 0.00 0.00
oK 27.69 63.39

Na K 4.51 7.19
KK 4.96 4.64
NbL 62.84 24.78
Totals 100.00
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(a) (b)

(c)

Fig.10. Micrographs of microwave assisted sintered KNN samples at 1100 °C at 30 min for different magnifications (a), (b)
and (c).
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Fig. 11. Diffraction pattern of microwave sintered KNN ceramic, (a) Full scan of 20 and (b) Selected part showing XRD
patterns between 40° to 60° 20.

comparison  with  conventional  sintering. The morphology of the sintered samples at
Microwave assisted sintering helped in 1100 °C for different magnifications is shown in
improving relative density of KNN ceramics. Fig.10. These micrographs show better
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compactness of crystal structure, improved grain
size and reduced porosity in comparison with
conventionally sintered KNN ceramics. The
particles were cubic in shape and size was found
to be 75-185 nm as measured from micrographs.
It can be associated to finer mean grain size of
microwave sintered samples than conventional
sintering. The physical and structural properties
of calcined KNN powder at 900 °C, 5 h are listed
in Table 4.

Fig. 11(a) shows the XRD pattern of KNN
ceramics sintered (microwave assisted) at
1100 °C for 30 min. The diffraction peaks reveal
the development of single perovskite phase
without any trace of complex oxides in the KNN
ceramics, which are wusually visible in
conventionally sintered samples. It can be
attributed to reduced volatility in microwave
assisted sintering. This is attributed to proper
ionic diffusion of alkaline elements of KNN
ceramics with its reduced volatile behavior
during microwave sintering in comparison to
conventional sintering approach. All the peaks in
diffraction pattern of KNN ceramics can be
attributed to KNN crystal structure. The
diffraction patterns of KNN ceramics shows
sharp peaks at (100) and (110) planes in contrast
to calcined powders. The magnified diffraction
pattern of KNN ceramics between 40-60° (20)
value is shown in Fig. 11(b). The tetragonal phase
is characterized by (002) / (200) peak splitting at
45.28 ° and 210 plane at 51.23 °. The lattice
parameters were refined using the tetragonal
point group P4 mm. The unit cell parameters of
KNN sintered sample ensured tetragonal
symmetry with c/a ratio of 1.015. The computed
parameters revealed a limited evolution of lattice

Polarization uCIcmz

~20 4

Electric Field kV/cm

Fig.12. The PE loop of KNN Ceramics sintered at 1100 °C.
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-0.04

L I R EE A E A B
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Fig.13. Strain vs. Electric field (S-E) Loops of KNN
Ceramics sintered at 1100 °C.

Table 4. Physical and structural properties of calcined KNN powders at 900 oC,5h.

Calcination | particle shape | Particle size (nm) | Crystallite size | Powder density | ppase structure
method (nm) g/m?
. . 1378 £ 0.13 Single Phase
Conventional Cuboid 54.57nm - 195.3nm (Scherer's Eq) 3.56 Orthorhombic
crystal Structure
5.30 nm
(TEM)
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Fig. 14. Resonance and antiresonance spectra of (K, sNa,, 5) NbO; microwave sintered ceramics at 1100 °C. (a) Room
temperature (b) 50 °C (c) 100 °C (d) 150 °C and (e) 200 °C.

parameters: for 30 min of sintering time,
a=3.9480 nm, ¢=4.0007 nm and cell volume of
62.3570[A3]. The result indicates that the
structure and the properties of the sintered
ceramics, directly depends on the synthesized
homogenous KNN nano particles due to reduced
diffusion distance of the alkaline elements [29].
The electrical properties of microwave sintered
KNN  ceramics at optimized sintering
temperature (1100 °C) is as given in Table 5.
The P-E hysteresis loop of KNN ceramics
microwave sintered at 1100 °C is shown in Fig.
12. The hysteresis loop developed confirms the
ferroelectric nature of KNN ceramics. The
remnant polarization (P,) was 14.09 pC/cm?,

saturated polarization (P,) of 15.3 pC/cm? with
increased coercive field (E,) of 21.17 kV/cm. The
P-E loop of KNN ceramics revealed negligible
electrical loss as there was no discontinuity in the
loop [30]. It can be attributed to reduced porosity
and diffusion distance in microwave assisted
sintering. The strain-electric  field (S-E)
hysteresis loop of KNN ceramics is shown in Fig.
13. The obtained butterfly shaped S-E loops for
KNN ceramics is due to converse piezoelectric
effect of the lattice, switching and movement of
the domain walls [31]. The remnant strain =
0.08% possessed by KNN ceramics is due to
shifting of polymorphic phase transition (PPT) =
65 °C, facilitating non-180° domain wall motion
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Table 5. Room temperature electrical properties of (K, sNag s)NbO5 Ceramics sintered at 1100°C for 30min.

Relative Critical c/a € Tané d33 P, Ec Ps
Density
density phase ratio (1khz) (1khz) (pC/N) | (0C/cm?) | (kV/cm) | (1 C/cm?)
798.48 0.032 14.09 21.17 15.13
4.41 98 Tetragonal 1.015 124
+15 +0.0021 +0.2 0.3 +0.1

associated with reduction of potential barrier
between O and T polarization states [32]. The
temperature dependence for a typical impedance-
phase plot of KNN piezo-electric ceramics
sintered at 1100 °C, 30 min is shown in Fig. 14.
The sample reaches resonance (f,) and
antiresonace (f,) mode at 1.2 MHz and 1.5 MHz
respectively with highest impedance (?) at low
frequency and phase angle (°) for room
temperature sample. (Fig. 14(a)).

4000 .

But the data trace of the analyzer for
impedance and phase at higher temperatures (50°
- 200 °) depicted a shift in f, and f, values with
consistent values for impedance and phase angle
respectively as shown in Fig. 14 (b)- Fig. 14 (e).
This ensures that the properties of KNN ceramics
are stable at measured high temperatures.

The temperature dependence of dielectric constant
(g,), dielectric loss (tand), electromechanical coupling
coeficient [K,], mechanical quality factor [Q,,] and
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Fig.15. Relative permittivity (g,) of KNN ceramics at (a) High temperature and (b) low temperature.
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Fig. 18. Temperature variant Qm values of KNN Ceramics
sintered at 1100°C.

frequency constant [N,] at different frequencies of
KNN ceramics is shown in Fig. 15(a) and 15(b), Fig.
16, Fig. 17, Fig. 18 and Fig. 19 respectively. Fig.
15(a) shows the variation of dielectric constant of
microwave sintered KNN ceramics with
temperature. Maximum dielectric constant value
of 798.48 +£10 was reported at RT for 1 kHz with
further reduction in its value with increased
frequency. It can be seen that, the dielectric
constant values increased linearly till 100 °C and
remained almost consistent with no significant
increase in its value between 100 to 300 °C.
Further increase in temperature shot up the
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Electro Mechanical coupling coefficient (Kp)

S E e L A e e e e e L me e
0 20 40 60 60 100 120 140 160 180 200 220
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Fig.17. K, values of KNN ceramics as  a function of
temperaturemicrowave sintered at 1100°C.

dielectric constant and reached maximum value
of 3600=15 at TC which reduced gradually with
increased frequency range as reported. Beyond
TC the dielectric constant decreases drastically
with increased temperature [33].

Fig. 15(b) shows the variation of dielectric
constant at low temperature in the range between
0-250 °C. The ¢, values of KNN ceramics
increased linearly till 100 °C and reported
consistent values of relative permittivity with
minor changes between 100-250 °C. This ensures
the temperature stability of KNN ceramics. It can
also be seen from the Fig. 15(b), that the
dielectric constant was high for low frequency (1
kHz) and decreased with the increase of
frequency. This is in agreement with the values
reported in literature [34]. The emergence of
phase transition at 198 °C which makes the
temperature stability of KNN ceramics colorless
was overcome to certain extent due to the fact
that there was not much difference in the
dielectric constant values as seen in Fig. 15(b)
between 100-250 °C. This result may be due to
the optimized process parameters. The loss
tangent of all the samples were low at room
temperature between (0.03+£0.0021 to 0.055 +
0.0023) for range of frequencies between 1 khz-
1 Mhz as reported in Fig. 16. However, the
dielectric loss increased with the increase in
temperature and frequency range studied. The
increase in dielectric loss might be due to
increased ion mobility and certain imperfections

27


http://dx.doi.org/10.22068/ijmse.15.2.14
https://ahc.iust.ac.ir/ijmse/article-1-1026-en.html

[ Downloaded from ahc.iust.ac.ir on 2026-06-29 ]

[ DOI: 10.22068/ijmse.15.2.14 ]

Iranian Journal of Materials Science & Engineering Vol. 15, No. 2, June 2018

14350 ;

14300 ]
14250 ]
14200 ]
14150 ]
14100 4
14050 4
14000 4
13950 4

13900

Natural Frequency (N, (Hz.m))

13850 —

13800 —

13750 4+—— 11—

Q 20 40 60 a0

v — T T
100 120 140 160 180 200 220

Temperature (°C)

Fig. 19. Temperature dependent N, values of KNN Ceramics sintered at 1100 °C.
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in the material [35].

Fig. 17. reveals that there was a reduction in
the k, value with the increase in temperature. The
efficiency of KNN piezo-electric ceramics was
0.85+£0.01 at RT which reduced consistently
thereafter and reached ~ 0.64+0.01 at 200 °C.
However, the reduced k, value towards higher
temperature may reach to ~ 0 near T, due to
thermal depoling of the ceramics. Fig. 18. shows

28

the variation of mechanical quality factor (Q,,
characterizes the sharpness of electro mechanical
resonance spectrum) with temperature. Q,, value
of 403 £15 was reported at RT. Although the Q,,
value increased with the increase of temperature
and reached maximum value of 508.59 +15 at
100 °C, it reduced drastically thereafter and
reached 192.61£15 at 200 °C. It was found that
Qm value being 403 at RT, 508.59 °C at 100 °C
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and 192.61 at 200 °C corresponded to mechanical
loss factor of 0.002481,0.001966 and 0.005191
respectively.

Fig. 19. shows frequency coefficient of the
planar surface oscillation of KNN disk (N,) with
temperature. It can be seen from the figure that
N, reporting 13900420 at RT increased gradually
with temperature and reached maximum at
100 °C. This shows that KNN ceramics are
suitable for high frequency applications.
However, the value of N, got reduced with
further increase of temperature. This reduction
towards polymorphic phase transition (PPT-200
°C) indicates, increase in the elastic compliance
(S). The reduced N, at higher temperatures may
be attributed to change in hardness or bonding
strength of ionic constituents at phase transition
[36].

Fig. 20 shows the variation of piezoelectric
constant (dy;) with its polarizing temperature
(Tp). The highest d;; value of ~ 124 + 1 pC/N at
RT was reported due to optimized synthesis
route. Further piezoelectric charge coefficient
value has increased with the increase of poling
temperature and obtained ~ 140 = 1.5 pC/N at
150°. This shows that, optimizing the poling
temperature (T,) near PPT (198 °C) plays a vital
role in improving piezoelectric charge coefficient
of KNN ceramics.

4. CONCLUSION

High quality KNN lead free peizoelectric
ceramics were prepared by solid state route using
calcination kinetics and microwave sintering
approach. The parameters optimized were
milling  duration, calcination parameters,
sintering temperature and poling temperature.
The crystal structure, microstructure, chemical
composition and functional properties of KNN
ceramics synthesised by optimized solid state
route were studied as a function of temperature.

The optimized synthesis route resulted in the
completion of solid state reaction of KNN
powder at 900 °C for 5 h with the formation of
pure single pervoskite (orthorombic) crystal
structure. The calcined KNN powder yeilded
with cubic shaped particles ranging between 77-
150 nm and crystallite size of 5.30 nm without

secondary phases. Microwave Sintered KNN
ceramics showed enhanced relative density of
98%, tetragonal symmetry in the crystal structure
with improved c/a ratio of 1.015, thereby
achieving a highest dielectric constant value of
798.48 at RT, a low dielectric loss of 0.03 at 1kHz
and dy; value of 124 pC/N.

The obtained functional properties of KNN
ceramics such as d;; of 124 pC/N, KP of 0.85,
Qm of 403 and N, value of 13900 (Hz.m) at RT
are much higher than conventional sintered KNN
samples reported till date. It makes the developed
KNN system as a potential material for
peizoelectric applications.
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