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Potassium sodium niobate (KNN) is one of the most promising Pb-free piezo-ceramics. In the present work, KNN
was produced by fast-firing with different cooling strategies, i.e., fast and slow cooling. Dielectric, ferroelectric,
and piezoelectric properties of fast-fired pellets were determined and compared with those of conventional-
sintered products. Although the samples produced by fast-firing had higher density than those obtained by
conventional sintering, fast-cooled samples following fast firing show relatively low electrical properties. When
fast-firing was combined with slow cooling, the electrical properties, especially piezoelectric dss values, were
improved. The material subjected to fast-firing at 1120 °C using slow cooling gave the highest relative density

(about 95 %) with fine grains microstructure and a dss of 112 pC/N whereas that produced by conventional
sintering resulted in d33 of 80 pC/N with a relative density of 88 % for the same dwell time (30 min).

1. Introduction

Firing has been used to densify ceramics for thousands of years.
Traditionally, it consists of high-temperature treatment of a powder
compact using heating rates ranging from a fraction to a few degrees
Celsius per minute. For over half a century, unconventional sintering
techniques have been proposed to enhance densification and/or sup-
press grain growth of ceramics [1].

Fast-firing (FF), introduced at the beginning of the ‘80s, is a very
straightforward non-conventional sintering process. It enables densifi-
cation by utilizing much higher heating rate (102-10® °C/min) with
shorter dwell time [1,2]. In the fast-firing process, large heating rate has
a vital role in enhancing densification and grain growth control, similar
to other unconventional sintering techniques like spark-plasma, micro-
wave and flash sintering [1]. For the same relative density, fast-fired
samples are typically characterized by finer grain size, and reduced
pore/grain boundary separation compared to those obtained by con-
ventional sintering [1,3].

Fast-firing involves the direct introduction of the green sample into
the hot zone of a furnace so that the ceramic quickly reaches the high-
temperature regime. This allows the material to pass through the tem-
perature region where grain coarsening is activated without densifica-
tion in a few seconds/minutes. This phenomenon is associated with the
different activation energies for the two processes, where densification

(involving bulk/grain boundary diffusion) is typically characterized by
higher activation energy than coarsening and, as such, requires a higher
temperature for being activated [2,4,5]. Due to its “simplicity”, FF
resulted as a popular sintering technique with several industrial appli-
cations and has been used to sinter both traditional and advanced ce-
ramics [6]. Fast firing was used for the densification of several systems,
including traditional ceramics such as tiles and sanitaryware [7-9],
technical ceramics such as alumina [10-13], barium titanate [14-17],
ferrites [18], indium tin oxide [19], lanthanum gallate [20], lead mag-
nesium niobate [21,22], lead zirconia titanate [23-26], zirconia [3,13,
17,27-29], Smy03-doped CeO, [30], and even composites [31].
Potassium sodium niobate, KysNagsNbOs (KNN), has attracted
tremendous attention in recent years as lead-free and environmental-
friendly piezoelectric material. Besides showing a relatively high Curie
temperature (T, = 418 °C), KNN is characterized by a large piezoelec-
tric coefficient (ds3 = 80 pC/N) when produced by conventional sin-
tering [32,33]. In addition to that, reducing the particle size of the
starting materials of pure KNN was observed to yield distinguishable
results in dss piezoelectric coefficients, increasing up to 107 pC/N [34].
The electrical properties of KNN are highly sensitive to the composition
and this requires the maintenance of the desired stoichiometry during
sintering [35-37]. Nevertheless, during conventional sintering with
long dwell time, high density cannot be reached due to the volatilization
of alkali elements and the formation of secondary phase [38,39]. In
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addition, as a result of solid-state sintering (SSS) temperature (around
1120 °C) which approaches KNN melting point (1140 °C), lattice defects
are generated and the stoichiometry might shift [40].

In the present study, fast-firing of KNN using powders produced by
the solid-state synthesis was investigated for the first time. Dielectric,
ferroelectric, and piezoelectric properties of the materials produced by
FF were determined and compared with the conventional solid-state
sintering process.

2. Experimental procedures

NbyOs (CAS#:12034-59-2, 99.9 %, Sigma-Aldrich, USA), Na,CO3
(CAS#:497-19-8, > 99 %, Sigma Aldrich, USA) and KoCO3 (CAS#:584-
08-7, > 99.5 %, Sigma Aldrich, USA) precursors were weighed in
accordance with the stoichiometric ratio and mixed in ethanol for 24 h
using a planetary ball mill at 250 rpm (Retsch PM-100, Germany). After
drying the slurry, calcination was carried out at 850 °C for 5 h in air,
followed by ball-milling with zirconia spheres for 24 h.

The obtained powder was mixed with 10 wt% distilled water and
uniaxially pressed under a pressure of 100 MPa within a steel die 8 mm
in diameter. The green bodies with thickness of about 1.4 mm were
dried overnight at 150 °C. The specimens were subjected to fast-firing
using a tubular furnace (Nabertherm P330, Lilienthal, Germany) kept
at various temperatures ranging from 1090 °C to 1130 °C. The samples
were inserted quickly into the tube furnace at the selected temperature
and kept there for 30 min. The fast-fired samples were extracted from
the furnace in two ways. Some of them were quickly (~ 1 min) taken out
from the furnace and cooled in air (cooling rate ~18 °C/s) - fast cooling
(FC). Others were extracted in ~5 min (cooling rate ~4 °C/s) - slow
cooling (SC). Some green samples were also conventionally sintered at
the selected temperature for 30 min using 3 °C/min heating and cooling
rate.

The bulk densitiy of the specimens was determined using water via
the Archimedes’ principle. Crystalline phases were identified using an X-
ray diffractometer (XRD, Italstructures IPD3000 diffractometer, Italy)
with Cu anode X-Ray source. XRD analysis were carried out in between
10° and 130° (20) range with 0.02° step size for a total of 1800s
acquisition time. The morphology of the fracture surfaces was analyzed
using scanning electron microscopy (SEM, FEI Quanta 250 FEG, USA).
To measure the electrical properties, polished pellets produced by fast
firing and conventional sintering were coated with silver paste on both
surfaces and then cured at 200 °C for 20 min. The dielectric permittivity
and loss variation with temperature was examined using an E4980AL
LCR meter (Keysight Technologies, Santa Clara, CA, USA) at 100 kHz,
from room temperature to 250 °C because the sample holder (aixACCT,
TFA 423-7, Aachen, Germany) used for the dielectric measurement can
endure up to 250 °C. The heating rate during measurement was 5 °C/
min which was controlled by the temperature controller. The mea-
surement was controlled with a Labview program. TF analyzer (aixACCT
TF Analyzer 1000, Aachen, Germany), in conjunction with high voltage
amplifier (TREK 610E, TREK, Medina, NY, USA) and laser-
interferometer (SIOS Meptechnik GmbH, Germany), was employed to
generate P-E and S-E loops. The voltage applied during the P-E and S-E
measurements was in the form of a triangular wave and was applied at
50 Hz. The frequency of 50 Hz was chosen because it was the maximum
applicable frequency to suppress the leakage contribution to the hys-
teresis loops. To determine the piezoelectric coefficient (d33), samples
were poled under 40 kV/cm DC field at 25 °C for 10 min in a silicone oil
bath and then analyzed using a Berlincourt type ds3 meter (Sinocera
Piezoelectronics, YE2730A, China). The poling procedure was carried
out by using TF analyzer and high voltage amplifier which are same
instruments mentioned above. The force applied via d33 meter has an
amplitude of 0.25 N with 110 Hz frequency and the accuracy of the
measurements in the range of 10-200 pC/N is +5 %.
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3. Results and discussion

The X-ray diffraction patterns of fast-fired and conventional sintered
specimens are shown in Fig. 1 and compared to that of KNN powder
synthesized by solid-state reaction. For all samples, no phase trans-
formations or secondary phases are observed. All peaks are associated
with the ICDD data of Ko sNag sNbO3 (ICDD # 96-230-0500), presenting
an orthorhombic structure. The KNN powder possesses single broader
peaks with shoulders at larger angles, as it is generally observed for
temperatures below 850 °C [41]. XRD peaks become narrower and
sharper as the sintering temperature increases, pointing out the larger
crystallinity of the system when compared to the as-synthesized powder.

The relative bulk density of FF samples is given in Fig. 2. While the
sample sintered at 1090 °C show the lowest densification (87.3 %), a
relative density of 93-94 % was obtained from specimens sintered at
1120-1130 °C, in proximity of the KNN melting point (1140 °C) [40].
Conventionally sintered samples treated at the same temperatures ach-
ieved lower densities than the fast-fired ones. The sample sintered at
1130 °C reaches a relative density of 91.7 %, the relative density clearly
increasing with temperature.

Fig. 3 shows the fracture surface microstructure of fast-fired and
conventionally sintered samples. The fracture surface of sample FFed at
1090 °C shows relatively small grains. The microstructure development
with increasing temperature points out grain growth and, sometimes,
abnormal grain growth, similarly to conventional sintering. Conversely,
conventionally sintered samples show relatively low densification with
cubic grains at 1090 and 1100 °C while grain growth begins at 1110 °C.
At 1120 °C, dense microstructure appears with bimodal grain size con-
sisting of fine cube-shaped grains and large grains exceeding 10 pm.
While intergranular fracture predominated around the smaller grains,
transgranular fracture is visible in the large grains, similarly to a pre-
vious study [42]. Indeed, this unique, abnormal grain growth phenom-
enon was observed in coarse KNN grains with specific core-shell
structures. The core region consists of nano-sized grains, while the shell
region has larger-sized similar self-assembled grains [43]. The extraor-
dinary grain growth can be prevented by the FF because the activation
energy for densification is higher than that for grain growth.

Fig. 4 demonstrates the temperature dependence of dielectric
permittivity and dielectric loss (tan §) at 100 kHz of KNN ceramics
sintered at different temperatures by FF and CS methods. In general, the
dielectric permittivity decreases when increasing the FF temperature.
The O-T phase transition anomaly can be seen around 210 °C for all the
samples (Fig. 4) [44]. On the other hand, the loss peaks of the FFed
samples that appear at low temperatures (loss peaks are not visible for
samples sintered at 1110 °C and 1120 °C) do not correspond to any
phase transition. Still, they may show a relaxation behavior possibly
resulting from the space-charge polarization effect or Schottky diode
effect [45].

The dielectric permittivity and loss of samples produced by FF at
1090 and 1100 °C show similar behavior (Fig. 4(a)), while the sample
fast-fired at 1110 °C has a lower dielectric permittivity and relatively
low dielectric loss. A further decrease of the dielectric permittivity can
be observed in the samples sintered at 1120 and 1130 °C. Higher
dielectric loss values at low temperatures of the sample sintered at
1130 °C may indicate higher ion mobility or conductivity contribution
and enhanced imperfections in the material [46,47]. To reduce the de-
fects, controlled (slow) cooling was used for the FF samples. By using
this approach, it was observed that the dielectric permittivities
increased, but significant change was not observed in the loss behavior
(dashed curves in Fig. 4(a)). Besides, the loss peaks at low temperatures
were not observed in the samples produced by conventional sintering
(Fig. 4(b)) characterized by lower loss values compared to fast-fired
materials. The behaviours appear similar for all samples, the dielectric
permittivity was increased with sintering temperature up to 1100 °C and
then decreased. At 1130 °C, which is close to the melting temperature of
KNN, the dielectric properties of CS samples start to deteriorate.
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Fig. 1. X-ray diffraction patterns of KNN samples produced at different temperatures (1090-1130 °C) via (a) Fast-firing (FF) and (b) Conventional sintering (CS); the
pattern recorded on the KNN powder synthesized via the solid-state reaction (KNN powder) is shown for comparison.
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Fig. 2. Relative density of fast-fired and conventional sintered samples as a
function of temperature.

Furthermore, samples conventionally sintered at 1110 and 1120 °C have
the highest dielectric permittivity. It is important to note that the effects
of sintering temperature and dwell time on electrical properties might be
intricately influenced by grain size, compositional variation due to
volatilization, ceramic density, and abnormal grain growth [43,48].
Fig. 5 shows the polarization-electric field hysteresis loops and
strain-electric field curves. The FFed samples were measured at 50 Hz
frequency to eliminate the conductivity contribution, as shown in Fig. 5
(a). However, specimens produced at 1110 and 1120 °C still exhibited
high conductivity contribution and an artificial polarization value [44,
45]. For such reason, their hysteresis loops are given only as insets on
the graph. All loops, apart from those two, are pinched with low
remanent polarization. Pinching of the loops was reported for KNN

samples sintered via cold sintering, and it was ascribed to the pinning of
domain walls by either point defects or fine grains [49]. It can also be
seen from the dashed loop obtained at 1130 °C that the polarization
values increased, and the lossy behavior decreased with slow cooling
compared to fast cooling. In addition, the samples produced by fast
firing-SC have higher strain values than those obtained by standard
fast-firing. Polarization hysteresis loops of conventional sintered sam-
ples have a similar dielectric behavior trend (Fig. 4(b)). In addition, the
trend in strain values of the CS samples is compatible with the dielectric
and polarization properties, and the highest strain values belong to the
samples sintered at 1110 and 1120 °C.

Fig. 6 reports the sintering temperature-dependent piezoelectric
coefficients, ds3 and dsz3*. As can be seen, lower d33 values are obtained
by standard fast-firing. The higher ds3 values were obtained when fast-
firing with slow cooling was carried out, thus reducing the defects and,
hereof, the conductivity contribution. If the cooling rate is high and the
defect removal rate is slow, high defect concentrations can be present at
room temperature, thus influencing the ferroelectric and piezoelectric
properties [50]. Reduced defect concentration can facilitate domain
wall motion and increase extrinsic contribution to piezoelectricity. In
addition, smaller grain size of the FFed samples might also be increasing
ds3 coefficient, as domain wall concentration is expected to increase
with decreasing grain size. It is worth noting that dsz coefficients of
typical highly dense KNN ceramics produced by conventional sintering
usually range between 80 and 110 pC/N (e.g., 80 pC/N at 1120 °C found
in this study) [51], reaching 160 pC/N with a relative density of around
99 % by hot pressing [33]. The d3s value of the sample subjected to FF at
1120 °C is 49 pC/N, while material fast-fired at 1120 °C with slow
cooling yields 112 pC/N, exceeding typical d33 values of conventional
ones. The d33 value of samples conventionally sintered at 1130 °C, which
approaches the melting temperature of KNN, is found to be relatively
low, similar to the obtained dielectric properties. It should be noted that
the measured samples produced by both techniques usually exhibited
transgranular fracture, indicating the grain boundaries with a weaker
path for crack propagation. The coefficient of d33 might be enhanced
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Fig. 3. Fracture surface morphologies of conventional sintered and fast-fired samples at 1090 °C, 1100 °C, 1110 °C and 1120 °C.
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with the introduction of crack formation during poling [52]. Therefore,
dss* values were also calculated by utilizing strain measurements. dss*
values, as shown in Fig. 6(b), which are derived from the expression dss*
= (max strain)/(applied electric field), are usually consistent with the
d3s values [53]. The dzs* values of conventional sintered KNN were
found to be 86-112 pm/V when sintered under an air atmosphere and
119 pm/V when sintered under a low O, atmosphere in the previous

work [54]. These values are comparable with this work, especially for
conventional sintered and fast-fired with slow cooling samples.

4. Conclusions

Potassium sodium niobate (KNN) ceramics were densified by fast-
firing at 1090-1130 °C for 30 min. While higher relative densities
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were obtained by FF compared to conventional sintering, the fast-fired
pellets demonstrated relatively low electrical properties. When FF
with slow cooling was carried out, dielectric, polarization, and piezo-
electric properties were enhanced. While the material produced by
conventional sintering had a d33 of 80 pC/N with a relative density of 88
% (1120 °C), FF at 1120°C led to higher relative density (about 95 %)
with a smaller grain size. If FF was followed by controlled cooling, d33 as
high as 112 pC/N can be obtained.
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