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Abstract
Controlling the sintering and microstructure of lead-free potassium sodium niobate
((K1-xNax)NbOs, KNN) ceramics is of primary importance to optimize its piezoelectric /
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ferroelectric properties. However, sintering dense and monophasic KNN remains a
challenge. Here, we prepare KNN ceramics using spark plasma texturing (SPT), a
modified spark plasma sintering (SPS) technique, in which uniaxial pressure is applied
in an edge-free configuration, allowing ceramics to deform in the radial direction.
Densification at low temperatures (1000 °C) and for short times (20 min) is achieved
by SPT accompanied by constrained grain growth (average grain size = 1.4 ym),
resulting in enhanced piezoelectric properties (dss = 108 pC N-' and gs3 = 21.2x103
Vm N7). In addition, and of relevance, SPT KNN ceramics reveal a more
homogeneous electrical microstructure postulated to be related with a reduced
diffusion and local segregation of defects, resulting in grain cores and shells with more
similar capacitances and conductivities. Our work brings new practical understanding
to sintering of KNN and demonstrates the potential of alternative densification
strategies for improved lead-free dielectrics.

1. Introduction

Functional oxides, which include piezoelectric ceramics, are used in a wide
variety of applications, from industrial machinery to compact electronic equipment and
tools. Moreover, the Internet of Things is becoming a commodity, thus increasing the
need for sensors and actuators. Consequently, it is expected that the overall market
for piezoelectric devices will reach $31.33 billion by 2022 [1].

Over the last decades, Pb(Zr1x,Tix)O3 (PZT) and Pb(Mg1/3Nb2/3)O3 (PMN) have
been the key piezoelectric materials due to their exceptional electromechanical
properties and they dominate the market. PZT in particular is employed in numerous
electromechanical devices, such as fuel injectors, motors, printing machines, piezo
controlled thread guides, micro positioning systems [2] and potentially in the future,
energy-harvesters for autonomous devices. However, PZT and PMN are lead-based
compounds and owing to environmental concerns, relating to the toxicity of Pb and
PbO [3] should be replaced with (KixNax)NbOs [4], (Bio.sNaos)TiOs (BNT) and
(Ba,Ca)(Zr,Ti)Os (BCZT), the leading PbO-free candidates [5].

Although doubts have recently been raised about its true green credentials [6],
KNN remains the most promising lead-free piezoelectric system to replace PZT [4],
[5], [7], [8]. The electromechanical properties are inferior to PZT but its high Curie
temperature (Tc = 420 °C) potentially facilitates higher temperature applications and
limits issues of de-poling, which are significant problems for BNT and BCZT. In
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addition, the control of sintering and general ceramic engineering of KNN is far from
complete, prompting opportunities for improvements in processing.

Dense KNN ceramics require relatively high sintering temperatures [9], not
compatible with the high vapour pressure of alkaline elements and thus alternative
processing techniques are required. Several different approaches have been
attempted to decrease the sintering temperature and results reveal improved
densification but usually at the expense of the electromechanical response and/or,
decrease in T¢ [5], [7], [8]-

Apart from doping and liquid phase sintering, temperature and pressure are the
most common ways to densify ceramics and control its microstructure. Several
processing techniques have been developed that include pressure-assisted sintering
methods, such as Hot Pressing (HP) and Hot Isostatic Pressing (HIP). In the 60’s,
electric current activated / assisted sintering (ECAS) was utilized for densification of
high melting temperature ceramics. ECAS includes Spark Plasma Sintering (SPS) that
combines the application of pressure and electric current, enabling high heating rates
due to Joule heating of conductive dies [10]. Interest in SPS quickly grew and it is
becoming a viable alternative to HP. The high heating rate (typically hundreds of °C
min'), lower sintering temperatures and shorter dwell times, controlled grain growth
and stoichiometry, and the ability to fabricate nanostructured bulk materials are some
of the advantages [10], [11].

Amongst the various processing methods to improve the density of KNN
ceramics, HP [12]-[15] and SPS [10], [16]-[18], are the most commonly reported.
Jaeger and Egerton [12] fabricated high density (Ko.sNao.s)NbOs ceramics (o = 4.46 g
cm3) using HP (1100 °C, 5600 psi for 20 min). The authors reported charge coefficient,
gsr = 13.1x103 Vm N, piezoelectric voltage coefficients, dszs = 49 pC N and dss =
160 pC N-', electromechanical coupling coefficients, ks = 27% and ksz = 53%, and
high Tc =420 °C. Li et al. [18] prepared KNN ceramics by SPS at 920 °C during 5 min
and studied the effect of annealing temperature and time on their properties,
concluding that annealing for 4 h at 900 °C results in p = 4.47 g cm™, dsz = 148 pC N
1, kp = 39.7%, with T¢c = 395 °C. However, at an electric coercive field, Ec = 13 kV cm-
1 a rather low remnant polarization, Pr = 6.5 uC cm=2 was obtained [18], comparing to
those of 20 uC cm for conventionally sintered KNN ceramics [9] and of 19.4 yC cm

for KNN single crystals [19]. Moreover, results presented in the later publication by Li



et al. present that dss of their KNN ceramics prepared by SPS is just about 39 pC N
[20].

Three core variables control the SPS process: i) dc current; ii) heating rate and
iii) applied pressure [10], [21]. An SPS apparatus is schematically shown in Figure 1a.
It consists of a uniaxial set up, in which the punches serve as electrodes, a reaction
chamber with controlled atmosphere, a direct current (dc) generator and pressure,
position and temperature regulating systems. In a regular SPS cycle, the powder is
introduced in a die (e.g. graphite, alumina and tungsten carbide) [10]. Both die and
powder are heated by the Joule effect of the dc current, allowing temperature to rise
up to 2000 °C with heating rates as high as 1000 °C min-' [10]. The densification takes
place in a short processing time, which limits the grain growth. Therefore, grain
coarsening is limited as the heating rate increases, effectively decoupling grain growth
from the densification. The application of mechanical pressure during sintering

promotes the removal of pores and enhances densification [10], [21].
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Figure 1. Schematic representation of SPS and SPT process. In SPS (a) densification
is pressure assisted but in SPT (b) the sample is radial deformed during sintering cycle

due to the applied pressure, resulting in ‘edge-free’ sintering.

One derivative method of SPS is Spark Plasma Texturing (SPT) that can be
defined as an edge-free SPS and was first reported by Jacques Noudem [22]. In SPT,
the sample is pre-shaped to have enough mechanical resistance to be handled. This
pre-shaped sample is placed in a larger die in the SPS apparatus, resulting in edge-
free sintering during the SPS cycle (Figure 1b). Noudem et al. [22] reported platelet
shaped grains for CasCosO9 prepared by SPT with preferential orientation
perpendicular to the loading direction, while conventionally sintered (CS) ceramics
were characterized by round shaped grains. A remarkable improvement of density
from 60% (for CS) to ~98% (for SPT) was also observed. As a result of the
microstructure engineering, SPT CasCo040g ceramics presented the lowest resistivity
and the highest thermoelectric power factor (defined as 0S? [W/mK?], where S is the
Seebeck coefficient, and o is the electrical conductivity) 30% and 800% higher than
their SPS and CS counterparts, respectively [22]. The microstructure of SPT
CasCo409 ceramics is like that obtained by HP but with significantly shorter sintering
times. SPT has never been used to sinter KNN ceramics.

This work addresses the sintering of undoped KNN ceramics by SPT and
compares their properties with equivalent ceramics prepared by SPS. The influence
of SPT on the structure, microstructure, electrical conductivity, dielectric, piezoelectric

and ferroelectric properties of KNN ceramics is reported and discussed.

2. Materials and Methods

Undoped (Ko.sNao.s)NbOs (KNN) powders were prepared by conventional solid-
state reaction. Raw materials, K2CO3 (Merck, = 99.0%), Na2COs (Chempur, = 99.5%)
and Nb20s (Alfa Aesar, 99.9%), were dried at 230 °C for 24 h, to eliminate adsorbents,
and mixed in stoichiometric proportions, followed by ball milling with ethanol for 5 h at
180 rpm, using Teflon pots and zirconia balls. The dried powders were calcined at 900
°C for 120 min with a heating / cooling rate of 10 °C min™', to ensure the formation of
a single perovskite phase (Figure S1 a)). The resultant calcined powders were ball-

milled in ethanol for 5 h at 180 rpm, in Teflon pots using zirconia balls, to reduce the



particle size, resulting in a single phase KNN powder with bimodal particle size
distribution of 0.2 ym and 1.8 ym (Figure S1 b)).

Ceramic pellets were prepared by SPS and SPT using a SPS furnace (model:
Dr Sinter SPS 2080, Sumitomo Coal Mining Co., Ltd., Japan). For SPS, KNN powders
were charged into a SPS graphite die of 20 mm diameter. After the SPS chamber was
evacuated, the temperature was raised to 1000 °C at a rate of 100 °C min-! and kept
for 20 min, under constant pressure of 50 MPa along the z-axis (Figure 1). For SPT,
differently from the SPS experiments, the powder was first pressed into a 13 mm
diameter pellet and sintered at 900 °C, to obtain a self-supporting sample that was
placed in a 20 mm graphite die and the sintering was conducted using the same
equipment and conditions as for SPS (Figure 1). After sintering, all ceramic bodies
were removed from the die and annealed in air at 900 °C for 300 min.

The bulk densities of sintered bodies were measured by the Archimedes
method, using water as immersion liquid. The structure of KNN powders and ceramics
was evaluated, at room temperature, using X-ray powder diffraction (XRD, Malvern
Panalytical X’Pert, UK, Cu- Ka radiation) in the 20° to 60° 26 range with a step length
of 0.03° and exposure time of 60 s. The residual stresses of the SPS and SPT ceramic
bodies were assessed by X-ray diffraction using the Chi square method. The analysis
was conducted, at room temperature, using an X-ray diffraction (X'Pert, Cu- Ka
radiation) in the 54° and 59° 26 range with a step length of 0.002° and between -70°
to 70° ¥ range with a step of 8.48°. The microstructural and local structural analysis
was performed using a scanning electron microscope (SEM, Hitachi S4100, 25 keV)
and transmission electron microscope (HR-TEM, Jeol 2200FS, 200 keV).

To assess the behaviour of electrical properties, the two faces of the disk-
shaped ceramics were polished and platinum electrodes were painted. It is worthy to
refer that a similar shape factor was ensured for all the ceramics. The electrodes were
fired at 900 °C, for 60 min, with heating / cooling rate of 10 °C min'. Dielectric
properties from room temperature to 450 °C were measured in air with a precision
LCR meter (HP 4284A) under and AC voltage of 1 V in the frequency range from 0.1
to 1000 kHz. For the acquisition of the room temperature polarization and current as
function of electric field, a ferroelectric tester (aixACCT TF analyzer 2000E) was used
with a maximum electric field of 40 kV cm™' and frequency of 60 Hz. ds3, was evaluated
by a Berlincourt piezoelectric meter (Sinocera YE 2730A), for samples poled under 10



kV at 80 °C by Corona for 30 min. The piezoelectric voltage constant was calculated
from dsz and the &, according with the following relationship: gss = dss/(er%€0), where &
is the permittivity of free space (8.85x107'2 F m'). Impedance data was collected from
750 to 450 °C with a step of 50 °C in air, with a precision LCR meter (HP 4284A) under
AC voltage of 1 V in the frequency range of 0.35 to 1000 kHz.

3. Results
SPS and SPT sintered KNN ceramics present a dark grey coloured body

attributed to the presence of oxygen vacancies (Vo") formed due to the reducing
atmosphere created by sintering in the graphite die [23]. Consequently, these
ceramics were annealed in air at 900 °C, as described in the experimental procedure,
resulting in a light cream colour, like the conventionally sintered ceramics.

All peaks in X-ray diffraction patterns of annealed KNN ceramics prepared by
SPS and SPT depicted in Figure 2 correspond to a monophasic perovskite structure
of monoclinic symmetry (Ko.sNao.s)NbOs (ICPDS:00-061-0315). There are no apparent
differences between these patterns, suggesting no preferential crystallographic

orientation or secondary phases.
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Figure 2. X-ray diffraction patterns of KNN ceramics prepared by SPS and SPT
methods. The patterns may be indexed according to a monoclinic perovskite structure
(PDF# 00-061-0315) with no preferred orientation.

SPT allows deformation of the grains perpendicular to the loading axis [24]. It
is expected therefore, that the distribution and levels of stress of these ceramics are
different from other sintering methods. As recently reported, stresses applied during
sintering trigger the nucleation and growth of faults in the lattice of BalLa4TisO1s
ceramics, revealing a strong correlation between the high concentration of structural
defects and the development of anisotropic microstructures, which tune the properties
of these ceramics [25]. Hence, residual stresses in SPS and SPT KNN ceramics were
evaluated by the Chi square method.

Evaluation of stresses was performed from the (-211) peak shift as a function
of tilt angle (¥). As shown in Figure 3, both SPS and SPT KNN data could be linearly
fitted, while the fitting line presents a negative slope which is an indication of a
compressive stress state in both ceramics. SPT ceramics reveal a higher gradient
linear fit compared with SPS. From the slope of the linear fit one may calculate the

residual stresses according to:

Equation 1

where €o v is the elastic lattice strain in a direction defined by the Euler angles @ and
W with respect to the specimen normal, dv is the lattice spacing of {hkl} planes in the
direction defined by Y, d»is the corresponding strain-free lattice spacing defined by ¥
= 0°, Ey is the modulus of elasticity, v is the Poisson ratio and oe is the residual
macroscopic stress [26]. Then assuming Ey= 104 GPa and v = 0.27 [27], stress values
of 32 £ 46 MPa and 108 + 48MPa MPa, can be obtained for KNN ceramics prepared
by SPS and SPT, respectively, rearranging Eq. 1 as:

Ey Equation 2
m




where m is the slope of the linear fit of the normalized lattice spacing as function of
sinPW.
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Figure 3. Lattice spacing of KNN ceramics prepared by SPS (open squares) and SPT
(solid circles), as a function of sin?(y). The negative slope of the linear fit (solid line for
SPT and dash line for SPS) is an indication of compressive residual stress in both

ceramics. The calculated residual stress is 32 and 108 MPa for SPS and SPT KNN,
respectively.

The relative densities (considering KNN theoretical density of 4.51 g cm=[12])
of SPS and SPT KNN are 96.0% and 99.8%, respectively. Whereas the SPS
conditions appear to be not the best to get high density of KNN ceramics, the same
conditions used for SPT resulted in ceramics with one of the highest relative density
reported for undoped KNN (Table 1).
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All ceramics present a microstructure with low porosity (Figure 4, corroborating
the measured density), are homogeneous and characterized by cuboid grains, typical
for KNN. The average grain size of ceramics prepared by SPT (1.4 um) is
approximately 50% smaller than SPS (3.0 ym) with the narrowest particle size
distribution (range distribution for SPT and SPS are [1:3] and [1:7] um, respectively).
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Figure 4. SEM micrographs (left) and grain size distribution (right) of KNN ceramics
prepared by SPS (top) and SPT (bottom). The grains are cubic-like shaped with an
average grain size of 3.0 ym and 1.4 um for SPS and SPT, respectively.

Transmission electron microscopy (TEM) of SPS and SPT KNN ceramics
(Figure 5) identified the presence of a tetragonal tungsten bronze (TTB) phase. The
electron diffraction patterns acquired along the [001] direction, show the characteristic
cross-like intensity distribution related to the b-glide plane in the P4/mbm space group
of potassium niobate (Ks7sNb10.s5030). This phase was not detected by X-ray
diffraction (Figure 2) and the amount of TTB grains is scarce within both specimens.
The origin of this phase on KNN ceramics can be attributed to the volatilization of alkali
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species at high temperatures (the vapour pressures at 1145 °C of Na20O and Kz20 are
5.6 and 69 Pa, respectively) [28].

Figure 5. TEM micrographs, collected across the [001] zone axis of KNN prepared by
SPS (left) and SPT (right). The presence of the tetragonal tungsten bronze grains is
found and confirmed by the electron diffraction patterns, which show a characteristic
cross of weak intensities related to b-glide in P4/mbm symmetry.

Figure 6a depicts the relative permittivity (¢;) dependence on the temperature,
measured on heating at a frequency of 1 kHz for SPS and SPT KNN. Each curve
exhibits two frequency independent peaks corresponding to the tetragonal-cubic
phase transition (T¢ = 386 and 370 °C, respectively) and orthorhombic / monoclinic to
the tetragonal phase transition (To.r = 207 and 204 °C, respectively). Compared to
KNN single crystals grown by a high temperature self-flux method (To.r = 215 °C, T¢
= 429 °C) [19], all ceramics exhibit lower phase transition temperatures (Table 1).
However, in comparison to T¢ of 395 °C reported for SPS KNN ceramics by Li et al.
[18] and shown also in Table 1, the temperature difference is not so large. Moreover,
the permittivity values reported here and in Ref. 18 are rather close as well. At room
temperature, SPS and SPT KNN exhibit ¢ values of 736 (- = 4160 at T¢) and 576 (&,
=4672 at T¢), respectively (Table 1). The room temperature &, for SPS KNN ceramics
reported by Li et al. [18] was found to be 606, while that for KNN single crystals is 300
[19], which is lower than that for SPS and SPT KNN ceramics. T¢ of 416 °C and room
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temperature ¢, of 550 were reported as well for KNN ceramics prepared by SPS under
60 MPa at 1040 - 1100 °C for 3 min by Wang et al. [29].

The dissipation factor tand for our SPS KNN is also rather high reaching 0.377
at room temperature, whereas between 100 and 200 °C it lowers to around 0.063, as
shown in Figure 6b. The value of tand for SPT KNN is just 0.045 at room temperature,
dropping to 0.021 around 100 °C, although with further heating above 250 °C tané
reveals non-monotonous increase, surpassing the values for SPS KNN above 370 °C.
Li et al. reported the room temperature tand of 0.036 for their SPS KNN ceramics [18],
while that observed by Wang et al. was about 0.045 [29].

tan8

0.14

0.01

0 100 200 300 400

Temperature [°C]
Figure 6. Temperature dependence of the relative permittivity & (a) and dissipation
factor tand (b) for SPS (squares) and SPT (circles) undoped KNN ceramics at 1 kHz.
Two phase transitions, corresponding to monoclinic-tetragonal and tetragonal-cubic
phases, are present in all the ceramics but slightly shifted to lower T¢ for SPT in
comparison with SPS KNN.
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The comparison of the polarization versus electric field (P-E) and current versus
electric field (/-E) curves of SPS and SPT KNN at room temperature are shown in
Figure 7. As seen from Figure 7a, SPS and SPT KNN exhibit well-saturated P-E
curves with a typical square-like shape and remnant polarization, P;, of 17.2 uC cm=
and 19.7 uC cm, respectively, as also listed in Table 1. P, for SPS KNN is high in
regard to 15.3 uC cm and particularly to 6.5 uC cm observed for the corresponding
ceramics by Wang et al. [29] and Li et al. [18], respectively. Comparing with Pr= 19.4
uC cm2 for KNN single crystals [19] the remnant polarization is slightly lower in the
case of SPS KNN but is very close in the case of SPT KNN ceramics in agreement to
their almost 100% density. Moreover, the coercive field of SPS KNN is 18 kV cm™,
being rather similar to that of 20 kV cm™ reported for conventionally sintered KNN
ceramics [9], whereas for SPT KNN, E:is 11.9 kV cm™, being close again to that of
10.6 kV cm™', observed for KNN single crystals [19]. Li et al. and Wang et al. reported
also room temperature E.values of 13 kV cm™ and 10.2 kV cm™, respectively, for their
SPS KNN ceramics [18,29].

2
]
N
o
1

—e—SPT
—o—SPS

N
o
1

N
o o
N 1 N N
O]

60 Hz

Polarization [#C cm"

R
o
I

&
S

= N
o o o
I R 1 R 1

Current [mA]

N
o
I .

R
o
I

T T T " ) '
60 40 20 0 20 40 60
Electric field [kV cm™]

14



Figure 7. Polarisation versus electric field P-E hysteresis (a) and current versus
electric field /I-E loops of the undoped KNN ceramics prepared by SPS (squares) and
SPT (circles). Well saturated P-E loop for SPT KNN with characteristic double peak ~
E curve indicates well defined ferroelectric domain switching.

The characteristic maxima of the current curves, related to the switching of the
ferroelectric domains, are clearly observed for SPS and SPT KNN in Figure 7b. The
broad peak of the SPS KNN /-E loop may indicate contributions to conductivity from
Vo', as discussed later. The P-E loop of SPT KNN denotes improved ferroelectric
properties with a well-saturated curve. Moreover, the coercive field is lower than the
SPS counterpart, which suggests a lower or different defect concentration / type [30].
The I-E curve of SPT KNN exhibits a sharp peak, which points to well-defined
ferroelectric domain switching.

The piezoelectric coefficient (dsz) as well as the piezoelectric constant (gz3)
values for KNN ceramics prepared by SPS and SPT are 95 and 108 pC N' as well as
14.6x1073 and 21.2x1073 Vm N, respectively, as also indicated in Table 1. The ds3 of
SPT KNN is intermediate between polycrystalline (~ 80 pC N') and single crystal
undoped KNN (80 — 160 pC N'') [19]. The ds3 of SPS KNN is lower due to a higher /
different defect concentration / type in these ceramics (probably Vo) in agreement
with the P-E and /-E loops.

Figure 8 shows the Nyquist plots of KNN sintered by SPS and SPT. The
impedance values were normalized, being multiplied by the geometric factor A/h,
where A is the electrode area and h is the sample thickness. The data displayed as
arcs, which intercept the Z’ axis shows that extrapolated overall resistivity of the SPT
ceramics is lower than that of SPS ones. The observed arcs indicate also the
possibility of using an electrical circuit model based on a resistor (R) parallel to a
capacitor (C) to describe the ac electrical response of KNN ceramics. Generally, a
single semi-circular arc in Nyquist plot can be modelled by a single R parallel to C
(R//C) module, which represents the contribution of a single electroactive region of the
ceramic, i.e. the grain bulk, the grain boundary, a secondary phase, etc. When two
semi-circular arcs are present, one of them corresponding to lower frequencies may
be attributed to the bulk response, while another arc at higher frequencies can be due
to the grain boundary response [31].
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Although only single arcs are seen in Figure 8, their shape is not close enough
to that of semicircle, indicating that there is a possibility of two contributions with similar
parameters. The information on the contributions of the various regions of the
ceramics can be assessed when comparing the frequency spectra of both the
impedance and modulus imaginary parts, i.e. the frequency dependence of Z” and
M?”, respectively. The complex modulus (M?) is related to the complex impedance (£

by the following relation:

M* = jwCyZ" Equation 3

where w is the angular frequency (w=2xzf) and Cy is the capacitance of the empty cell.

-160

140 —s— SPS
-120 - —e— SPT

-100 +

600 °C
-80

Z" A/h[kQ cm]

0| T T T T T T T
0 20 40 60 80 100 120 140 160

Z'A/h[kQ cm]

Figure 8. Nyquist plot for undoped KNN ceramics prepared by SPS (open squares)
and SPT (solid circles) and measured at 600 °C within the frequency range 0.35 to
1000 kHz.

The spectra of normalized Z” and M” of SPS and SPT KNN ceramics are
presented in Figure 9 for a temperature of 600 °C. For both SPT KNN and SPS KNN
ceramics a gap exists between the frequencies corresponding to Z”maxand to M”max
thus suggesting that a series of two R//C modules (R1//C1 and R2//Cz2) will be required
to properly describe the ac response of each of these ceramics. It is noted, however,
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that for SPS KNN the mismatch between the Z”naxand to M”nax frequencies is much
larger than that for SPT KNN.

Then, the values of R and C may be determined from Z”max and M”nax using the
followings equations:

Equation 4
C
C=— Equation 5
2Mmax

Thus, Egs. 4 and 5 provide the calculation of the largest resistance and of the smallest
capacitance. The remaining components, i.e. the smaller resistance and the larger

capacitance, may be determined from the time constant z(z= RC), being 7= 1/(2xfnax)-

0 e
50{ —e—-Z'A/h _ 8

40

2" A/ h [kQ cm]

0.1 1 10 100 1000
Frequency [kHZz]

Figure 9. Normalized Z” (solid symbols) and M” (open symbols) of undoped KNN
ceramics prepared by SPS (a) and SPT (b), measured as function of frequency at 600
°C.
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Using the values of C1, C2 and R1, R2 calculated for SPS and SPT KNN
ceramics, their temperature variations between 450 and 750 °C are presented as a
Curie-Weiss plot in Figure 10a and Arrhenius plot in Figure 10b, respectively. The
magnitude of the capacitances is in the order of 10-° to 10-'° (F), consistent with bulk
ferroelectric ceramics [32]. Moreover, the capacitance data follow well the Curie-Weiss
law 1/C ~ T — T¢, with Curie temperature Tc¢ around 400 °C, as shown in Table 2,
related to the paraelectric to ferroelectric phase transition of KNN. In electroceramics
with different electroactive regions, the lowest capacitance is often attributed to the
bulk response, while the largest R value is related to grain boundaries. However, the
grain boundary capacitance is not expected to follow the Curie-Weiss law [32].
Therefore, the two contributions distinguished for SPS and SPT KNN should not be
related to the bulk and grain boundaries but rather to the grain core and grain shell,
perhaps slightly differing in composition that affects the Curie temperature. The higher
temperature Tcr should be related to the grain core, while the lower one T¢z has to be
associated with the grain shell. Such composition inhomogeneity is very probable in
ceramics with volatile alkali elements (as is the case of KNN), although it seems to be
lower in the case of SPT ceramics, resulting in closer T¢s and Tc2 values, comparing
to the SPS case.
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Figure 10. Plots of the normalised inverse capacitances versus temperature (a) and
In of normalised resistances versus inverse absolute temperature (b) calculated from
the impedance and electric modulus spectra for undoped KNN ceramics prepared by
SPS (open symbols) and SPT (solid symbols). Linear fits (solid lines for SPS and dash
lines for SPT KNN) indicate that all the capacitances follow the Curie-Weiss law, while

all the resistances follow the Arrhenius law.

The resistances increase with decrease in temperature. To identify the
conduction mechanisms, activation energy (Ea) for conduction (o = 1/R) was

calculated assuming the Arrhenius behaviour:

E, .
0 = gpexp (— kBT) Equation 6
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where oy is a pre-exponential factor, ks is the Boltzmann constant and Tis the absolute
temperature. Then the activation energy Eais deduced from the slope n based on the

following expressions:

E,
kT

In(o) = In(agy) — Equation 7

E,=—kgxXn Equation 8

as summarized in Table 2. Values of E; ranged from 0.96 to 1.10 eV and are
associated with charge transport by Vo™ [33]. Once again, Ear and Ea2 values,
corresponding to the grain core and shell conductivity, respectively, are closer in the
case of SPT ceramics, comparing to SPS ones, in agreement with a reduced

composition inhomogeneity in SPT KNN ceramics.

Table 2. Curie temperature (T¢) and activation energy (Ea) for conductivity values
deduced from IS data for KNN ceramics prepared by SPS and SPT. T¢s is the Curie
temperature associated to the grain core, while Tc2 is associated with the grain shell.
Similarly, Eas and Ea2 values, correspond to the activation energy of grain core and

shell conductivity.

KNN ceramics  T¢1[°C] Tc2[°C] Ea1[eV] Eaz [eV]
SPS 428+7 39145 1.09+0.05 0.96+0.06
SPT 381+20 36945 1.07+0.02 1.10+0.03

The results presented above are summarized in Table 1 and demonstrate that
SPT KNN ceramics exhibit the highest density, smallest grain size with the narrowest
size distribution, highest residual stress, high dsz and low coercive field in comparison
with SPS KNN. In addition, the transition temperatures of SPS and SPT KNN are
shifted to lower temperatures, when compared with single crystal KNN. Notably, a
more homogeneous chemical microstructure and thereby electrical behaviour (closer
Curie temperatures and activation energies for the grain cores and shells) was
observed for SPT KNN in comparison to SPS KNN.
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3. Discussion

The application of external pressure to a powder compact results in direct
increase of the densification driving force, as well as densification kinetics. As the
densification rate is enhanced, the sintering temperature and sintering time can be
reduced and grain growth suppressed, due to particle rearrangement and agglomerate
destruction [11], [34]. As a result, SPS and SPT KNN ceramics reach a higher density
at lower temperature and sintering times, compared with the CS KNN ceramics [9].
Moreover, SPT KNN ceramics sintered at 1000 °C for 20 min reveal almost 100%
density (Table 1). Additionally, grain growth is suppressed for pressure assisted
sintering (SPS and SPT) compared with CS [9]. SPT KNN presents the smallest
average grain size with the narrowest grain size distribution (Figure 4).

In this work, both SPT and SPS ceramics were heated due to the Joule effect
that results from current flow in the graphite die. When the appropriate sintering
temperature is reached, pressure is applied, and samples are deformed, as shown in
Figure 1. Since the only difference between the SPS and SPT resides in the edge-free
nature of the sintering method of SPT, we speculate that the deformation of the
material without constraints is critical in explaining the different microstructure /
properties.

The absence of lateral constraint in SPT allows the ceramic to deform in the
radial direction and the radial diameter increases. During the deformation, the particles
slide, resulting in: i) neck destruction; ii) particle rearrangement, and iii) destruction of
agglomerates. Consequently, improved density and reduced grain coarsening are
expected [35] and observed in SPT KNN.

In SPS due to die constraint, KNN does not undergo radial deformation and
associated rearrangement. SPS KNN reaches high densities due to the applied
pressure but grain growth is not markedly impeded, resulting in a higher average grain
size (Figure 4).

The differences in microstructure described above are reflected in the dielectric
and piezoelectric response. The highest ¢, at Tc is observed for SPT KNN, &, = 4762.
Moreover, the P-E loop for SPT KNN is square shaped, characteristic of a low loss
ferroelectric, as demonstrated by the two peaks in the /-E curves, and by the low
coercive field, Ec = 11.9 kV cm'. Such coercive field is close to that for KNN single
crystals and much lower than that for CS KNN ceramics [9]. (see Table 1). P of SPT
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KNN (19.7 uC cm=) is comparable to those of KNN single crystals and CS KNN
ceramics. The high density of SPT KNN together with an easy ferroelectric domain
switching accounts for the high piezoelectric coefficient, dzz = 108 pC N-'.

In addition, we also advocate that during dynamic deformation of the KNN
particles in SPT, diffusion and point defect creation / distribution is markedly affected.
Under these conditions, diffusion to the grain boundaries and local segregation of
defects is reduced and the final distribution of defects is more homogeneous, resulting
in grain core and shell with more similar behaviour for capacitances and conductivities
(see Figure 10). We hypothesize that this unusual observation along with small grain
size and the absence of pores, electrical homogeneity is critical in increasing the
electric breakdown strength of a given ceramic (Esps).

In comparison, the lower density of SPS KNN ceramics and the larger average
grain size and broad grain size distribution may explain the differences in electrical
behaviour of SPS KNN. Both SPS and SPT ceramics were annealed in air at 900 °C
for 300 min to re-oxidize the ceramics sintered in the graphite die. Although the
annealed ceramics exhibit a whitish colour, indicative of an almost complete oxidation,
and since the oxidation in ceramics occurs mainly via the grain boundaries (fast
diffusion pathways), it is plausible that re-oxidation requires significantly more lattice
diffusion (slower) than for samples with a smaller average grain size. The presence of
a higher residual concentration of Vo"in SPS KNN ceramics may certainly explain the
‘lossy’ P-E behaviour, the broad peaks in the /-E loop and the lower dsz (95 pC N7).
Vo~ clamp ferroelectric domains [30] through the formation of defect dipoles. The
clamped ferroelectric domains are harder to switch, resulting in higher coercive field,
Ec =22 kV cm’, less domain switching and therefore reduced dss, as observed.

The residual compressive stress in SPT KNN ceramics is 108 MPa, triple that
for SPS KNN ceramics (32 MPa). A material will not exhibit ferroelectric behaviour if
the structure is centrosymmetric but significant off-centring of the B ions favours a
larger intrinsic piezoelectric effect and spontaneous polarisation. The larger
compressive stress for SPT KNN ceramics may facilitate off-centring and enhance the
piezoelectric and ferroelectric response. Kim et al. [36] defined a weighted off-centre
coefficient (dw) and verified for (1-x)(BiosNao.s)TiOs — xSrTiOs ceramics that dss
increases linearly with dw. The distorted lattices of KNN under compressive stresses

may also account for the shift of T¢cin SPT and SPS KNN ceramics.
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4. Conclusion

We conclude that dsz (108 pC N), gs3 (21.2x1073 Vm N, P, (19.7 uC cm2) and E.
(11.9 kV cm™") are significantly improved in undoped KNN ceramics processed by
Spark Plasma Texturing, SPT. We also conclude that SPT KNN ceramics have a more
homogeneous electrical microstructure. SPT allows fabrication at low temperatures
(1000 °C) for short period (20 min) to achieve dense KNN ceramics with small grain
size and narrow grain size distribution. SPT, as with hot-forging, results in neck
destruction, particle rearrangement, and destruction of agglomerates improving the
density and limiting grain coarsening. Concomitantly this dynamic particle
rearrangement during the sintering step together with a small grain size also affects
point defects creation / distribution within KNN, giving rise to a rather homogeneous
defect distribution. Consequently, grain cores and shells have similar resistance and
capacitance behaviours, in the case of SPT KNN ceramics. We hypothesise here that,
the electrical homogeneity of SPT KNN ceramics may along with the smaller grain size
and higher density increase electric breakdown strength (Esps) (of high relevance for
industrial applications). In addition, the resultant compressively stressed lattice
enhances the dielectric and piezoelectric performance.

We have described the interplay between materials structure, microstructure,
electrical conductivity, and non-linear dielectric properties for SPT KNN and the
implications of these relations for enhancing electrical properties. Based on our results
we propose Spark Plasma Texturing (SPT), a modified spark plasma sintering (SPS)
technique, in which uniaxial pressure is applied in an edge-free configuration, allowing
ceramics to deform in the radial direction, as a strategy to enhance the electro-
mechanical properties of lead-free potassium sodium niobate ceramics (KNN). Our
work brings practical understanding to sintering of KNN ceramics and highlights
alternative strategies for improved lead-free piezoelectrics. We envisage that the
methodology may be used to optimise the performance of doped KNN as well as other
Pb-free systems.
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Figure S1. X-ray pattern (left, a)) and particle size distribution (right, b)) of KNN

powders used to prepare SPS and SPT ceramics. The particle size distribution is
bimodal with the centres at 0.2 ym and 1.8 ym.
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