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Abstract: B-site substitution in KNN with tantalum results in a higher d33 and dielectric 

constant. This higher value makes KNNT interesting for lead-free actuator applications. 

KNNT fibers with diameters of 300 and 500 μm have been extruded and sintered at  

1200 °C in a KNNT-enriched atmosphere. Subsequently, the influence of fiber diameter on 

the microstructure (porosity and grain size) was investigated. The measurements revealed 

that with decreasing fiber diameter, the porosity increases, whereas the grain size decreases. 

The influence of these microstructural differences on the piezoelectric properties was 

evaluated using a novel characterization procedure for single fibers. The larger diameter 

fibers show an increase in the electromechanical properties measured, i.e., d33, tanδ, Pr, Ec 

and the free longitudinal fiber displacement, when compared to smaller diameter fibers. The 

lower alkali losses result in a larger grain size, a higher density during sintering and lead to 

higher electromechanical properties. 
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1. Introduction 

Potassium sodium niobate is an environmentally-friendly alternative to lead-based piezoelectric 

ceramics and could eventually play a comparable role as lead zirconate titanate (PZT) in certain 

electronic applications in the future, with the added advantage of being bio-compatible [1–3]. The 

inducing of structural instabilities in a material by doping or substitution can lead to the enhancement of 

its electromechanical properties, which may be induced by compositional instability (morphotropic 

phase boundary (MPB)), thermal instability (polymorphic phase transition (PPT)), stress fields or 

external electric fields. The major insight from the work of Saito et al. was to highlight that the 

modification of the PPT with the use of dopants (e.g., Ta and Sb) [4] led to superior piezoelectric 

properties at room temperature, which appeared to be caused by the proximity of the  

temperature-induced PPT between tetragonal and orthorhombic phases at room temperature [5–7]. 

Tantalum as a dopant in KNN is known to hinder abnormal grain growth and to decrease both the Tc and 

the orthorhombic-tetragonal phase transition temperatures [8]. The properties making Ta substitution 

interesting for actuator applications are the enhancement of the dielectric and piezoelectric  

properties [9]. It also has a similar valance, ionic radius and similar electro-negativity to niobium  

(Ta, 1.5; Nb, 1.6) [10]. These properties make Ta an ideal candidate to act as a B-site substituent in 

KNN, as shown by Lee et al., who produced (K0.47Na0.545)(Nb0.55Ta0.45)O3 (KNNT) powder. In the  

Lee et al. KNNT study, the introduction of A-site non-stoichiometry (excess Na ion) was found to affect 

the MPB, which led to a rise in d33 [11]. 

The concept of smart composite materials with integrated fibers for sensing and actuation is still an 

essential spur that drives the development of piezoelectric ceramic fibers. Piezoelectric rods embedded 

in passive polymer matrix exhibit superior properties for ultrasound transduction over bulk piezoelectric 

ceramics due to lower acoustic impedance, higher coupling coefficient, reduced lateral coupling and 

higher flexibility [12]. The so-called 1-3 composites can be used for sonar, hydrophones, energy 

harvesting systems or medical diagnostic applications [13]. Another application includes  

micro-transformers, where according to the high surface-to-volume ratio, better self-cooling can be 

achieved. The piezoelectric transformer (PT) technology is a viable alternative to magnetic transformers 

in various applications, e.g., power supplies that employ PT rather than the classical magnetic 

transformers, resulting in smaller-sized power supplies [14]. The advantage gained with the use of the 

thermoplastic extrusion method is the ability to easily produce micro-scale devices with  

complex geometry [15]. 

In this study, KNNT fibers with a diameter between 300 µm and 500 µm were produced using a 

thermoplastic processing technique. The influence of fiber diameter on the microstructure properties 

(porosity, grain size, elemental stoichiometry, etc.) and the small and large signal electromechanical 

properties, such as piezoelectric charge coefficient (d33), polarization evolution (P-E) loop and strain 

evolution (S-E) loop, were investigated.  
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2. Experimental Section 

(K0.47Na0.545)(Nb0.55Ta0.45)O3 (KNNT)-based green fibers were produced by mixing 54 vol% of 

KNNT powder (supplied by Changwon National University) with a polyolefin thermoplastic binder. The 

KNNT powder was prepared by a solid state process using raw powders of Na2CO3 (99.95%), K2CO3 

(99.995%), Nb2O5 (99.9%) and Ta2O5 (99%). Hygroscopic Na2CO3 and K2CO3 were dried at 200 °C for 

at least 12 h to remove moisture absorbed in the raw powders. The raw materials were weighed in a 

glove box, keeping the moisture minimal. In the next step, the powder mixture was milled with  

yttria-stabilized zirconia balls in anhydrous alcohol for 24 h. After drying at 90 °C in a dry oven, the 

powders were calcined at 850 °C for 4 h in air with an intermediate ball milling and drying process, in 

order to produce powders of a uniform particle size. The powder processing is described in more detail 

in Lee et al. [11].  

The powder density was measured by a helium pycnometer (Micromeritics, AccuPyc 1330). Laser 

diffraction (LS 230, Beckman Coulter, Brea, CA, USA) was used to establish the particle size 

distribution, and the specific surface area was determined by BET (Beckman-Coulter SA3100, 

Beckman-Coulter, Brea, CA, USA). 

A low shear mixing method involved mixing of ceramic powder, a dispersant (Hypermer KD1, 

Uniqema (Croda International plc), Snaith, UK), a polyethylene oxide (PEO) (Polyox WSR301, Dow 

Chemicals, Midland, MI, USA) thermoplastic binder and toluene as a solvent, for one hour, just under 

the boiling point of the solvent. The dispersant content was fixed to a weight ratio of 1:0.3 against the 

KNN powder. The mixture was dried for 24 h at 60 °C, and the feedstock was collected for extrusion. 

The fully-dried feedstock was inspected by weight loss analysis. Green fibers were obtained by extruding 

the feedstock vertically with a capillary rheometer (RH7 Flowmaster, Rosand Precision Ltd., 

Stourbridge, UK) through a 300- and 500-µm die, at 106 °C and a shear rate of 500 s−1, with an adapter 

to reduce the diameter of the cylinder from 24 mm–4 mm. More details about the fiber production can 

be found in Lusiola et al. [16]. 

Debinding and sintering of the green fibers occurred on a Pt-coated zirconia substrate with v-shaped 

grooves, closed in an alumina crucible and sealed with alumina powder, where four 5 cm-long fibers 

were placed. In order to reduce the material volatilization during sintering of KNNT fibers, 1 g of KNNT 

powder was placed on the inside of the alumina crucible lid, creating a KNNT-rich atmosphere. The 

KNNT fibers were sintered at 1200 °C for 4 h [11]. 

The sintered fibers were characterized in terms of microstructure and phase composition. Porosity 

and grain size were determined on polished and thermally-etched fibers, respectively. For the thermal 

etching, polished fibers, embedded in a polymer matrix, were thermal heat treated at 1100 °C for  

15 min. The porosity was investigated using a scanning electron microscope (SEM, Vega Plus 5136 

MM, Tescan, Brno, Czech) and image analysis (Digital Micrograph 3.10.0, Gatan Inc., Pleasanton, CA, 

USA). For the grain size determination, FESEM (Tescan CZ/MIRA I LMH, Brno, Czech) and image 

analysis (ImageJ software, National Institute of Health, Bethesda, MD, USA) were used. 

Phase analysis was performed using X-ray diffraction (XRD; X’Pert Pro MPD, PANalytical, Almelo, 

Netherlands) on crushed fibers, to have information about the average chemical phase composition. To 

identify the composition, the peaks between 2θ 22° and 23° and between 45° and 47° were selected for  

further analysis. 
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The ferroelectric behavior of single fibers was measured with a novel piece of equipment (FerroFib) 

developed from a collaboration between Empa and aixACCT System GmbH. A sketch of the latter’s 

instrument is shown in Figure 1, while the sample holder is reported by Belloli et al. [17]. The sintered 

fibers were cut to a length of ~2.5 mm and glued vertically onto a PMMA disc with Ag epoxy paste 

(Electrodag 5915, Acheson Colloids Co. (Henkel), Düsseldorf, Germany), with Ag epoxy paste used for 

the top electrode on the free end of the fiber. The bottom part of the disc was connected with a metallic 

electrode, which was used as the contact between the fiber and the FerroFib, as shown in Figure 1. A 

full description of sample fabrication is also described in detail in [18,19]. The fibers were poled for 5 

min at room temperature under an applied electric field starting at 3.5 kV/mm and increasing at 0.5 

kV/mm intervals until electrical breakdown. 

P-E and S-E loops as a function of the applied electric field were recorded at 0.1 and 1 Hz. The small 

signal properties (d33) were measured at 10 and 100 Hz. The reported results for the large signal response 

(i.e., S-E and P-E loops) and the small signal response (i.e., d33, tanδ and er) are the averages of five 

fibers with the standard deviation calculated from these. 

  

(a) (b) 

Figure 1. Sketch of the FerroFib: (a) equipment, (b) sample set-up. 

3. Results and Discussion 

3.1. Microstructure and Phase Investigation 

Table 1 shows the measured KNNT powder characteristics, while Figure 2 shows the SEM trace of 

the powder. 

Table 1. KNNT powder properties. 

Powder Characteristics 

Density 5.68 g/cm3 

Specific Surface Area 0.786 m2/g 

Particle Size 
d10 (µm) d50 (µm) d90 (µm) 

0.131 1.88 4.438 
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Figure 2. The SEM scan of the KNNT powder. 

Ferroelectric properties are highly influenced by the material microstructure, such as grain size, 

porosity, chemical and phase composition. In Table 2, the microstructure characterization of the  

300-µm and 500-µm KNNT fibers is reported. Optimal ferroelectric properties are exhibited by materials 

with a large grain size and low porosity, which applies to PZT [19], barium titanate [20,21],  

KNN [22,23], etc. The porosity in general for these samples was extremely high, which is due to the 

ongoing research and development of the thermoplastic sintering procedure, which requires optimizing 

(Table 2). The larger porosity displayed by the 300-µm fiber would be expected to affect the 

electromechanical performance. Comparing the grain size results with earlier studied bulk samples [24], 

the grain size of the fibers is slightly higher than bulk disc samples (bulk grain size 1.26 μm). 

Table 2. The porosity characterization of 300-µm and 500-µm KNNT fibers. 

 300-µm Fibers 500-µm Fibers 

Porosity (%) 36.9 ± 6.8 27.6 ± 4.7 

Grain Size (µm) 1.27 ± 0.01 1.41 ± 0.01 

Garino et al. studied the effect of restricted sintering of ZnO films bonded to a rigid substrate and 

compared it to freely sintered ZnO films. Sintering without a substrate resulted in isotropic film 

shrinkage of 23%, compared to film shrinkage of 13% during constrained sintering [25,26], and to some 

degree, constraint sintering may contribute to the high level of porosity observed with the KNNT 

samples. This may be related to the slight pinning that occurred with the fibers on the Pt-coated zirconia 

substrates. In ferroelectric materials, the grain size is known to affect the relative permittivity of the 

material with maximum properties reported at 0.8–1-µm grain sizes. A smaller grain size results in an 

increase in internal stresses and an increase in εr [27]. Small grains reduce the piezoelectric properties; 

due to the high concentration of grain boundary interfaces, domain formation is hindered below a critical 
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grain size (~1 µm) [28]. These facts point to the importance of achieving the right grain sizes. The grain 

growth starts in the intermediate sintering stage and is accelerated when a few pores remain [18]. The 

grain sizes achieved with the 300-µm and 500-µm fibers (Figure 3) suggest a near ideal grain size was 

achieved in both instances, though the variation in both suggests that the fiber diameter has a large 

influence on the grain size, with a larger diameter producing larger grains. 

  

(a) (b) 

Figure 3. SEM scan showing the porosity and grain size of KNNT fibers with a diameter of 

(a) 300 µm after sintering and (b) 500 µm after sintering. 

Figure 4 shows the perovskite XRD pattern of the KNNT powder, as well as the 300-µm and  

500-µm fibers, where in order to identify the phase composition, the (100) and (200) planes were selected 

due to the presence of two distinct reflections at each plane in the pure KNN powder: (101), (010), (002)O 

and (200)T [10]. 

 

Figure 4. X-ray diffraction patterns of KNNT powder and fibers with the inset of the XRD 

pattern between 21° and 24° and between 43° and 46°, as well as pure KNN powder. , extra 

phases, K2Nb8O21 and K3NbO4. 

As shown in Figure 4, all of the sintered fiber samples presented a tetragonal structure, which is quite 

different from pure KNN ceramics that possess an orthorhombic structure. Due to Ta5+ substitution, the 

peaks are shifted downfield due to the smaller radius of Ta5+. The XRD pattern exhibited a  

orthorhombic-tetragonal two-phase coexistence structure, due to the disappearance of the splitting of the 

(010) peak (Figure 4, inset), which revealed the increase of the tetragonal phase of the ceramic fiber 
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samples with the substitution of Nb5+ by Ta5+ [10,24,29,30]. The intensity of the (202) peak varies 

slightly between the 300-µm and 500-µm fibers, with this peak having a higher intensity with the  

500-µm fiber when compared to the 300-µm fiber, suggesting more phase coexistence present in the 

500-µm fiber. The slight shift of the (010) downfield seen with the 300-µm relative to the similar (010) 

peak for the 500-µm fiber may indicate a change in the A-site stoichiometry, due to a decrease in unit 

cell volume [31,32]. The XRD pattern difference between the fibers is further evidence that the diameter 

of the fibers has an effect on the eventual composition of the sintered fibers. The additional phases in 

the XRD trace of the KNNT fibers may be K2Nb8O21 and K3NbO4, which have a tetragonal  

tungsten-bronze (TTB) structure [33]. The secondary phases appear to be more prevalent with the  

500-µm fibers than the 300-µm fibers. Secondary phases are known to be a hindrance to a material’s 

electromechanical behavior, as their presence interferes with the perovskite structure. 

An SEM/EDX investigation was carried out on the fibers (Table 3), and the result suggests that the 

smaller diameter/higher surface area of the 300-µm fiber allows higher alkali-loss (K ions), which 

occurred despite providing a KNNT-rich atmosphere within the sealed alumina reaction vessel: a result 

that is confirmed by the slight down shift to lower 2θ angles in the XRD peaks of the 300-µm fiber.  

Table 3. The SEM EDX taken from a cross-section of the 300-µm and 500-µm KNNT fibers. 

Element 
300-µm Fibers 500-µm Fibers 

wt% at% wt% at% 

K 5.06 5.97 6.62 8.48 

Na 5.41 10.85 5.04 10.98 

Nb 22.29 11.06 24 12.95 

Ta 46.3 11.8 46.9 12.99 

O 20.93 60.32 17.43 54.6 

Wang et al. found that the volatilization of alkali ions mainly occurred at moderate temperatures  

(600 °C) before the crystallization of the KNN perovskite phase, with the loss of Na ions being more 

significant than K ions during the thermal treatment [34]; this suggests that using the sealed KNNT 

atmosphere reduced the incidence of Na ion volatilization, but with a higher surface area-to-volume 

ratio, the effect of the KNNT atmosphere was reduced with respect to the 300-µm fibers at the higher 

sintering temperatures. The higher porosity observed in the 300-µm fibers may also manifest itself in 

the higher K ion loss (loss of material) when compared to the 500-µm fibers. Poor stoichiometry leads 

to a change in porosity and grain size and deterioration in the electrical properties of piezoelectric 

ceramics, which may be induced during ceramic processing [35]. 

3.2. Electromechanical Investigation 

Figure 5 shows a comparison of the strain and polarization responses of KNNT fibers with the two 

different diameters. 



Actuators 2015, 4 106 

 

 

 

Figure 5. FerroFib comparison of KNNT polarization evolution (P-E) and strain evolution 

(S-E) loops as a function of the applied electric field (at 0.1 Hz) for 300-µm and 500-µm 

fibers showing data prior to electrical poling (a,d) and after electrical poling (b,c,e,f).  

Note: the P-E loops are centered automatically by FerroFib. 

There is an observable tilt present in the P-E loops of both fibers, which is attributed by Lin et al. to 

the probability that KNNT ceramics may transform from a normal ferroelectric to a relaxor ferroelectric, 

exhibiting a slim and tilted loop [30,36]. Compositional disorder, i.e., the disorder in the arrangement of 

different ions within the crystallographic equivalent sites, e.g., the A-site within the perovskite structure, 

is a common feature of relaxor ferroelectric materials [37], a condition that may be encouraged by the 

alkali losses observed. The ratio of the polarization saturation (Ps) to the Pr for the 300-µm fibers is much 

higher than when compared to that of the 500-µm fibers. This occurs when the reverse nucleation of 

domains occurs before the applied field reverses, which is ascribed to the presence of internal (or 

external) stress, or if the free charges below the surfaces cannot reach their equilibrium distribution 

during each half-cycle of the loop. From the EDX and XRD results, the alkali losses observed would 

serve to create defects within the crystal that are observed in the ferroelectric results in Figure 5 [35,38].  

The higher Na-K ratio in the 300-µm fibers seen from EDX and XRD resulted in samples with lower 

deformation, as suggested by Zhao et al. [32], though unlike Zhao et al., the effect observed with the 
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grain size resembled that of Zhang et al., whereby with an increasing Na-K ratio, the grain size  

decreased [39], and the effect on Pr was more related to the effect seen in Du et al., where an optimum 

ratio of 54:46 of Na-K was found, after which any increase in the ratio led to a decrease in the Pr [40]. 

The differing hypotheses from the various groups suggest that the results improve to a certain optimum 

where the greatest amount of phases exist, i.e., MPT, and then decrease, as was seen in Du et al., as the 

alkali content moves away from the MPT.  

From computer simulations, Soh et al. predicted that because of the eigenstrain (the generic name for 

thermal expansions, phase transformations, initial strains, plastic strains and misfit strains; it explains 

the inhomogeneity of polycrystalline deformation) induced by polarization switching and the elastic 

strain caused by the mechanical loading, the symmetry of the butterfly loop can be affected by the 

coupled electro-mechanical loading [41,42], thus explaining the asymmetrical KNNT S-E loops. 

Kobayashi et al. suggest that alkali vacancies (common with KNN-based materials), which occur during 

powder synthesis or volatilization during sintering, may result in point defects [43], which may be the 

source of the eigenstrain. 

Figure 6 shows a graphical representation of the measured values of the coercive field and 

displacement with the calculated experimental error. 

 

Figure 6. Graphical display of KNNT coercive field and displacement as a function of the 

applied electric field (at 0.1 Hz) for 300-µm and 500-µm fibers with error bars. Note: Ec 

values are from non-centered S-E loops. 
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The error bars (Figure 6) suggest higher uncertainty, with the 500-µm fibers indicating the hypothesis 

that with increasing fiber diameter, the porosity decreases, whereas the grain size increases (Table 2). 

This higher densification rate is attributed to two effects. First, the diffusion paths for the gases generated 

during the debinding process are shorter in fibers with smaller dimensions. It can be noted that the Ec 

generally decreases as the poling field increases, as expected for each fiber diameter. The effect of 

microstructure on Ec for either fiber is minimal, as in Du et al. and Mgbemere et al., where a trend in Ec 

as the Na-K ratio increased was not observed [40,44]. As a result, the gaseous decomposition products 

are transported more rapidly to the fiber surfaces and do not become trapped in the pores. The second 

effect occurs when in the case of PZT, a PbO atmosphere is used, which is known to support the 

densification process by forming a liquid phase, and due this difference in the PbO content, the addition 

of the PbO powder into the crucible shows that diffusion processes play an important role [45]. 

Therefore, larger fiber diameters introduce wider variation in porosity and grain size, and thus, while the 

larger internal core increases the measured properties, the larger external shell may influence these 

properties to a larger extent when compared to smaller diameter fibers. 

An alkali ion imbalance affects the electrical functionality of the thick film and may be a reason for 

the high tanδ [35,46]. Deviation from the Na-K ratio can affect the elastic properties, which can vary by 

as much as 5%, the piezoelectric properties by 10% and the dielectric properties by 20%, within the 

same batch [47]. The 500-µm fibers had a larger deformation when compared to that of the 300-µm 

fibers, which also had a larger alkali-ion imbalance. 

The measured small signal electromechanical properties of the 300-µm and 500-µm KNNT fiber are 

shown in Table 4. 

Table 4. The electromechanical properties of 300-µm and 500-µm KNNT fibers at 10 Hz. 

 
Poled at 3.5 

kV/mm 

Poled at 4.0 

kV/mm 

Poled at 4.5 

kV/mm 

Poled at 5.0 

kV/mm 

Piezoelectric Coefficient d33 (pC/N) 

300-µm Fibers 62 ± 5 65 ± 6 64 * ± 6 66 ** 

500-µm Fibers 97 ± 22 89 ± 35 101* ± 32 102 ** 

Dielectric Loss % tanδ 

300-µm Fibers 7 ± 0.6 7 ± 0.2 6 * ± 0.2 6 ** 

500-µm Fibers 13 ± 4.3 14 ± 4.0 11* ± 0.9 10 ** 

Relative Permittivity εt
33 

300-µm Fibers 1967 ± 166 1958 ± 178 1903 * ± 88 1834 ** 

500-µm Fibers 1281 ± 139 1151 ± 214 1185 * ± 47 1241 ** 

* Average of 3 fibers; ** single fiber. 

In Zheng et al., it was revealed that domain structure and relative density play substantial roles in 

determining the dielectric permittivity and the piezoelectric constant behaviours [48]. The 500-µm fibers 

had a larger grain size and also had larger d33, though with a smaller relative permittivity. In  

Barzegar et al., they show that for a small aspect ratio (thickness/lateral dimension <0.1), the measured 

d33 is as much as 30% lower than the true value. The measured d33 increases with increasing aspect ratio 

and reaches its true value at a threshold aspect ratio that is dependent on the ceramic composition [49]. 

The aspect ratio of the 500-µm fibers is naturally larger than that of the 300-µm fiber and shows a larger 
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d33 when compared to that of the 300-µm fiber. Poor stoichiometry observed in the small diameter fibers 

also impacted the piezoelectric properties negatively [35].  

The relative dielectric constant is just as it name implies, a constant, and does not change very much 

for a particular material, over a wide range of frequencies. Therefore, the differences observed may 

suggest differences in chemical, grain size or phase structure. This is confirmed by the XRD and EDX 

elemental analysis. In ferroelectric materials, the grain size is known to affect the relative permittivity 

of the material with maximum properties reported at 0.8–1-µm grain sizes. A smaller grain size results 

in an increase in internal stresses and an increase in εr [27]. 

4. Conclusions 

KNNT fibers with two different fiber diameters were successfully produced. A small quantity of 

powder (1–5 g) was used to produce ferroelectric fibers with diameters of between 300 µm and 500 µm. 

The grain size and porosity were significantly influenced by fiber diameter, despite sintering the fibers 

under similar conditions (i.e., KNNT powder bed, closed in an alumina crucible and sealed with alumina 

powder). The effect of the different fiber diameters on the microstructure was shown by the phase 

composition (XRD) and elemental concentration (EDX), with a reduced Na-K ratio in the 300-µm fibers, 

where the decreased fiber diameter was shown to result in an increase in the porosity, whereas the grain 

size decreased.  

Large diameter (500 µm) fibers show an increase in most electromechanical properties measured, i.e., 

d33, tanδ, Pr, Ec and the free longitudinal fiber displacement, when compared to smaller diameter  

(300 µm) fibers. The hypothesis for this result is that a larger grain size, higher density and lower alkali 

losses aid the phase formation during sintering, leading to improved electromechanical properties. While 

Gupta et al. suggest a material with a higher surface area results in a much more dense sintered  

material [50], the result in this study was the opposite, because as suggested in Heiber et al., the chemical 

and, thus, the phase composition vary across the radius of the fibers for both fiber diameters, with the 

gradients likely more pronounced for the higher surface area fibers (i.e., fibers with smaller  

diameters) [18]. 

In comparison to KNN fibers [16], the electromechanical properties can be improved using KNNT 

with tantalum as a B-site substituent for fiber production. The low coercive field and high dielectric 

constant make them interesting for lead-free-based actuator applications. 
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