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1. Introduction 

High-performance piezoelectric materials are widely used in electronics such as 
sensors, actuators, transducers, transformers, to name a few. Therefore, the research 
in this class of materials has been at the forefront of technology for decades. Since 
the 1950s, PbZr(1-x)TixO3 (PZT)-based materials have received great interest due to 
their excellent piezoelectric properties resulting in their extensive use in various 
piezoelectric devices. However, with PZT containing greater than 60% toxic lead, 
it is highly detrimental to human health and environment from preparation and 
processing to end-of-life disposal. Therefore, there has been increasing interest in 
lead-free piezoceramics. Among the lead-free piezoelectric compositions, 
potassium sodium niobate (K, Na) NbO3, also known as KNN, is considered 
promising1 to replace PZT, as it has a high curie temperature and relatively strong 
piezoelectricity due to the abrupt increase in the dielectric and piezoelectric 
constants at the morphotropic phase boundary. Typically, such materials have been 
synthesized using slow, cumbersome sol-gel methods or elaborate solid-state 
reaction processes with several intricate processing steps, long mixing and grinding 
times of the reactant powders, multiple and prolonged calcination steps at high 
temperatures, and intermediate wet milling processes.2–5 Also, the volatility of Na 
and K at elevated temperature and the sensitivity of the compound to moisture make 
it difficult to obtain dense and well-sintered KNN ceramic by conventional 
sintering.6–9 Developing facile, economical, and environmentally safe routes for the 
synthesis of single-phase perovskite oxides pose challenges to ensuring chemical 
homogeneity and desired structures.10,11  

Mechanochemistry seems to be gaining great interest due to its potential for 
solvent-free, direct-reaction, and low-temperature processing mechanisms for 
functional oxides,12 providing a simple, sustainable, and highly energy-efficient 
synthesis route, typically using a milling technique. The possibility of promoting 
solid-state chemical reactions at room temperature triggered by mechanical stress, 
instead of heat, to overcome all thermodynamic reaction barriers offers great 
potential.13–15 Over the past two decades, various functional oxides, including 
BiFeO3,16 (K, Na)NbO3,17,18 KNbO3,19 NaNbO3,18,20 BaTiO3,21,22 Pb(Mg, Nb)O3-
PbTiO3,23,24 Pb(Mg, Nb)O3,25–28 (Pb, La)(Zr, Ti)O3,29,30 Pb(Zr, Ti)O3,31–33 
PbZrO3,34 and PbTiO3,35 have been synthesized using milling techniques. 
Achieving the stabilization of a single-phase perovskite using cost-effective 
micron-scale reactant powders through rapid solid-state synthesis methods presents 
a significant challenge. Conventional approaches involving extended milling times 
spanning tens to hundreds of hours, have proven ineffective in inducing 
fundamental chemical transformations. Instead, these extended milling periods 
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often result in the formation of nanocrystalline or amorphous reactant powders 
contaminated with materials from the milling media. Research has shown that the 
mechanical stresses exerted by the milling media can alter the properties of the 
reactant powders, reducing both the required calcination temperature and 
processing time.17,36,37 The milling time for nanocrystallization is greatly influenced 
by the particle size of the reactant materials,38 which could be much lower with 
nanoscale reactant powders.21 Also, the impacting energy and frequency of the 
milling process determine the cumulative kinetic energy transferred to the reactant 
powder mixture to facilitate the mechanochemical reaction.  

Lee et al.39 established that the total energy transferred to the powder afforded by 
planetary mills was typically less than approximately 35 kJ/g for 1 h of milling, 
depending on design of the mill, the milling medium, the milling speed, and other 
related factors. Through a correlation of the inherent activation energy barrier in 
the reaction system with the energy transferred to the reactant powder per impact 
and the frequency of impacts, a perspective emerges: a mechanochemical reaction 
with a higher activation energy necessitates a more energetic milling condition for 
success. In response to this insight, the researchers adapted a planetary ball mill to 
impart increased energy, thereby expediting the process when employing micron-
scale reactant powders. This modification enabled the swift synthesis of a single-
phase KNN through a high-rate mechanochemical reaction, with remarkably short 
milling times, as brief as 20 min. This rapid process indicated the formation of the 
perovskite structure.39 Chemical modifications of KNN and other lead-free 
piezoelectric materials pose major challenges.40  

In this study, we present an uncomplicated and speedy method for synthesizing a 
perovskite oxide, specifically lead-free piezoelectric perovskite oxides known as 
W-KNN. This method employs a high-rate mechanochemical reaction conducted 
through a straightforward, solvent-free, high-energy ball-milling process. What sets 
this process apart is its ability to achieve the desired results with significantly 
reduced processing times and lower calcination temperatures when compared to 
previously documented procedures in the literature. The synthesized W-KNN was 
characterized using differential scanning calorimetry (DSC), X-ray diffraction 
(XRD), scanning electron microscopy (SEM), transmission electron microscopy 
(TEM), and energy-dispersive X-ray spectroscopy (XEDS). Further, the powder 
was pressed into compacts of 6 mm diameter and thickness of approximately 
1.4 mm for characterization of electrical and piezoelectric properties. 
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2. Methods 

2.1 Materials 

The reactants used in this study were K2CO3 (≥99.0%, ~150 μm, Sigma-Aldrich), 
Na2CO3 (≥99.5%, ~10 μm, Sigma-Aldrich), Nb2O5 (99.9%, ~2 μm, Sigma-
Aldrich), as typically used in a conventional synthesis of KNN. Owing to their 
hygroscopic characteristics, handling these powders, including the act of weighing 
and loading the milling vial, were carefully performed within a glove box in an 
Argon (Ar) atmosphere. A tungsten carbide (WC) vial with WC milling media were 
used for milling and a stoichiometric K2CO3-Na2CO3-Nb2O5 powder mixture was 
used for the syntheses of W-KNN. The general chemical reaction of the KNN is as 
follows: 

 0.25 K2CO3 + 0.25 Na2CO3 + 0.5 Nb2O5  (K0.5Na0.5) NbO3 + 0.5 CO2 (1) 

2.2 Material Synthesis 

Mechanochemical reactions were conducted following the process by Lee et al.39 
using a Spex 8000M high-energy mixer/mill, instead of the modified planetary mill 
used in their process. The high-energy mill shown in Fig. 1a grinds the material 
with combined back-and-forth swings with short lateral movements, with the ends 
of the vial forming a figure eight. A WC vial and milling media 3/8 inch in diameter, 
shown in Fig. 1b, were used for the milling process. The vial was 4.2 cm in diameter 
Dv and 81.74 cm3 in volume. The stoichiometric ratio of the reactants as calculated 
amounted to 0.8907 g of K2CO3, 0.6831 g of Na2CO3, and 3.4029 g of Nb2O5 to 
yield approximately 4.97 g of powder mixture, which was placed in the WC vial 
with the WC milling media (density = 15.1 g/cm3). Close to the work by Lee et al.39 
that uses the dry milling technique to synthesize KNN, the ball-to-powder weight 
ratio was kept at 36:1, amounting to 23 balls. All powders were stored, weighed, 
and loaded into the vial inside the glovebox, in an Ar atmosphere. Five different 
milling times were explored: 5 min, 10 min, 20 min, 30 min, and 1 h, and the milled 
powders, as shown in Fig. 1c were analyzed for further processing. 
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 (a) (b) (c) 
Fig. 1 (a) High-energy ball mill, (b) WC vial and media, and (c) synthesized KNN powder 

As demonstrated by established processes, the resulting powder mixtures need to 
be calcined to complete the mechanochemical reaction to achieve KNN. 
Calcination performed at a temperature of 850 °C for 6 h, which has worked in 
other processes such as Lee et al.,39 did not render success in our process. Hence, 
we used thermogravimetric (TG) analysis and DSC to determine the right 
calcination temperature and duration to form KNN. 

Each of the resultant milled powders studied for mass changes and thermal effects 
using TG analysis and DSC (with the NETZSCH STA 449 F3 Jupiter, shown in 
Fig. 2a) to determine the temperature of the onset of the mechanochemical reaction 
in the milled powders. Approximately 25 mg of the 60-min milled powder was 
placed in an alumina (Al2O3) crucible and heated to 850 °C at a rate of 10 °C/min 
in Ar atmosphere. Figure 2b shows the TG/DSC of the milled powder after heat 
treatment of the milled powder at 650 °C based on the determined calcination 
temperature from the DSC data. As all the reactant powders as well as the milled 
powders were handled and stored inside a glove box, we do not see the weight loss 
that can be attributed to water evaporation as seen in many TG plots. (However, we 
did notice it when we performed the same test on a sample left outside for a few 
days.) As seen from the DSC (blue) curve, the exothermic peak of the reaction 
forming the KNN begins at around 475 °C and ends around 650 °C. The drop in 
mass as indicated by the TG curve in this region is most likely caused by the loss 
of carbon dioxide as seen in Eq. 1, which stabilizes at approximately 650 °C 
indicating that the reaction is complete. So, the calcination temperature for the 
milled powder in this work was established to be around 650 °C, lower than the 
numbers of about 850 °C found in other processes.39,41  
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 (a) (b) 
Fig. 2 (a) NETZSCH STA 449 F3 Jupiter and (b) TG/DSC data for the 60-min milled 
powder 

Therefore, the milled powder was calcined at 650 °C for 1 hh-, as a trial, in an Ar 
atmosphere in a Thermocraft tube furnace with an Al2O3 tube with the powder 
placed in an Al2O3 boat (Fig. 3). The structural characteristics of the calcined 
powders were then studied using XRD, SEM, TEM, and XEDS. 

 
Fig. 3 Thermocraft tube furnace: the milled powder was calcined at 650 °C for 1 h with an 
Al2O3 tube with the powder placed in an Al2O3 boat  

A small amount of the calcined powder was placed, as synthesized, on the sample 
holder of the XRD system to obtain the diffraction peaks. To avoid sample charging 
during SEM imaging, the samples are prepped by sprinkling the powder samples 
onto one side of small strips of double-sided sticky carbon tape. The other sticky 
side of the carbon tape is fixed onto the stub sample holder. Any sample particles 
not firmly affixed to the carbon tape was removed by blowing them away using 
pressurized nitrogen. For TEM, the sample was pressed by ultra-sonicating the 
calcined powder in acetone to overcome agglomeration and a drop of the sonicated 
suspension was dropped onto a copper grid, which was loaded into the TEM system 
once the acetone evaporated. 

Next, to test the piezoelectric performance of the synthesized W-KNN, the powder 
was compressed into well sintered compacts with good density for good 
piezoelectric and ferroelectric properties. Following multiple experimental trials 
involving pressing and sintering at varying temperatures, we successfully applied 
established hot-pressing methods available in the US Army Combat Capabilities 
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Development Command Army Research Laboratory’s (ARL's) Ceramic and 
Transparent Materials Branch. These methods were further enhanced through the 
process outlined by Rutkowski et al.42 

First, 2.0123 g of the synthesized W-KNN powder with 60-min milling time was 
weighed out. A 1-inch-diameter cylindrical graphite die was coated uniformly with 
a slurry of hexagonal boron nitride (h-BN) and ethyl alcohol to act as a diffusion 
barrier for carbon between the graphite die and the part during hot pressing. 
Bharathi and Varma43 demonstrated that h-BN helps with the stimulation of KNN 
densification process. After placing the coated die in an oven at 70 °C for 1 h to 
evaporate any traces of the ethyl alcohol from the coating, the W-KNN powder was 
placed between BN spacers, pressed with 8000 lbf three times, and held for 10 s 
each time to obtain a robust green compact. This was then transferred to an Oxygon 
benchtop refractory-metal hot press, which was evacuated to 10–5 torr, then 
backfilled with gettered ultrahigh purity Ar (<1 ppb O2). The die was heated at  
50 °C/min to 800 °C, held at 800 °C for 1 h, and then cooled at 50 °C/min to room 
temperature. A uniaxial load of 8000 lbf (70.3 MPa) was applied at the beginning 
of the 800°C hold and released at the end of the hold.  

3. Results and Discussion 

The structural phases of the calcined powder were characterized by an X-ray 
diffractometer (Malvern Panalytical’s X'Pert Pro, UK) using Co Kα radiation at a 
power of 40 kV and 45 mA and at a scan speed of 1°/min. The calcined powder 
was also sent for chemical analysis using direct current (DC) plasma emission 
spectroscopy as per ASTM E 1097-1244 at Luvac laboratories. The morphology of 
the sintered samples was studied using a Hitachi S-4700 cold field-emission 
scanning electron microscope with an operating voltage of 5 kV equipped with an 
Octane Elite Super X-ray energy-dispersive spectrometer (EDAX, Inc.). A 
transmission electron microscope (JEM-2100F; JEOL, Tokyo, Japan) with 
scanning transmission electron microscopy (STEM) capability and equipped with 
a windowless Octane T Optima XEDS detector (EDAX, Inc.) was also used for 
further study of the synthesized powder.  

3.1 DC Plasma Emission Spectroscopy 

The chemical analysis (DC plasma emission spectroscopy, Luvac), as per ASTM E 
1097-12, on the calcined powder revealed traces of W in the sample.  

  



 

7 

Table 1 summarizes the results obtained. The powders obtained by 10-min  
(#9 KNN) and 60-min (#8 KNN) milling times showed 0.033 wt% (0.0051 at%) 
and 0.053 wt% (0.010021 at%) of W, respectively. This is expected since more W 
is introduced from the WC vial and milling media with longer milling times. The 
powder contained K, Na, and Nb from the stoichiometric reactants, and the oxygen 
concentration was determined by balance. Further studies are underway to 
determine W distribution in the sample. 

Table 1 Results from the DC plasma emission spectroscopy of the mechanochemically 
synthesized calcined powder with milling times of 10 and 60 min  

Element At% 10 min  At% 60 min  
Potassium 8.69 14.85 

Sodium 9.16 15.72 
Niobium 12.51 18.48 
Tungsten 0.0051 0.0100 

Oxygen balance 69.65 50.94 
 
As shown in Table 2, the 10- and 60-min results show that the K/Na ratios are close 
to 1; however, the K and Na ratios to Nb indicate that there is a deficiency in Nb 
when compared to the formula, (K0.5Na0.5) NbO3. Ongoing efforts are underway to 
obtaining a more comprehensive chemical analysis of all the synthesized powders 
for the various milling times and understand the effects of the Nb deficiency. 

Table 2 Ratios of the different elements calculated from the atomic percents of the results 
from the DC plasma emission spectroscopy of the synthesized KNN   

Milling time K/Na k/Nb Na/Nb 
60 min 0.944 0.803 0.851 
10 min 0.947 0.694 0.733 

3.2 X-ray Diffraction (XRD) 

Figure 4 shows the X-ray diffraction patterns of the mechanochemically 
synthesized stoichiometric K2CO3-Na2CO3-Nb2O5 powder as a function of the 
milling time, after a heat treatment 650 °C for 1 h. As the milling time increases 
from 5 to 10 min, the intensity of the Nb2O5 peaks rapidly decrease due to the 
reduced crystallite size of the pentoxide. Also, the intensity of the peaks from alkali 
metal carbonates, K2CO3 and Na2CO3, disappear over the same milling time 
interval. In addition, a slight increase of the background near the reflections likely 
due to disordering of the crystal structure. 



 

8 

 
Fig. 4 X-ray diffraction patterns of the mechanochemically synthesized heat-treated 
stoichiometric milled powder with varying milling times 

The oxide-assisted disordering/amorphization of carbonates during milling has 
been previously observed in X2CO3-Nb2O5 (X = K or/and Na) systems and has been 
understood to be due to the reconstruction of -CO3

2- ions into a carbonate complex 
that results in a loss of long-range periodicity of the carbonates.45 As depicted in 
Fig. 4, when the milling duration extends to 10 min and beyond, the characteristic 
peaks of Nb2O5 vanish. In their place, diffraction peaks arise, corresponding to a 
well-crystallized and single-phase material, identical to those in the work by Lee et 
al.39 where it was indexed using Joint Committee on Powder Diffraction Standards 
(JCPDS) card no. 01-071-0946. However, we found that the composition of 01-
071-0946 did not consist of K, so we looked in the JCPDS database for the correct 
match(es) for KNN and found those to be 04-025-7609 (Primary) with cross-
references to 01-084-6855 (Alternate), 01-085-7128 (Alternate), 04-017-0216 
(Alternate), and 04-025-8304 (Alternate). These peaks can be ascribed to the 
orthorhombic structure of the synthesized KNN powder. This observation also 
confirms that the 1-h heat treatment was adequate for the calcination step, which 
stands in stark contrast to the lengthier processes reported in other studies.39,41 

3.3 Scanning Electron Microscopy (SEM) 

The SEM micrographs of the KNN prepared by mechanochemical synthesis are as 
seen in Fig. 5 at lower and higher magnification. Images indicate well-developed 
grains with particle sizes in the range of tens to hundreds of nanometers. 
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 (a) (b) 

Fig. 5 SEM micrographs of the sample with 60-min milling time at (a) lower and (b) higher 
magnification 

3.4 Transmission Electron Microscopy (TEM) 

Figure 6a shows a TEM bright-field micrograph of a group of the synthesized KNN 
particles. The examination of the particle under the TEM, as marked, confirms the 
size as tens to hundreds of nanometers as established by the SEM measurements. 
The selected area electron diffraction (SAED) pattern in Fig. 6b confirms the 
crystalline structure of the particles and was analyzed using CSpot software V2.2.0 
and the Crystallography Open Database (COD),46 CIF #2300499. There are 91 
phases from the COD that match the diffraction pattern when the elements K, Na, 
O, and Nb are used in the search. Comparing just the first two JCPDS cards from 
the list in Section 3.2, the 01-084-6855 card is similar to 15 phases found in the 
COD, while the 01-085-7128 card is similar to 13. For all the JCPDS cards listed, 
the empirical formulae given were all K0.5Na0.5NbO3. The elemental ratios of the 
cations from the formula are shown in Table 3. The list of COD phases had more 
variation in the chemistry. Of the 91 phases found in the COD, there were 61 phases 
having that or very nearly that of K0.5Na0.5NbO3, while the rest had either ratios of 
lower K and higher Na to Nb or higher K and lower Na to Nb compared to the 
0.5/0.5 ratio for K and Na in the K0.5Na0.5NbO3 formula. Most of these were found 
in the ratio of either approximately 0.3/0.7 or 0.7/0.3 for K/Na, while a few phases 
had either very low K or very low Na.  
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 (a) (b) 
Fig. 6 (a) TEM bright-field image of KNN particle and (b) SAED pattern of the synthesized 
powder with 60-min milling time 

Table 3 Elemental ratio values for the formula, K0.5Na0.5NbO3 

Formula: K0.5Na0.5NbO3 
K/Na K/Nb Na/Nb 

1 0.5 0.5 
 

3.5 Energy-Dispersive X-ray Spectroscopy (XEDS) 

Figure 7 shows the spectrum from XEDS using the STEM, with well-defined peaks 
for Na, K, Nb, and O, as expected. Tungsten was not detected in the XEDS spectra 
in any of the data from the TEM. If the W is incorporated with the KNN powder, 
as measured with DC plasma emission spectroscopy, then it is below the minimum 
detectability level. The other possibility is that the W is localized and was not found 
in the very small regions analyzed by the TEM. 
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Fig. 7 XEDS spectrum from the indicated area (in red) showing the elements found in the 
synthesized KNN powder. The Cu-K peak is from the copper support grid and the C-K is 
mostly from the support film. 

It is well-known that there is difficulty in determining the oxygen concentration 
with XEDS. However, the ratio of the higher atomic number elements determined 
from the composition using the Cliff–Lorimer method46 should be very good. 
Therefore, the ratios of the cation elements were considered when comparing 
chemistries.  

Table 4 shows the elemental ratio results for XEDS data. The shaded rows are noted 
because the data were collected with higher X-ray counts, which leads to a higher 
statistical confidence. Also, the Analytical 1 data were measured in TEM mode 
where a higher number of particles were included, while the other results were from 
smaller areas with fewer particles. It is interesting to compare not only the results 
within the XEDS, but also to the DC plasma results. All the XEDS results show 
similar deficiency of the Nb relative to K and Na that was seen in the DC plasma 
results. The larger area analysis in Analytical 1 shows good agreement with the 
ratio of K/N being close to 1. However, the smaller regional analyses of the 
powders differ significantly in all the elemental ratios. This strongly indicates that 
there are chemical inhomogeneities within the powder sample that vary locally and 
should be investigated further. 
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Table 4 Elemental ratio results for XEDS data of the synthesized KNN 

Measurement K/Na K/Nb Na/Nb 
Anal. 1 0.96 1.03 1.08 
Anal. 2 0.66 0.76 1.16 
Anal. 3 0.62 0.79 1.28 
Anal. 4 0.71 0.87 1.23 
Anal. 5 0.75 0.99 1.33 
Anal. 8 1.11 0.76 0.69 
Anal. 9 0.92 0.83 0.90 

SI Data(1) 0.74 0.59 0.80 
SI Data(2) 0.79 0.87 1.09 

 
Future studies investigate the influence of this simple incorporation of W into KNN 
through the simple ball-milling process on the piezoelectric and dielectric 
characteristics of the synthesized material. To better understand the implications of 
the incorporation of W into the synthesized KNN powder, one needs to get back to 
the basis of the functionality of KNN. As it is well known, KNN assumes an 
orthorhombic symmetry. The phase rich in K+ has the Amm2 polar group and the 
phase rich in Na+ is assigned to monoclinic symmetry with the Pm polar group. It 
has been demonstrated that there is an internal dipole moment due to non-
centrosymmetric space groups in niobate-based perovskites, resulting in separate 
centers of symmetry for the positive and negative charges.47 The Nb displacement 
results in different bond lengths between the Nb and O atoms in the [NbO6] 
octahedra.48 It has been reported that the off-centered displacement of niobium 
atoms in the [NbO6] octahedra leading to a boosted reactivity of the apical oxygen 
atoms result in the polarization and ferroelectricity in niobate-based perovskites.49 
There have been studies on incorporating anionic and cationic dopants into KNN 
to achieve improvements in electrical characteristics of the material50–52 and that 

Sr2C as a donor dopant in KNN improved its crystal structure, grain size, and phase 
composition.53 With W being a donor dopant, and earlier reports outlining the 
benefits to the electrical properties by substituting other donor impurities such as 
strontium53 and vanadium,54 and the effects of W-doping on the piezoelectric 
performance of KNN is yet to be studied, the investigation of ferroelectric, 
dielectric, and piezoelectric characterization of the synthesized W-KNN would be 
highly interesting and beneficial. 

As described in Section 2.2, the synthesized KNN powder was made into a compact 
using the hot-pressing technique. The resulting W-KNN disc was well sintered and 
robust as in Fig. 8c, with a diameter of 24.28 mm (Fig. 8a) and a thickness of 
1.15 mm (Fig. 8b). The measured density using a gas pycnometer was 4.322 g/cm3, 
which is a relative density of 95.8%. This number is consistent with additional 
measurements made using the Archimedes method. Notably, the color of the disc 
is dramatically different from the starting powder, having changed from a white 
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powder to a dark gray. This is likely due to a mixture of C diffusion into the sample, 
as well as O2 vacancies created due to reactions between the powder and C, as well 
as the O2-free atmosphere.55 These defects may affect the piezoelectric performance 
of the hot-pressed samples, so further investigation is being performed to anneal 
the sintered parts in air to reintroduce O to the lattice. 

   
Fig. 8 Well-sintered, dense compact made with synthesized W-KNN powder: (a) diameter, 
(b) thickness, and (c) relative size, related to a standard Sharpie 

Ongoing are efforts to add contacts to these well-sintered dense compacts to pole 
and test for piezoelectric performance of the synthesized W-KNN and compare 
them to regular KNN to determine the effects of the incorporation of W cation 
dopant. Also ongoing are efforts to embed the W-KNN powder and regular KNN 
in a polymer to make flexible devices and characterize them for piezoelectric 
responses to vibrational and other forms of mechanical stimuli. 

3. Conclusions 

We report solvent-free mechanochemical synthesis of single-phase lead-free 
piezoelectric perovskite oxide (W-KNN) of KNN incorporated with W, using a 
simple high-energy ball-milling process with shorter processing times and lower 
calcination temperatures than those reported in literature and characterization of the 
derived powder using DC plasma emission spectroscopy, DSC, XRD, SEM, TEM, 
and XEDS. The results show the formation of crystalline KNN with traces of W. 
The presented method could also pave the way for a rapid, facile, and faster 
synthesis mechanisms at lower processing temperatures for other promising 
functional oxides.  

The investigation of the impact of the incorporation of W in the KNN on 
piezoelectric, ferroelectric, and dielectric properties are ongoing efforts through the 
fabrication and testing of different types of devices with the synthesized W-KNN 
powder. W-KNN-based devices would enable lead-free, nontoxic, and 
environmentally friendly alternatives to current toxic lead-based piezoelectric 
devices for applications in actuation and sensing. Going forward, it would be 
interesting to investigate the nonlinear optoelectronic properties of the synthesized 
material to see how the Nb deficiency and the incorporation of W have affected the 
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bandgap and the resulting impact on sensing capabilities. In addition, the 
consequences of maturing biocompatible piezoelectrics such as KNN and improved 
application-specific fine-tuned variations of such materials could be 
transformational for applications such as biomedical prosthetics like bone implants. 
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List of Symbols, Abbreviations, and Acronyms 

Al2O3 alumina 

Ar Argon 

ARL Army Research Laboratory 

COD Crystallography Open Database 

DC direct current 

DSC differential scanning calorimetry 

h-BN hexagonal boron nitride 

JCPDS Joint Committee on Powder Diffraction Standards 

KNN (K, Na) NbO3,  potassium sodium niobate 

PZT PbZr(1-x)TixO3 

SAED selected area electron diffraction 

SEM scanning electron microscopy 

STEM scanning transmission electron microscopy 

TEM transmission electron microscope 

TG thermogravimetric 

WC tungsten carbide 

W-KNN lead-free piezoelectric perovskite oxide  

XEDS energy-dispersive X-ray spectroscopy 

XRD X-ray diffraction 
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