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Abstract 

(1-x)Na0.5Bi0.5TiO3-xNaNbO3 (x=0.02, 0.04, 0.06 and 0.08) ceramics were fabricated by solid 

state reaction. High-resolution synchrotron x-ray powder diffraction (SXPD) data, coupled with 

macroscopic electromechanical measurements, reveal the occurrence of an electric field-

induced irreversible crystallographic transformation for x=0.02 and 0.04, from a pseudo-cubic 

non-ergodic relaxor to a rhombohedral or coexisting rhombohedral-tetragonal long range-

ordered ferroelectric phase respectively. The highest unipolar electrostrain, corresponding to 

an effective longitudinal piezoelectric strain coefficient of approximately 340 pm V-1, was 

obtained for x=0.04; this effect is attributed to enhanced domain switching as a result of the co-

existing rhombohedral and tetragonal phases for this composition, which is critical for 

piezoelectric actuator applications. 

 

Keywords: sodium bismuth titanate, phase transformation, high-resolution synchrotron x-ray 

diffraction, ferroelectric, relaxor ferroelectric 

  



1. Introduction 

For many decades, electromechanical devices such as actuators, transducers and sensors 

have been manufactured using lead zirconate titanate (PZT) ceramics, with compositions near 

a so-called morphotropic phase boundary (MPB). Coexistence of rhombohedral and tetragonal 

crystal symmetries at the MPB leads to large piezoelectric and electromechanical coupling 

coefficients.[1] Nevertheless, confirmed legislation restricting the use of lead in electronics due 

its hazardous and toxic nature demands the substitution of PZT by Pb-free alternatives. Indeed, 

significant research has been conducted in order to develop Pb-free piezoelectrics that may be 

suitable to replace PZT in many technological applications.[2] 

First reported in 1961, Na0.5Bi0.5TiO3 (NBT) has become one of the most popular candidates to 

replace PZT because of its high remnant polarization and electric field-induced strain.[3] 

Undoped NBT ceramics exhibit a large coercive field (Ec),[4] but, due to interest in 

electromechanical actuator applications, several NBT-based solid solutions been developed 

such as NBT-0.06BaTiO3-K0.5Na0.5NbO3 (NBT-BT-KNN). Such materials tend to exhibit lower 

Ec values but still provide large electric field induced strains.[5, 6]. Recently, NBT-based solid 

solutions such as NBT-0.08BT-NaNbO3(NN) have also been explored for dielectric energy 

storage applications.[7] The temperature-dependence relative permittivity of NBT-based 

materials is often marked by a significant frequency dispersion, which is due to the presence of 

polar nano-regions (PNRs), commonly found in other lead [8-14] and lead-free [15-21] relaxor 

ferroelectrics (RFs). NBT-based solid solutions, such as NBT-0.07BT and NBT-xKNbO3 (NBT-

xKN) (x=0.01-0.09) are often reported to have a pseudo-cubic structure, commensurate with a 

RF. [22, 23] Interestingly, the structure of unmodified NBT has been described as 



macroscopically rhombohedral with localised nanoscale monoclinic regions. [24, 25]  

It has been shown that many NBT-based ceramics exhibit improved electrostrain as a result of 

an electric field-induced phase transformation from a non-ergodic RF to a metastable 

ferroelectric (FE) state. This is accompanied by a transformation from pseudo-cubic to 

distinctive lower-symmetry structures. For example, an electric field-induced structural 

transformation from pseudo-cubic to mixed rhombohedral and tetragonal phases was found in 

NBT-0.07BT by Daniel [23], generating a high electric field-induced strain of 0.42% in single 

crystal form. [26] Furthermore, the addition of 1-2% KNN to NBT-BT leads to a higher 

polarisation and an even higher electric field-induced strain ~ 0.49%, as found by Jo [27] in bulk 

ceramics. In the related NBT-0.2K0.5Bi0.5TiO3(NBT-KBT) solid solution, a structural 

transformation from pseudo-cubic to a combination of rhombohedral and tetragonal symmetries 

was identified by Royles et al [28] using “in-situ” synchrotron x-ray diffraction. Recently, an 

electric-field induced structural transformation from pseudo-cubic to rhombohedral was also 

reported in the (1-x)NBT-xKN solid solutions with x=0.01-0.05.[22]. This transformation was 

also found to be reversible upon heating.[29]  

NaNbO3 (NN) is generally accepted to be an anti-ferroelectric (AFE) compound with 

orthorhombic structure.[30] Nevertheless, refinement of high-resolution neutron diffraction data 

has revealed a FE monoclinic structure.[31] Recently, Jung et al [32] proposed using pure NN 

in piezoelectric nano-devices, such as a piezoelectric nano-generator. Moreover, NaNbO3 is 

reported to be a promising lead-free material for high energy density ceramic capacitors. By 

adding a small amount of Bi2O3, an ultrahigh energy storage efficiency of 85.4% and energy 

density of 4.03 J cm-3 at 250 kV cm-1 was reported by Zhou et al. [33] Overall, NN is regarded 



as an attractive lead-free piezoelectric end-member, particularly in binary or ternary solid 

solutions such as (Na, K, Li)NbO3.[34, 35] Li et al investigated the NBT-xNN solid solution and 

identified a rhombohedral structure with x=0-0.06, which changes to pseudo-cubic when x 

increases to 0.1.[36] On the other hand, a single-phase rhombohedral structure was reported 

by Wu et al [37] in NBT-xNN ceramics with x=0.1-0.4, however these researchers did not 

investigate the impact of electrical poling on crystal structure. The best piezoelectric properties 

were found for NBT-0.02NN, with d33=80-88 pC N-1 and kp=18 %, but the results of electrostrain 

measurements were not reported.[36] Another study was focused on both dielectric and 

impedance analysis for NBT-xNN, but largely ignored compositional effects.[38] Recently, a 

relative permittivity reaching 1500 over a wide temperature range was reported for NBT-xNN 

with high NN contents (x=0.4-0.6), which suggests that such compositions might be suitable for 

use as dielectrics in high temperature capacitor applications. It is also notable that increasing 

NN content in NBT-NN solid solutions leads to improved dielectric energy storage density up to 

0.71 J cm-3 at a maximum electric field of 7 kV cm-1, as reported by Xu et al.[7, 39]  

The aim of the present study is to precisely determine the impact of electric field on crystal 

structure and phase transformations in NBT-xNN (x=0.02-0.08) ceramics using high-resolution 

x-ray powder diffraction (SXPD). Detailed crystallographic parameters are obtained from full-

pattern refinements. As reported previously by Wang [22], this was achieved using crushed 

powders derived from unpoled and poled ceramic pellets to analyse the electric field-induced 

structural transformations. Microstructure, ferroelectric and piezoelectric properties are 

investigated alongside crystal structure determination, to provide further insight into the 

structure-property relationships. 



2. Experimental Procedure 

Na0.5Bi0.5TiO3-xNaNbO3 (x=0.02, 0.04, 0.06 and 0.08) ceramics were synthesized by the solid-

state reaction method using analytical-grade powders: Na2CO3(99.8%), Bi2O3(99%), TiO2(99%), 

Nb2O5(99%). Mixed powders were milled for 24 h in propan-2-ol using zirconia milling media, 

subsequently dried and then calcined for 10 h at 900 °C to form the solid solution. Calcined 

powders were re-milled for 24 h to break down particle aggregates and reduce particle size. 

Dried powders were pressed into 6.5 mm diameter pellets under a uniaxial pressure of 150 

MPa and sintered at 1180 °C for 3 h in air. 

Sintered ceramic samples having a relative density of approximately 95% were finely ground, 

coated with silver paste (Gwent group) and fired at 500 °C for 30 min to form electrodes. For 

measurement of ferroelectric properties, the specimens were placed in a silicone oil bath and 

tested using an electric field up to 6.5 kV mm-1 at a frequency of 1 Hz. The amplitude of the 

electric field was confirmed to be beyond coercive field for NBT-based materials, thereby 

allowing investigations of the electric field-induced structural transformation. [22, 29, 40-43] 

Ferroelectric polarisation-electric field loops were recorded using the method described 

previously.[44] The longitudinal piezoelectric charge coefficient, d33, was measured using a 

Piezotest PM300 d33 meter. Strain-electric field loops were obtained using an aixACCT TF 

2000E tester at a frequency of 1 Hz at room temperature. The displacement data was 

synchronously captured by a laser interferometer. Microstructural examination of the polished 

cross-sections was carried out by scanning electron microscopy (SEM) using a Phillip XL30. 

Average grain sizes were determined by the linear intercept method. 

Phase identification and structural parameter analysis was achieved by high-resolution 



synchrotron x-ray diffraction (SXPD) measurements at beamline I11,[45] Diamond Light Source 

Ltd., UK. The wavelength of the incident beam (=0.494731(10) Å) was calibrated using a 

diffraction pattern from a high quality Si powder. Unpoled ceramic powders were prepared by 

crushing as-sintered ceramic pellets, followed by an annealing procedure at 550 °C for 4 h to 

eliminate residual stress. Poled ceramic pellets were prepared similarly by first removing the 

conductive electrodes then crushing into fine powder. It was reported previously that such a 

crushing procedure can be an effective approach to examine electric field-induced structural 

transformations.[46] The powder samples were loaded and compacted into 0.3 mm diameter 

glass capillaries, which were mounted onto the spinning capillary holder on the beamline. An 

energy of 25 keV was used while the diffraction patterns were recorded using a multi-analyser 

crystal (MAC) detector. Full-pattern refinements of the SXPD patterns were carried out using 

TOPAS 5.[47] Results of crystallographic parameters and phase fractions were obtained by 

refinements presented below. 

 

3. Results and Discussions 

3.1. Structural characterisation of NBT-xNN (x=0.02-0.08) ceramic powders 

All NBT-xNN powders are found to be single-phase perovskite-type solid solutions, as 

confirmed by the SXPD data. Representative diffraction peak profiles for NBT-xNN powders 

are presented in Figure 1, showing the {111}p, {200}p, {211}p and {220}p peak profiles of the 4 

compositions for both unpoled and poled powders.  

 



Figure 1. Selected diffraction peak profiles of {110}p, {111}p, {200}p, and {211}p for NBT-xNN 

powders with x=0.02-0.08, showing both unpoled (black lines) and poled (red lines) states. 

For the unpoled state, single peaks are evident for all 4 compositions indicating a predominantly 

pseudo-cubic structure. All of the peaks shifts to lower angles with increasing NN concentration, 

indicating an expansion of the lattice. In contrast, for the poled state, peak splitting occurs for x 

= 0.02 and x = 0.04. Specifically, a rhombohedral phase, characterised by double {110}p, {111}p, 

{211}p peaks and a single {200}p peak, are identified for NBT-0.02NN. For NBT-0.04NN, all four 

peaks are observed to be doublets, indicating a mixed phase of rhombohedral and tetragonal 

structures. These distorted structures are retained after removing the electric field and crushing 

the ceramic into powder form prior to the SXPD measurements, indicating the occurrence of 

an irreversible electric field-induced structural transformation. A similar irreversible field-induced 

structural transformation from pseudo-cubic to rhombohedral was observed in NBT-xKN 

(x=0.01-0.05) solid solutions, which was attributed to the nonergodic-relaxor (NR) phase. For 



a NR, a pseudo-cubic structure is observed for the unpoled state, which can be transformed 

into a metastable FE rhombohedral state upon the application of an electric field, which is 

retained when the electric field is reduced to zero. 

It is concluded that the application of an electric field irreversibly transforms the pseudo-cubic 

phase into a rhombohedral structure, for both NBT-0.02NN and NBT-0.04NN ceramics, 

indicating their NR nature. In contrast, only slight peak shifts and no peak splitting are evident 

for NBT-0.06NN and NBT-0.08NN, which comprise a pseudo-cubic phase before and after 

electrical poling. These observations are attributed to increasing disorder due to the 

incorporation of NN into the NBT solid solution, as reported in the similar NBT-KN system.[22]  

Full-pattern refinement of the diffraction data for NBT-0.02NN and NBT-0.04NN was carried out 

using TOPAS 5 in order to obtain the crystallographic parameters and quantify the relative 

phase fractions. For both unpoled and poled powders, experimental diffraction data are fitted 

using several single or mixed-phase models, such as the rhombohedral R3m/R3c, monoclinic 

Cc, tetragonal P4bm (weak-polar), P4mm and cubic ܲ݉ത͵݉. The best fits for NBT-0.02NN and 

NBT-0.04NN in the unpoled state are obtained using a single cubic phase, as shown in Figure 

2(a-b). The experimental and calculated diffraction patterns are presented in Figure 2(a-b) with 

representative peak profiles for {110}p, {111}p and {200}p and {211}p shown as inserts. The 

crystallographic parameters determined from the refinements are listed in Table 1 below. In 

contrast, the best fit for poled NBT-0.02NN is obtained using a single-phase rhombohedral R3c 

structure, as shown in Fig. 2(c), whereas for NBT-0.04NN a mixed-phase refinement comprising 

rhombohedral R3c phase (52%) and tetragonal weak-polar P4bm phase (47%) is favoured, as 

illustrated in Figure 2(d). A significant superlattice diffraction peak, corresponding to the ሺଷଶ ଵଶ ଵଶሻ 



reflection of the R3c phase, is also observed for both compositions in the poled state (Figure 

2c,d) at a 2ș value of approximately 12.2°, which is related to oxygen octahedral tilting in the 

R3c rhombohedral phase.[48] Additionally, ½(310) at 2ș ~ 16.37078° and ½(510) at 2ș ~ 

26.54414°, corresponding to P4bm superlattice peaks, are observed for poled NBT-0.04NN. 

There were no obvious changes in crystal structure for NBT-0.06NN and NBT-0.08NN, which 

yielded the best fits using a single phase Pm ത͵m structure, as shown in Figure S1-2 (supporting 

information). 

Figure 2. The SXPD full pattern refinements for (a) unpoled NBT-0.02NN, (b) unpoled NBT-

0.04NN, (c) poled NBF-0.02NN and (d) poled NBT-0.04NN. The black circles are experimental 

data, the red line represents the calculated results from the full-pattern refinement, and the 

green line is the difference profile between experimental and calculated diffraction patterns.  



Table 1. Phase fractions and crystallographic parameters determined from full-pattern 

refinements for NBT-0.02NN (2NN) and NBT-0.04NN (4NN), in both unpoled (UN) and poled 

(P) states; R: R3c, C: Pm ത͵m and T: P4bm phase; GOF: Goodness of Fitting. 

To facilitate a comparison between the crystal structures of the NBT-NN powders in the unpoled 

and poled states, the rhombohedral structure is transformed into the equivalent pseudo-cubic 

setting following the method described previously. [22] The results obtained for the changes in 

lattice parameter, apc, and inter-axial angle, Įpc, as a function of composition for the NBT-xNN 

solid solution system are illustrated in Figure 3. For the unpoled state, a single pseudo-cubic 

phase is identified for all compositions with x=0.02-0.08, while apc increased from 3.88062(11) 

to 3.88952(2) Å with increasing NN concentration. The latter trend is consistent with the sizes 

of the constituent ions, with the estimated effective ionic radius of Na+ (1.39 Å) being greater 

than that of Bi3+ (1.03 Å) in 12-fold co-ordination and that of Nb5+ (0.64 Å) being greater than 

that of Ti4+ (0.605 Å) in 6-fold co-ordination.[49] During poling of NBT-0.02NN, the structural 

transformation generates a significant increase of apc, from ~3.88062(11) Å to 3.89903(7) Å, 

and reduction of Įpc, from ~90.015°(3) to 89.663°(6). For NBT-0.04NN, the application of an 

Materials 

Phases / % Lattice parameter 

GOF 

R C T 

R C T 

a / Å c / Å a / Å  a / Å c / Å 

UN-2NN 0 100 0 N/A 3.8806(11) N/A 1.96 

UN-4NN 0 100 0 N/A 3.8825(5) N/A 1.85 

P-2NN 100 0 0 5.4825 (5) 13.5477 (11) N/A N/A 2.13 

P-4NN 52 0 48 5.4838(3) 13.5394(9) N/A 5.49654(4) 3.90308(8) 1.87 



electric field results in significant transformations from a pseudo-cubic phase (apc~3.88252(5) 

Å) to mixed rhombohedral (apc~3.89836(9) Å, Įpc~89.697°) and tetragonal (c/a~1.0042) phases. 

Figure 3. Variations in (a) lattice parameter and (b) inter-axial angle as a function of composition 

for both unpoled and poled NBT-xNN ceramic powders. The uncertainty in lattice parameters if 

not shown lies within the size of the data point. 

3.2. Polarisation-electric field (P-E) and current density (J-E) loops 

The P-E and J-E loops obtained for the NBT-xNN ceramics at room temperature, after poling 

under an AC electric field of 6.5 kV mm-1, are displayed in Figure 4(a-d). Typical FE switching 

behaviour is observed for both NBT-0.02NN and NBT-0.04NN at room temperature with high 

remanent polarization values of approximately 0.24 and 0.28 C m-2, respectively, indicating that 

an irreversible phase transformation from weak-polar to ordered FE phase had occurred under 

application of the electric field, denoted as the NR to FE transition.[50] Further evidence can 

also be found from the appearance of the J-E loops in that a single switching peak is observed 

at the FE coercive field. This type of irreversible electric field-induced phase transformation was 

reported previously by Wang and Jo, who observed similar behaviour in NBT-KN and NBT-BT 

solid solutions.[22, 51] In contrast, the constricted P-E loops, for both NBT-0.06NN and NBT-



0.08NN ceramics, are similar in appearance to those observed in other NBT-based systems.[48, 

52] Both of these compositions still exhibit a relatively high maximum polarisation ~0.3 C m -2, 

but the remanent polarisation values are reduced to approximately 0.2 and 0.1 C m-2 

respectively. In addition, two peaks are present in the sections of the J-E loops corresponding 

to both increasing and reducing electric field. This type of behaviour is usually attributed to 

reversible transformations between weak-polar and metastable long-range ordered FE phases, 

with the forward and backward transition fields being denoted TR-F and TF-R, respectively. [53] 

The influence of NN content on the maximum polarisation (Pmax), remanent polarisation (Prem), 

Ec and piezoelectric coefficient (d33) for NBT-xNN ceramics are illustrated by the results 

presented in Figure 4(e, f). The highest values of Prem~0.28 C m-2, Pmax~0.36 C m-2 and d33~118 

p CN-1 are achieved for the NBT-0.04NN ceramic due to the electric field-induced NR to FE 

phase transformation and the resulting coexistence of FE rhombohedral and tetragonal phases. 



 

Figure 4. (a-d) P-E and J-E loops (e-f) Variations in Pmax, Prem, Ec and d33 with NN content for 

NBT-xNN ceramics. *The d33 value for x=0.00 was obtained from literature.[36]  

3.3. Strain-electric field (S-E) loops 

Bipolar and unipolar S-E loops obtained at room temperature for NBT-xNN (x=0.02-0.08) 

ceramics under an applied electric field of 6.5 kV mm-1 are shown in Figure 5. A FE butterfly-

type S-E loop is observed for NBT-0.02NN, exhibiting a negative strain (Sneg) of ~ -0.08%, 

saturated strain (Ssat) of ~ 0.04% and maximum strain (Smax) of ~0.12%. Upon increasing NN 

concentration to 4%, the magnitude of Sneg reduces dramatically while Smax nearly doubles, with 

Sneg ~ -0.02%, Ssat ~ 0.05% and Smax ~ 0.21%. Further increments of NN content led to 

significant reductions in Smax to 0.13% and 0.08%, for NBT-0.06NN and NBT-0.08NN, 

respectively. Similar behaviour is obtained from unipolar S-E loop, exhibiting Smax of ~0.21% for 



composition with x=0.04. In summary, the highest Smax~0.21% with effective piezoelectric strain 

coefficient d33* (=Smax/Emax) ~343 pm V-1 values is obtained for x=0.04, which is attributed to the 

coexistence of rhombohedral and tetragonal phases. 

Figure 5. (a) Bipolar and (b) Unipolar S-E loops for NBT-xNN (x=0.02-0.08) ceramics. 

3.4. Microstructure of NBT-xNN ceramics 

SEM back-scattered electron images from polished cross-sections of NBT-xNN (x=0.02 to 0.08) 

bulk ceramics are illustrated in Figure 6. The grain size is relatively homogeneous, and no 

secondary phases were evident for any composition. The average grain size decreases 

systematically as NN content increases, ranging from ~8.3 ʅm for x=0.02 to ~5.8 ʅm for x=0.08. 

This effect is attributed to the lower diffusion rate for Nb5+ ions and the consequent reduction in 

grain growth rates during high temperature sintering. [54, 55]  



 

Figure 6. SEM images of polished ceramic cross-sections for (a) NBT-0.02NN (b) NBT-0.04NN 

(c) NBT-0.06NN (d) NBT-0.08NN. 

4. Conclusions 

Na0.5Bi0.5TiO3-xNaNbO3 (x=0.02-0.08) ceramics have been successfully synthesized using the 

solid state reaction method followed by conventional high temperature sintering. An irreversible 

electric field-induced structural transformation for x=0.02 and x=0.04 is identified using high-

resolution SXPD measurements. All compositions in the unpoled state are characterised by a 

pseudo-cubic structure. Rhombohedral and coexisting rhombohedral-tetragonal phases are 

observed in poled NBT-0.02NN and NBT-0.04NN ceramics, respectively, while the pseudo-

cubic structure is retained for higher NN contents. Similar electric field-induced structural 

transformations from pseudo-cubic to rhombohedral have been reported for the NBT-KN 

system. However, higher Prem~0.28 C m-2, Smax~0.21%, d33~118 pC N-1 and d33*~343 pm V-1 

values are obtained for NBT-0.04NN ceramics. Here, we reported that both piezoelectric and 

ferroelectric properties can be optimized by electric field-induced irreversible structural 

transformation from nonergodic relaxor ferroelectrics to ferroelectrics, which is critical for 



piezoelectric actuator applications. 
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ϯ SŵŽůĞŶƐŬŝŝ GA͕ IƐƵƉŽǀ VA͕ AŐƌĂŶŽǀƐŬĂǇĂ AI͕ KƌĂŝŶŝŬ NN͕ NĞǁ ĨĞƌƌŽĞůĞĐƚƌŝĐƐ ŽĨ ĐŽŵƉůĞǆ ĐŽŵƉŽƐŝƚŝŽŶ͕ 

SŽǀ PŚǇƐ SŽůŝĚ SƚĂƚĞ͘ ϭϵϲϭ͖Ϯ;ϭϵϲͿ͗Ϯϲϱϭ͘ 

ϰ HƵŝĐŚƵŶ Y͕  GƵĂŶŐ )͕ DŝĞůĞĐƚƌŝĐ͕ ĨĞƌƌŽĞůĞĐƚƌŝĐ͕ ĂŶĚ ƉŝĞǌŽĞůĞĐƚƌŝĐ ƉƌŽƉĞƌƚŝĞƐ ŽĨ ƚŚĞ ůĞĂĚͲĨƌĞĞ 

;ϭоǆͿ;NĂϬ͘ϱBŝϬ͘ϱͿTŝOϯͲǆBŝAůOϯ ƐŽůŝĚ ƐŽůƵƚŝŽŶ͘ AƉƉů PŚǇƐ LĞƚƚ ϮϬϬϴ͖ϵϯ;ϭϭͿ͗ϭϭϮϵϬϮ͘ 

ϱ )ŚĂŶŐ ST͕  KŽƵŶŐĂ AB͕ AƵůďĂĐŚ E͕ EŚƌĞŶďĞƌŐ H͕ RƂĚĞů J͕ GŝĂŶƚ ƐƚƌĂŝŶ ŝŶ ůĞĂĚͲĨƌĞĞ ƉŝĞǌŽĐĞƌĂŵŝĐƐ 

BŝϬ͘ϱNĂϬ͘ϱTŝOϯͲBĂTŝOϯͲKϬ͘ϱNĂϬ͘ϱNďOϯ ƐǇƐƚĞŵ͘ AƉƉů PŚǇƐ LĞƚƚ͘ ϮϬϬϳ͖ ϵϭ;ϭϭͿ͗ϭϭϮϵϬϲ͘ 

ϲ )ŚĂŶŐ ST͕  KŽƵŶŐĂ AB͕ AƵůďĂĐŚ E͕ JŽ W͕ GƌĂŶǌŽǁ T͕  EŚƌĞŶďĞƌŐ H͕ RƂĚĞů J͕ LĞĂĚͲĨƌĞĞ ƉŝĞǌŽĐĞƌĂŵŝĐƐ 

ǁŝƚŚ ŐŝĂŶƚ ƐƚƌĂŝŶ ŝŶ ƚŚĞ ƐǇƐƚĞŵ BŝϬ͘ϱNĂϬ͘ϱTŝOϯͲBĂTŝOϯͲKϬ͘ϱNĂϬ͘ϱNďOϯ͘ II͘ TĞŵƉĞƌĂƚƵƌĞ ĚĞƉĞŶĚĞŶƚ 

ƉƌŽƉĞƌƚŝĞƐ͘ J AƉƉů PŚǇƐ ͘ ϮϬϬϴ͖ϭϬϯͿϯ;͗ϬϯϰϭϬϴ ͘ 

ϳ XƵ Q͕ Lŝ T͕  HĂŽ H͕ )ŚĂŶŐ S͕ WĂŶŐ )͕ CĂŽ M͕ YĂŽ )͕ LŝƵ H͕ EŶŚĂŶĐĞĚ ĞŶĞƌŐǇ ƐƚŽƌĂŐĞ ƉƌŽƉĞƌƚŝĞƐ ŽĨ 

NĂNďOϯ ŵŽĚŝĨŝĞĚ BŝϬ͘ϱNĂϬ͘ϱTŝOϯ ďĂƐĞĚ ĐĞƌĂŵŝĐƐ͘ J EƵƌ CĞƌĂŵ SŽĐ͘ ϮϬϭϱ͖ ϯϱ;ϮͿ͗ϱϰϱͲϱϱϯ͘ 

ϴ WĂŶŐ D͕ CĂŽ M͕ )ŚĂŶŐ S͕ PŝĞǌŽĞůĞĐƚƌŝĐ ƉƌŽƉĞƌƚŝĞƐ ŽĨ PďHĨOϯͲPďTŝOϯͲPď;MŐϭͬϯNďϮͬϯͿOϯ ƚĞƌŶĂƌǇ 

ĐĞƌĂŵŝĐƐ͘ PŚǇƐ SƚĂƚƵƐ SŽůŝĚŝ RRL͘ ϮϬϭϮ͖ ϲ͗ϭϯϱͲϭϯϳ͘ 

ϵ WĂŶŐ D͕ CĂŽ M͕ )ŚĂŶŐ S͕ PŝĞǌŽĞůĞĐƚƌŝĐ ĐĞƌĂŵŝĐƐ ŝŶ ƚŚĞ PďSŶOϯͲPď;MŐϭͬϯNďϮͬϯͿOϯͲPďTŝOϯ ƚĞƌŶĂƌǇ 

ƐǇƐƚĞŵ͘ J Aŵ CĞƌĂŵ SŽĐ͘ ϮϬϭϭ͖ ϵϰ͗ϯϲϵϬͲϯϲϵϯ͘  

ϭϬ Lŝ Y͕  WĂŶŐ D͕ CĂŽ W͕ Lŝ B͕ YƵĂŶ J͕ )ŚĂŶŐ D͕ )ŚĂŶŐ S͕ CĂŽ M͕ EĨĨĞĐƚ ŽĨ MŶOϮ ĂĚĚŝƚŝŽŶ ŽŶ ƌĞůĂǆŽƌ 

ďĞŚĂǀŝŽƌ ĂŶĚ ĞůĞĐƚƌŝĐĂů ƉƌŽƉĞƌƚŝĞƐ ŽĨ PMNST ĨĞƌƌŽĞůĞĐƚƌŝĐ ĐĞƌĂŵŝĐƐ͘ CĞƌĂŵ IŶƚ͘ ϮϬϭϱ͖ ϰϭ͗ ϵϲϰϳͲϵϲϱϰ͘ 



ϭϭ Lŝ Y͕  YƵĂŶ J͕ WĂŶŐ D͕ )ŚĂŶŐ D͕ JŝŶ H͕ CĂŽ M͕ EĨĨĞĐƚƐ ŽĨ Nď͕ MŶ ĚŽƉŝŶŐ ŽŶ ƚŚĞ SƚƌƵĐƚƵƌĞ͕ PŝĞǌŽĞůĞĐƚƌŝĐ͕ 

ĂŶĚ DŝĞůĞĐƚƌŝĐ PƌŽƉĞƌƚŝĞƐ ŽĨ Ϭ͘ϴPď;SŶϬ͘ϰϲTŝϬ͘ϱϰͿOϯͲϬ͘ϮPď;MŐϭͬϯNďϮͬϯͿOϯ PŝĞǌŽĞůĞĐƚƌŝĐ CĞƌĂŵŝĐƐ͘ J Aŵ 

CĞƌĂŵ SŽĐ͘ ϮϬϭϯ͖ ϵϲ͗ ϯϰϰϬͲϯϰϰϳ͘ 

ϭϮ WĂŶŐ D͕ CĂŽ M͕ )ŚĂŶŐ S͕ IŶǀĞƐƚŝŐĂƚŝŽŶ ŽĨ ƚĞƌŶĂƌǇ ƐǇƐƚĞŵ PďHĨOϯͲPďTŝOϯͲPď;MŐϭͬϯNďϮͬϯͿOϯ ǁŝƚŚ 

ŵŽƌƉŚŽƚƌŽƉŝĐ ƉŚĂƐĞ ďŽƵŶĚĂƌǇ ĐŽŵƉŽƐŝƚŝŽŶƐ͘ J Aŵ CĞƌĂŵ SŽĐ͘ ϮϬϭϮ͖ ϵϱ͗ ϯϮϮϬͲϯϮϮϴ͘ 

ϭϯ WĂŶŐ D͕ CĂŽ M͕ )ŚĂŶŐ S͕ IŶǀĞƐƚŝŐĂƚŝŽŶ ŽĨ ƚĞƌŶĂƌǇ ƐǇƐƚĞŵ Pď;SŶ͕TŝͿOϯͲPď;MŐϭͬϯNďϮͬϯͿOϯ ǁŝƚŚ 

ŵŽƌƉŚŽƚƌŽƉŝĐ ƉŚĂƐĞ ďŽƵŶĚĂƌǇ ĐŽŵƉŽƐŝƚŝŽŶƐ͘ J EƵƌ CĞƌĂŵ SŽĐ͘ ϮϬϭϮ͖ ϯϮ͗ ϰϰϭͲϰϰϴ͘   

ϭϰ WĂŶŐ D͕ CĂŽ M͕ )ŚĂŶŐ S͕ PŚĂƐĞ ĚŝĂŐƌĂŵ ĂŶĚ ƉƌŽƉĞƌƚŝĞƐ ŽĨ Pď;IŶϭͬϮNďϭͬϮͿOϯͲPď;MŐϭͬϯNďϮͬϯͿOϯ Ͳ

PďTŝOϯ ƉŽůǇĐƌǇƐƚĂůůŝŶĞ ĐĞƌĂŵŝĐƐ͘ J EƵƌ CĞƌĂŵ SŽĐ͘ ϮϬϭϮ͖ ϯϮ͗ ϰϯϯͲϰϯϵ͘ 

ϭϱ WĂŶŐ G͕ Lŝ J͕ )ŚĂŶŐ X͕ FĂŶ )͕ YĂŶŐ F͕  FĞƚĞŝƌĂ A͕ )ŚŽƵ D͕ SŝŶĐůĂŝƌ DC͕ MĂ T͕  TĂŶ X͕ WĂŶŐ D͕ RĞĂŶĞǇ IM͕ 

UůƚƌĂŚŝŐŚ ĞŶĞƌŐǇ ƐƚŽƌĂŐĞ ĚĞŶƐŝƚǇ ůĞĂĚͲĨƌĞĞ ŵƵůƚŝůĂǇĞƌƐ ďǇ ĐŽŶƚƌŽůůĞĚ ĞůĞĐƚƌŝĐĂů ŚŽŵŽŐĞŶĞŝƚǇ͘ EŶĞƌŐǇ 

EŶǀŝƌŽŶ SĐŝ͘ ϮϬϭϵ͖ ϭϮ͗ ϱϴϮͲϱϴϴ͘ 

ϭϲ WĂŶŐ D͕ FĂŶ )͕ )ŚŽƵ D͕ KŚĞƐƌŽ A͕ MƵƌĂŬĂŵŝ S͕ FĞƚĞŝƌĂ A͕ )ŚĂŽ Q͕ TĂŶ X͕ RĞĂŶĞǇ IM͕ BŝƐŵƵƚŚ ĨĞƌƌŝƚĞͲ

ďĂƐĞĚ ůĞĂĚ ĨƌĞĞ ĐĞƌĂŵŝĐƐ ĂŶĚ ŵƵůƚŝůĂǇĞƌƐ ǁŝƚŚ ŚŝŐŚ ƌĞĐŽǀĞƌĂďůĞ ĞŶĞƌŐǇ ĚĞŶƐŝƚǇ͘ J MĂƚĞƌ CŚĞŵ A͘ ϮϬϭϴ͖ 

ϲ͗ ϰϭϯϯͲϰϭϰϰ͘ 

ϭϳ WĂŶŐ D͕ FĂŶ )͕ Lŝ W͕ )ŚŽƵ D͕ FĞƚĞŝƌĂ A͕ WĂŶŐ G͕ MƵƌĂŬĂŵŝ S͕ SƵŶ S͕ )ŚĂŽ Q͕ TĂŶ X͕ RĞĂŶĞǇ IM͕ HŝŐŚ 

ĞŶĞƌŐǇ ƐƚŽƌĂŐĞ ĚĞŶƐŝƚǇ ĂŶĚ ůĂƌŐĞ ƐƚƌĂŝŶ ŝŶ Bŝ;)ŶϮͬϯNďϭͬϯͿOϯͲĚŽƉĞĚ BŝFĞOϯͲBĂTŝOϯ ĐĞƌĂŵŝĐƐ͘ ACS AƉƉů 

EŶĞƌŐǇ MĂƚĞƌ͘  ϮϬϭϴ͖ϭ ;ϴͿ͗ ϰϰϬϯͲϰϰϭϮ͘ 

ϭϴ MƵƌĂŬĂŵŝ S͕ WĂŶŐ D͕ MŽƐƚĂĞĚ A͕ KŚĞƐƌŽ A͕ FĞƚĞŝƌĂ A͕ SŝŶĐůĂŝƌ DC͕ FĂŶ )͕ TĂŶ X͕ RĞĂŶĞǇ IM͕ HŝŐŚ 

ƐƚƌĂŝŶ ;Ϭ͘ϰйͿ Bŝ;MŐϮͬϯNďϭͬϯͿOϯͲBĂTŝOϯͲBŝFĞOϯ ůĞĂĚͲĨƌĞĞ ƉŝĞǌŽĞůĞĐƚƌŝĐ ĐĞƌĂŵŝĐƐ ĂŶĚ ŵƵůƚŝůĂǇĞƌƐ͘ J Aŵ 

CĞƌĂŵ SŽĐ͘ ϮϬϭϴ͖ϭϬϭ͗ ϱϰϮϴͲϱϰϰϮ͘ 

ϭϵ MƵƌĂŬĂŵŝ S͕ AŚŵĞĚ NTAF͕  WĂŶŐ D͕ FĞƚĞŝƌĂ A͕ SŝŶĐůĂŝƌ DC͕ RĞĂŶĞǇ IM͕ OƉƚŝŵŝƐŝŶŐ ĚŽƉĂŶƚƐ ĂŶĚ 



ƉƌŽƉĞƌƚŝĞƐ ŝŶ BŝMĞOϯ ;MĞ с Aů͕ GĂ͕ SĐ͕ Y͕  MŐϮͬϯNďϭͬϯ͕ )ŶϮͬϯNďϭͬϯ͕ )ŶϭͬϮTŝϭͬϮͿ ůĞĂĚͲĨƌĞĞ BĂTŝOϯͲBŝFĞOϯ ďĂƐĞĚ 

ĐĞƌĂŵŝĐƐ ĨŽƌ ĂĐƚƵĂƚŽƌ ĂƉƉůŝĐĂƚŝŽŶƐ͘ J EƵƌ CĞƌĂŵ SŽĐ͘ ϮϬϭϴ͖ϯϴ͗ ϰϮϮϬͲϰϮϯϭ͘ 

ϮϬ WĂŶŐ D͕ KŚĞƐƌŽ A͕ MƵƌĂŬĂŵŝ S͕ FĞƚĞŝƌĂ A͕ )ŚĂŽ Q͕ RĞĂŶĞǇ IM͕ TĞŵƉĞƌĂƚƵƌĞ ĚĞƉĞŶĚĞŶƚ͕ ůĂƌŐĞ 

ĞůĞĐƚƌŽŵĞĐŚĂŶŝĐĂů ƐƚƌĂŝŶ ŝŶ NĚͲĚŽƉĞĚ BŝFĞOϯͲBĂTŝOϯ ůĞĂĚͲĨƌĞĞ ĐĞƌĂŵŝĐƐ͘ J EƵƌ CĞƌĂŵ SŽĐ͘ ϮϬϭϳ͖ϯϳ;ϰͿ͗ 

ϭϴϱϳͲϭϴϲϬ͘ 

Ϯϭ KŚĞƐƌŽ A͕ WĂŶŐ D͕ HƵƐƐĂŝŶ F͕  SŝŶĐůĂŝƌ DC͕ FĞƚĞŝƌĂ A͕ RĞĂŶĞǇ IM͕ TĞŵƉĞƌĂƚƵƌĞ ƐƚĂďůĞ ĂŶĚ ĨĂƚŝŐƵĞ 

ƌĞƐŝƐƚĂŶƚ ůĞĂĚͲĨƌĞĞ ĐĞƌĂŵŝĐƐ ĨŽƌ ĂĐƚƵĂƚŽƌƐ͘ AƉƉů PŚǇƐ LĞƚƚ͘ ϮϬϭϲ͖ϭϬϵ ;ϭϰͿ͗ϭϰϮϵϬϳ͘ 

ϮϮ WĂŶŐ G͕ HĂůů DA͕ Lŝ Y͕  MƵƌƌĂǇ CA͕ TĂŶŐ CC͕ SƚƌƵĐƚƵƌĂů ĐŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶ ŽĨ ƚŚĞ ĞůĞĐƚƌŝĐ ĨŝĞůĚͲŝŶĚƵĐĞĚ 

ĨĞƌƌŽĞůĞĐƚƌŝĐ ƉŚĂƐĞ ŝŶ NĂϬ͘ϱBŝϬ͘ϱTŝOϯͲKNďOϯ ĐĞƌĂŵŝĐƐ͘ J EƵƌ CĞƌĂŵ SŽĐ͘ ϮϬϭϲ͖ ϯϲ;ϭϲͿ͗ϰϬϭϱͲϰϬϮϭ͘ 

Ϯϯ DĂŶŝĞůƐ JE͕ JŽ W͕ RƂĚĞů J͕ JŽŶĞƐ JL͕ EůĞĐƚƌŝĐͲĨŝĞůĚͲŝŶĚƵĐĞĚ ƉŚĂƐĞ ƚƌĂŶƐĨŽƌŵĂƚŝŽŶ Ăƚ Ă ůĞĂĚͲĨƌĞĞ 

ŵŽƌƉŚŽƚƌŽƉŝĐ ƉŚĂƐĞ ďŽƵŶĚĂƌǇ͗ CĂƐĞ ƐƚƵĚǇ ŝŶ Ă ϵϯй;BŝϬ͘ϱNĂϬ͘ϱͿTŝOϯͲϳйBĂTŝOϯ ƉŝĞǌŽĞůĞĐƚƌŝĐ ĐĞƌĂŵŝĐ͘ 

AƉƉů PŚǇƐ LĞƚƚ͘ ϮϬϬϵ͖ϵϱ;ϯͿ͗ϬϯϮϵϬϰ͘ 

Ϯϰ AŬƐĞů E͕ FŽƌƌĞƐƚĞƌ JS͕ JŽŶĞƐ JL͕ TŚŽŵĂƐ PA͕ PĂŐĞ K͕ SƵĐŚŽŵĞů MR͕ MŽŶŽĐůŝŶŝĐ ĐƌǇƐƚĂů ƐƚƌƵĐƚƵƌĞ ŽĨ 

ƉŽůǇĐƌǇƐƚĂůůŝŶĞ NĂϬ͘ϱBŝϬ͘ϱTŝOϯ͘ AƉƉů PŚǇƐ LĞƚƚ͘ ϮϬϭϭ͖ ϵϴ;ϭϱͿ͗ϭϱϮϵϬϭ͘ 

Ϯϱ LĞǀŝŶ I͕ RĞĂŶĞǇ IM͕ NĂŶŽͲ ĂŶĚ MĞƐŽƐĐĂůĞ SƚƌƵĐƚƵƌĞ ŽĨ NĂϭͰϮBŝϭͰϮTŝOϯ͗ A TEM PĞƌƐƉĞĐƚŝǀĞ͘ AĚǀ FƵŶĐƚ 

MĂƚĞƌ͘  ϮϬϭϮ͖ ϮϮ;ϭϲͿ͗ϯϰϰϱͲϯϰϱϮ͘ 

Ϯϲ CŚĞŶ CS͕ CŚĞŶ PY͕  TƵ CS͕ PŽůĂƌ ŶĂŶŽƌĞŐŝŽŶƐ ĂŶĚ ĚŝĞůĞĐƚƌŝĐ ƉƌŽƉĞƌƚŝĞƐ ŝŶ ŚŝŐŚͲƐƚƌĂŝŶ ůĞĂĚͲĨƌĞĞ 

Ϭ͘ϵϯ;BŝϭͬϮNĂϭͬϮͿTŝOϯͲϬ͘ϬϳBĂTŝOϯ ƉŝĞǌŽĞůĞĐƚƌŝĐ ƐŝŶŐůĞ ĐƌǇƐƚĂůƐ͘ J AƉƉů PŚǇƐ ͘ ϮϬϭϰ͖ ϭϭϱͿϭ;͗ϬϭϰϭϬϱ ͘ 

Ϯϳ JŽ W͕ GƌĂŶǌŽǁ T͕  AƵůďĂĐŚ E͕ RƂĚĞů J͕ DĂŵũĂŶŽǀŝĐ D͕ OƌŝŐŝŶ ŽĨ ƚŚĞ ůĂƌŐĞ ƐƚƌĂŝŶ ƌĞƐƉŽŶƐĞ ŝŶ ;KϬ͘ϱNĂϬ͘ϱͿ 

NďOϯͲŵŽĚŝĨŝĞĚ ;BŝϬ͘ϱNĂϬ͘ϱͿTŝOϯͲBĂTŝOϯ ůĞĂĚͲĨƌĞĞ ƉŝĞǌŽĐĞƌĂŵŝĐƐ͘ J AƉƉů PŚǇƐ ͘ ϮϬϬϵ͖ϭϬϱͿϵ;͗ϬϵϰϭϬϮ ͘ 

Ϯϴ RŽǇůĞƐ AJ͕ BĞůů AJ͕ JĞƉŚĐŽĂƚ AP͕  KůĞƉƉĞ AK͕ MŝůŶĞ SJ͕ CŽŵǇŶ TP͕  EůĞĐƚƌŝĐͲĨŝĞůĚͲŝŶĚƵĐĞĚ ƉŚĂƐĞ 

ƐǁŝƚĐŚŝŶŐ ŝŶ ƚŚĞ ůĞĂĚ ĨƌĞĞ ƉŝĞǌŽĞůĞĐƚƌŝĐ ƉŽƚĂƐƐŝƵŵ ƐŽĚŝƵŵ ďŝƐŵƵƚŚ ƚŝƚĂŶĂƚĞ͘ AƉƉů PŚǇƐ LĞƚƚ͘ ϮϬϭϬ͖ 



ϵϳ;ϭϯͿ͗ϭϯϮϵϬϵ͘ 

Ϯϵ WĂŶŐ G͕ Lŝ Y͕  MƵƌƌĂǇ CA͕ TĂŶŐ CC͕ HĂůů DA͕ TŚĞƌŵĂůůǇͲŝŶĚƵĐĞĚ ƉŚĂƐĞ ƚƌĂŶƐĨŽƌŵĂƚŝŽŶƐ ŝŶ 

NĂϬ͘ϱBŝϬ͘ϱTŝOϯͲKNďOϯ ĐĞƌĂŵŝĐƐ͘ J Aŵ CĞƌĂŵ SŽĐ͘ ϮϬϭϳ͖ ϭϬϬ;ϳͿ͗ϯϮϵϯͲϯϯϬϰ͘ 

ϯϬ LĂŶĨƌĞĚŝ S͕ LĞŶƚĞ MH͕ EŝƌĂƐ JA͕ PŚĂƐĞ ƚƌĂŶƐŝƚŝŽŶ Ăƚ ůŽǁ ƚĞŵƉĞƌĂƚƵƌĞ ŝŶ NĂNďOϯ ĐĞƌĂŵŝĐ͘ AƉƉů PŚǇƐ 

LĞƚƚ͘ ϮϬϬϮ͖ ϴϬ;ϭϱͿ͗Ϯϳϯϭ͘ 

ϯϭ CŚĞŽŶ CI͕ JŽŽ HW͕ CŚĂĞ KW͕ Kŝŵ JS͕ LĞĞ SH͕ TŽƌŝŝ S͕ KĂŵŝǇĂŵĂ T͕  MŽŶŽĐůŝŶŝĐ ĨĞƌƌŽĞůĞĐƚƌŝĐ NĂNďOϯ 

Ăƚ ƌŽŽŵ ƚĞŵƉĞƌĂƚƵƌĞ͗ CƌǇƐƚĂů ƐƚƌƵĐƚƵƌĞ ƐŽůǀĞĚ ďǇ ƵƐŝŶŐ ƐƵƉĞƌ ŚŝŐŚ ƌĞƐŽůƵƚŝŽŶ ŶĞƵƚƌŽŶ ƉŽǁĚĞƌ 

ĚŝĨĨƌĂĐƚŝŽŶ͘ MĂƚĞƌ LĞƚƚ͘ ϮϬϭϱ͖ ϭϱϲ ͗ ϮϭϰͲϮϭϵ͘ 

ϯϮ JƵŶŐ JH͕ LĞĞ M͕ HŽŶŐ JI͕ DŝŶŐ Y͕  CŚĞŶ CY͕  CŚŽƵ LJ͕ WĂŶŐ )L͕ LĞĂĚͲFƌĞĞ NĂNďOϯ NĂŶŽǁŝƌĞƐ ĨŽƌ Ă HŝŐŚ 

OƵƚƉƵƚ PŝĞǌŽĞůĞĐƚƌŝĐ NĂŶŽŐĞŶĞƌĂƚŽƌ͘  ACS NĂŶŽ͘ ϮϬϭϭ͖ϱ;ϭϮͿ͗ϭϬϬϰϭͲϭϬϬϰϲ͘ 

ϯϯ )ŚŽƵ M͕ LŝĂŶŐ R͕ )ŚŽƵ )͕ DŽŶŐ X͕ SƵƉĞƌŝŽƌ ĞŶĞƌŐǇ ƐƚŽƌĂŐĞ ƉƌŽƉĞƌƚŝĞƐ ĂŶĚ ĞǆĐĞůůĞŶƚ ƐƚĂďŝůŝƚǇ ŽĨ ŶŽǀĞů 

NĂNďOϯͲďĂƐĞĚ ůĞĂĚͲĨƌĞĞ ĐĞƌĂŵŝĐƐ ǁŝƚŚ AͲƐŝƚĞ ǀĂĐĂŶĐǇ ŽďƚĂŝŶĞĚ ǀŝĂ ĂBŝϮOϯ ƐƵďƐƚŝƚƵƚŝŽŶ ƐƚƌĂƚĞŐǇ͘ J MĂƚ 

CŚĞŵ A͘ ϮϬϭϴ͖ϲ͗ϭϳϴϵϲ͘ 

ϯϰ GƵŽ Y͕  KĂŬŝŵŽƚŽ KI͕ OŚƐĂƚŽ H͕ ;NĂϬ͘ϱKϬ͘ϱͿNďOϯͲLŝTĂOϯ ůĞĂĚͲĨƌĞĞ ƉŝĞǌŽĞůĞĐƚƌŝĐ ĐĞƌĂŵŝĐƐ͘ MĂƚĞƌ LĞƚƚ͘ 

ϮϬϬϱ͖ ϱϵ;ϮͿ͗ϮϰϭͲϮϰϰ͘ 

ϯϱ LŝŶ D͕ XŝĂŽ D͕ )ŚƵ J͕ YƵ P͕  YĂŶ H͕ Lŝ L͕ SǇŶƚŚĞƐŝƐ ĂŶĚ ƉŝĞǌŽĞůĞĐƚƌŝĐ ƉƌŽƉĞƌƚŝĞƐ ŽĨ ůĞĂĚͲĨƌĞĞ ƉŝĞǌŽĞůĞĐƚƌŝĐ 

BŝϬ͘ϱ;NĂϭоǆоǇKǆLŝǇͿϬ͘ϱTŝOϯ ĐĞƌĂŵŝĐƐ͘ MĂƚĞƌ LĞƚƚ͘ ϮϬϬϰ͖ ϱϴ;ϱͿ͗ϲϭϱͲϲϭϴ͘ 

ϯϲ Lŝ Y͕  CŚĞŶ W͕ )ŚŽƵ J͕ XƵ Q͕ SƵŶ H͕ XƵ R͕ DŝĞůĞĐƚƌŝĐ ĂŶĚ ƉŝĞǌŽĞůĞĐƌƚŝĐ ƉƌŽƉĞƌƚŝĞƐ ŽĨ ůĞĂĚͲĨƌĞĞ 

;NĂϬ͘ϱBŝϬ͘ϱͿTŝOϯͲNĂNďOϯ ĐĞƌĂŵŝĐƐ͘ MĂƚĞƌ SĐŝ EŶŐ B͘ ϮϬϬϰ͖ ϭϭϮ;ϭͿ͗ϱͲϵ͘ 

ϯϳ WƵ CC͕ LŝŶ YH͕ CŚĞŶŐ PS͕ CŚĂŶ CC͕ YĂŶŐ CF͕  TŚĞ IŶĨůƵĞŶĐĞƐ ŽĨ NĂNďOϯ ŽŶ ƚŚĞ DŝĞůĞĐƚƌŝĐ ĂŶĚ 

SƚƌƵĐƚƵƌĞ CŚĂƌĂĐƚĞƌŝƐƚŝĐƐ ŽĨ ;ϭͲǆͿ ;NĂϬ͘ϱBŝϬ͘ϱͿTŝOϯͲǆNĂNďOϯ CĞƌĂŵŝĐƐ͘ AĚǀ MĂƚĞƌ RĞƐ͘ ϮϬϭϮ͖ ϰϭϱͲ

ϰϭϳ ͗ϭϬϲϰͲϭϬϲϵ͘ 



ϯϴ Lŝ YM͕ CŚĞŶ W͕ )ŚŽƵ J͕ XƵ Q͕ GƵ XY͕  LŝĂŽ RH͕ IŵƉĞĚĂŶĐĞ ƐƉĞĐƚƌŽƐĐŽƉǇ ĂŶĚ ĚŝĞůĞĐƚƌŝĐ ƉƌŽƉĞƌƚŝĞƐ ŽĨ 

NĂϬ͘ϱBŝϬ͘ϱTŝOϯͲNĂNďOϯ ĐĞƌĂŵŝĐƐ͘ PŚǇƐŝĐĂ B͗ CŽŶĚĞŶƐĞĚ MĂƚƚĞƌ͘  ϮϬϬϱ͖ ϯϲϱ;ϭͲϰͿ͗ϳϲͲϴϭ͘ 

ϯϵ XƵ Q͕ SŽŶŐ )͕ TĂŶŐ W͕ HĂŽ H͕ )ŚĂŶŐ L͕ AƉƉŝĂŚ M͕ CĂŽ M͕ YĂŽ )͕ HĞ )͕ LŝƵ H͕ TƌŽŝůĞƌͲMĐKŝŶƐƚƌǇ S͕ 

UůƚƌĂͲWŝĚĞ TĞŵƉĞƌĂƚƵƌĞ SƚĂďůĞ DŝĞůĞĐƚƌŝĐƐ BĂƐĞĚ ŽŶ BŝϬ͘ϱNĂϬ͘ϱTŝOϯͲNĂNďOϯ SǇƐƚĞŵ͘ J Aŵ CĞƌĂŵ SŽĐ͘ 

ϮϬϭϱ͖ϵϴ;ϭϬͿ͗ϯϭϭϵͲϯϭϮϲ͘ 

ϰϬ WĂŶŐ G͕ HĂůů DA͕ CŽŵǇŶ TP͕  DĂŶŝĞů L͕ KůĞƉƉĞ AK͕ SƚƌƵĐƚƵƌĞ ĂŶĚ ĨĞƌƌŽĞůĞĐƚƌŝĐ ďĞŚĂǀŝŽƵƌ ŽĨ 

NĂϬ͘ϱBŝϬ͘ϱTŝOϯͲKNďOϯ ĐĞƌĂŵŝĐƐ͕ AĚǀ AƉƉů CĞƌĂŵ͘ ϮϬϭϲ͖ϭϭϱ;ϮͿ͗ϴϵͲϵϱ͘ 

ϰϭ FĂŶ͘ )͕ LŝƵ͘ X͕ TĂŶ͘ X͕ LĂƌŐĞ ĞůĞĐƚƌŽĐĂůŽƌŝĐ ƌĞƐƉŽŶƐĞƐ ŝŶ BŝϭͬϮ;NĂ͕KͿϭͬϮTŝOϯͲďĂƐĞĚ ĐĞƌĂŵŝĐƐ ǁŝƚŚ ŐŝĂŶƚ 

ĞůĞĐƚƌŽͲƐƚƌĂŝŶƐ͕ J Aŵ CĞƌĂŵ SŽĐ͘ ϮϬϭϳ͖ϭϬϬ͗ϮϬϴϴͲϮϬϵϳ͘ 

ϰϮ FĂŶ͘ )͕ )ŚŽƵ͘ L͕ Kŝŵ͘ TH͕ )ŚĂŶŐ͘ J͕ )ŚĂŶŐ͘ ST͕  TĂŶ͘ X͕ MĞĐŚĂŶŝƐŵƐ ŽĨ ĞŶŚĂŶĐĞĚ ƚŚĞƌŵĂů ƐƚĂďŝůŝƚǇ ŽĨ 

ƉŽůĂƌŝǌĂƚŝŽŶ ŝŶ ůĞĂĚͲĨƌĞĞ ;BŝϭͬϮNĂϭͬϮͿϬ͘ϵϰBĂϬ͘ϬϲTŝOϯͬ)ŶO ĐĞƌĂŵŝĐ ĐŽŵƉŽƐŝƚĞ͕ PŚǇƐ RĞǀ MĂƚĞƌ͘  

ϮϬϭϵ͖ϯ͗ϬϮϰϰϬϮ͘ 

ϰϯ FĂŶ͘ )͕ TĂŶ͘ X͕ DƵĂůͲƐƚŝŵƵůŝ ŝŶͲƐŝƚƵ TEM ƐƚƵĚǇ ŽŶ ƚŚĞ ŶŽŶĞƌŐŽĚŝĐͬĞƌŐŽĚŝĐ ĐƌŽƐƐŽǀĞƌ ŝŶ ƚŚĞ  

Ϭ͘ϳϱ;BŝϭͬϮNĂϭͬϮͿTŝOϯʹϬ͘ϮϱSƌTŝOϯ ƌĞůĂǆŽƌ͕  AƉƉů͘ PŚǇƐ͘ LĞƚƚ͘ ;ϮϬϭϵͿ͕ ŝŶ ƉƌĞƐƐ͘ 

ϰϰ HĂůů DA͕ SƚĞǀĞŶƐŽŶ PJ͕ MƵůůŝŶƐ TR͕ DŝĞůĞĐƚƌŝĐ ŶŽŶůŝŶĞĂƌŝƚǇ ŝŶ ŚĂƌĚ ƉŝĞǌŽĞůĞĐƚƌŝĐ ĐĞƌĂŵŝĐƐ͕ Bƌŝƚ CĞƌ 

PƌŽĐ͘ ϭϵϵϳ͖ ϱϳ͗ϭϵϳͲϮϭϭ͘ 

ϰϱ TŚŽŵƉƐŽŶ SP͕  PĂƌŬĞƌ JE͕ PŽƚƚĞƌ J͕ Hŝůů TP͕  Bŝƌƚ A͕ CŽďď TM͕ YƵĂŶ F͕  TĂŶŐ CC͕ BĞĂŵůŝŶĞ Iϭϭ Ăƚ DŝĂŵŽŶĚ͗ 

A ŶĞǁ ŝŶƐƚƌƵŵĞŶƚ ĨŽƌ ŚŝŐŚ ƌĞƐŽůƵƚŝŽŶ ƉŽǁĚĞƌ ĚŝĨĨƌĂĐƚŝŽŶ͘ RĞǀ SĐŝ IŶƐƚƌƵŵ͘ ϮϬϬϵ͖ ϴϬ;ϳͿ͗ϬϳϱϭϬϳ͘ 

ϰϲ GĂƌŐ R͕ RĂŽ BN͕ SĞŶǇƐŚǇŶ A͕ KƌŝƐŚŶĂ PSR͕ RĂŶũĂŶ R͕ LĞĂĚͲĨƌĞĞ ƉŝĞǌŽĞůĞĐƚƌŝĐ ƐǇƐƚĞŵ ;NĂϬ͘ϱBŝϬ͘ϱͿTŝOϯͲ

BĂTŝOϯ͗ EƋƵŝůŝďƌŝƵŵ ƐƚƌƵĐƚƵƌĞƐ ĂŶĚ ŝƌƌĞǀĞƌƐŝďůĞ ƐƚƌƵĐƚƵƌĂů ƚƌĂŶƐĨŽƌŵĂƚŝŽŶƐ ĚƌŝǀĞŶ ďǇ ĞůĞĐƚƌŝĐ ĨŝĞůĚ ĂŶĚ 

ŵĞĐŚĂŶŝĐĂů ŝŵƉĂĐƚ͕ PŚǇƐ RĞǀ B͘ ϮϬϭϯ͖ϴϴ͗ϬϭϰϭϬϯ͘ 

ϰϳ DŝĨĨƌĂĐ ƉůƵƐ TOPAS ǀ͘  ϯ͘Ϭ ;MĂŶƵĂůͿ͕ BRUKER AXS GŵďH͕ KĂƌůƐƌƵŚĞ͕ ϮϬϬϲ͘ 



ϰϴ JŽ W͕ DĂŶŝĞůƐ JE͕ JŽŶĞƐ JL͕ TĂŶ X͕ TŚŽŵĂƐ PA͕ DĂŵũĂŶŽǀŝĐ D͕ RƂĚĞů J͕ EǀŽůǀŝŶŐ ŵŽƌƉŚŽƚƌŽƉŝĐ ƉŚĂƐĞ 

ďŽƵŶĚĂƌǇ ŝŶ ůĞĂĚͲĨƌĞĞ ;BŝϭͬϮNĂϭͬϮͿTŝOϯͲBĂTŝOϯ ƉŝĞǌŽĐĞƌĂŵŝĐƐ͘ J AƉƉů PŚǇƐ ͘ ϮϬϭϭ͖ ϭϬϵͿϭ;͗ϬϭϰϭϭϬ ͘ 

ϰϵ SŚĂŶŶŽŶ RD͕ RĞǀŝƐĞĚ EĨĨĞĐƚŝǀĞ IŽŶŝĐ RĂĚŝŝ ĂŶĚ SǇƐƚĞŵĂƚŝĐ SƚƵĚŝĞƐ ŽĨ IŶƚĞƌĂƚŽŵŝĐ DŝƐƚĂŶĐĞƐ ŝŶ HĂůŝĚĞƐ 

ĂŶĚ CŚĂƉĐŽŐĞŶŝĚĞƐ͘ AĐƚĂ CƌǇƐƚĂůůŽŐƌ A ͘ ϭϵϳϲ͖ AϯϮ ͗ϳϱϭ ͘ 

ϱϬ VŝŽůĂ G͕ MŬŝŶŶŽŶ R͕ KŽǀĂů V͕  AĚŽŵŬĞǀŝĐŝƵƐ A͕ DƵŶŶ S͕ YĂŶ H͕ LŝƚŚŝƵŵͲIŶĚƵĐĞĚ PŚĂƐĞ TƌĂŶƐŝƚŝŽŶƐ ŝŶ 

LĞĂĚͲFƌĞĞ BŝϬ͘ϱNĂϬ͘ϱTŝOϯ BĂƐĞĚ CĞƌĂŵŝĐƐ͘ J PŚǇƐ CŚĞŵ C͘ ϮϬϭϰ͖ ϭϭϴ;ϭϲͿ͗ϴϱϲϰͲϴϱϳϬ͘ 

ϱϭ JŽ W͕ SĐŚĂĂď S͕ SĂƉƉĞƌ E͕ SĐŚŵŝƚƚ LA͕ KůĞĞďĞ HJ͕ BĞůů AJ͕ RƂĚĞů J͕ OŶ ƚŚĞ ƉŚĂƐĞ ŝĚĞŶƚŝƚǇ ĂŶĚ ŝƚƐ 

ƚŚĞƌŵĂů ĞǀŽůƵƚŝŽŶ ŽĨ ůĞĂĚ ĨƌĞĞ ;BŝϭͬϮNĂϭͬϮͿTŝOϯͲϲരŵŽůй BĂTŝOϯ͘ J AƉƉů PŚǇƐ ͘ ϮϬϭϭ͖ ϭϭϬͿϳ;͗ϬϳϰϭϬϲ ͘ 

ϱϮ SĂƉƉĞƌ E͕ SĐŚĂĂď S͕ JŽ W͕ GƌĂŶǌŽǁ T͕  RƂĚĞů J͕ IŶĨůƵĞŶĐĞ ŽĨ ĞůĞĐƚƌŝĐ ĨŝĞůĚƐ ŽŶ ƚŚĞ ĚĞƉŽůĂƌŝǌĂƚŝŽŶ 

ƚĞŵƉĞƌĂƚƵƌĞ ŽĨ MŶͲĚŽƉĞĚ ;ϭͲǆͿBŝϭͬϮNĂϭͬϮTŝOϯͲǆBĂTŝOϯ͘ J AƉƉů PŚǇƐ ͘ ϮϬϭϮ͖ ϭϭϭͿϭ;͗ϬϭϰϭϬϱ ͘ 

ϱϯ DŝƚƚŵĞƌ R͕ LĞĂĚͲFƌĞĞ PŝĞǌŽĐĞƌĂŵŝĐƐ EƌŐŽĚŝĐ ĂŶĚ NŽŶĞƌŐŽĚŝĐ RĞůĂǆŽƌ FĞƌƌŽĞůĞĐƚƌŝĐƐ BĂƐĞĚ ŽŶ 

BŝƐŵƵƚŚ SŽĚŝƵŵ TŝƚĂŶĂƚĞ͕ UŶŝǀĞƌƐŝƚǇ ŽĨ DĂƌŵƐƚĂĚƚ͕ ϮϬϭϯ͘ 

ϱϰ SǁĂŝŶ S͕ SǇŶƚŚĞƐŝǌĞ ĂŶĚ CŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶƐ ŽĨ SƌBŝϮTĂϮOϵ MŽĚŝĨŝĞĚ NBTͲBT ĂŶĚ NBTͲKNN FĞƌƌŽĞůĞĐƚƌŝĐ 

CĞƌĂŵŝĐƐ ŶĞĂƌ MŽƌƉŚŽƚƌŽƉŝĐ PŚĂƐĞ BŽƵŶĚĂƌǇ͘ NĂƚŝŽŶĂů IŶƐƚŝƚƵƚĞ ŽĨ TĞĐŚŶŽůŽŐǇ RŽƵƌŬĞůĂ͕ ϮϬϭϱ͘ 

ϱϱ )ŚĂŽ J͕ CĂŽ M͕ WĂŶŐ )͕ XƵ Q͕ )ŚĂŶŐ L͕ YĂŽ )͕ HĂŽ H͕ LŝƵ H͕ EŶŚĂŶĐĞŵĞŶƚ ŽĨ ĞŶĞƌŐǇͲƐƚŽƌĂŐĞ 

ƉƌŽƉĞƌƚŝĞƐ ŽĨ KϬ͘ϱNĂϬ͘ϱNďOϯ ŵŽĚŝĨŝĞĚ NĂϬ͘ϱBŝϬ͘ϱTŝOϯͲKϬ͘ϱBŝϬ͘ϱTŝOϯ ůĞĂĚͲĨƌĞĞ ĐĞƌĂŵŝĐƐ͘ J MĂƚĞƌ SĐŝ MĂƚĞƌ 

EůĞĐƚƌŽŶ͘ ϮϬϭϲ͖ Ϯϳ;ϭͿ͗ϰϲϲͲϰϳϯ͘ 

 

 

 

 

 

 

 

 

 

 



Captions of all figures 

Figure 1. Selected diffraction peak profiles of {110}p, {111}p, {200}p, and {211}p for NBT-xNN 

powders with x=0.02-0.08, showing both unpoled (black lines) and poled (red lines) states. 

Figure 2. The SXPD full pattern refinements for (a) unpoled NBT-0.02NN, (b) unpoled NBT-

0.04NN, (c) poled NBF-0.02NN and (d) poled NBT-0.04NN. The black circles are experimental 

data, the red line represents the calculated results from the full-pattern refinement, and the 

green line is the difference profile between experimental and calculated diffraction patterns.  

Figure 3. Variations in (a) lattice parameter and (b) inter-axial angle as a function of composition 

for both unpoled and poled NBT-xNN ceramic powders. The uncertainty in lattice parameters if 

not shown lies within the size of the data point. 

Figure 4. (a-d) P-E and J-E loops (e-f) Variations in Pmax, Prem, Ec and d33 with NN content for 

NBT-xNN ceramics. *The d33 value for x=0.00 was obtained from literature.[36]  

Figure 5. (a) Bipolar and (b) Unipolar S-E loops for NBT-xNN (x=0.02-0.08) ceramics. 

Figure 6. SEM images of polished ceramic cross-sections for (a) NBT-0.02NN (b) NBT-0.04NN 

(c) NBT-0.06NN (d) NBT-0.08NN. 

 

 

 

 

 



 

Captions of all Tables 

Table 1. Phase fractions and crystallographic parameters determined from full-pattern 

refinements for NBT-0.02NN (2NN) and NBT-0.04NN (4NN), in both unpoled (UN) and poled 

(P) states; R: R3c, C: Pm ത͵m and T: P4bm phase; GOF: Goodness of Fitting. 

 

 

 

 


