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a b s t r a c t 

This study demonstrates the integrated approach based upon texturing and acceptor doping for realizing 

a high-power piezoelectric ceramic with combined soft and hard properties. The textured Mn-doped 0.24 

Pb(In 1/2 Nb 1/2 )O 3 -0.42 Pb(Mg 1/3 Nb 2/3 )O 3 -0.34 PbTiO 3 (PIN-PMN-PT) ceramic exhibits enhanced piezoelec- 

tric coefficient d 33 and electromechanical coupling factor k 31 in comparison with random counterpart. 

This enhanced piezoelectric response originates from the combined intrinsic high piezoelectric properties 

of < 001 > -oriented grains, and reduced energy barrier for polarization rotation in textured ceramics. The 

BaTiO 3 (BT) template in textured ceramics increases the tetragonality degree which results in improved 

coercive field E c but decreased mechanical quality factor Q m in comparison with random counterpart. The 

decreased Q m values of textured ceramics are related to the crystallographic dependence of Q m and the 

enhanced domain mobility due to the existence of small size domains. The textured ceramic with 2 vol.% 

BT content exhibited an excellent combination of soft and hard piezoelectric properties, measured to be: 

d 33 = 517 pC/N, Q m = 1147, E c = 10.0 kV/cm, and tan δ = 0.49%, which is highly promising for high 

power piezoelectric applications. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Piezoelectric materials are widely used in underwater transduc- 

rs, actuators, motors, and transformers due to the inherent cou- 

ling between the electrical and mechanical signals. [1–4] Piezo- 

lectrics used in high power applications require high vibration ve- 

ocity v rms in order to generate high mechanical power. [5–7] In or- 

er to obtain a high vibration velocity ( v rms ∝ Q m • d ), piezoelectric
aterials should possess high mechanical quality factor ( Q m ) and 

iezoelectric strain coefficient ( d ). Further, when devices are sub- 

ected to high electric fields; high coercive fields ( E c ), low dielec- 

ric/mechanical losses (tan δ), and high electromechanical coupling 

oefficient ( k ) is necessary for effective electrical to mechanical en- 

rgy conversion. Thus, high power piezoelectric materials should 

ossess both soft and hard properties at the same time in order to 

eet these requirements. 

The design and synthesis of high-power piezoelectric ceram- 

cs is challenging since the hard properties (high Q m and low tan 

) are caused by the “pinned” ferroelectric domain state through 
∗ Corresponding authors. 
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cceptor doping, [ 5 , 8–10 ] which will degrade the soft properties 

high d 33 and high k ). [ 6 , 11 ] Thus, most of the state-of-the-art

cceptor-doped piezoelectric ceramics exhibit non-optimum com- 

ination of soft and hard properties as shown in Fig. 1 . [ 8 , 12 ]

iezoelectric single crystals exhibit excellent soft properties but 

ave low coercive field ( E c ), low mechanical toughness, and rel- 

tively high cost of production. [13–15] Texturing technique has 

een developed to achieve grain-oriented piezoelectric ceramics 

ith low-cost in comparison with single crystals, reasonable piezo- 

lectric properties but high mechanical strength and rate of pro- 

uction. [16–18] One of the methods to fabricate textured piezo- 

lectric ceramics is templated grain growth (TGG). [19–22] We 

emonstrate that high power piezoelectrics can be designed by 

ntegration of texturing method (to enhance “soft” characteristics) 

nd acceptor doping (to enhance “hard” characteristics). 

Recently, < 001 > textured PMnS-PMN-PZT ceramics with a tex- 

uring degree of 50% have been reported to exhibit a moderate 

ombination of d 33 (445 pC/N) and Q m (824), [23] but their rel- 

tively low coercive field ( E c of 8 kV/cm) still restricts their ap- 

lications in high power field, indicating that both compositional 

nd processing modifications are required to enhance texturing de- 

ree and high-power properties. Relaxor-based Pb(In 1/2 Nb 1/2 )O 3 - 

b(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PIN-PMN-PT) ternary ferroelectrics have 

https://doi.org/10.1016/j.actamat.2020.116610
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.116610&domain=pdf
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Fig. 1. Comparison of piezoelectric properties of high-power textured piezoelec- 

tric ceramics synthesized in this study with other lead-free and lead-based high- 

power piezoelectric ceramics in terms of d 33 and Q m (T denotes textured ceramic). 

[ 7 , 23 , 37 , 29–36 ] 
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een widely investigated due to their superior piezoelectric prop- 

rties including high phase transition temperatures ( T r-t and T c ) 

nd high coercive field ( E c ) in comparison with Pb(Mg 1/3 Nb 2/3 )O 3 -

bTiO 3 (PMN-PT) binary ferroelectrics. [24–26] Mn-doping is com- 

only used to induce the hard characteristics, [ 8 , 27 , 28 ] where

n 2 + or Mn 3 + will substitute on B-site in perovskite structure 

reating oxygen vacancies. The oxygen vacancies diffuse to the 

omain wall region and pin the motion resulting in hard ef- 

ect. In this study, 2 mol% MnO 2 doped PIN-PMN-PT ceramics 

ere textured using TGG method. The effect of template content 

n < 001 > texturing degree, microstructure (grain size and den- 

ity), and resulting dielectric and piezoelectric properties of tex- 

ured Mn-doped PIN-PMN-PT ceramics is investigated. The domain 

tructures of textured ceramic were characterized by piezoelec- 

ric force microscopy (PFM). Fig. 1 shows that textured Mn-doped 

IN-PMN-PT ceramics can exhibit excellent soft and hard combina- 

ory properties in comparison with random counterparts, and with 

ther reported lead-free and lead-based high-power piezoelectric 

eramics. 

. Experimental procedure 

The matrix powder with the composition of 2 mol% MnO 2 

oped 0.24 Pb(In 1/2 Nb 1/2 )O 3 -0.42 Pb(Mg 1/3 Nb 2/3 )O 3 -0.34 PbTiO 3 

as synthesized using two-step columbite precursor method. 

 24 , 38 ] First, the raw materials of In 2 O 3 (99.9%) and Nb 2 O 5 (99.9%)

ere used to prepare InNb 2 O 4 precursor at 1100 °C for 7 h. Next, 
he stoichiometric amounts of PbO (99.9%), InNb 2 O 4 , MgNb 2 O 6 

99.9%), TiO 2 (99.8%), and MnO 2 (99.9%) were mixed in ethanol for 

4 h. The dried mixtures were calcined at 850 °C for 4 h. Lastly, 
he calcined powders were ball milled again in ethanol for 72 h to 

ecrease the particle sizes. BaTiO 3 (BT) templates were prepared 

y two-step topochemical microcrystal conversion (TMC) method. 

39] First, the Bi 2 O 3 (99.9%) and TiO 2 (99.8%) powders were mixed 

ith salts (NaCl and KCl with a molar ratio of 1) and the mix- 

ures were synthesized at 1050 °C for 2 h to obtain the lamellar 

tructure Bi 4 Ti 3 O 12 (BiT) precursors. The BiT precursors and excess 

aCO 3 were then mixed with alkali salts (NaCl and KCl with a mo- 

ar ratio of 1) and synthesized at 970 °C for 2 h to obtain BaTiO 3 

latelets. After that, the 2 mol% Mn-doped PIN-PMN-PT ceramics 

ere textured by the templated grain growth (TGG) method using 

 vol.% BT templates ( x = 1, 2, 3, 5). The samples are abbreviated

s textured- x BT hereafter. The matrix powders, templates, organic 

inder, and toluene solvent were mixed to prepare the slurries for 
2 
ape casting. The dried tapes were cut, stacked, and laminated to 

abricate green samples. After binder burnout at 550 °C and cold- 
sostatic pressing at 200 MPa, the specimens were then embedded 

n calcined Mn-doped PIN-PMN-PT powders containing 1.5 wt% ex- 

ess PbO within a closed crucible and sintered at 1220 °C for 6 h 
n air. 

The crystal phases of the textured samples were determined us- 

ng X-ray diffraction (XRD, PANalytical Empyrean). The degree of 

seudocubic < 001 > texture F was determined by Lotgering factor 

ethod. [ 40 , 41 ] 

 = 

P − P 0 
1 − P 0 

× 100% (1) 

 = 

�I ( 00 l ) 

�I ( hkl ) 
(2) 

 0 = 

�I 0 ( 00 l ) 

�I 0 ( hkl ) 
(3) 

Microstructures were evaluated using field-emission scanning 

lectron microscopy (FESEM Apreo) in combination with energy 

ispersive spectroscopy (EDS) and electron backscatter diffraction 

EBSD). For electrical measurements, the sample surfaces were pol- 

shed and coated with silver paste. All the samples were poled at 

0 kV/cm for 30 min at 140 °C. After aging for 48 h, the piezoelec-
ric coefficient d 33 was measured by using a d 33 meter (YE2730A, 

PC Products). Temperature-dependent dielectric permittivity ( εr ), 

oss tangent (tan δ) and complex impedance were measured with 

 multifrequency LCR meter (Keysight E4980AL). Polarization vs. 

lectric field ( P-E ) hysteresis loop was measured using a Precision 

iezoMEMS analyzer (Radiant Technologies). The mechanical cou- 

ling coefficient ( k ) and mechanical quality factor ( Q m ) were mea-

ured by resonance and anti-resonance technique using impedance 

nalyzer (Keysight E4990A). Domain morphologies were charac- 

erized using the piezoelectric force microscopy (PFM) mode of a 

ruker Icon II instrument. 

. Results and discussion 

.1. Fabrication of textured ceramics 

Fig. 2 shows the morphology and XRD pattern of BT templates 

ynthesized by TMC method. It can be found that the BT template 

as large anisotropy with 10 μm in length and 1 μm in thickness 

nd exhibits tetragonal perovskite structure. These templates can 

e easily aligned under the applied shear force of doctor blade dur- 

ng tape casting process. 

Fig. 3 a shows the XRD patterns for both random and textured 

n-doped PIN-PMN-PT ceramics with different BT template con- 

ents. All samples exhibited perovskite structure without any no- 

iceable secondary phase. With the introduction of BT template, 

he intensities of (00 l ) peaks increased rapidly while other peaks 

ecreased significantly. Fig. 3 b shows the texture degree as a func- 

ion of BT template content. By increasing the BT content from 1 

ol.% to 3 vol.%, the F 00 l increases dramatically from 80% to 91% 

or Mn-doped PIN-PMN-PT. The texturing degree further increases 

o 95% by increasing the BT content to 5 vol.%. Fig. 3 c shows

he microstructures for both random and textured Mn-doped PIN- 

MN-PT-3BT samples. Textured sample shows brick wall-like mi- 

rostructures with well aligned BT templates (black areas) in- 

ide the oriented matrix grains, representing the development of 

exture, in comparison with the random ceramic with equiaxed 

rains. The < 001 > -textured Mn-doped PIN-PMN-PT was grown by 

 heteroepitaxial TGG process, which implies that the grown tex- 

ured matrix grains have a different composition but small lat- 

ice mismatch ( < 0.6%) with template. The lattice match ensures 
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Fig. 2. (a) SEM images of Bi 4 Ti 3 O 12 (left) and BaTiO 3 (right); (b) XRD pattern of the 

BaTiO 3 templates. 
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he epitaxial nucleation of matrix Mn-doped PIN-PMN-PT grains 

n the lowest energy surface ({001}c plane) of BT template, result- 

ng in the formation of < 001 > -textured grains. In order to provide

nderstanding of the mechanism of templated grain growth, we 

ollected a series of cross-sectional SEM images showing different 

tages of < 001 > -textured Mn-doped PIN-PMN-PT grains grown on 

he BT template during sintering process, as shown in Fig. S2. The 

arge template size to matrix grain size ratio ( > 20) shown in Fig.
ig. 3. (a) XRD patterns of Mn doped PIN-PMN-PT- x BT ceramics; (b) Texture degree F (00
n doped PIN-PMN-PT-3BT (right) ceramics. 

3 
2a can generate a big difference in surface energy between the 

emplate and matrix grains, which is beneficial for providing the 

equired driving force for textured grain growth. When the sample 

as held at high temperature, further heating will drive the rapid 

rowth of textured grains. The textured grain growth is governed 

y Ostwald ripening process, where the large textured grains grow 

omoepitaxially via dissolution of finer matrix grains in PbO liquid 

ayer and precipitation on the {001}c surface of textured grain. As a 

esult, the < 001 > -textured grains grow at the expense of fine ma- 

rix grains. With further increase in the holding time at high tem- 

erature, the driving force for textured grain growth will decrease 

nd the texture development becomes saturated. The reduced driv- 

ng force is due to the matrix grain coarsening at high tempera- 

ure, which decreases the ratio of template to matrix grain size. Fi- 

ally, the large textured grains will impinge upon each other after 

ritical growth distance and result in formation of < 001 > -textured 

n-doped PIN-PMN-PT ceramics. 

EDS maps and line scan of textured ceramic are shown in Fig. 4 .

here is no noticeable interfacial reaction and diffusion at the in- 

erface between the matrix and BT template within the detection 

imit of EDS analysis, indicating that the BT template is highly sta- 

le inside the matrix. The EBSD inverse pole figure maps ( Fig. 5 )

rovide the evidence for high < 001 > orientation of grains in tex- 

ured ceramic. In comparison, most of the grains are randomly ori- 

nted in random counterpart, which is consistent with results from 

he XRD ( Fig. 3 a). 

.2. Enhanced piezoelectric properties of textured ceramics 

Fig. 6 a and b show the dielectric constant, εr , and loss fac- 

or, tan δ, as a function of temperature for both random and tex- 

ured Mn-doped PIN-PMN-PT samples. Two peaks corresponding 

o rhombohedral to tetragonal ( T r-t ) and tetragonal to cubic ( T c )

hase transitions can be observed in all samples. In addition, the 

rst phase transition peak ( T r-t ) becomes less obvious with increas- 

ng BT template, indicating the increased tetragonality degree of 
 l ) as a function of BT template content; (c) SEM micrographs of random (left) and 



H. Leng, Y. Yan, H. Liu et al. Acta Materialia 206 (2021) 116610 

Fig. 4. (a) EDS element mapping of Mn doped PIN-PMN-PT- 3BT ceramic; (b) EDS line scan across the BT template inside the Mn-doped PIN-PMN-PT matrix. 

Fig. 5. EBSD images of (a) Mn-doped PIN-PMN-PT-3BT and (b) Mn-doped PIN-PMN-PT-0BT ceramics; (c) and (d) inversed pole figure with MUD (multiples uniform pole) 

data corresponding to (a) and (b), respectively. 

4 
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Fig. 6. Dielectric and piezoelectric properties: (a) Dielectric permittivity and (b) dielectric loss as a function of temperature for random and textured ceramics; (c) P-E 

hysteresis loops and (d) unipolar S-E curves for random and textured ceramics. 
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he sample. On the other hand, as the template content decreases, 

he Curie temperature T c increases. The textured ceramics exhibit 

 high T c above 200 °C, which is 30-70 °C higher than the binary
MN-PT ceramics [ 24 , 42 ], indicating the wider temperature use 

ange for textured Mn-doped PIN-PMN-PT ceramics. Fig. 6 c shows 

he P - E hysteresis loops for random and textured ceramics. All the 

amples exhibited well-saturated hysteresis loops under the elec- 

ric field of 40 kV/cm. The textured ceramics possess lower rema- 

ent polarization ( P r ) and higher coercive field ( E c ) in comparison

o their random counterparts. The lower P r value can be explained 

y the composite effect of aligned BT template since the BT has 

een reported to exhibit a low P r of 12 μC/cm 
2 . [43] The higher E c 

an be attributed to the increased tetragonality of the sample with 

ncreasing BT content. Fig. 6 d compares the unipolar strain-electric 

 S - E ) curves for both textured and random ceramics. The textured 

eramics exhibit almost ~2 times improvement in maximum strain 

 m at the same electric field in comparison with random counter- 

arts. 

The temperature dependent XRD patterns for textured Mn- 

oped PIN-PMN-PT-3BT samples are shown in Fig. 7 . The crys- 

al structure is rhombohedral at room temperature. Above 100 

C, there is split in {002} peaks indicating that the rhombohedral 

hase gradually transforms to tetragonal phase (R-T phase tran- 

ition). The non-polarized cubic phase can be observed at higher 

emperature, indicating the T-C phase transition when the mea- 

ured temperature approaches T c , which is consistent with the εr - T 

urve in Fig. 6 a. 
5 
The detailed dielectric and piezoelectric properties for both 

andom and textured piezoelectric ceramics are summarized in 

able 1 . The textured Mn-doped PIN-PMN-PT ceramics show im- 

roved piezoelectric properties with high T c . Particularly, textured- 

BT sample exhibited an excellent combination of soft and hard 

iezoelectric properties of d 33 = 517 pC/N, Q m = 1148, E c = 10.0 

V/cm, along with high T c around 205 °C in comparison with other 

eported high-power piezoelectric ceramics as shown in Fig. 1 . 

hese results indicate great potential of this composition for high- 

ower piezoelectric applications. Fig. 8 a shows the piezoelectric 

onstant d 33 , mechanical quality factor Q m , and coercive field E c 
s a function of BT template content. When x ≤ 3%, d 33 increases 

apidly with increasing x . The optimized value of 529 pC/N was 

btained at x = 3%, which is attributed to the improved texturing 

egree. [ 14 , 44 ]. However, with further increase of BT content to 5%,

he d 33 decreases to 475 pC/N. The reduced piezoelectric response 

s mainly attributed to the phase structure evolution. The magni- 

cation of XRD patterns in the range from 42 ° to 47 ° is shown 

n Fig. 8 b, where the {002} peaks start to split with increasing BT 

ontent, indicating the increased tetragonality in textured ceram- 

cs. The direction of the spontaneous polarization in tetragonal and 

hombohedral structure is along < 001 > and < 111 > , respectively 

 Fig. 8 c). When an external electric field is applied along [001] c di-

ection to the samples, the polarization will prefer to rotate in the 

ame direction as that of the electric field. This results in the for- 

ation of domain configuration consisting of equivalent polar vec- 

ors along the electric field direction, known as domain engineer- 
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Fig. 7. Temperature dependence of XRD patterns for Mn-doped PIN-PMN-PT- 3BT ceramics. 

Table 1 

Dielectric and piezoelectric properties for both random and textured piezoelectric ceramics. 

Specimen F 001 (%) T c ( °C) E c ( kV/cm) ε 33 
T / ε o tan δ (%) d 33 (pC/N) d 31 (pC/N) k 31 Q m 

2 mol% Mn doped PIN-PMN-PT-0BT 0 213 9.4 1351 0.58 370 122 0.34 1693 

2 mol% Mn doped PIN-PMN-PT-1BT 80 207 10.0 1422 0.47 457 155 0.40 1249 

2 mol% Mn doped PIN-PMN-PT-2BT 84 205 10.0 1514 0.49 517 169 0.42 1148 

2 mol% Mn doped PIN-PMN-PT-3BT 91 205 10.0 1520 0.49 529 175 0.42 1023 

2 mol% Mn doped PIN-PMN-PT-5BT 95 199 11.4 1432 0.52 475 157 0.40 770 
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i

ng. [ 14 , 19 , 44 ] The engineered domain configuration explains the 

ecreased piezoelectric response for textured ceramic with high BT 

ontent. 

Both the number and orientation of the engineered domain 

onfigurations can influence the piezoelectric response. Prior stud- 

es have shown that the number ( N ) of equivalent engineered 

omain configurations and the angle ( θ ) between the external 

lectric field and polarization direction in engineered domain 

onfigurations can directly influence the piezoelectric properties. 

 19 , 44 , 45 ] Usually, higher the number of equivalent domains and

maller is the angle, the higher will be the longitudinal piezoelec- 

ric response due to the easier polarization rotation under elec- 

ric field. [ 19 , 44 ] In addition, among the two factors, the number

f equivalent domains plays a more important role in influencing 

he piezoelectric response. [19] As shown in Fig. 9 a, for < 001 > -

riented rhombohedral crystal, it has four equivalent engineered 

omains along with θ around 54.7 o , while < 001 > -oriented tetrag- 

nal crystal only has one equivalent domain with θ around 0 o . This 

mplies that the tetragonal phase is less favorable to high longi- 

udinal piezoelectric response in comparison with rhombohedral 

hase, which is consistent with our experimental results. The flat- 

ening of Gibbs free energy is believed to occur due to the multi- 
6 
omain configuration, which can facilitate the polarization rota- 

ion. [ 3 , 46 , 47 ] < 001 > -oriented rhombohedral crystal exhibits flat-

er Gibbs free energy profile with lower energy barrier for polariza- 

ion rotation in comparison with tetragonal counterpart ( Fig. 9 b), 

eading to an enhancement of piezoelectric response. 

The reduced piezoelectric constant of textured sample with 5 

ol.% BT templates is caused by the high tetragonality. The crystal 

tructure of the textured sample gradually transforms into tetrag- 

nal structure with increasing x because the BT template has a 

etragonal structure. For PMN-PT based ternary system, the coer- 

ive field value of the tetragonal structure is higher than that of 

he rhombohedral structure, [ 24 , 4 8 , 4 9 ] indicating that the domain

otation is difficult in tetragonal structure, which is consistent with 

ur experimental results where the coercive field value E c contin- 

ously increases with increasing x . 

Domain structures play an important role in controlling the 

iezoelectric properties. [50–54] Thus, in order to uncover the 

echanism for the enhanced piezoelectric properties of textured 

eramic from the domain structure perspective, piezoresponse 

orce microscopy (PFM) was performed for both random and tex- 

ured samples. As shown in Fig. 10 , all the samples exhibit an 

sland-type domain structure. Specifically, the textured-3BT sam- 
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Fig. 8. (a) The piezoelectric constant d 33 , mechanical quality factor Q m , and coercive field E c as a function of BT template content; (b) the magnification of XRD patterns of 

Mn-doped PIN-PMN-PT- x BT ceramic in the range from 42 o to 47 o ; (c) polarization rotation between rhombohedral and tetragonal crystal structure. 

Fig. 9. (a) Engineered domain configurations and (b) free energy for [001]c-orientated rhombohedral and tetragonal crystals . 

7 
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Fig. 10. Vertical piezoresponse force microscopy (VPFM) images of both random and textured piezoelectric ceramics. 
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le has the smallest and homogeneous domain in comparison with 

oth textured-5BT and random samples, while the random sam- 

le exhibits the largest domain size. According to the prior stud- 

es, [54–56] the domain size D is proportional to the square root 

f domain wall energy ( D ∝ 

√ 

γ ). Thus, the finer and uniform do-

ains in textured samples can promote the domain wall motion 

nd domain switching under external electric field due to their 

ecreased domain wall energy and increased flexibility in com- 

arison with large size domains in random counterpart, leading 

o enhanced piezoelectric response. Thus, the improved piezoelec- 

ric performance of textured-3BT sample can also be attributed to 

he formation of finer and uniform domains. Domain formation 

ill minimize the elastic energy in piezoelectric ceramics. [57] In 

extured ceramics, both the grain boundaries, heterogeneous tem- 

lates and stress from the epitaxial textured grain-template inter- 

aces can influence the total elastic energy of the piezoelectric sys- 

ems. [42] These perturbations in elastic energy will lead to the 

ormation of fine size domains in textured ceramics in order to re- 

uce the overall energy of the system. It is interesting to find that 

he textured-5BT sample also exhibits the stripe domain structure 

esides the island-type domains, which is shown in Fig. S5, in- 

icating the high tetragonality of the sample since the tetragonal 

tructure usually exhibits stripe-type domains. The existence of the 

tripe domain structure further confirms the high tetragonality of 

he textured-5BT sample, which agrees well with the XRD pattern 

hown in Fig. 8 b. 

.3. Origin of improved mechanical quality factor 

The mechanical quality factor Q m decreases as the BT content 

ncreases as shown in Fig. 8 a. The random sample exhibited a high 

 m value of 1693. It is known that the high Q m value is closely re-

ated to the internal bias field E i . Fig. 11 a shows an acceptor-doped

erovskite crystal lattice with a polarization P D induced by defect 

ipole. For example, in Mn-doped piezoelectric ceramics, Mn 2 + or 
n 3 + ion will substitute on the B-sites of the perovskite struc- 

ure, such as Nb 5 + and Ti 4 + , depending upon the crystal symmetry. 

58–60] In a polar ferroelectric phase, the center B-site ion dis- 

laces towards the upper oxygen atom, generating a spontaneous 

olarization P S with a direction parallel to the displacement, as 

hown in Fig. 11 a. The acceptor substitution on B-sites will gener- 

te negatively charged defects paired with oxygen vacancies due to 

he charge neutrality, resulting in the formation of defect dipoles 

uch as Mn 
′′ 
Ti − V 

··
O 
. Considering the polar phase symmetry, the sur- 

ounding oxygen neighbors are nonequivalent sites with respect to 

he center defect ion induced by acceptor doping, leading to the 

nequal probability of producing oxygen vacancy in oxygen neigh- 

ors. Compared to other oxygen neighbors, the upper oxygen site 

as a higher probability of generating oxygen vacancy (P V ) because 

t is closer to the center of negatively charged defect ion ( Fig. 11 a).
8 
s a result, electric dipole moment has the same direction as the 

pontaneous polarization P S and the defect dipole induced P D will 

e along P S direction. Prior electron paramagnetic resonance (EPR) 

esults further confirm that the defect dipoles prefer to align in 

he same direction as spontaneous polarization P S . [61–63] Since 

xygen diffusion process is thermally activated and the mobility of 

xygen vacancy is slow at room temperature, [64] the reorientation 

f defect dipoles will be harder under the external electric field. 

hus, the P D will be stable while the P S will be changed by the 

lectric field. The energy state of upward + P S and downward - P S 
olarization is nonequivalent owing to the existence of irreversible 

efect dipoles, leading to an energy gap �E > 0, which is shown in 

ig. 11 b. 

Following the relationship between the polarization and elec- 

ric field in dielectric materials, [65] an electric bias E D can be in- 

uced by the defect polarization P D , which is shown in the equa- 

ion: [66] 

 D = 

P D 
ε 0 χ

(4) 

here ε 0 is the vacuum permittivity, χ is the dielectric suscepti- 

ility; the induced E D has the same direction as P D and its value is 

irectly proportional to the magnitude of P D . To switch the polar- 

zation of acceptor-doped piezoelectric ceramics, the applied elec- 

ric field E ex should exceed the sum of E c and E D , where the E D can

e parallel or antiparallel to E c , resulting in an asymmetric P-E hys- 

eresis loop ( Fig. 11 c). In addition, the internal bias field E i can be

enerated due to the switching of defect dipoles in acceptor-doped 

iezoelectric ceramics. [67] The relationship between the E D and E i 
an be expressed as: [66] 

 i = E D · cos θ (5) 

here θ is the angle between the electric field and the sponta- 

eous polarization. Note, E i can be equal to E D only when the 

pplied electric field follows the direction of spontaneous polar- 

zation. In our case, the piezoelectric ceramic has a multi-domain 

onfiguration and the applied electric field is not parallel to the po- 

arization direction. Thus, the defect dipoles can restrict both po- 

arization rotation and extension, which is illustrated in Fig. 11 d. 

he induced E i can be decomposed into two components E ‖ and 
 ⊥ , where E ‖ and E ⊥ are parallel and perpendicular to the direc- 
ion of P S , respectively ( Fig. 11 e), and θ is the angle between the

lectric field and the polarization. The E ‖ and E ⊥ can be obtained 
s: 

 ‖ = E i · cos θ (6) 

 ⊥ = E i · sin θ (7) 

hen θ 	 = 0, and both E ‖ and E ⊥ are positive. The E ‖ can restrict 
he polarization extension. The induced force moment from E ⊥ will 
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Fig. 11. (a) Development of defect polarization P D in acceptor-doped ABO 3 perovskite lattice; (b) free energy with non-zero energy gap and (c) asymmetric P - E loop induced 

by defect dipoles; (d) polarization rotation and extension in acceptor-doped piezoelectrics; (e) internal bias field E i along with two components E ‖ and E ⊥ parallel and 
perpendicular to crystal/defect polarization direction, respectively. 
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revent the polarization rotation, resulting in large reduction and 

nhancement in piezoelectric response and Q m , respectively. In ad- 

ition, according to Eqn (5) , the magnitudes of E ‖ and E ⊥ compo- 

ent are proportional to value of E D . Thus, a large E D will induce

 large variation in piezoelectric properties. The magnitude of E D 
s affected by both valence state and content of acceptor ion. As a 

esult, the 2 mol% Mn-doped PIN-PMN-PT ceramic has a larger E i 
alue around 1.59 kV/cm, in comparison with 1 mol% Mn-doped 

ounterpart ( E i ~ 0.32 kV/cm), since the high content acceptor ion 

an induce larger P D and E D , as shown in Fig. S4. The E i value can

e calculated by E i = ( E c + + E c- )/2, where E c + and E c- are the
ntersections of the polarization loop with the positive and neg- 

tive electric field axis, respectively. A larger E i will generate en- 

anced restriction on polarization extension and rotation, resulting 

n a lower d 33 of 370 pC/N and much higher Q m of 1693 for 2mol%

n-doped ceramic in comparison with 1 mol% Mn-doped counter- 

art exhibiting values of d 33 = 450 pC/N, Q m = 745. Thus, the high

echanical quality factor Q m value of random sample is caused by 

he large internal bias field E i . The reason for the reduced Q m of

extured ceramics is discussed below. 

Fig. 12 shows the complex impedance plots for both random 

nd textured samples over the temperature ranges of 40 0-60 0 °C. 
ll the plots show the similar behavior. The bulk resistance corre- 

ponds to the low frequency intercept of the impedance plot on 

he Z ́ axis and the ionic conductivity was calculated in accordance 

ith the literature. [ 68 , 69 ] The activation energy E a can be calcu-

ated using Arrhenius equation: 

= σ0 exp ( −E a / KT ) (8) 

here σ is conductivity, σ 0 is pre exponential factor, E a is the acti- 

ation energy of the conduction, K is the Boltzmann constant, and 

 is the absolute temperature. 

From the ln σ vs. 10 0 0/ T curves, the E a for the 1 mol% Mn-

oped random, 2 mol% Mn-doped random, textured-2BT, and 

extured-5BT samples is calculated to be 1.51 eV, 1.18 eV, 1.24 eV, 
9 
nd 1.23 eV, respectively. Random sample with 2 mol% Mn-doping 

xhibits a much lower activation energy value in comparison with 

 mol% Mn-doped random sample since more Mn ions will sub- 

titute on the B-site of the perovskite structure, generating high 

oncentration of oxygen vacancies in 2 mol% Mn-doped sample. 

owever, the differences in activation energy for both random and 

extured samples are small, indicating that the mobility or concen- 

ration of oxygen vacancies may not be the key factor to induce the 

ifferent Q m value in random and textured samples. The reduced 

 m of < 001 > -textured ceramics in comparison with random coun- 

erpart could be caused by the crystallographic dependence of Q m 

n PIN-PMN-PT ceramics. Previously, it has been reported that the 

 m reached the high value of 1100 for < 111 > oriented rhombohe- 

ral PIN-PMN-PT single crystal and exhibited the smaller value of 

20 for < 001 > oriented counterpart. [70] This crystallographic de- 

endence of Q m was attributed to the different domain engineered 

onfigurations for different orientations. For electric poled < 111 > - 

riented crystal, the domain engineered structure is monodomain, 

abeled as 1R, thus low elastic loss and high Q m are expected. 

or electrically poled < 001 > -oriented crystal, it has four equiva- 

ent engineered domains along with θ around 54.7 o as shown in 

ig. 9 a, designated as 4R, leading to enhanced domain wall motion 

nd high elastic loss. Thus, the higher Q m for < 111 > -oriented crys- 

al with domain engineered configuration 1R in comparison with 

 001 > -oriented counterpart is attributed to the reduced domain 

all motion. Considering the averaging of Q m in three-dimensional 

pace, the random sample should have a Q m in between that of 

 001 > and < 111 > -textured ceramics. Thus, it is reasonable to see

hat the < 001 > -textured ceramics have lower Q m in comparison 

ith random counterpart by considering the crystallographic de- 

endence of Q m . 

Further, based on PFM phase images shown in Fig. 10 , the exis- 

ence of small and uniform domains makes the domain switching 

elatively easier to happen in textured sample. Thus, the crystal- 

ographic dependence of Q m and enhanced domain mobility may 
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Fig. 12. Temperature dependent complex impedance spectra and corresponding Arrhenius plots of ionic conductivities for both random and textured piezoelectric ceramics. 
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e the main reasons why the mechanical quality factor Q m de- 

reased as the BT content increased. In addition, the multi-domain 

onfiguration will gradually transfer to single domain configuration 

ith increasing BT content since the BT template can increase the 

etragonality of textured ceramic. For single domain configuration, 

he angle θ between the electric field and the polarization is zero, 

ased on Eqn. 6 and 7 , when θ = 0, E ⊥ = 0. Thus, only the paral-

el component of internal bias field E ‖ can restrict the extension of 
olarization, leading to the decreased Q m . 

. Conclusion 

High power piezoelectric ceramics have been successfully fabri- 

ated using integrated texturing and acceptor doping (Mn-doping). 

he mechanism for the enhanced piezoelectric response of tex- 

ured ceramic is attributed to the high < 001 > -crystal orienta- 

ion and fine domain structure. The effect of template content 

n piezoelectric properties of textured ceramics was investigated 

nd the results show that the BT template content in textured 

eramic should not exceed 3 vol.% in order to achieve an opti- 

ized combined soft and hard piezoelectric properties. Template 

ontent higher than 3 vol.% can increase the tetragonality degree 

f textured ceramic, resulting in decreased piezoelectric coefficient. 

lso, the high template content can significantly reduce the me- 

hanical quality factor value of textured ceramic since the high 

ontent of BT template can transform the multi-domain configu- 

ation to single domain configuration due to the phase transition 

rom rhombohedral to tetragonal structure, leading to reduced re- 

triction on polarization motion and decreased mechanical qual- 

ty factor. The textured Mn-doped PIN-PMN-PT with 2 vol.% BT 

emplate exhibited excellent piezoelectric properties of d 33 = 517 

C/N, Q m = 1147, E c = 10.0 kV/cm, tan δ = 0.49%, which is higher

han most of the reported lead-free and lead-based high-power 

iezoelectric ceramics. We believe that the outstanding piezoelec- 

ric properties of textured Mn-doped PIN-PMN-PT with low pro- 

uction cost make it promising for next-generation high power de- 

ices applications. 
10 
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