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ABSTRACT

More than two decades of world-wide research efforts have resulted in several classes of potentially important materials.

Among them are incipient piezoelectrics, which are especially useful for actuator applications. However, relatively large electric

fields are required for activating the large incipient electromechanical strains. So far, many attempts have been made to reduce

the required electric field by intentionally inhomogenizing the electric field distribution in the microstructure through core-shell

and composite approaches. Here, we show that electric field concentration can be realized simply by adjusting electrode patterns.

We have investigated the effect of electrode patterning on the incipient electromechanical strain properties of an exemplarily cho-

sen lead-free relaxor system, revealing that electrode patterning does have a significant role on the strain properties of the given

lead-free relaxor system. We believe that this approach would make a new strategy for ones to consider bringing the functional

properties of electroceramics beyond their conventional limit.
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1. Introduction

eveloping high-performance lead-free piezoelectrics, an

alternative to the market dominated by lead-based

piezoelectrics, has been of great interest to the piezoelectric

community for more than two decades in response to

stricter environmental regulations.1,2) It could be said that

two potentially noteworthy outcomes from the more than

twenty years of research are the discoveries of the morpho-

tropic phase boundary between rhombohedral and tetrago-

nal symmetry in potassium-sodium niobite (KNN)3) that

appears to compete with PZT’s4) and incipient piezostrains

in bismuth-based relaxor ferroelectrics, the strain levels of

which are almost two times larger than those of typical

piezoceramics.5,6) The former is in steady development in the

community, but the latter still needs further breakthroughs

due to the relatively large electric field level required for

activating the aforementioned large strain behavior. There-

fore, we focus our discussion only on how to further improve

the incipient piezostrains in lead-free relaxor ferroelectrics.

Incipient piezoelectricity was first named in accordance

with its phenomenology, namely, the piezoelectricity devel-

ops out of a macroscopic paraelectricity beyond a certain

electric field level.5) The need for this new naming was justi-

fied by the widespread misconception that the presence of

so-called a double or pinched polarization hysteresis loop

should be a sufficient condition for the antiferroelectricity,

although it is merely one necessary condition. In fact, the

constriction in the polarization hysteresis loop simply

reflects that the system of a concern is a macroscopically

paraelectric state in the absence of external electric field,

although the state can be transformed into a ferroelectric

state by the application of external electric field. In other

words, the ferroelectricity in a given material system is only

stable upon the application of a certain electric field level,

which could be the case for relaxor ferroelectrics, normal

ferroelectrics slightly above their Curie point, antiferroelec-

trics, and other materials. 

Relaxor ferroelectrics are of importance among all the

known incipient piezoceramics from the practical point of

view. Antiferroelectric materials are mechanically unstable

due to a significant reversible volume change during each

driving cycle and normal ferroelectrics slightly above their

Curie point suffer from highly limited temperature range

for their use. In contrast, the incipient piezoelectricity in

relaxor ferroelectrics emerges if they are above a so-called

freezing temperature and persists up to fairly elevated tem-

peratures due to the relatively temperature insensitive elec-

trostrictive coefficient. In addition, the large strain comes

from a repetitive poling process during each cycle so that it

is free of fatigue.7,8) As recently revealed, relaxor-based

incipient piezoceramics are expected to be thermally stable
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against self-heating due to the presence of electrocaloric

cooling at each cycle.9)

Thanks to those results, a number of studies have been

performed to make the incipient piezostrains in lead-free

relaxor ferroelectrics practically viable, since their mecha-

nism was clearly revealed in 2009.10) Early-stage studies

had focused on adjusting the freezing temperature, above

which the incipient piezostrains emerge, in various sys-

tems.1116) However, all the developed systems suffer from

an excessively large activating electric field (ER-F: electric

field required for relaxor-to-ferroelectric phase transforma-

tion – the rationale for the terminology can be found in some

works17,18) that was in the way of practical versatility,

although most compositions of a potential interest had been

thoroughly scanned). The record for the minimum ER-F was

reported on a (Bi1/2Na1/2)TiO3-SrTiO3 (BNT-ST) solid-solu-

tion system at about 2.3 kV/mm.19) Note that considering

the maximum driving field for actuators is 2 kV/mm1, the

ER-F needs positioning near 1 kV/mm for stable and repro-

ducible cycling.22) 

The first breakthrough in the ER-F reduction was reported

on a core-shell structured alkaline niobite system in 2012.23)

When a KNN-based system was further modified by the

addition of CaZrO3, the strain reached up to ~ 0.4% at 4 kV/

mm (~ 1,000 pm/V) with ER-F less than 0.5 kV/mm. This

core-shell approach was readily accepted by the community

as an ‘ultimate’ solution to the ER-F reduction, because the

externally applied electric field should be concentrated on

the ferroelectric core with a lower dielectric permittivity.24)

Unfortunately, however, a similar effect has not been

reported afterwards, which has been attributed to poor

reproducibility. 

It was not long before a 03 composite concept was pro-

posed as an alternative to the core-shell approach.25,26) The

idea behind the so-called 03 composite approach was quite

simple in that it mimicked the core-shell approach by add-

ing a ferroelectric composition as a ‘0’ component into a

relaxor matrix as a ‘3’ component. Although the working

principle was the same as that of core-shell structured sys-

tems, it has been considered by far easier in practice and

more reliable in reproduction than the core-shell approach.

This is why this 03 composite approach is still intensively

studied.2729) Although the 03 composite approach may be

conceptually correct, the effect does not seem to be as signif-

icant in reducing EF-R as formally expected. 

The previous attempts all considered inhomogenizing the

electric field distribution in a way to let a certain region of

the system be exposed to more intensified electric field than

the applied field. Given that the concentration of electric

field matters, it can naturally be expected that a patterned

electrode, like a lightning rod, could yield the same effect.

Therefore, we first devised five different types of patterns to

see which electrode shape the best effect on the field concen-

tration has, based on the premise that electric field tends to

concentrate on conducting edges. It is a matter of course

that the higher the concentration is, the better, but too

much concentration would lead to an electrical breakdown.

Therefore, we also adjusted the inter-electrode distance at

three distinct levels to find an optimized patterning scheme.

A total of fifteen patterns were tested in the current investi-

gation as shown in Fig. 1 applied to one of the well-known

lead-free relaxor systems, 0.97Bi1/2(Na0.78K0.22)1/2TiO3-0.03Bi-

AlO3 (BNKT-BA).
30) As will be shown and discussed, elec-

trode patterning does have a positive effect on enhancing

incipient piezostrains, although there is ample room for fur-

ther improvement.

2. Experimental Procedure

Bi2O3 (99.9% Kojundo), Na2CO3 (99.0%, Sigma-Aldich),

1Although there is no strict rule on the maximum driving field for

actuators, the choice of the driving field is commonly made by

the minimum required electromechanical strain values, typically

0.1 ~ 0.15%. The piezoelectric actuator market is mostly domi-

nated by PZT-based ceramics, where 1 ~ 2 kV/mm is typically

required for achieving such strain level. In addition, more than 2

kV/mm usually induces a dielectric breakdown through the air,

the prevention of which complicates the actuator configura-

tion.20,21)

Fig. 1. Various electrodes patterns for electric field concentration.
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K2CO3 (99.0%, Sigma-Aldrich), TiO2 (99.9%, Kojundo),

BaCO3 (99.95%, Kojundo), and Al2O3 (99.9%, Kojundo) were

weighed to the intended stoichiometric composition of

0.97Bi1/2(Na0.78K0.22)1/2TiO3-0.03BiAlO3 (BNKT-BA). Then,

they were mixed and ball-milled with YSZ milling balls for

24 h. The milled powders were dried, and then calcined at

800°C for 2 h. To prepare slurry for the tape casting process,

a solvent was prepared by mixing 60 vol% toluene (99.5%,

Daejung Chemical & Metals Co., Ltd, Korea) with 40 vol%

ethanol (99.5%, Daejung Chemical & Metals Co., Ltd,

Korea). Then, polyvinyl butyral (Butvar® B-98, Solutia Inc.,

USA), dibutyl phthalate (94%, Daejung Chemical & Metals

Co., Ltd, Korea), and BYK-111 (BYK Chemical, Germany)

were added to the slurry as a binder, a plasticizer, and a dis-

persant, respectively. The slurry was ball-milled for 24 h.

As-milled slurry was tape-casted with the uniform thick-

ness of 30 µm. The patterns for electric field concentration

were printed on green sheets with a Ag-Pd paste. The green

sheets were stacked and then pressed at 60°C under uniax-

ial pressure of 100 MPa for 30 s. Each sheet was laminated

to the thickness of 0.9 mm and blade-cut in accordance with

the guidelines. The processed samples were heat-treated in

air at 650°C for 2 h to remove organic matter, followed by

sintering in air at 1150°C for 2 h. After sintering, Ag elec-

trodes were painted on both sides of the sample surfaces.

3. Results and Discussion

Figure 2(a) schematically illustrates a step-by-step proce-

dure for the fabrication of lead-free BNKT-BA ceramics

intended for electric field concentration. To realize the 3-

dimensional electrode patterns, each field-concentration

type electrode was screen-printed on top of the as-prepared

green sheets and stacked in parallel. The thickness of each

layer between electrode patterns was 200 µm after sintering

as shown in Fig. 2 (b). Each pattern was connected by exter-

nal electrodes screen-printed on flank surfaces so that the

tip of intended field-concentrating electrode pattern points

along the external field direction. An image of each material

after sintering at 1150oC for 2 h is presented in Fig. 2(c).

The details of the realized patterns viewed through an opti-

cal microscope are seen in Fig. 2(d). The thickness of speci-

mens was determined at 1.26 mm and the distance between

electrode patterns 0.64 mm after sintering. The values of

interval1, interval2, and interval3 were 0.38, 0.63, and 1.46

mm, respectively.

Fig. 2. Schematic diagram of (a) processing and images of specimens (b) top view of specimen in the inspection step, (c) speci-
mens after painting top and bottom electrodes and (d) optical microscope image of patterns in each condition.
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Figure 3 (a) and (b) depicts the polarization and strain

hysteresis loop of BNKT-BA. The absence of negative strain

strongly supports that BNKT-BA is an incipient piezoce-

ramic. Fig. 3 (c) shows x-ray diffraction patterns and micro-

structure analysis that reveal that the currently fabricated

material has single perovskite structure without secondary

phases and high relative density of 98%. The quality of the

sample is also guaranteed by the high dielectric breakdown

strength, which is well beyond 10 kV/mm. This implies that

the chosen BNKT-BA is highly suitable for the current

experimental purpose in that materials are supposed to be

exposed to a locally generated excessively large electric

field. 

To estimate the effect of electrode patterning on electric

field concentration, a finite element method using a com-

mercial software (QuickFieldTM ver. 6.3) was utilized to

monitor the changes in the electric field distribution as

functions of electrode type and interval, as presented in Fig.

4. The applied electric field was set at 1 kV/mm. All pat-

terned electrodes, regardless of their detailed shape profile,

impact the field concentration to a degree. We see that the

equipotential points stem from the pattern edges and shift

in position due to interactions with those from nearby pat-

terns. The degree of interference increases with decreasing

inter-pattern distance, leading to a weakening of the intended

electric field concentration. For example, one sees that the

distribution profile of equipotential lines shown in the (pat-

tern 1, interval 1) case, is quite similar to that of the pat-

tern-less case. This means that once the inter-pattern

distance is set below a certain limit, one may expect a sam-

ple response typical of higher electric fields in the pattern-

less case due not to an electric-field concentration but to the

reduction in the active layer. On the contrary, increasing

inter-pattern distance, promotes electric-field concentra-

tion. However, this leads to the decrease in the pattern den-

sity so that active region under the influence of concentrated

electric field decreases and overall functional properties

converge to those of the pattern-less case. Although the

overall trends are consistent for all patterns, it is clearly

seen that the detailed effect depends on the shape profile.

The sharper the front edge, the higher the level of concen-

tration. For example, patterns 3 and 4 are less susceptible

to the inter-pattern distance than patterns 1 and 2, as natu-

rally expected from the shape characteristic. Unexpectedly,

pattern 5 was less effective in concentrating the electric

field possibly due to the lack of a vertical component in the

electric field that prevents the electric field from being con-

centrated at the tip of the pattern.

Figure 5 is a summary of unipolar strain properties of pat-

terned samples in comparison to the reference sample with

a pattern-less electrode up to 5 kV/mm. The larger the inter-

pattern distance, the higher the field concentration; thus,

chances for dielectric breakdown increase with larger inter-

pattern distance. In the case of interval 1 where all the sam-

ples survived up to the maximum electric field of 5 kV/mm,

the strain properties are evidently enhanced in patterns 3

and 4, while the concentration effect is rather insignificant

in patterns 1, 2, and 5. The ineffectiveness in patterns 1 and

2 for the given inter-pattern distance may be due to a signif-

icant interference that leads to the reduction in the active

region, as predicted by the simulation. Nevertheless, as the

inter-pattern distance increases, the expected field concen-

tration is realized, leading to a further enhancement in the

strain properties. However, the result for pattern 5 should

be due to an undesirable pattern design. 

It is seen that the degree of displacement decreases while

the saturation behavior starts with the increase in inter-

pattern distance in the case of pattern 3. It is noted that

pattern 3 consists of a triangular shape that could mitigate

the inter-pattern interferences even when the pattern-to-

Fig. 3. Ferroelectric and piezoelectric properties of BNKT-BA; (a) polarization and (b) strain hysteresis loop. (c) X-ray diffraction
pattern and microstructure of BNKT. 
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pattern distance is quite small. In fact, pattern 3 already

exhibits as high strains for the shortest inter-pattern dis-

tance as patterns 1 and 2 with a reduced active layer, that

is, the actual electric field applied to the active region is

Fig. 4. Simulation of electric field concentration at various conditions.
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higher than the external field. Nevertheless, the strain

tends to decrease with increasing inter-pattern distance.

We believe that this is because the concentration effect is

more dominated by the decrease in the number density of

field concentrators than the strengthened field concentra-

tion due to the weakened inter-pattern interferences. In the

meantime, pattern 4 also exhibits a similar tendency on the

effect of inter-pattern distance as pattern 3. Nevertheless, it

is seen that the strain response of pattern 4 does not satu-

rate as it does with patterns 1 and 2 with increasing inter-

pattern distance. This implies that pattern 3 is still better

in concentrating the electric field. Finally, pattern 5 appears

to be the best in electric field concentration, although the

effect is largely mitigated due to the inter-pattern interfer-

ence as expected from simulation. In addition, even adjust-

ing the inter-pattern distance turns out to be ineffective due

to an early dielectric breakdown from an overloaded electric

field concentration. 

As explained earlier, the driving electric field level in this

study was set at 5 kV/mm, because the typical electric field

level for activating and saturating incipient piezostrains in

the known lead-free piezoceramics is fairly large at above 5

Fig. 5. Comparison of strain curve with various electric field concentration conditions. The red dotted line indicates the strain
level of the reference sample at 5 kV/mm. 
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kV/mm. However, the apparent effectiveness of the current

approach with electrode patterning prevents a proper com-

parison from being made due to dielectric breakdown. Addi-

tionally, the typical driving electric field for actuator

applications is much less than 5 kV/mm as discussed earlier

in the introduction. Therefore, we chose 3 kV/mm as a driv-

ing field to make a proper comparison for the strain

responses of each case. 

Figure 6 compares the strain responses of each case up to

3 kV/mm. Unlike the high field exposure, no apparent

change is noted as a function of the field level and inter-pat-

tern distance except for pattern 3 with interval 3, although

the effect is evident for all cases with the enhancement of

about 33 ~ 55%. In comparison to the pattern-less case, the

strain response at 3 kV/mm is enhanced by 140%, and the

strain level of 0.03% at 3 kV/mm for the pattern-less case

already achieved at 2 kV/mm. A summary of the current

investigation with respect to the key parameter inter-pat-

tern distance is presented in Fig. 7.

4. Conclusions

A new approach to activating incipient piezostrains at the

lowest electric field as possible was investigated. We demon-

strated that electric fields, which are higher than the exter-

nally applied fields, can be successfully induced simply by

Fig. 6. Comparison of strain curve with various patterns at low electric field.
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introducing 3-dimensional patterns. A special emphasis was

made on the effect of the shape of patterns and inter-pat-

tern distances on the strain level. We noted that the inter-

pattern distance is the most important parameter, and

there should be an optimum inter-pattern distance to maxi-

mize the strain properties by electric field concentration.

This is not only because the shorter the inter-pattern dis-

tance is, the less effective the concentration of electric field

becomes due to an increasing inter-pattern interference, but

also because the strain enhancement assisted by electric

field concentration became less effective owing to the reduc-

tion in the pattern density. The inter-pattern interference

was found to depend heavily on the shape of the electrode

pattern only when the inter-pattern distance was short

enough for nearby field contours to interfere with each

other. Within the framework of this study, a triangular

shaped electrode with the largest possible inter-pattern dis-

tance showed the best strain properties at a relatively low

electric field of 3 kV/mm.
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