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Abstract Lead-free K0.5Na0.5NbO3–K5.4Cu1.3Ta10O29–

MnO2 (KNN–KCT–Mn) ceramics have been prepared by a

conventional ceramic sintering technique. The ceramics

show excellent piezoelectric properties for application in

power devices, and the optimum properties measured are as

follows: piezoelectric constant d33 = 90 pC/N, planar

electromechanical coupling factor kp = 0.40, mechanical

quality factor Qm = 1900, remanent polarization Pr =

11.8 lC/cm2, coercive field Ec = 0.85 kV/mm. A Rosen-

type piezoelectric transformer with a dimension of

21 mm · 6 mm · 1.2 mm was fabricated using the KNN–

KCT–Mn ceramics. Properties of the piezoelectric trans-

former operating in the first and second modes have been

characterized. For the first mode, the transformer has a

maximum output power of 0.7 W with a temperature rise

of 14 �C. For the second mode, the maximum output power

of the transformer is 1.8 W with a temperature rise of

33 �C. KNN–KCT–Mn ceramics have shown to be a

potential lead-free candidate to be used in high-voltage–

low-current devices.

Introduction

Piezoelectric transducers have shown great promise as

sensors and actuators because they are inexpensive, space

efficient, lightweight, easily fabricated, and easily mounted

on a variety of surfaces. With the development of fine

ceramic technology, piezoelectric materials have been used

for power devices such as piezoelectric transformers and

ultrasonic motors. A piezoelectric transformer is a device

that transforms an ac voltage or current by the piezoelectric

effect at electromechanical resonance frequency. Com-

pared with an electromagnetic transformer, a piezoelectric

transformer has the following favorable characteristics:

easy to be miniaturized with a large power to volume ratio;

electromagnetic-noise-free; nonflammable because of no

windings; higher working frequency. In the past, many

types of piezoelectric transformer have been proposed and

developed [1–11]. Among various types of the piezoelec-

tric transformer, a Rosen-type piezoelectric transformer has

a simple structure and high-voltage-output characteristics,

which is commonly used in practical applications [1–3].

As known, Pb(Zr,Ti)O3 (PZT) ceramics play a dominant

role in current piezoelectric applications because of their

superior piezoelectric properties. However, the use of lead-

based ceramics causes serious environmental problems

because of the high toxicity of lead oxide and its high vapor

pressure during sintering. Therefore, there is a great need to

develop lead-free piezoelectric ceramics with excellent

piezoelectric properties for replacing the lead-containing

ceramics in various applications. A number of lead-free

piezoelectric ceramics such as alkaline niobate-based

materials [12–22], Bi0.5Na0.5TiO3-based materials [23–26],

Bi-layered structure materials [27,28], tungsten bronze-

type materials [29], and BaTiO3-based ceramics [30]

have been extensively investigated. Among them,
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K0.5Na0.5NbO3 (abbreviated as KNN) is one of the most

promising candidates for lead-free piezoelectric ceramics.

In this study, K0.5Na0.5NbO3–K5.4Cu1.3Ta10O29–MnO2

(KNN–KCT–Mn) ceramics with relatively high planar

electromechanical coupling factor (kp) and mechanical

quality factor (Qm) were developed. With the ‘‘hard’’ pie-

zoelectric characteristics of this KNN-based ceramics, a

lead-free Rosen-type piezoelectric transformer has been

fabricated and characterized.

Experimental

The KNN–KCT–Mn ceramics were prepared by a con-

ventional ceramic fabrication technique using analytical-

grade metal oxides or carbonate powders. K0.5Na0.5NbO3

and K5.4Cu1.3Ta10O29 powders were prepared using a

solid-state reaction. The starting materials were as follows:

K2CO3 (99.9%), Na2CO3 (99.8%), Nb2O5 (99.95%), CuO

(99.9%), and Ta2O5 (99.9%) Desired amounts of starting

materials were weighed and mixed in ethanol using zir-

conia balls. After drying, KNN powder was calcined at

880 �C for 6 h, and KCT powder was calcined at 950 �C

for 5 h. After calcinations, 0.38 mol% K5.4Cu1.3Ta10O29

and 0.25 mol% MnO2 (99.9%) were added to the calcined

KNN powders. The powders were ball milled again and

mixed thoroughly with a polyvinyl alcohol (PVA) binder

solution for dry pressing. The disk samples of 15 mm

diameter were sintered at 1,110 �C for 4 h in air. After the

sintered disk samples were polished to less than 1 mm

thickness, a fired-on silver paste was applied to the top and

bottom surfaces of the samples as electrodes. The ceramics

were poled under a dc field of 3 kV/mm at 200 �C in

silicone oil for 30 min.

The microstructure of the ceramics was observed using

scanning electron microscopy (Leica Stereoscan 440) A

conventional Sawyer-Tower circuit was used to measure

the polarization hysteresis (P–E) loop of the ceramics at

100 Hz. Piezoelectric properties of the ceramics were

measured by means of the resonator method on a basis of

IEEE standard using an impedance analyzer (Agilent

4294A) [31]. The piezoelectric coefficient d33 of the sam-

ples was measured using a d33 meter (ZJ-3B, China). The

key properties of KNN–KCT–Mn ceramics are shown in

Table 1.

A Rosen-type piezoelectric transformer, as shown in

Fig. 1 (a), with a dimension of 21 mm · 6 mm · 1.2 mm

was fabricated using the KNN–KCT–Mn ceramics. The

approximate distributions of displacement and stress for

the first mode (half-wave mode) and the second mode (full-

wave mode) are plotted in Fig. 1 (b) and (c), respectively.

For the first mode, when the piezoelectric transformer

works, the clamping point should be in the center, while for

the second mode 1/4 length and 3/4 length would be

clamped due to the zero displacement at these points. The

generator section of the sample was poled along the length

direction under a dc field of 3 kV/mm for 30 min in sili-

cone oil at 200 �C, while the driver section of the sample

was poled along the thickness direction under a dc field of

5 kV/mm for 30 min at 120 �C.

Impedance properties of the piezoelectric transformer

were measured as a function of frequency using a precision

impedance analyzer (Agilent 4294A). The characteristics

of the piezoelectric transformer under variable load resis-

tance were investigated using a similar experimental setup

in our previous study [32]. A pure resistive load RL

([10 kX) was used. In order to minimize the effect of stray

capacitance of oscilloscope on voltage gain of the trans-

former, the output voltage was simply measured by

monitoring voltage of a 1 kX resistor serially connected to

RL. The temperature rise in the transformer was measured

by an infrared thermometer about 1 min after applying the

input voltage. The temperature rise in the transformer can

be controlled properly by tuning the input voltage.

Results and discussion

Figure 2 shows a slightly constricted P–E hysteresis loop

of the KNN–KCT–Mn ceramics. The remanent polariza-

tion Pr and coercive field Ec are 11.8 lC/cm2 and 0.85 kV/

mm, respectively. Compared with a pure KNN ceramic

[33], the KNN–KCT–Mn ceramics has a smaller Pr and a

comparable Ec. The substitutes of Cu2+ and Mn4+/Mn3+ for

Nb5+ in the B-sites of KNN result in the formation of defect

dipoles by the defect ions Cu2+ and Mn4+/Mn3+ (negatively

charged) and O2– vacancies (positively charged) [34–36].

On the basis of symmetry-conforming principle of point

defects [37], the defect dipoles provide a restoring force to

reverse the switched polarization upon removal of the

external field. As a result, macroscopically, the ferroelec-

tric dipoles are difficult to deviate from their original

orientation due to the strong restoring force generated by

Table 1 Properties of the KNN–KCT–Mn ceramics

Density q (·103 kg/m3) 4.65

Qm 1900

eT
33=e0 @ 1 kHz 300

Tgd @ 1 kHz 0.003

kp 0.40

k31 0.24

d33 (·10–12 C/N) 90

d31 (·10–12 C/N) –33

Poisson’s ratio r 0.27

sE
11 ð�10�12m2=NÞ 6.91
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defect dipoles. That is, defect dipoles will ‘‘pin’’ the motion

of ferroelectric dipoles. Consequently, a constricted P–E

loop is observed, and the excellent ‘‘hard’’ piezoelectric

properties in KNN–Mn–KCT ceramics are obtained. A

scanning electron microscopy (SEM) micrograph of the

KNN–KCT–Mn ceramics is shown in Fig. 3. It can be seen

that the density of ceramics is high and the grain size is

small with an average 2 lm in diameter.

The measured impedance spectra of the KNN–KCT–Mn

Rosen-type piezoelectric transformer are shown in Fig. 4.

The resonances of the first mode [Fig. 4(a) and (b)] and the

second mode [Fig. 4(c) and (d)] are strong and clear. The

electrical equivalent circuit of piezoelectric transformers

operated near the resonance frequencies can be simplified

as shown in Fig. 5 [7]. The turn ratio of the transformer N

can be calculated by

N ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LmOUTPUT

LmINPUT

r

ð1Þ

The equivalent circuit parameters of the transformer under

different vibration modes were determined using an

impedance analyzer. Each part of the transformer was

measured under the condition, while the other part was

short-circuited. The results are shown in Table 2. Using

the Eq. 1, the N value of the first and second modes is 2.74

and 4.33, respectively.

Fig. 1 A Rosen-type piezoelectric transformer: (a) configuration, and

distribution of displacement and stress of the first mode (b) and the

second mode (c)
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Fig. 2 P–E hysteresis loop of the KNN–KCT–Mn ceramics

Fig. 3 SEM micrograph of the KNN–KCT–Mn ceramics
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Figure 6 shows plots of the voltage gain of the piezo-

electric transformer in the first and second modes as a

function of frequency with different resistive loads. It is

seen that the maximum voltage gain of the transformer

increases with resistive load. The maximum voltage gain of

the piezoelectric transformer with a load resistance of

1 MX is 21 and 76, for the first mode and the second mode

respectively. Besides the load resistance and driving fre-

quency, the voltage gain also depends on the properties of

the piezoelectric material. It is deduced that the voltage

gain for a very large load resistance (open circuited) is

approximately proportional to the mechanical quality

factor Qm and electromechanical coupling factors: [1]

Vout=Vin / k31k33QmðL=tÞ; ð2Þ

where L and t are the length and thickness of the trans-

former, respectively. The main key to enlarge the voltage

gain of the transformer is to increase the length/thickness

ratio of the transformer, and the electromechanical cou-

pling factors and mechanical quality factor of the

piezoelectric ceramics.

It is known that the efficiency of a piezoelectric

transformer attains a maximum value when the load

resistance is equal to (1/xCd2) where Cd2 is the clamped

capacitance of the output part of the transformer [7]. This

load resistance is called a matching load. Using parameters

in Table 2, the matching loads can be determined to be

about 700 kX for the first mode, and 400 kX for the second

mode. The relationship among the maximum output power,

efficiency, temperature rise, and input voltage of the

matching loaded piezoelectric transformer in the first and

second modes is shown in Fig. 7. The maximum output

power is defined as the maximum value of the output

power with respect to the driving frequency for a given

Fig. 4 Impedance spectra of

the KNN–KCT–Mn

piezoelectric transformer near

the first vibration mode [(a)

input part, (b) output part], and

the second vibration mode [(c)

input part, (d) output part]

Fig. 5 Equivalent circuit of the piezoelectric transformer

Table 2 Parameters of the input and output parts of the piezoelectric transformer

fr (kHz) fa (kHz) Rm (X) Lm (mH) Cm (pF) Cd (pF) Qm

The first mode Input 124.9 125.7 1220 1025 1.58 125 660

Output 124.9 132.1 8617 7707 0.211 1.78 700

The second mode Input 250.0 253.7 240 111.6 3.63 122 730

Output 250.0 266.1 3686 2090 0.194 1.47 890
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input voltage. The whole surface of the transformer was

scanned to obtain the maximum temperature. As shown in

Fig. 7, the output power is larger for the transformer

operated in the second mode for a given input voltage. For

the first mode, when the input voltage is 140 Vpp (peak-to-

peak value), the maximum output power is 0.7 W with a

temperature rise of 14 �C. For the second mode, the

maximum output power approaches 1.8 W with a tem-

perature rise of 33 �C when the input voltage is 115 Vpp.

The efficiency for both operation modes can be higher than

80%. Compared with a PZT piezoelectric transformer, the

lead-free one has a lower power-to-volume ratio due to

the relative weak piezoelectric performance of the lead-free

element. Since the electromechanical coupling factors and

the maximum vibration velocity vmax of the lead-free

ceramics are lower than that of the PZT, the maximum

output power of the lead-free transformer would be lower.

Nevertheless, with the low-density nature of the lead-free

ceramics, the lead-free transformer has a comparable

power-to-weight ratio to the lead-based transformer [3].

Conclusions

Lead-free KNN–KCT–Mn ceramics have been prepared by

a conventional ceramic sintering technique. The ceramics

show excellent piezoelectric properties for application in

power devices, and the optimum properties measured are

as follows: d33 = 90 pC/N, kp = 0.40, Qm = 1,900. A

Rosen-type piezoelectric transformer with a dimension of

21 mm · 6 mm · 1.2 mm was fabricated successfully

using the KNN–KCT–Mn ceramics. Properties of the

piezoelectric transformer operating in the first and second

modes were characterized. For the first mode, the trans-

former has a maximum output power of 0.7 W with a

temperature rise of 14 �C. For the second mode, the

maximum output power of the transformer is 1.8 W with

a temperature rise of 33 �C. It is shown that the

Fig. 6 Voltage gain as a function of frequency and load resistance at

(a) the first mode, and (b) the second mode

Fig. 7 Relationship among the maximum output power, efficiency,

temperature rise, and input voltage of the matching loaded piezo-

electric transformer in (a) the first mode, and (b) the second mode
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KNN–KCT–Mn transformer has potential to be used in

high-voltage–low-current devices.

Acknowledgements This work was supported by the Niche Area

Project (No. 1-BB95) and the Centre for Smart Materials of The Hong

Kong Polytechnic University.

References

1. Rosen A, Fish KA, Rothenberg HC (1958) U.S. Patent No.

2830274, 8 April 1958

2. Fuda Y, Kumasaka K, Katsuno M, Sato H, Ino Y (1997) Jpn J

Appl Phys Part 1 36:3050

3. Sasaki Y, Yamamoto M, Ochi A, Inoue T, Takahashi S (1999)

Jpn J Appl Phys Part 1 38:5598

4. Ohnishi O, Kishie H, Iwamoto A, Sasaki Y, Zaitsu T, Inoue T

(1992) Proc IEEE Ultrason Symp 1:483

5. Yamamoto M, Sasaki Y, Ochi A, Inoue T, Hamamura S (2001)

Jpn J Appl Phys Part 1 40:3637

6. Hu JH, Fuda Y, Katsuno M, Yoshida T (1999) Jpn J Appl Phys

Part 1 38:3208

7. Hu JH, Li HL, Helen Chan LW, Choy CL (2001) Sens Actuators

A 88:79

8. Du JL, Hu JH, Tseng KJ (2004) IEEE Trans Ultrason Ferroelectr

Freq Control 51:502

9. Priya S, Kim H, Ural S, Uchino K (2006) IEEE Trans Ultrason

Ferroelectr Freq Control 53:810

10. Baker EM, Huang W, Chen DY, Lee FC (2005) IEEE Trans

Power Electron 20:1213

11. Kim SK, Seo YH (2006) Appl Phys Lett 88:263510

12. Egerton L, Dillom DM (1959) J Am Ceram Soc 42:438

13. Jaeger RE, Egerton L (1962) J Am Ceram Soc 45:209

14. Saito Y, Takao H, Tani T, Nonoyama T, Takatori K, Homma T,

Nagaya T, Nakamur M (2004) Nature (London) 432:84

15. Guo Y, Kakimoto K, Ohsato H (2004) Appl Phys Lett 85:4121

16. Kimura M, Ando A, Shiratsuyu K, Sakabe Y (2004) Trans Mater

Res Soc Jpn 29:1049

17. Zang GZ, Wang JF, Chen HC, Su WB, Wang CM, Qi P, Ming

BQ, Du J, Zheng LM (2006) Appl Phys Lett 88:212908

18. Hollenstein E, Davis M, Damjanovic D, Setter N (2005) Appl

Phys Lett 87:182905

19. Matsubara M, Kikuta K, Hirano S (2005) J Appl Phys 97:114105

20. Kimura M, Kawada S, Shiratsuyu K, Ando A, Tamura H, Sakabe

Y (2004) Key Eng Mater 269:3

21. Guo Y, Kakimoto K, Ohsato H (2004) Solid State Commun

129:279

22. Ahn CW, Song HC, Nahm S, Park SH, Uchino K, Priya S, Lee

HG, Kang NK (2005) Jpn J Appl Phys Part 1 44:L1361

23. Takenaka T, Maruyama K, Sakata K (1991) Jpn J Appl Phys Part

1 30:2236

24. Wang X, Tang XG, Chan HLW (2004) Appl Phys Lett 85:91

25. Lin D, Xiao D, Zhu J, Yu P (2006) Appl Phys Lett 88:062901

26. Sasaki A, Chiba T, Mamiya Y, Otsuki E (1999) Jpn J Appl Phys

Part 1 38:5564

27. Jain R, Chauhan AKS, Gupta V, Sreenivas K (2005) J Appl Phys

97:124101

28. Li W, Gu J, Song C, Su D, Zhu J (2005) J Appl Phys 98:114104

29. Xie R, Akimune Y, Matsuo K, Sugiyama T, Hirosaki N, Sekiya T

(2002) Appl Phys Lett 80:835

30. Yu Z, Ang C, Guo R, Bhalla AS (2002) J Appl Phys 92:1489

31. ANSI/IEEE Std. 176–1987 (1987) IEEE standard on piezoelec-

tricity. IEEE, New York

32. Guo MS, Lin DM, Lam KH, Wang S, Chan HLW, Zhao XZ

(2007) Rev Sci Instrum 78:035102

33. Lin D, Kwok KW, Lam KH, Chan HLW (2007) J Appl Phys

101:074111

34. Lin D, Kwok KW, Chan HLW (2007) Appl Phys Lett 90:232903

35. Lin D, Kwok KW, Chan HLW, Structure, dielectric, piezoelectric

properties of CuO-doped K0.5Na0.5NbO3–BaTiO3 lead-free

ceramics. J Appl Phys doi: 10.1063/1.2787164

36. Lin D, Kwok KW, Chan HLW (2007) Appl Phys A 88:359

37. Ren X (2004) Nat Mater 3:91

714 J Mater Sci (2008) 43:709–714

123

http://dx.doi.org/10.1063/1.2787164

	A Rosen-type piezoelectric transformer employing lead-free K0.5Na0.5NbO3 ceramics
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


