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Abstract

To better understand the material properties of bismuth layer structured
ferroelectrics (BLSF) ceramics, the piezoelectric properties of BLSF
ceramics have been investigated as a function of mechanical loading.
Piezoelectric properties, such as the piezoelectric constant (d33) and

electrostatic capacity (CT ), decrease non-lineally with increasing cycle

number and applied stress. Such a change of material degradation is
influenced by the severity of the material damage in the BLSF ceramic.
The value of the critical damage at the sample final fracture point due to
cyclic and static compressive loading can be determined by proposed
exponential and polynomial expressions. It appears that the failure of
BLSF ceramics occurs even with a low damage variable below 0.10.
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1. Introduction

Piezoel ectric ceramics possess the unique property of a spontaneous polarization
that is reversible in an applied electric field. A number of piezoelectric ceramics
have been employed in various engineering applications, including buzzers,
actuators, acceleration sensors, ultrasonic sensors, knocking sensors and gas sensors.
In particular, lead zirconate titanate piezoelectric (PZT) ceramics have been widely
used because of their excellent electromechanical response. However, with the
increasing limitations of lead-based products due to environmental pollution caused
by the PbO in PZT ceramics, lead-free piezoelectric ceramics have received specia
attention [1]. There exist severa types of lead-free piezoelectric ceramics, grouped
into several families, e.g., Barium and Bismuth. Barium titanate has been the first
piezoelectric ceramic to be used in practice, forming the basic material for multilayer
ceramic capacitors [2]. The piezoelectric constants of single crystal BaTiO3
increases with the decrease of ferroelectric domain size. To produce excellent
material performance for these piezoelectric ceramics, high-density BaTiO
piezoelectric ceramics were produced by synthesising 100-nm powders
hydrothermally followed by a two step sintering method [2].

The family of bismuth layered ferroelectrics (BLSF) is very attractive from the
viewpoint of their applications. This is because BLSF ceramics are characterized by
their low dielectric constant, high Curie temperature (T;) and large anisotropy in the

electromechanical coupling factor. In fact, bismuth layer structured ferroelectrics are
considered to be a candidate as a new piezoelectric material. The effect of film
orientation on the piezoelectric properties of bismuth layered compounds deposited
on platinum coated silicon substrates has been investigated, showing that the
piezoelectric coefficient and the remnant polarization were larger for a-b axes
orientated than for c-axis-oriented films [3].

In order to employ lead-free BLSF piezoelectric ceramics in engineering
application for a long period of time, it is necessary to understand the materia
response to the application due to any change of material properties with time. The
efficiency of the piezoelectric property in the ceramic can be atered by cyclic
loading [4], where material failure can occur, caused by microcrack and domain
switching [5]. Information concerning piezoelectric performance and damage
characteristics in lead-free BLSF ceramics are indispensable for their design for
engineering applications. The main purpose of this paper is, therefore, to investigate
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the piezoelectric properties of BLSF ceramics and any subsequent damage during
static and cyclic loading processes.

2. Experimental Procedures

2.1 Materials

The piezoceramic selected for this work was a commercial bismuth layered
ferroelectric (BLSF) of nominal composition Bi,TizO, (B600), produced by Fuji
Ceramics Co. The specimen was a round rod (length 2.0 mm and diameter 4.0 mm)
with a density of 6.94g/cm3. The Curie point of the BLSF ceramic is 660°C. An

electroplated layer was applied to two sides of the specimens by a firing process in
atmosphere, before the electrical poling process was carried out. The BLSF ceramics
adopt an orthorhombic structure, e.g., a = 0.545nm, b = 0.541nm and ¢ = 3.28nm.

The piezoelectric properties of the BL SF ceramics after polarization, measured by an
impedance analyzer (Agilent Technologies, 4294A) were: (i) effective elastic

constant (03E3) 92.6 GPa, (ii) electromechanical coupling coefficient (ks3) 0.28, (iii)
piezoelectric constant (ds3) 151.7 pm/v and (iv) permittivity (e33) 26.5 nF/m (or
dielectric constant (e33/€g) 2996). To estimate the piezoelectric properties, the anti

resonance frequency f,, resonance frequency f, and electrostatic capacity c’
were measured by the impedance analyzer. With f, and f, values, kg3 can be

obtained from:

D

where a and b are coefficients depending on the vibration mode. The piezoelectric

constant, dss, iSobtained from
€
d3z = k33‘{%1 @)
C33

where €33 and %53 are the dielectric constant and elastic coefficient, respectively,

determined from the following equations:



4 M. OKAYASU, Y. SATO, M. MIZUNO, K. TANOUE and K. KATO

ct
833 = T (Za)
ok = (2f, Yp, (2b)

where t is the distance between the two electrodes and A is the area of eectrode. |
and p represent the length of the sample and the density of the piezoelectric ceramic,
respectively.

2.2. Experiments

The static compressive strength was examined for the BLSF ceramics using a
screw driven type universal testing machine with 10 kN capacity (Shimadzu
EZGraph). The resolutions of load and displacement in this testing machine are 0.01
N and 1 um, respectively. The loading speed for the compression tests was 1
mm/min to final fracture. This fatigue test was also conducted with compression-
compression mechanical cyclic loads using an electro-servo-hydraulic system with
100 KN capacity (Shimadzu EHF-EB100kN-20L) under a load control mode. The
cyclic loading was executed with a sinusoidal waveform at a frequency of 20 Hz and
load ratio of R(Pyin/Prmax) = 0.1. The maximum cyclic stress, oy, Was

determined on the basis of the compressive strength, o, where o5 isdesigned to

be less than 90% of o.

The static and cyclic loadings were applied along the direction normal to the
entire surface of the electrodes. The piezoelectric properties of the BLSF ceramic
were measured during the loading processes, where the piezoelectric constant, dss

and electrostatic capacity c' were investigated.
3. Resultsand Discussion

Figure 1 shows the stress-deflection curve for the BLSF ceramic. It is clear that
there is a nonlinear stress-deflection curve, with the compression strength o. ~

500MPa. The compressive strength of BLSF is about 33% lower than that of a
commercial PZT ceramic [5]. Figure 2 shows the relationship between the maximum
stress and number of cycles to final failure (SN relations) for the BLSF ceramics
and PZT ceramics [4]. In asimilar way to a conventional SN diagram, the number
of cycles to final fracture increased with decrease of the stress level. The endurance
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limit (o)) at 107 cycles is approximately 170 MPa. The line in Figure 2 is the

approximate expression of the data plots obtained from a power law dependence of
cyclic stresses, o5, and cyclesto failure, N :

64 = 0 N7, )

where o; isthe fatigue strength coefficient and z is the fatigue exponent. The o

(MPa) and z values for the BLSF ceramics, obtained by least squares analysis, are
644.27 MPa and 0.092, respectively. In this case, high fatigue life isrelated to a high
values of the fatigue strength coefficient o and low values of the fatigue strength

exponent z. Similar to the compressive strength mentioned above, the fatigue
properties of the BLSF ceramics were lower than those of the PZT ceramic, for
which o = 884.18MPa and z = 0.052 [4].

Figure 3(a)(b) shows the variation of the reduction rate of piezoelectric constant
(dg3, ¢ycle) and electrostatic capacity (CCTyde) as a function of the cycle number. It

should be noted that the percent scale indicates the ratio of the applied maximum
cyclic stress (o g ) to the static compressive strength (o). Asseenin Figure 3(a),

the reduction rate of the piezoelectric constant (Adag ¢yclic) increases continuously
with increasing cycle number. A high increment rate for Adsz cygic IS Obtained in

the sample during cyclic loading at the high applied stress 6y /o : 70%, whereas
alow reduction rate is seen for low applied stress (g /0c : 30%). An interesting
result in Figure 3(a) is that the high value of Adsg ¢yqe Obtained just before the

sample fracture is as low as 0.03, as indicated by the dashed line in Figure 3(a), and
similar values are seen for all loading conditions. A related trend is also observed in

the results for the electrostatic capacity (CCTycle) (Figure 3(b)). The reduction rate

just before fracture for the electrostatic capacity (Acgyde) is about 0.10, which is

more than 3 times higher than that for Adgs ¢ycle- TO estimate the reduction rate of

the piezoelectric properties (Adag cycle and Acgyde) for the BLSF ceramic,

numerical approaches were carried out on the basis of the experimental data (Figure
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3(@ and (b)). In this case, Ads3 e and Acgyde were approximated with

exponentia laws:

Ad33, cyclic = 0.0019N‘0~00110MAX @

ACgglic = 0.0045N~000120max 5)

where N is the number of cycles and o, (MP8) is the applied maximum stress.
Because the reduction rates just before the fracture for Adss ¢yge and Acgyde are

0.03 and 0.1, respectively (Figure 3), equations (4) and (5) can be modified to
determine the critical cyclic number (N ):

N¢ = 15.79%9YomAxX for the piezoelectric constant (49)

N = 20.00833Y/°MAX for the electrostatic capacity. (54)

To further understand the variation of the piezoel ectric properties due to mechanical
loading, the ds3 garic and C;atic values were investigated during static compressive
loading. Figure 4(a) (b) displays the variation of the reduction rates for both
piezoelectric constant  (Ads3 gaic) and €lectrostatic  capacity (ACkatic),
respectively, as a function of applied compression stress. As in Figure 4, the values

of Adsg gatic and Acgaﬁc increase non-lineally with increase of the static applied

load although the data is slightly scattered. The critical da3 garic and C;atic values

are found to be about 0.05 and 0.10, respectively, which are relatively close to the
values obtained in the fatigue tests. Based upon the experimental data shown in

Figure 4(a) (b), the reduction 7 rates for Adss ggaric and Ac;atic are expressed as
follows:

Adg gatic = 30x107" 62 (6)

ACd e = 36x107"62. 7)

From the above experimental results, it can be briefly concluded that the
piezoelectric properties and the critical cycle number of the BLSF ceramic are
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approximated. In this case, the change of material properties must be caused by the
material damage, e.g., micro-crack and domain switching, which will be discussed in

a separate paper.
4. Conclusions

The material properties of bismuth layer structured ferroelectrics (BLSF) ceramics
have been examined under the static and cyclic compression stress. Based upon the
experimental results and discussion, the following conclusions can be drawn.

(1) The compressive strength and fatigue properties of BLSF were clarified. The
compressive strength of the BLSF ceramic appeared to be 67% of that for
conventional PZT ceramics.

(2) The piezodectric properties of the BLSF ceramics decrease with increase of

the applied stress and cycle number. The reduction rates for c’ and dz3 during

static and cyclic loadings were numerically estimated using an exponential law and
polynomial law. From the estimation, the critical cycle number of the BLSF
ceramics can be determined.

Acknowledgements

The authors would also like to express the appreciation to Daiki lizuka at Akita
Prefectural University for technical supports.

References

[1] W. Zhao, J. Ya, Y. Xin, Z. Liu, Le E. and D. Zhao, Fabrication of |lead-free
piezoelectric ceramics by (reactive) templated grain growth, Recent Patents on
Materials Science 1 (2008), 241-248.

[2] T.Karaki, K. Yan, T. Miyamoto and M. Adachi, L ead-free piezoelectric ceramics with
large dielectric and piezoelectric constants manufactured from BaTiO3 nano-powder.
Jpn. J. Appl. Phys. 46 (2007), L97-L98.

[3] A.Z. Sim@es, C. S. Riccardi, A. Ries, M. A. Ramirez, E. Longo and J. A. Varela,
Ferrroelectric and piezoelectric properties of bismuth layered thin films grown on
(100) Pt electrodes, J. Mater. Process. Technol. 196 (2008), 10-14.

[4] M. Mizuno, Y. Enomoto and M. Okayasu, Fatigue life of piezoelectric ceramics and
evaluation of internal damage, Procedia Eng. 2 (2010), 291-297.



8 M. OKAYASU, Y. SATO, M. MIZUNO, K. TANOUE and K. KATO

[5] M. Okayasu, N. Odagiri and M. Mizuno, Damage characteristics of lead zirconate
titanate piezoelectric ceramic during cyclic loading, Int. J. Fatigue 31 (2009), 1434-

1441.

Applied compressive stress, MPa

600

500

400

300

200

100

0 0.05 0.1 0.15 0.2

Displacement, mm

Figure 1. Compressive stress versus displacement for the BL SF ceramic.
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Figure 2. Maximum stress vs. number of cycles to fracture for the BLSF and PZT

ceramics.
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Figure 4(a)(b). Variation of the rate of reduction of the electrical properties as a
function of applied compression stress: (&) piezoelectric constant (Adzz gatic) and

(b) electrostatic capacity (ACLic).



