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‘The paper concerns the problem of measurements of electrical and mechanical Josses in a
piezoelectric ceramic driven by high electric field and vibrating with high vibration velocity.
Deformations and discontinuities of resonance curves appear in this range of the flelds.
Therefore the application of typical methods of measurements of guality factors is difficult
or even impossible. The author proposes to apply the measurements of voltage ratios in
a piezoelectric transformer instead of the measurements of resonator quality factors. In
the paper the relations connecting the voltage ratios in the piezoelectric transformer with
the values of electrical and mechanical losses as well as experimental results are presented.
The formulae have been derived using the KLM equivalent circuit for two limits of the
transformer loac resistance. The obtained results are compared with the results obtained
using oue of the earlier known measurement method in the range of its applicability.

1. Introduction

Electrical and mechanical losses in a piezoelectric ceramic and methods of their mea-
surements were the subject of many theoretical and experimental works. However the
problem of measurements of losses in the range of high electrical and mechanical fields
has not been solved. This problem is important because piezoelectric ceramics are widely
used in high-power devices, such as piezoelectric actuators, ultrasonic motors, piezoelec-
tric transformers and sending transducers in hydroacoustic devices. In recent years one
can observe the development of high-power piezoelectric ceramic devices and the growing
number of their applications. Experimental investigations of multicomponent ceramics
have proved that the ceramic compositions with excellent electromechanical properties
under a relatively low vibration level did not necessarily guarantee good operation under
a relatively high vibration level [38]. Therefore investigations of properties of a piezo-
electric ceramic in high fields are still the subject of many researches, e.g. {5, 28, 40].

In a high electric field, when a vibration velocity is high, resonance curves deform
at first and next discontinuities of resonance curves appear. These effects make difficult
or even impossible to determine losses applying classical methods of measurements of
a quality factor. We have tried to solve this problem applying measurements of a volt-
age ratio in a piezoelectric transformer instead of measurements of a resonator quality
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factor. Relations between voltage ratios in a piezoelectric transformer and mechanical
and electrical Josses are presented in Sec.4. These equations have been derived using
the KLM equivalent circuit. Experimental results and their comparison with the resuits
obtained using one of the earlier known methods (described in Sec. 3), in the range of
its applicability, are presented in Sec. 5.

2. Origin of losses in a piezoelectric ceramic

As yet there is no complete doubtless description of the mechanism of electrical and
mechanica! losses in a piezoelectric ceramic. Many theories exist attributing a leading
part to different effects. According to [27] mechanical losses are caused by the scat-
tering at grain boundaries, by internal friction in ceramic grains and domains and by
micro- or macrocrackings. According to [4] mechanical losses are mainly due to the mo-
tional resistivity and electrical losses are mainly due to bulk grain and grain boundary
effects, domain walls effects are very important in the frequency range above 10° Hz.
According to [11, 12] both types of losses are induced hy 90° ferroelectric domain walls
moving under the influence of electrical fields or mechanical stresses. The physical na-
ture of electrical losses is explained by the damping of moving 90° domain walls. For
frequencies up to 10° Hz the origin of damping of the wall motion is ascribed to point
defects within the 90° domain wall. At higher frequencies damping results from the re-
flection of thermal-lattice waves impinging on a moving 90° domain wall. The ratio of
electrical and mechanical losses depends on material properties like spontaneous polar-
ization, spontaneous striction, elastic compliance, dielectric constant [12]. The analysis
of effects induced by the domains motion allows also to explain the strong increase of
electrical losses at frequencies above 10° Hz and their decrease at very high frequencies
[11]). The description of the phenomena accompanying the domains motion in a poly-
crystalline ceramic is difficult because many factors influence these processes — external
electric fields and mechanical stresses, temperature, grain size, grain boundaries, internal
stresses, defects, microcracks, ceramic composition, ageing, ferroelectric fatigue, chemical
inhomogeneities, porosity. The existing theories both microscopic and phenomenological
are too complicated to apply them in practice. Besides as a rule quantities that cannot
be measured in real polycrystalline materials exist in these theories [8, 43].

Changes of losses caused by compositional modifications of ceramics confirm that
losses are mainly due to the domain walls motion. Electrical and mechanical losses in-
crease in Pb(Zr,Ti)Os ceramics with donor additives. Donor additives induce the increase
of domain walls mobility, then even small electric fields or mechanical stresses can dis-
place domain walls. Acceptor additives reduce domain walls mobility and electrical and
mechanical losses in result [19].

Electrical and mechanical losses increase in result of the increase of driving electric
field, vibration velocity, temperature. Ageing causes the decrease of losses, also this effect
is due to the domain walls motion [26].
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3. Measurements of losses in high flelds

Various methods of the measurements of losses are known. In many cases only a
mechanical quality factor @y, is measured. One assumes that electrical losses are negli-
gibly small in relation to mechanical losses. This assumption is satisfied when a trans-
ducer is excited by low electrical field to resonant vibrations and its acoustical load
is small [6, 9]. The mechanical quality factor can be determined from the width of
transducer resonance curve on the 3-dB level, from the characteristic frequencies of the
transducer admittance circle or from the measurements of the absolute admittance as a
function of frequency [27, 30]. Electrical losses predominate when a transducer is driven
by high electric field at frequencies much below its resonance [42]. They can be mea-
sured using Schering bridge [7]. However for high-coupling piezoelectric ceramics of a
low mechanical () the measured electrical losses contain an excess portion resulting from
the mechanical losses. These additional losses are caused by a piezoelectrically induced
quasi-static strain due to low-frequency electric field [34]. The authors of [23] have pre-
sented a method of the determination of total losses (sum of electrical and mechanical
losses) from measurements of a real part of an electric impedance of a transducer. The
measurements were done only for low electric fields, the measured losses were mainly
mechanical.

The above-mentioned methods can be applied only in the linear range of the trans-
ducer work. In high electric fields, when the vibration velocity is high, the resonance
curves deform — decrease of the resonance frequency, asymmetry. The stiffness of the
ceramic decreases. The ceramic is not obeying Hooke’s law, the material may be classi-
fied as a soft spring {25, 36, 42]. When the electric field continues to increase the curves
become discontinuous, so-called jump phenomenon appears. The jump phenomenon
appears at different frequencies for a upgoing or downgoing frequency sweep during
measurements (hysteresis effect). This phenomenon was thoroughly investigated exper-
imentally and theoretically for quartz resonators [10], for a piezoelectric ceramic it was
described for the first time by K. NEGisHI [29]. This nonlinear behaviour of the piezo-
electric ceramic can be described theoretically extending up to the second order the
constitutive piezoelectric equations [13]. The discontinuities are also observed during
the measurements of transducer admittance circles or absolute admittance as a function
of frequency [39]. The determination of the quality factor from the width of the reso-
nance curve on the 3-dB level gives large error in the case of the asymmmetric curves.
For the curves with the discontinuities it makes no sense.

The range of the fields applicable during the measurements is limited by irreversible
effects inducing durable changes of ceramic properties. Large mechanical stresses, high
electric fields and thermal effects connected with them can cause the ferroelectric fatigue,
partial depoling of the ceramic, changes in ageing effects [42].

In recent years the authors from Japan published the series of papers (e.g. [14-16,
37-39]) concerning the applications of the quality factor measurements in the resonance
and antiresonance to the determination of the electrical and mechanical losses in wide
range of input voltages. For example they obtained for length extensional vibrations of
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a thin, long and narrow plate poled along the thickness direction [14, 15, 18]:

1
tgém = —, 1
=L _wB 1
tgle = ‘Y(QA wa QB)’ (32
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where: @4 — the quality factor measured at the electrical resonance angular frequency
w4 under mechanically free conditions (or at mechanical resonance angular frequency
wy giving maximum vibration velocity under electrically short-circuit conditions), @ —-
the quality factor measured at the electrical antiresonance angular frequency wp under
mechanically free conditions (or at mechanical resonance angular frequency wp giving
maximum vibration velocity under electrically open-circuit conditions}, ks; — electrome-
chanical coupling coefficient.

Similar relations were obtained for thickness vibrations of a plate [20)].

The authors of the above-mentioned method determined the quality factors using
the frequency perturbation method (16, 33]. In this way they could apply their method
in the range of the occuring of the resonance curve deformations. However it does not
solve the problem of the loss measurements in the range of the occuring of the resonance
curves discontinuities. We have tried to solve this problem applying the measurements of
voltage ratios in a piezoelectric transformer instead of the measurements of a resonator
quality factor.

4, Application of a piezoelectric transformer to loss measurements

Various designs of piezoelectric transformers are known. They have various shapes of
individual parts [24]. For the loss measurements we applied a ring-shaped ceramic piezo-
electric transformer - Fig. 1. The thickness and width of a ring were small in comparison
with its radius. Such a shape has an important advantage - the stress and strain distri-
bution is uniform in the whole ring [3, 42]. The piezoelectric ceramic was poled along
the thickness direction. One pair of vacuum evaporated silver electrodes constituted the
input of the transformer, the second pair — its output (Fig. 1).

The foundations of the theory of piezoelectric transformers were done by C.A. ROSEN
{35]. Applying Mason’s equivalent circuit Rosen presented an equivalent circuit of a
piezoelectric transformer and he derived the equations relating a voltage amplification
and components of the equivalent circuit. Rosen’s analysis cannot be applied in the case
discussed in this paper. Firstly — Rosen did not consider electrical losses assuming that
they were negligibly small. Secondly — he analysed the parallepiped — shaped transformer
with two mechanically free ends.

Piezoelectric transformers have been already applied for the measurements of various
material constants. In [41] piezoelectric constants and an electromechanical coupling
coefficient of ceramics operating in the range of high mechanical strains were measured.
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Fig. 1. Ring-shaped piezoelectric transformer.

Rosen’s theoretical analysis [35] was applied. In [32] piezoelectric and elastic constants
of piezoelectric polymers and composites were measured. In both cases electrical losses
were not considered.

The equivalent circuit of the ring-shaped piezoelectric transformer can be derived
if each half of the ring is replaced by the KLM equivalent circuit [21, 22] - Fig. 2. We
assume that both halves of the ring are identic and we neglect the gaps between the
elecirodes. In the applied transformers the gap width was equal 1 mm - about 1% of
the mean circumference of the ring. In a very strict analysis the gaps between electrodes
may be taken into consideration [17] and inserted into the KLM circuit [22].

G
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8 R,

Fig. 2. KLM equivalent circuit of a ring-shaped piezoelectric transformer.

For the ring at the resonance frequency the values of the elements of the circuit
presented in Fig. 2 are as follows:
A
2

l, = —=ma, {4.1)
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a, w, t - ring dimensions (cf. Fig. 1), Ry, ~ load resistance, A — wavelength, Zp — char-
acteristic impedance, v ~ acoustic wave velecity, w - angular frequency, J — inverter
parameter, dyy ~ piezoelectric constant, s — elastic compliance, eJ; ~ permittivity, &3
- piezoelectric coupling coefficient, o ~ density. The definitions of the material constant
and the subscripts and superscripts are as in [3], By, B, J, M are defined as in [21, 22}

Electrical losses are represented by the resistance R, [3], mechanical losses — by
the complex propagation constant of the transmission line (central part of the KLM
equivalent circuit — Fig. 2):

= g=2r g

Certain simplifications are necessary for the derivation of the equations describing
the voltage ratio in the piezoelectric transformer. We assumed that aly = 7/(2Q,,) was
small (true for typical values of Qm of PZT-type ceramics) and that the transformer was
driven‘by the source of ac voltage of constant amplitude. Rosen [35] ascertained that
such dssumptions were admissible in the analysis of piezoelectric ceramic transformers.
We adsumed also, as we have alveady mentioned, that beth halves of the transformes
were identic and we neglected the gaps between the electrodes. The simplifications allow
to determine the influence of physical properties of the ceramic en the operation of the
‘transformer and to express the voltage ratio as a function of the values that can be
measured.

Voltage ratios in piezoelectric transformers can be caleulated applying relations
known from the electrical eircuit theory and the theory of transmission lines (se¢ Ap-
pendix) to the KLM circuit presented in Fig. 2. Under above-mentioned agsumptions we
have obtained for two limits of the load resistance Ry:

for By, — 0
. _ Uogyr $*QmRy, .
=t = =L 4.9
A= T = 77+ $uks’ (49)
for By, — &0 _
o= T00r ___FOuXE, (4.10)
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For the determination of the losses it is not sufficient to measure the voltage ratios be-
cause in the range of high electric fields the piezoelectric, dielectric and elastic constants
change as a function of the field intensity. This effects are due o the domain structure
of the ceramics. The domain walls motion changes values of the elastic compliance, the

dielectric and piezoelectric constants and the electromechanical coupling coefficient [1,
19, 42).

{4.12)
X =

5. Experimental results

Figure 3 presents the examples of the measured resonance curves of the ceramic
rings, Fig. 3a — input voltage Uy = 1V, Fig.3b - Uy = 40V. In Fig. 3b nonlinear
effects described in Sec. 3 (jump effects with hysteresis) are visible. The resonance curve
in Fig. 3a is already slightly asymmetric in spite of low input voltage. The ring was made
of hard PZT-type ceramic. Figure 4 presents the output voltage of this transformer as
a function of its input voltage. One can see that the cutput voltage does not increase
proportionally to the increase of the input voltage even for small values of Upn.

The values of the ceramic parameters necessary for the calculation of losses were
measured. Figure 5 presents the examples of the measured values of sfj, ka1, da; and
€%, as a function of the input electric field for the same ring as above.The changes of the
ceramic parameters begin in the same range of the input electric field as the nonlinear
effects visible in the Uoyr = f{IAn) curve. These results are similar to the results
presented earlier, e.g. in [37, 41]. The density g of this ceramic was equal 7.5-10% kg/m?.

Figure 6 presents the examples of the calculated (using the equations given in Sec. 4)
dependences of the electrical and mechanical losses on the input electric field. Results
presented in Fig. 6a were obtained for the ceramic ring with the parameters presented
in Fig. 5.

We measured also the losses in the ring-shaped transformers made of the ceramic of
low quality factor (soft PZT-type ceramic). For these rings the discontinuities of the res-
onance curves did not appear in the whole measurement range. Therefore it was possible
to measure the losses applying Hirose's method [14] described in Sec. 3 and to compare
the results obtained using two methods. Figure 7 presents the quality factor Qm, as a
function of input electric field for two kinds of ceramics: I - the ceramics of high quality
factors (the results of their measurements are presented in Fig.6), II — the ceramics
of low quality factors used for the comparative measurements. The quality factors Qm
were determined as the reciprocals of tgé, calculated using Eq.(4.11). The values of
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Fig. 3. Resonance curves of the ceramic ring transformer, external diameter Dext = 38 mm, internal
diameter Di; = 30mm, thickness ¢ = I mm, hard PZT-type ceramic, a) input voltage Uin =1V,
b) Uiy = 40 V. The arrows show the direction of frequency change during the measurements.

(64]
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Fig. 4. The output voltage of the ring piezoelectric transformer versus its input voltage, dimensions
of the ring as in Fig. 3.

the ceramic parameters were measured as previously. The density of the ceramics II was
o = 7.4-10% kg/m?3. Figure 8 presents the values of losses determined applying two meth-
ods. One can see that the results agree qualitatively. The values of the losses measured
using Hirose'’s method are lower. It may result from the fact that the quality factors Q4
and (Jg have been determined from the widths of resonance curves on the 3 dB-level
instead of the perturbation method described in [33]. The curves were deformed, spe-
cially at higher input electric fields. The deformations may cause the apparent increase
of the measured quality factors. For low input electric fields the differences between the
obtained results are small.

During all measurements the rings were air-cooled using a propeller-fan. The losses
cause the heating of the ceramic specially in the range of high input electric fields. The
temperature increase causes the decrease of quality factors and changes of ceramic pa-
rameters [39]). The ageing and ferroelectric fatigue causes changes of the losses with time
[26, 31}. The effect of heat generation impedes the measurements of the ceramic proper-
ties in high fields. It is possible to avoid this effect applying special, fully computerized,
measuring circuits enabling to perform measurement in less than 500 ms [39].

The measurements were done in the frequency range 30-44kHz according to the
ring dimensions determining its resonance frequency.
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Fig, 5. Examples of measured dependences of the ceramic parameters (hard PZT-type ceramic) on the
input electric field, the ceramic ring as in Figs. 3 and 4, a) elastic compliance 3§, b) electromechanical

coupling coefficient kg, ¢} piezoelectric constant ds;, d} permittivity.
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Fig. 6. Electrical (tg 8} and mechanical (tg fm) losses as a function of input electric field, calculated
using Eqs. {4.11) and {4.12) for thres piezoelectric ceramic transformers, a) Dext = 38 mm,
Dine = 30mm, t = 1 mm, hard PZT-type ceramic, as in Figs. 3-5, b} Dext = 38 mm, Dip = 28mm,
t = 5 mm, hard PZT-type ceramic, ¢} Dexe = 38 mm, Djne = 24 mm, ¢ = 5mm, hard PZ7T-type
ceramic.
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Fig. 7. Mechanical quality factors Qv of several investigated ceramics-as s function of input electric
field, 1 — Dyt = 30 mm, Djy = 16 mm, ¢ = 5mm, soft PZT-type ceramic, 2 — Dext = 30mm,
Dy = 16mm, ¢ = Tmm, soft PZT-type ceramic, § - ceramic ring as in Fig.6¢, 4 — ceramic
ring as i Fig.6b, 5 ~ ceramic ring as in Fig. 64.
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Fig. 8. Comparison of the results obtained for two piezoelectric ceramic transformers applying two
methods: solid line — piezoelectric transformer method presented in the paper, dashed line — Hirose's
method {14] described in Sec. 3, a) ceramic ring no. 1 in Fig. 7, b) ceramic ring no. 2 in Fig. 7.

6. Cenclusions

The results obtained applying the method proposed by the author are qualitatively
consistent with the results obtained using the different methods and with the theoretical
descriptions of the loss effects. The method presented in the paper does not require
to measure the quality factor. The measurements of the quality factor are difficult or
even impossible for the ceramics driven by high fields. In above described method the
losses are determined from the measurements of the voltage ratios for two kinds of the
loading of the piezoelectric transformer. However, the additional measurements of the
material constants as a function of the input electric field are necessary. The described
method has also certain disadvantage i.e., the sample in the form of the ring transformer
is necessary for the loss measurements.

The equations determining the losses have been derived using the simplificating as-
sumptions similarly as in all cited methods of loss analysis. Otherwise the derived equa-
tions could not be applied in practice. The simplifications are necessary to obtain the
relations permitting to determine the influence of physical parameters of investigated
ceramic on the transformer operation and to express the voltage ratios as a function
of the mesurable quantities. Further experiments with transformers made of various ce-
ramics with different properties are necessary to estimate quantitatively the accuracy of
the described method,
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Appendix. Application of KLM equivalent circuit for the calculation of losses

The KLM equivalent circuit is presented in Fig.2. We calculate the ratios of the
output voltage Ugyr and the input voltage Uy for two limits of the transformer loading:
Ry — 0 and Ry — .

The output current of the inverter J:

I=—-jByU, (A1)

where: U — output voltage of the inverter, B; — inverter parameter. The ideal admittance
inverter J has also the property that when an admittance Y is connected to one port,
the input admittance at the other port is J2/Y, where J = | B2| [22].

The voltage at the output of the transmission line:

Uy = (A.2)
—chvz + —shyx
Zy Zy
and U
U= ——p—, (A3)
chyz + —2shyze
Zy

where: I3, U; — current and voltage at the input of the transmission line, Z; — loading
impedance at the end of the transmission line, Z; — characteristic impedance of the
transmission line, v = & + j8 — propagation constant of the transmission line described
by Eq.{4.8), = — length of the transmission line.
The input impedance of the transmission line:
Zy + Zoth~vyzx

N =g

2

1+ —=—th
-i-Z0 0

(A.4)

If ax is small {cf. Sec.4) then:
I

1
2 {cos Bz + jaxsin Bz) + = (excos fz + j sin fz)
Z Zy

In our case Eqs.(A.2)—(A.5) can be considerably simplified because {; = A/2 in the
equivalent circuit in Fig. 2 and the characteristic impedances are identic in all sections of
the transmission line. The values of the elements of the equivalent circuit are described
by Eqs. (4.1)-(4.7).

Similarly as Rosen we assume that the transformer is driven by the source of ac volt-
age of constant amplitude. This simplificating assumption allows to neglect the influence
of the internal resistance of the voltage source [35].

Using standard relations for the electric circuits and transmission lines {2, 35} we
obtain for Ry — oo

Uy =

(A5)

4 _Uour _ _8Qn (B2+ x2)? X, R,
C T U wZp(R2 4 X2)+ ¢*QmR. X2

(A.6)
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Since R2 3> X2 then Eq. (A.6) can be simplified:
Am —_ @SszXeRe

= 770, + 0 XC (A1)
then 20, XA
= M~ e " A8
R ¢2QmXe - A2y ( )
as [3]:
(1 - k%],)Xe
tg b = ——22— A9
g R. (A9)
therefore: (1= B (#*QnX AosZ0)
. — M3 m<te — Moo 40
tgd, = 0. XA (A.10)
similarly for Ry — 0 we obtain:
Uout $*QmRL
Ay = = All
°= U~ 720+ POnEy (A11)
then @, necessary to calculate (A.10) is:
_ TI'Z(]AD
Qm = FRL(1 - Ag) (A.12)
and ) 4
tg 6m = 1 =M_ (A.13)

Qm wZoAo
The measurements were done for two values of the transformer loading: a) corre-
sponding to R — 0, Ry, = 11Q & R, and b) corresponding to Ry — oo, in this case
the transformer output was loaded by the internal resistance of the voltmeter R; > R..
The same results of the calculations may be obtained using Mason’s equivalent circuit,
but the calculations are more time-consuming.
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