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K. UCHINO, J. H. ZHENG, Y. H. CHEN, X. H. DU, J. RYU, Y. GAO, S. URAL,

S. PRIYA

International Center for Actuators and Transducers, Penn State University, University Park, PA,
USA

S. HIROSE
Faculty of Eng., Yamagata University, Yonezawa, Japan

Heat generation is one of the significant problems in piezoelectrics for high power density
applications. In this paper, we review the loss mechanisms in piezoelectrics first, followed by
the heat generation processes for various drive conditions. Heat generation at off-resonance is
caused mainly by dielectric loss tan &' (i.e., P-E hysteresis loss), not by mechanical loss, while
the heat generation at resonance is mainly attributed to mechanical loss tan ¢'. Then, practical
high power materials developed at Penn State is introduced, which exhibit the vibration
velocity more than 1 m/s, leading to the power density capability 10 times of the commercially
available “hard” PZTs. We propose a internal bias field model to explain the low loss and high

power origin of these materials. Finally, using a low temperature sinterable “hard” PZT, we
demonstrated a high power multilayer piezoelectric transformers.
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1. Intoduction

Loss or hysteresis in piezoelectrics exhibits both mer-
its and demerits. For positioning actuator applications,
hysteresis in the field-induced strain provides a seri-
ous problem, and for resonance actuation such as ul-
trasonic motors, loss generates significant heat in the
piezoelectric materials. Further, in consideration of the
resonant strain amplified in proportion to a mechani-
cal quality factor, low (intensive) mechanical loss ma-
terials are preferred for ultrasonic motors. To the con-
trary, for force sensors and acoustic transducers, a low
mechanical quality factor Q,, (which corresponds to high
mechanical loss) is essential to widen a frequency range
for receiving signals.

K. H. Haerdtl wrote a review article on electrical
and mechanical losses in ferroelectric ceramics [1].
Losses are considered to consist of four portions: (1)
domain wall motion, (2) fundamental lattice portion,
which should also occur in domain-free monocrystals,
(3) microstructure portion, which occurs typically in
polycrystalline samples, and (4) conductivity portion
in highly-ohmic samples. However, in the typical
piezoelectric ceramic case, the loss due to the domain
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wall motion exceeds the other three contributions sig-
nificantly. They reported interesting experimental results
on the relationship between electrical and mechanical
losses in piezoceramics, PbggLag 1 (Zrg 5Tig 5);—MexOs3,
where Me represents the doped ions Mn, Fe or Al and x
varied between 0 and 0.09. However, they measured the
mechanical losses on poled ceramic samples, while the
electrical losses on unpoled samples, i.e., in a different
polarization state, which lead big ambiguity in the
discussion.

Authors are aware little systematic studies of the loss
mechanisms in piezoelectrics, particularly in high electric
field and high power density ranges. Although T. Ikeda de-
scribed part of the formulas of this paper in his textbook
[2], he totally neglected the piezoelectric losses, which
have been found not to be neglected in our investigations.
In this paper, we review the loss mechanisms in piezo-
electrics first, followed by the heat generation processes
for various drive conditions. Then, practical high power
materials developed at Penn State are introduced, exhibit-
ing the power density capability 10 times of the commer-
cially available “hard” PZTs. We propose a model to ex-
plain the low loss and high power origin of these materials.

217




FRONTIERS OF FERROELECTRICITY

Finally, using a low temperature sinterable “hard” PZT,
we demonstrated a high power multilayer piezoelectric
transformers.

The terminologies, “intensive” and “extensive” losses
are introduced in the relation with “intensive” and “ex-
tensive” parameters in the phenomenology. These are not
directly relevant with “intrinsic” and “extrinsic” losses
which were introduced to explain the loss contribution
from the mono-domain single crystal status and from the
others [3]. In this paper, our discussion is focused on
the “extrinsic” losses, in particular, domain-reorientation
originated losses.

2. General consideration of loss

and hysteresis in piezoelectrics
2.1. Theoretical formulas
Since we have described the detailed mathematics in the
previous paper [4], we just summarize the results in this
section. We start from the following two piezoelectric
equations:

x=s"X+dE, (1)
D =dX + e%¢eyE. (2)

Here, x is strain, X, stress, D, electric displacement, FE,
electric field. Equations 1 and 2 are the expression in
terms of intensive (i.e., externally controllable) physical
parameters X and E. The elastic compliance s&, the di-
electric constant £X and the piezoelectric constant d are
temperature-dependent. Note that the piezoelectric equa-
tions cannot yield a delay-time related loss, without taking
into account irreversible thermodynamic equations or dis-
sipation functions, in general. However, the latter consid-
erations are mathematically equivalent to the introduction
of complex physical constants into the phenomenologi-
cal equations, if the loss is small and can be treated as a
perturbation.

Therefore, we will introduce complex parameters X,
s¥" and d” in order to consider the hysteresis losses in
dielectric, elastic and piezoelectric coupling energy:

X =eX(1 —j tan "), (3)
s =sB(1 — j tan ¢"), 4)
d*=d(l — j tan @'). 5)

0’ is the phase delay of the strain under an applied electric
field, or the phase delay of the electric displacement under
an applied stress. Both delay phases should be exactly
the same if we introduce the same complex piezoelectric
constant d* into Equations 1 and 2. &' is the phase delay
of the electric displacement to an applied electric field
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Figure 1 (a) D vs. E (stress free), (b) x vs. X (short-circuit), (c) x vs. E
(stress free) and (d) D vs. X (short-circuit) curves with a slight hysteresis in
each relation.

under a constant stress (e.g., zero stress) condition, and ¢’
is the phase delay of the strain to an applied stress under
a constant electric field (e.g., short-circuit) condition. We
will consider these phase delays as “intensive” losses.

Fig. 1a—d correspond to the model hysteresis curves for
practical experiments: D vs. E curve under a stress-free
condition, x vs. X under a short-circuit condition, x vs. £
under a stress-free condition and D vs. X under a short-
circuit condition for measuring current, respectively. No-
tice that these measurements are easily conducted in prac-
tice.

The stored energies and hysteresis losses for pure di-
electric and elastic energies can be calculated as:

Ue = (1/2)*e0 ES, (6)
we = weXegE] tan &, @)
Un = (1/2)s%X¢, (8)
Wy = nsEXé tan ¢’. 9)

The electromechanical hysteresis losses are more compli-
cated, which can be calculated as follows, depending on
the measuring ways; when measuring the induced strain
under an electric field,

Uem = (1/2)(d*/s%)ES, (10)
and
Wem = 1(d*/sP)E3(Q2 tan 0’ —tan ¢').  (11)

Note that the strain vs. electric field measurement should
provide the combination of piezoelectric loss tan 6" and



elastic loss tan ¢’. When we measure the induced charge
under stress, the stored energy Uy, and the hysteresis loss
Wie during a quarter and a full stress cycle, respectively,
are obtained as

Unme = (1/2)(d?/£0™) X3, (12)
We = 7(d*/£0e™)X5(2 tan 6’ — tan §). (13)

Hence, from the measurements of D vs. E and x vs. X, we
obtain tan &’ and tan ¢, respectively, and either the piezo-
electric (D vs. X) or converse piezoelectric measurement
(x vs. E) provides tan 6’ through a numerical subtraction.

So far, we discussed the “intensive” dielectric, mechan-
ical and piezoelectric losses in terms of “intensive” param-
eters X and E. In order to consider real physical meanings
of the losses in the material, we will introduce the “exten-
sive” losses [4] in terms of “extensive” parameters x and
D. In practice, intensive losses are easily measurable, but
extensive losses are not, but obtainable from the intensive
losses. When we start from the piezoelectric equations in
terms of extensive physical parameters x and D:

X =cPx—hD, (14)
E =—hx 4+« koD, (15)

we introduce the extensive dielectric, elastic and piezo-
electric losses as

K = k*(1 + j tan §), (16)
P =P+ tan ¢), (17)
h* = h(1 + j tan 6). (18)

It is notable that the permittivity under a constant strain
(e.g., zero strain or completely clamped) condition, &**
and the elastic compliance under a constant electric dis-
placement (e.g., open-circuit) condition, sP* can be pro-
vided as an inverse value of ¥ and ¢P*, respectively,
in this simplest one dimensional expression (in the case
of a general 3-D expression, this part must be translated
as “inverse matrix components of «¥** and ¢P* tensors.”).
Thus, using the exactly the same losses in Equations 16
and 17,

e = E*(1 — j tan §), (19)
sP* = sP(1 — ; tan ¢), (20)

We will consider these phase delays again as “extensive”
losses.

Here, we consider the physical property difference be-
tween the boundary conditions; £ constant and D con-
stant, or X constant and x constant in a simplest 1-D
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model. When an electric field is applied on a piezoelec-
tric sample as illustrated in the top of Fig. 2, this state
will be equivalent to the superposition of the follow-
ing two steps: first, the sample is completely clamped
and the field Ey is applied (pure electrical energy (1/2)
e'eg Eé is input); second, keeping the field at Ey, the

mechanical constraint is released (additional mechanical
energy (1/2) (dz/sE)Eg is necessary). The total energy
should correspond to the total input electrical energy (1/2)
eXey Eg Similar energy calculation can be obtained from
the bottom of Fig. 2, leading to the following equations:

e /eX = (1 — k%), (21)
sP/sE =1 — k), (22)
KX/t =1 — k), (23)
F/eP =1 =i, 24)
where
k* = d?/(sBepe®) = h?/(cPr* ko). (25)

This k is called the electromechanical coupling factor,
which is defined as a real number in this manuscript.

In order to obtain the relationships between the inten-
sive and extensive losses, the following three equations
are essential:

e0e™ = [k k(1 — h* /(P i) ", (26)
sE =[P — 1%/ (Pr* ko)™, (27)
d = [h* /(P k)[R (1 — 1 /(P ko] ™. (28)

Replacing the parameters in Equations 26 and 27 by
the complex parameters in Equations 3, 5), 16—18, we ob-
tain the relationships between the intensive and extensive
losses:

tan 8’ = (1/(1 — k?))[tan § + k*(tan ¢ — 2 tan 6)],

(29)
tan ¢’ = (1/(1 — k*)[tan ¢ + k*(tan § — 2 tan 6)],
(30)
tan 0’ = (1/(1 — k*))[tan § + tan ¢
+ (1 + k%) tan 6], (31)

where £ is the electromechanical coupling factor defined
by Equation 25, and here as a real number. It is important
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Figure 2 Conceptual figure for explaining the relation between £X and &*, sF and sP

that the intensive dielectric and elastic losses are mutually
correlated with the extensive dielectric, elastic and piezo-
electric losses through the electromechanical coupling &2,
and that the denominator (1—k?) comes basically from the
ratios, £*/eX = (1—k?) and sP/s® = (1—k?), and this real
part reflects to the dissipation factor when the imaginary
part is divided by the real part.

2.2. Experimental example

We determined “intensive” dissipation factors first from
(@) D vs. E (stress free), (b) x vs. X (short-circuit),
(c) x vs. E (stress free) and (d) D vs. X (short-circuit)
curves for a soft PZT based multilayer actuator [5]. Then,
we calculated the “extensive” losses as shown in Fig. 3.
Note that the piezoelectric losses tan 6’ and tan 6 are
not so small as previously believed, but comparable to
the dielectric and elastic losses, and increase gradually
with the field or stress. Also it is noteworthy that the ex-
tensive dielectric loss tan § increases significantly with
an increase of the intensive parameter, i.e., the applied
electric field, while the extensive elastic loss tan ¢ is
rather insensitive to the intensive parameter, i.e., the ap-
plied compressive stress. When similar measurements to
Fig.1a and b, but under constrained conditions; that is, D
vs. E under a completely clamped state, and x vs. X under
an open-circuit state, respectively, we can expect smaller
hystereses; that is, extensive losses, tan 6 and tan ¢. These
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measurements seem to be alternative methods to deter-
mine the three losses separately, however, they are rather
difficult in practice.

2.3. Physical meaning of extensive losses

For making the situation simplest, we consider here only
the domain wall motion-related losses. Taking into ac-
count the fact that the polarization change is primarily
attributed to 180 degree domain wall motion, while the
strain is attributed to 90 degree (or non-180°) domain wall
motion, we suppose that the extensive dielectric and me-
chanical losses are originated from 180° and 90° domain
wall motions, respectively, as illustrated in Fig. 4. The
dielectric loss comes from the hysteresis during the 180°
polarization reversal under E, while the elastic loss comes
from the hysteresis during the 90° polarization reorien-
tation under X. In this model, the intensive (observable)
piezoelectric loss is explained by the 90° polarization re-
orientation under E, which can be realized by superim-
posing the 90° polarization reorientation under X and the
180° polarization reversal under E. This is the primarily
reason why Equation 11 includes a combination term as
(2 tan 6'— tan ¢').

If we adopt the Uchida-lkeda polarization rever-
sal/reorientation model [6], we can explain the loss change
with intensive parameter (externally controllable param-
eter). By finding the polarization P and the field-induced
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Figure 3 Extensive loss factors, tan §, tan ¢ and tan 6 as a function of electric field or compressive stress, measured for a PZT based actuator.

Figure 4 Polarization reversal/reorientation model for explaining
dielectric, elastic and piezoelectric losses.

strain x as a function of the electric field E, it is pos-
sible to estimate the volume in which a 180° reversal
or a 90° rotation occurred. This is because the 180°
domain reversal does not contribute to the induced strain,
only the 90° rotation does, whereas the 180° domain re-
versal contributes mainly to the polarization. The volume
change of the domains with external electric field is shown
schematically in Fig. 5 that with the application of an elec-
tric field the 180° reversal occurs rapidly whereas the 90°
rotation occurs slowly. It is notable that at G in the figure,
there remains some polarization while the induced strain
is zero, at H the polarizations from the 180° and 90° re-
orientations cancel each other and become zero, but the
strain is not at its minimum. Due to a sudden change in
180° reversal above a certain electric field, we can expect

A o
Electric Field Stress Léié{u&e&rsﬁ;e ~
<
dielectric
tan § l :> 1
Strain K Al 1H
hanical
mec| l
tan ¢ :> T
<
s Strain Polarization # 900 Reorientation
piezoelectric ::> T 2 : Volume Change
tan @ — : T Figure 5 Polarization reversal/reorientation model for explaining the loss
change with electric field.

a sudden increase in the polarization hysteresis and in
the loss [this may reflect to the extensive dielectric loss
measurement in Fig. 3 top left]; while the slope of 90°
reorientation is almost constant, we can expect a constant
loss or a mechanical quality factor Oy, with changing the
external parameter, E or X [extensive elastic loss in Fig. 3
top right]. This situation will be discuss again in the later
section.

3. Losses at a piezoelectric resonance

So far, we have considered the losses for a quasi-static
or off-resonance state. Problems in ultrasonic motors
which are driven at the resonance frequency include
significant distortion of the admittance frequency spec-
trum due to nonlinear behavior of elastic compliance
at a high vibration amplitude, and heat generation
which causes a serious degradation of the motor
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Figure 6 Longitudinal vibration through the transverse piezoelectric effect
(d31) in a rectangular plate.
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characteristics through depoling of the piezoceramic.
Therefore, the ultrasonic motor requires a very hard type
piezoelectric with a high mechanical quality factor O,
leading to the suppression of heat generation. It is also
notable that the actual mechanical vibration amplitude
at the resonance frequency is directly proportional to this
O value.

3.1. Vibration at a piezoelectric resonance

Let us review the longitudinal mechanical vibration of a
piezo-ceramic plate through the transverse piezoelectric
effect (ds;) as shown in Fig. 6 [7]. Assuming that the
polarization is in the z-direction and the x-y planes are
the planes of the electrodes, the extensional vibration in
the x direction is represented by the following dynamic
equation:

(0%u/d1*) = F=(8X1,/9x)
+ (0X12/3y) +(0X13/92),  (32)

where u is the displacement of the small volume element
in the ceramic plate in the x-direction. When the plate
is very long and thin, X, and X3 may be set equal to
zero through the plate, and the following solutions can be
obtained:

(strain) Jdu/0x = x; = d3Ez[sin w(L — x)/v
+ sin(wx /v)]/ sin(wL /v), (33)

(total displacement) AL

L
=f xidx =dy E.LQ2v/wL)tan(wL /2v). (34)
0

Here, v is the sound velocity in the piezoceramic which
is given by

v=1/ psﬁ. 35)
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The admittance for the mechanically free sample is cal-
culated to be:

Y =(1/2)=(/V)=(i/Et)
= (jowL/t)ege5[1 + (d3 /e0e5 sT)

x (tan(wL /2v)/(wL /2v)], 36)

where w is the width, L the length, ¢ the thickness of the
sample, and V the applied voltage. 8]3‘C is the permittivity
in a longitudinally clamped sample, which is given by

808§C = 808?

= (d5/s1) = e0e3 (1 = k5,). (37)

Now, we will introduce the complex parameters into
the admittance curve around the resonance frequency, in
a similar way to the previous section: 8%‘* = s:)f(l -
jtan8), sy = si(l — jtan ¢1), and d3; = d(1 —
j tan 6') into Equation 36:

Y =Y4+ Ym = joCq(l — j tan §)
+ joCaK3[(1 — j(2 tan 6’ — tan ¢)]

x [(tan(wL /2v") /(&L /20)], (38)

where
Co = (wL/t)epes, (39)
. Ca = (1 —3,)Co. (40)

Note that the loss for the first term (damped conduc-
tance) is represented by the “extensive” dielectric loss
tan &, not by the intensive loss tan §’. We further cal-
culate 1/(tan(wL/2v*) with an expansion-series approxi-
mation around (wL/2v)=xm /2, taking into account that the
resonance state is defined in this case for the maximum
admittance point.

Using new frequency parameters,

Q=wL/2v, AQ=Q-1/2(K 1), “4n
and K2, = k3,/(1 — k3,), the motional admittance Y, is
approximated around the first resonance frequency by

Y = j8/m)woCak 3 [(1 + j((3/2)tan ¢’
— 2 tan 0)]/[(—(4/7)AQ + j tan ¢").

(42)
The maximum Y, is obtained at A 2 = 0:
Yo = (8/m)woCaK 3, (tan ¢')~"
= (8/7%)woCaK 3 Om, (43)
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Figure 7 (a) Equivalent circuit of a piezoelectric device for the resonance under high power drive. (b) Vibration velocity dependence of the resistances
R4 and Ry, in the equivalent electric circuit for a longitudinally vibrating PZT ceramic transducer through the transverse piezoelectric effect d3;. Notice a

dramatic change in R4 above a certain threshold vibration velocity.

where O, = (tan ¢°)~!. Similarly, the maximum displace-
ment i,y is obtained at AQ=0:
Umax = (8/7)d31 EzL Q. (44)

The maximum displacement at the resonance frequency
is (8/m%)Qy, times larger than that at a non-resonance
frequency, d3 EzL.

In a brief summary, when we observe the admittance or
displacement spectrum as a function of drive frequency,
and obtain the mechanical quality factor Q,, estimated
from O, = wo/2Aw, where 2Aw is a full width of
the 3 dB down (i.e., % 2) of the maximum value at

w = wg, we can obtain the intensive mechanical loss
tan ¢’.

3.2. Equivalent circuit under high power drive
The equivalent circuit for the piezoelectric actuator is
represented by a combination of L, C and R. Fig.7a
shows an equivalent circuit for the resonance state,
which has very low impedance. Taking into account
Equation 42, we can understand that Cq and R4 corre-
spond to the electrostatic capacitance (for a longitudi-
nally clamped sample in the previous case, not a free
sample) and the clamped (or “extensive”) dielectric loss
tan &, respectively, and the components L and Cyp in a
series resonance circuit are related to the piezoelectric
motion. For example, in the case of the longitudinal vi-
bration of the above rectangular plate through ds;, these

components are represented approximately by

La = (p/8)(Lbjw)(sf7/d3;). (45)

Ca = (8/7*)(Lw/b)(d3/s1;)- (46)

The total resistance Rx (=Ry + Ry,) should correspond
to the loss tan ¢’, which is composed of the extensive me-
chanical loss tan ¢ and dielectric/piezoelectric coupled
loss (tan 6—2tan 6) (see Equation 30). Thus, intuitively
speaking, R4 and R, correspond to the extensive dielectric
and mechanical losses, respectively. Note that we intro-
duced an additional resistance R4 to explain a large con-
tribution of the dielectric loss when a vibration velocity
is relatively large. There are, of course, different ways to
introduce Ry in an equivalent circuit [8].

3.3. Losses as a function of vibration velocity
Let us consider here the degradation mechanism of the
mechanical quality factor Oy, with increasing electric field
and vibration velocity. Fig. 8 shows the change in mechan-
ical Qp, with vibration velocity. Oy, is almost constant for
asmall electric field/vibration velocity, but above a certain
vibration level Oy, degrades drastically, where tempera-
ture rise starts to be observed [9].

Fig. 7b depicts an important notion on heat generation
from the piezoelectric material, where the damped and
motional resistances, Ry and Ry, in the equivalent electri-
cal circuit of a PZT sample (Fig. 7a are separately plotted
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Figure 8 Vibration velocity dependence of the quality factor Q4 and tem-
perature rise for A (resonance) type resonance of a longitudinally vibrating
PZT ceramic transducer through the transverse piezoelectric effect dz;. The
maximum vibration velocity is defined at the velocity where 20°C temper-
ature rise from room temperature is exhibited.
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Figure 9 Temperature rise at off-resonance versus Ve/A (3 kV/mm, 300 Hz)
in various size soft PZT multilayer actuators, where V. is the effective
volume generating the heat and A is the surface area dissipating the heat.

as a function of vibration velocity. Note that R,,, mainly
related to the extensive mechanical loss (90° domain wall
motion), is insensitive to the vibration velocity, while Ry,
related to the extensive dielectric loss (180° domain wall
motion), increases significantly around a certain critical
vibration velocity. Thus, the resonance loss at a small
vibration velocity is mainly determined by the extensive
mechanical loss which provides a high mechanical quality
factor Oy, and with increasing vibration velocity, the ex-
tensive dielectric loss contribution significantly increases.
This is consistent with the discussion made on Fig. 5. Af-
ter Ry exceeds Ry,, we started to observe heat generation.

4. Heat generation in piezoelectrics

Heat generation in various types of PZT-based actua-
tors has been studied under a large electric field applied
(1 kV/mm or more) at an off-resonance frequency and
under a relatively small electric field applied (100 V/mm)
at a resonance frequency.
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Zheng et al. reported the heat generation at an off-
resonance frequency from various sizes of multilayer
type piezoelectric ceramic actuators [6]. The temperature
change with time in the actuators was monitored when
driven at 3 kV/mm and 300 Hz, and Fig. 9 plots the satu-
rated temperature as a function of V./A, where V. is the
effective volume (electrode overlapped part) and A is the
surface area. This linear relation is reasonable because the
volume V. generates the heat and this heat is dissipated
through the area A. Thus, if we need to suppress the tem-
perature rise, a small V./A design is preferred. From these
experimental results, we calculated the total loss u of the
piezoelectric, which is summarized in Table I. The exper-
imental data of P-E hysteresis losses under a stress-free
condition is also listed for comparison. It is very important
that the P-E hysteresis intensive loss agrees well with the
total loss contributing to the heat generation under an
off-resonance drive.

Tashiro et. al. observed the heat generation in a rect-
angular piezoelectric plate during a resonating drive [10].
Even though the maximum electric filed is not very large,
heat is generated due to the large induced strain/stress at
the resonance. Fig. 10 depicted an infrared image taken
for a resonating rectangular PZT plate in our laboratory.
The maximum heat generation was observed at the nodal
point of the resonance vibration, where the maximum
strain/stress are generated. This observation supports that
the heat generation in a resonating sample is attributed to
the intensive elastic loss tan ¢'. This is not contradictory to
the result in the previous paragraph, where a high-voltage
was applied at an off-resonance frequency. We concluded
there that the heat is originated from the intensive dielec-
tric loss tan §’. In consideration that both the “intensive”
dielectric and mechanical losses are composed of the “ex-
tensive” dielectric and mechanical losses, and that the ex-
tensive dielectric loss tan § changes significantly with the
external electric field and stress, the major contribution to
the heat generation seems to come from the “extensive”
dielectric loss (i.e., 180° domain wall motion). Since this
is just our model, there can be different domain reorienta-

TABLE I Loss and overall heat transfer coefficient for PZT multilayer
samples (E = 3 kV/mm, f = 300 Hz). The effective heat transfer coefficient
here is the sum of the rates of heat flow by radiation and by convection,
neglecting the conduction effect

Actuator 4.5x3.5x2mm 7x7x2 mm 17x3.5x1 mm
Total loss 19.2 19.9 19.7
(x103T/m3)
u =
v (dT
ber (1), >
0
P-E hysteresis loss
(x10% J/m3) 18.5 17.8 17.4
K(T) (W/m?K) 38.4 39.2 34.1
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Figure 10 An infrared image of a “hard” PZT rectangular plate driven at the second resonance mode. Note three hot points, which correspond to the nodal

points for this vibration mode.

tion models, and further investigations are waited for the
microscopic observation of this phenomenon.

5. High power piezoelectrics

5.1. Practical PZT based ceramics

“High Power” in this paper stands for high power
density in mechanical output energy converted from the
maximum input electrical energy under the drive condi-
tion with 20°C temperature rise. The mechanical power
density can be evaluated by the square of the maximum
vibration velocity (v(z)), which is a sort of material’s con-
stant (Remember that there exists the maximum mechan-
ical energy density, above which level, the piezoelectric
material becomes a ceramic heater.). Fig. 11 shows the
mechanical Qp, versus basic composition x at two effec-
tive vibration velocities vo = 0.05 m/s and 0.5 m/s for
Pb(Zr,Ti;_,)O3 doped with 2.1 at % of Fe [11]. The de-
crease in mechanical Q,, with an increase of vibration
level is minimum around the rhombohedral-tetragonal
morphotropic phase boundary (52/48). In other words,
the smallest Q,, material under a small vibration level
becomes the highest Q,, material under a large vibration
level, and the data obtained by a conventional impedance
analyzer with a small voltage/power does not provide data
relevant to high power characteristics. Thus, we developed
various measuring techniques of high power piezoelec-
tricity, including “Constant Current” and “pulse drive”
methods [12].

The conventional piezo-ceramics have the limitation in
the maximum vibration velocity (vp.x), since the addi-
tional input electrical energy is converted into heat, rather
than into mechanical energy. The typical rms value of v,y
for commercially available materials, defined by the tem-
perature rise of 20°C from room temperature, is around
0.3 m/sec for rectangular samples operating in the k3,
mode (like a Rosen-type transformer) [9]. Pb(Mn,Sb)O3
(PMS) — lead zirconate tatanate (PZT) ceramics with the
Vimax Of 0.62 m/sec are currently used for NEC transform-
ers [11]. By doping the PMS-PZT or Pb(Mn,Nb)O3-PZT
with rare-earth ions such as Yb, Eu and Ce, we recently
developed the high power piezoelectrics, which can op-

Pb(ZrTi-x)03 + 2.1 at% Fe
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Figure 11 Mechanical Qy, versus basic composition x at two effective
vibration velocities vop = 0.05 m/s and 0.5 m/s for Pb(Zr, Ti;—,)O3 doped
with 2.1 at % of Fe.

erate with vy« up to 1.0 m/sec [13, 14]. Compared with
commercially available piezoelectrics, 10 times higher
input electrical energy and output mechanical energy can
be expected from these new materials without generat-
ing significant temperature rise, which corresponds to
100 W/cm?. Fig. 12 shows the dependence of the max-
imum vibration velocity vy (20°C temperature rise) on
the atomic % of rare-earth ion, Yb, Eu or Ce in the
Pb(Mn,Sb)O3; (PMS) — PZT based ceramics. Enhance-
ment in the vy value is significant by adding a small
amount of the rare-earth ion [14].

5.2. Origin of the high power piezoelectrics

“Hard” PZT is usually used for high power piezoelectric
applications, because of its high coercive field; in other
words, the stability of the domain walls. Acceptor ions,
such as Fe’*, introduce oxygen deficiencies in the PZT
crystal (In the case of donor ions, such as Nb’*t, Pb de-
ficiency is introduced). Thus, in the conventional model,
the acceptor doping causes domain pinning through the
easy reorientation of deficiency-related dipoles, leading
to “hard” characteristics (Domain Wall Pinning Model
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Figure 12 Dependence of the maximum vibration velocity vy (20°C tem-
perature rise) on the atomic % of rare-earth ion, Yb, Eu or Ce in the
Pb(Mn,Sb)O3 (PMS) — PZT based ceramics.
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Figure 13 Change in the mechanical Oy, with time lapse (minute) just after

the electric poling measured for various commercial soft and hard PZTs,
PSM-PZT, and PSM-PZT doped with Yb.

[15]). In this section, we explore the origin of our high
power piezoelectric ceramics.

High mechanical Oy, is essential in order to obtain a
high power material with a large maximum vibration ve-
locity. Fig. 13 exhibits suggestive results in the mechani-
cal Oy, increase with time lapse (minute) after the electric
poling measured for various commercial soft and hard
PZTs, PSM-PZT, and PSM-PZT doped with Yb. It is no-
table that the Q,, values for commercial hard PZT and our
high power piezoelectrics were almost the same, slightly
higher than soft PZTs, and around 200—300 immediately
after the poling. After a couple of hours passed, the O,
values increased more than 1000 for the “hard” materi-
als, while no change was observed in the “soft” material.
The increasing slope is the maximum for the Yb-doped
PSM-PZT. We also found a contradiction that this gradual
increase (in a couple of hours) in the Q,, cannot be ex-
plained by the above-mentioned “domain wall pinning”
model, but more likely by some ionic diffusion model.
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Fig. 14 shows the polarization vs. electric field hystere-
sis curves measured for the Yb-doped Pb(Mn,Sb)O3- PZT
sample immediately after poling (fresh), 48 hr after, and a
week after (aged). Remarkable aging effects could be ob-
served; (a) in the decrease in the magnitude of the remnant
polarization, and (b) in the positive internal bias electric
field growth (i.e., the hysteresis curve shift leftwards in
terms of the external electric field axis). The phenomenon
(a) can be explained by the local domain wall pinning
effect, but the large internal bias (more than 1 kV/mm)
growth (b) seems to be the origin of the high power char-
acteristics. Suppose that the vertical axis in Fig. 5 shifts
rightwards, the inverse electric field required for realizing
the 180° polarization reversal is increased, leading to the
resistance enhancement against generating the hysteresis
or heat.

Finally, let us propose the origin of this internal bias
field growth. Based on the necessity of the oxygen defi-
ciencies and the relatively slow (a couple of hours) growth
rate, we assume here the oxygen deficiency diffusion
model, which is illustrated in Fig.15. Under the electric
poling process, the defect dipole Pgefect (a pair of acceptor
ion and oxygen deficiency) will be arranged parallel to the
external electric field. After removing the field, the oxy-
gen diffusion occurs, which can be estimated in a scale
of hour at room temperature. Taking into account slightly
different atomic distances between the A and B ions in the
perovskite crystal in a ferroelectric (asymmetric) phase,
the oxygen diffusion probability will be slightly higher
for the downward, as shown in the figure, leading to the
increase in the defect dipole with time. This may be the
origin of the internal bias electric field.

6. High power piezoelectric components

Though we have developed “high power density” piezo-
electric ceramics, the multilayer structure is a key
to develop actual “high power” components from the
device designing viewpoint. However, the present
Ag-Pd electrode structure includes two-fold problems;
(1) expensive Pd, and (2) Ag migration under a high field.
In order to solve the problems, pure Cu electrode will
be a key. But, the multilayer samples need to be sintered
at a relatively low temperature (900°C or lower), when
utilizing Cu embedded electrodes. Thus, low temperature
sintering of “hard” type PZTs is a necessary technology
to be developed. Different from soft PZTs, most of the
conventional dopants to decrease the sintering tempera-
ture failed to be used, because these dopants also degrade
the Oy, value significantly.

Our recent development of multilayered piezoelec-
tric transformers with a hard piezoelectric ceramic is
introduced here. In this sort of electric-mechanical-
electric conversion application (combination of the con-
verse and direct piezoelectric effects), since the fig. of
merit is vok, the composition needs to sustain high d
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and k by keeping reasonable maximum vibration veloc-
ity. From the above reason, a new hard PZT composi-
tion system has been tried, starting from the originally
soft Pb(Zn;/3Nb/3)x(Zro 5Tip5)1-+O3. The composition
corresponding to 0.2 PZN—-0.8 PZT+0.5 wt% MnO,
was found to have high piezoelectric properties along
with a reasonable mechanical quality factor (d33=277
pC/N, £33/6,=946, tan §'=0.35%, k,=0.58, On=1402,
vo.rms=0.55 m/s). Furthermore, we found that modifica-
tion of 0.2 PZN—0.8 PZT+0.5 wt% MnO3 with PbTiO;
and CuO lowered the sintering temperature to 880°C [See
Table II]. The low field piezoelectric properties of the
sample sintered at 880°C for 2 hr were found to be as:
d33=300 pC/N, £33/e,=1100, tan §'=1.2%, k,=0.52 and
Omn=900. Cu-embedded multilayer transformers are now
being developed in trial as depicted in Fig. 16.

7. Conclusions
(1) There are three loss origins in piezoelectrics:
dielectric, elastic and piezoelectric losses. 180° and non-

Figure 16 Multilayer co-fired transformer (35 W) with “hard” PZT and
pure Ag electrodes, sintered at 880°C [Penn State trial product].

180° domain wall motions contribute primarily to the ex-
tensive dielectric and elastic losses, respectively.

(2) Heat generation occurs in the sample uniformly
under an off-resonance mainly due to the intensive
dielectric loss, while heat is generated primarily at
the vibration nodal points via the intensive elastic loss
under a resonance. In both cases, the loss increase is orig-
inated from the extensive dielectric loss change with elec-
tric field and/or stress.

(3) Doping rare-earth ions into PZT-Pb(Mn,X)O3 (X =
Sb, Nb) ceramics increases the maximum vibration veloc-
ity up to 1 m/s, which corresponds to one order of magni-

TABLE II Electromechanical coupling parameters for low temperature
sintering “hard” PZT based ceramics: 0.2 PZN—0.8 PZT + 0.5 wt% MnO;
with PbTiO3 and CuO

Sintering tan §
wt% PT extra  Temp.(°C) &, Om d33 (pC/N) e33/e0 (%)
0 1200 0.55 1502 265 1011 0.56
6.5 1000 047 1308 260 1300 1
6.3+ 0.3 wt% 880 0.52 900 300 1100 1.2

CuO
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tude higher energy density than conventionally commer-
cialized piezo-ceramics.

(4) To obtain high power density/high vibration velocity
materials, domain wall immobility/stabilization via the
positive internal bias field seems to be essential, rather
than the local domain wall pinning effect.

Since the above conclusions were derived only from a
limited number of PZT-based soft and hard piezoelectrics,
it is too early to generalize these conclusions. Further
investigations are highly required.
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