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Abstract. The poling procedure has always been the key issue in producing piezoelectric actuators with optimised
performance. This is also true with the relatively new category of pre-stressed bender actuators, where mechanical
bias achieved with a passive layer is introduced in the actuators during manufacturing. Due to these factors, the
behaviour of the actuator under poling is different compared to its bulk counterparts. In this paper, two different
thicknesses of commercial PZT 5A and PZT 5H materials were used in bulk actuators and pre-stressed benders
realised by new method. Pre-stress was introduced by using a post-fired biasing layer utilising sintering shrinkage
and difference in thermal expansion. The hysteresis loop of the actuators was measured under 0.5-7.0 MV/m
electric fields at 25-125°C temperatures, providing information about their remnant polarisation and coercive
field before poling. The results showed that high electric field and 25°C temperatures in poling provided higher
remnant polarisation and coercive electric field than using 125°C temperature at poling. Difference was especially
significant in coercive electric field values where up to 114.8% difference was obtained for PZT 5H bulk actuator
and 65.9% for pre-stressed actuators. Higher coercive fields can be utilized as increased operating voltage range
of piezoelectric devices. The differences in results obtained here and by others can be explained by the different
pre-stress level, stronger clamping of the thicker passive layers of the RAINBOW and THUNDER actuators and
passive ring area introducing high tensile stresses. The same conditions were used to pole the actuators, after which
the displacement and dielectric constant of the actuators were measured. The displacement measurements showed
that remnant polarisation has good correlation with displacement. This fact can be used in estimating pre-stressed
actuator performance before actual poling. The dielectric constant measurements with a small signal after poling
gave even better correlation than the remnant polarisation.
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1. Introduction are important, optimisation of the poling process is one

of the key issues in producing actuators with maximum

To obtain higher mechanical output power and effi-
ciency, piezoelectric actuators are currently operated
under increased stresses/electric fields. Therefore, it
has become increasingly important to control the whole
preparation procedure of the actuators and to charac-
terise the dielectric properties of the piezoelectric mate-
rial under actual conditions. Although the compositions
and process parameters used, as well as final ageing,
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performance [1, 2]. In the poling process, the actuator
acquires its actual piezoelectric properties; the shape
of the hysteresis loop, permittivity, dielectric loss and
displacement properties at high electric field driving.
These properties are weakened afterwards only to some
extent by ageing [3-5]. It is therefore natural that the
poling conditions of planar actuators have been widely
studied and, e.g., Wang et al. have shown that optimised
poling conditions of bulk actuators can be developed
through predetermination of saturation polarisation and
the coercive field [6].
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Pre-stressed actuators are bending actuators hav-
ing internal stress introduced in their manufacturing
process. The common way to prepare them is to use
two different layers with different thermal expansions
and/or sintering shrinkages [2, 7-9]. Thus, the achieved
unimorph structure bends, and the internal pre-stress
acts as a spring. The produced components can exhibit
large displacements due their higher coercive electric
field and improved piezoelectric coefficients affected
by their internal stress [3, 10—12]. It is therefore natu-
ral that the properties and methods of producing pre-
stressed actuators are extensively investigated [13-16].
However, only little has been reported about the opti-
misation of the poling conditions.

The main purpose of this paper is to study the opti-
misation of the poling conditions of pre-stressed piezo-
electric actuators of two different thickness and two
different materials. The results are compared to prop-
erties of the bulk actuators with same geometry. Prop-
erties of the actuators achieved here are also compared
to results obtained by others with other pre-stressing
methods (RAINBOW and THUNDER). Optimisation
is done firstly by measuring their remnant polarisation
and coercive field before poling and secondly, by mea-
suring their displacement and dielectric constant af-
ter different poling conditions. Remnant polarisation
gives the polarisation level achieved by poling due
to domain orientation. The coercive electric field of
the hysteresis loop, i.e., the electric field that needs to
be applied to the components in order to get zero re-
maining charge, is used because it specifies the usable
electric fields for component excitation. The method is
basically the same as the one introduced by Wang et
al. [17] for non-pre-stressed actuators. The displace-
ment and dielectric constant are used to verify the final
properties.

2. Experiments

Commercial piezoelectric PZT 5A and PZT 5H (Mor-
gan Electro Ceramics) bulk materials were selected for
the pre-stressed actuators, as was also done in many
other studies of related structures manufactured by dif-
ferent methods [9, 12]. Pre-stressing was introduced as
a mechanical stress created by a post-fired metal layer
during firing process, method is presented more de-
tailed elsewhere [18]. The piezoceramic samples were
25 mm in diameter and 0.375 mm or 0.25 mm thick
without electrodes. Commercial silver paste was used

for the electrodes. A different AgPd paste was used for
pre-stressing. The emulsion thickness of the screen-
printing mask was 20 um for the electrodes and 60
wm for the electrode/pre-stressing layer. The mask was
circular in shape with a 24.5 mm diameter to prevent
paste from going over the edges of the sample. This
procedure also produces a circular insulation area, en-
abling a higher electric field without sparking on the
edges. Bulk and pre-stressed samples were made the
same way, but in the case of the pre-stressed actua-
tors, the bottom electrode was a pre-stressing layer. Af-
ter screen-printing and drying the electrodes, the discs
were fired at 850°C in a belt furnace. The fired samples
with a thickness of 0.25 mm were saddle or mixed-
shaped, depending on the material, and the samples
with a thickness of 0.375 mm were dome-shaped.

After a 24 h period had elapsed from the firing,
the hysteresis loop was determined using temperatures
in a range of 25-125°C and an electric field of 0.5-
7.0 MV/m, depending on the component thickness and
material. The samples were poled with a 30 min poling
time using the same temperatures and electric fields as
in the hysteresis loop measurements, and the dielectric
constant and displacement characteristics were mea-
sured 24 h after poling. Furthermore, the actuators were
aged for 10° cycles and the dielectric and displacement
properties were measured again.

The hysteresis loop, remnant polarisation, £ P,, and
coercive field, =E,., measurements were carried out
with a Radiant RTV6000HVS system (Radiant tech-
nologies, USA) and an HP 4284 A Precision LCR meter
was used with 1 Vs and 1 kHz for the dielectric con-
stant measurements. Displacement was measured with
a system based on a Michelson interferometer [19]. An
electric field of +0.15 MV/m, 10 Hz and 0.3 N point
load was used in the measurements.

3. Results and Discussion

The representative remnant polarisations and coercive
fields as a function of temperature and electric field for
different materials and thickness combinations as well
as for pre-stressed and non-pre-stressed (bulk) struc-
tures are shown in Figs. 1-5. An important general
result is that, with only one exception (250 pum thick
pre-stressed PZT 5A actuator, Fig. 1), the =P, and
+E. values of all the samples were highest at a 25°C
temperature (Table 1). Thus, for the studied structures,
thickness and materials, it is more advantageous to use
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Fig. 1. (a) Remnant polarisation. (b) Coercive electric field of the
pre-stressed PZT 5A actuator (thickness 250 pm) as a function of
electric field and temperature.

a high electric field than high temperature in poling,
which agrees well with the conclusion reported ear-
lier for RAINBOW (Reduced And INternally Biased
Oxide Wafer) and THUNDER (THin layer composite
UNimorph ferroelectric DrivER and sensor) actuators
constructed from the same materials [3, 11].

Figures 2 and 3 shows typical result that poling of a
pre-stressed actuator must be optimised more carefully
than that of bulk counterparts, because the remnant po-
larisation and coercive field values of the pre-stressed
actuator depend more gradually on the poling field than
in the case of the bulk counterparts, which achieve their
saturated values quickly with increased electric field.
This is due the reason that bulk actuators are more free
to shrink/expand to near their maximum level during
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Fig. 2. (a) Remnant polarisation. (b) Coercive electric field of the
PZT 5A bulk actuator (thickness 375 pm) as a function of electric
field and temperature.

poling since constraining layer is not existing. This is
also true though active material is constrained by the
ring of passive material (insulation area) generating
large tensile and shear stresses. Stresses in the bulk
actuator were modelled with ATILA software using
material parameters of the manufacturer (Table 2).

In order to verify hindering effect of the ring in pol-
ing, passive ring area was coated with conductive silver
paint making it active. The hysteresis measurements
were repeated using the same parameters as earlier.
Due the modification remnant polarization was typi-
cally slightly increased and coercive electric field was
significantly increased (Fig. 4). Sparking on the edges
prevented usage of the highest electric fields in the mea-
surements and break some of the samples.
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Table 1. Hysteresis measurement results under the highest electric fields.

Thickness +P, (uC/cm?) —P, (uClcm?) +E. (MV/m) —E. (MV/m)
Sample (um) (25°C/125°C) (25°C/125°C) (25°C/125°C) (25°C/125°C)
PZT 5A bulk 250 34.86/29.60 —35.61/—30.05 1.84/1.19 —1.67/—1.08
PZT 5A pre-stressed 250 25.77/27.72 —25.02/—-27.42 2.87/2.38 —3.02/-2.31
PZT 5A bulk 375 34.63/29.22 —35.08/—30.42 1.73/1.17 —1.51/—0.98
PZT 5A pre-stressed 375 33.50/29.75 —32.90/—29.60 1.99/1.43 —2.23/—1.44
PZT 5H bulk 250 27.87/19.46 —29.07/—20.66 1.11/0.57 —1.05/-0.55
PZT 5H pre-stressed 250 21.33/20.21 —22.69/—-20.36 2.04/1.23 —1.93/—1.17
PZT 5H bulk 375 29.30/21.18 —29.30/—21.33 1.16/0.54 —1.15/-0.52
PZT 5H pre—stressed 375 23.21/19.61 —22.16/—18.56 1.60/1.08 —1.77/-1.08
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Fig. 3. (a) Remnant polarisation (b) Coercive electric field of the
pre-stressed PZT 5A actuator (thickness 375 pm) as a function of
electric field and temperature.
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Fig. 4. (a) Remnant polarisation. (b) Coercive electric field of the
bulk PZT 5A actuator (thickness 375 pum) as a function of electric
field and temperature with passive and active ring.
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Fig. 5. (a) Remnant polarisation. (b) Coercive electric field of the
pre-stressed PZT 5H actuator (thickness 375 pm) as a function of
electric field and temperature.

Same behaviour but lower stresses are expected to
occur with pre-stressed actuators, due smaller in-plane
displacement of the benders. To avoid decreased po-
larisation, actuators should be manufactured with full
electrodes, yet effect of the stresses on displacements
are not known.

In the general category of the results goes also the re-
sult that the PZT 5H material had 9-37% lower remnant
polarisation and 20-54% lower coercive electric field
values than the PZT 5A material (Table 1, Figs. 3 and 5).
This resultis well in line with the results reported earlier
where 31-33% difference in remnant polarisation and
45-50% difterence in coercive electric field was mea-
sured by Dausch [3]. Although, mentioned characteris-
tics of PZT 5H are lower it has higher d3; piezoelectric

Table 2. Stresses of the bulk actuators modelled with ATILA soft-
ware under the highest electric fields.

Max stress due Max stress due

in-plane out-of-plane
Thickness displacement displacement
Sample (pum) (MPa) (MPa)
PZT 5A,bulk 250 41 41
PZT 5A,bulk 375 30 42
PZT 5H, bulk 250 74 68
PZT 5H, bulk 375 50 64

coefficients (PZT 5H: d3; = —274 pm/V and PZT 5A:
d3; = —171 pm/V, manufacture’s information), which
is generally preferable for large-displacement bending
actuators.

In more detail, the pre-stressed actuators showed a
significantly higher coercive electric field than their
bulk counterparts, but decreased remnant polarisa-
tion (Table 1). The highest remnant polarisation for
the bulk and pre-stressed actuators were almost the
same (33.5 uClecm? for the pre-stressed 375 um
thick PZT 5A actuators and 34.6 uC/cm? for the
bulk counterpart in Figs. 2 and 4). Dausch reports
opposite behaviour of remnant polarisation between
RAINBOW and bulk actuators, 18.0 pC/cm? and
14.1 uC/cm? for PZT 5H actuators and 26.1 ;1C/cm?
and 21.0 uC/ecm? for PZT 5A, respectively [3].
Ounaies et al. reports nearly equal remnant polari-
sation for PZT 5A bulk and THUNDER actuators
(+Prruunper = 34-35 puClem?, — Poruunper =
—32.5to —34, £Ppu = 234 uC/em?) [11]. Expla-
nation can be higher pre-stress of RAINBOW actu-
ators increasing stress induced domain reorientation
[9, 20].

The highest coercive field was achieved with pre-
stressed 250 pwm thick PZT 5A actuators, 2.87 MV/m
and —3.02 MV/m (Fig. 1), and our £E, and &P, val-
ues for bulk and pre-stressed actuators were higher
than those obtained by Dausch, probably due to the
higher electric fields (PZT 5H: E pyx = 0.36 MV/m,
ECRAINBOW = 0.42 MV/m and PZT 5A: Ecbulk =0.65
MV/m, EcRAINBOW = 0.84 MV/m and) [3] PZT 5A
THUNDER actuators had higher remnant polarisa-
tion and about the same coercive electric field under
~2MV/m (+E, = 1.38 MV/m and —E, = —1.4
MV/m) than pre-stressed actuators presented here. At
higher electric fields our remnant polarisation values
were closer to the values of THUNDER actuators
and the coercive electric field was higher. However,
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it should be noted that the thickness of the THUNDER
actuators was ~200 um which has effect on properties
as later introduced [3, 11]. Similarly, passive ring has
hindering effect for polarisation as stated earlier.

Typically, the = E, values were greater with thinner
components (Table 1). Thickness had an effect on the
P, values when the sample was pre-stressed, whereas
within the bulk samples, thickness had no high signif-
icance. In other words, thicker pre-stressed actuators
had P, values closer to those of the bulk counterparts
than did the thinner ones. This result indicates corre-
lation between the pre-stress level and dielectric prop-
erties of the actuators as reported in many papers for
different structures. Since the same pre-stressing ele-
ment was used in every actuator only thickness of the
PZT material and its material properties define the dif-
ference in pre-stress state of presented actuators.

The results also showed that the bulk actuators and
pre-stressed 250 pm thick PZT 5H actuator had slightly
higher — P, than + P, values and the behaviour was
opposite that of the rest of the pre-stressed actuators
(250 pum and 375 pm thick PZT 5A and 375 pum thick
PZT 5H, Table 1). In addition, these same actuators
had higher +Ec¢ values and actuators having higher
+ Pr had higher — Ec. Partially same results was ob-
tained by Ounaies et al. with PZT SA THUNDER ac-
tuators (e.g. +E, = 10 MV/m, —E, = —15.5 MV/m,
+P, = 34 uC/em® and —P, = —32.5uC/cm?)
[15]. Behaviour is due mechanically biased stress
state, favourable to switch domains at certain direc-
tion. Stress-induced-domain reorientation is described
more detailed by Haertling [20]. Actuators presented
here are very similar with RAINBOW actuators in the
sense that pre-stressing layer (fired metal and lead, re-
spectively) in both cases are not over the whole area of
the actuators leaving passive ring area. In the case of
the RAINBOW actuators the ring is often made active
during electrode manufacturing that can cause some
differences in results.

In general, the differences between these results and
those obtained by others can be explained by the dif-
ferences in pre-stress level, stronger clamping of the
thicker passive layers of the RAINBOW and THUN-
DER actuators and passive ring area introducing high
tensile stresses [3, 11]. In thin films pre-stressing can
alter the dielectric constant, remnant polarisation and
coercive electric field of the actuators through tensile
or compressive stress. The behaviour of thin film ac-
tuators depends on composition as well as the amount
of pre-stressing through the thickness of the samples

[21, 22]. A similar effect has also been reported by
Zhao et al. for bulk samples with uniaxial compressive
stress, e.g., PZT 5H material [28, 29]. The behaviours
presented here are caused by the intrinsic transverse
tensile and compressive stresses of the actuators in-
troduced by pre-stressing layer and passive insulation
area. Profound stress analysis of the actuators is needed
for further investigation. In terms of obtaining high dis-
placement, proper level of tensile stresses can increase
the effective d5; coefficient utilised in benders [10, 12,
23, 24]. Although the actuators manufactured here had
nearly the same curvature as the RAINBOW counter-
parts, they had a relatively thin metal layer after firing
(~30 pm) to provide pre-stress and clamping of the
bottom layer. This pre-stressing layer is much thin-
ner than the passive layers in THUNDER and RAIN-
BOW actuators causing difference in e.g. constrain-
ing of the piezo displacement which creates bending
actuation.

Figures 6 and 7 show the typical normalised dis-
placement, dielectric constant and positive remnant po-
larisation values of the pre-stressed PZT SH actuators
(thickness 375 and 250 um) poled at 25 and 125°C
temperatures.

These results show that the different poling fields
had different reductions in displacement and dielectric
constant due to ageing. A clear reason for this could
not be found within this study, but fatigue characteris-
tics will be investigated profoundly in the future. The
piezoelectric coefficient d33 d3; and remnant polarisa-
tion have a clear connection in the case of the bulk
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Fig. 6. Normalised displacement, remnant polarisation and dielectric
constant of the pre-stressed PZT 5H actuator (thickness 375 um) as
a function of poling field (at 25°C) before and after aging.
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actuators [6, 23, 25]. Similar relation was found here
between displacement and remnant polarization. How-
ever, in this case d3; is an effective piezoelectric coeffi-
cient which is transferred to axial displacement through
large bending deformation that can have also other af-
fecting parameters. The remnant polarisation curve in
Fig. 6 correlates well with the displacement curve after
poling, but more comparable results was obtained with
adielectric constant measured with a small signal. This
is probably because the small signal measured actual
state of ceramic after poling, without enforcing high
electric fields that had effect on properties. In Fig. 7
remnant polarisation is not as comparable with dis-
placement as in the case of Fig. 6. The reason for this
is not known, but it still gives a decent estimation of the
displacement of the component. Neither was the dielec-
tric constant as accurate as in Fig. 6, and the most prob-
able cause is that the small signal measurements were
done at room temperature, while poling was carried out
at 125°C. In both cases (Figs. 6 and 7), displacement
is saturated much before the maximum electric field,
and therefore more displacement is not achieved us-
ing higher poling fields. However, as the earlier figures
show (Figs. 1, 3, and 5), the coercive electric field in-
creases at higher poling fields, justifying their use for
poling which ultimately increases the displacements
through higher operating electric fields. Correlation of
remnant polarisation and permittivity with displace-
ment as a function of poling temperature needs further
investigations.

The measurements covered a total of 60 samples
with small variation as specified by the manufacturer.

Regardless of the manufacturer’s tolerances, the be-
haviours of the actuators were the same as presented
here.

Thus, the main result of this research is that charac-
terisation of the hysteresis loop (remnant polarization
and coercive electric field) is a useful tool also when op-
timising the poling of pre-stressed piezoelectric bender
actuators. This is true even though the displacement of
bending actuators is a function of their length and thick-
ness, and different materials have different piezoelec-
tric coefficients resulting in a different ratio between
d3] and Pr [5, 26]

4. Conclusions

The results show that measurement of the hysteresis
curve values can be used for prediction and optimisa-
tion of the discrete poling conditions of the new pre-
stressed piezoelectric bender actuators realised with
post-fired biasing layer. This is an important result,
since it was shown that poling of a pre-stressed ben-
der actuator must be done more carefully than that of
bulk counterparts. The remnant polarisation and co-
ercive electric field values of a pre-stressed actuator
depend more gradually on the poling field than in the
case of the bulk counterpart. The higher remnant polar-
isation and coercive field values were mainly available
at the lowest studied temperature (25°C). The remnant
polarisation and coercive electric field results with dif-
ferent materials and component thicknesses also sup-
port the conclusion that they are largely changed by the
pre-stress state inside the ceramic. According to mod-
elling results and measurements large tensile stresses
occurs due passive insulation area which hinders po-
larization of the bulk actuators. Same behaviour but
lower stresses are expected to occur with pre-stressed
bending actuators, due smaller in-plane displacement.
Finally, the results show that remnant polarisation gave
a decent estimation of displacement as a function of
the poling field, and so it can be used in the optimi-
sation of the poling of pre-stressed actuators, in spite
of the fact that the actuators experienced large defor-
mations and stresses in poling and actual use. Addi-
tionally, small signal measurement of the dielectric
constant gave even better correlation with displace-
ment, probably since it does not induce as high elec-
tric field as the poling effect itself, and it can be used
for quick final checking of actuator performance after
poling.
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