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Abstract

Functionally Gradient Materials are suitable for bending devices due to reduced internal
mechanical stresses and lower production costs. Monolithic B0, (BTS) ceramics
with a gradient of the Sn-content (0.04% < 0.15) were prepared. The chemical gradient
was transformed into a gradient of the piezoelectric properties by a poling process.

The bending deflection was measured as a function of the applied voltage and compared with
analytical approximations. Additionally, the resonance frequencies and the damping behavior
of samples with different Sn-contents were investigated. The monolithic ceramics showed
good results in comparison with conventional glued bending devices.

I ntroduction

The bending effect of piezod ectric bimorph actuatorsis used in applications where large displacements are
required. Bending actuators are usually designed as unimorph with one active piezoelectric layer or bimorph
with two active layers bonded by glue[1]. Thelife time and reliability of conventiona bending actuators are
reduced by cracks and peel off at the interface between the ceramics and the glue due to high mechanical
stresses. Piezoelectric Functional Gradient Materials (FGM) are suitable to reduce this internal stresses and
improve the life time of an actuator [2]. They can be easy integrated in smart material applications.

Bending actuators with a piezoelectric gradient are successfully prepared with ceramics from the PNN-PZT
system [2, 3]. This materia are well-known for their huge piezoel ectric coefficients. But for large bending
deflection it is not necessary that the material has high electromechanical coefficients. Only the difference in the
strain in the length direction S, between neighboring layers is important. Usually, in Functionally Gradient
Materials the gradient of the piezoel ectric properties is coupled with a gradient of the dielectric coefficient of
the ceramics. Because aone dimensional gradient is prepared along the thickness, perpendicular to the electric
field, the layers with different dielectric properties were seria connected. Thus, the induced electric field is than
higher than lower the dielectric coefficient in this layer. Anidea bending actuator should have at one side high
piezoelectric coefficient d;; and low dielectric permittivity 45 (large strain S;) and at the opposite side low
piezoelectric and high dielectric coeffcients (low strain).

In the last years BaTiO, ceramics become more and more the aim of interest for developing lead free ceramics
for smart materials. In the system BaTiO,-BaSnO, the Curie temperature decreases with decreasing tin content.
The material coefficients change in awide range around the phase transition. At room temperature the
piezoelectric coefficients decrease and the diglectric coefficient increases with increasing Sn content from 7.5
up to 15 mol%.

Sample preparation

Monoalithic BaTi,.,Sn,O, (BTS) ceramics with a gradient of the tin content were prepared by successive pressing
anumber of layers of BTS powders with different compositions produced by a classical mixed-oxide technique.
To influence the tin gradient 2, 3 or 4 layers were used whereas the whol e thickness of the sample was always
about 1.1-1.2 mm. The outer layers consist of BaTi 455N, 47205 and BaT i -5, ;50;, in the following named
BTS7.5 and BTS15, respectively. Ba(Ti,Sn)O, powder with 10 and 12.5 mol% Sn were used for inner layers.
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The ceamics were sintered in air at 1400°C for 1 hwith a heaing and cooling rate of 10 K min™ to oltain
coarse-grained ceramics with an average grain size of abou 80 um.
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Fig.1 Content of tin along the thicknessof mondithic ceamic samples sntered with two (left) and four layers
(right) of BTS

To determine thetin distributionin the ceamic sample dong the thickness wavel ength-dispersive x-ray
eledron probe microanalysis (WDX-EPMA) (model CAMEBAX, Cameca France) was performed. Figure 1
shows that the chemica compasition continuowsly changes at the interfaces between the layers. On the other
hand, the original compositionis quite goodreaognizable. The thicknessof the interfacesis abou 100-200pum
in dependenceon the diff erence of Sn content between neighbaring layers. It shoud be noted that espedally the
outer layers with the maximum and minimum amourt of tin are relatively thick.

In particular, the mondithic ceamics prepared from four layers (4-morph) have anealy ided gradient of the
chemicd composition. Thus, the terms bimorph, trimorph and fourmorph wing in this work are not redly
corred. These mondithic samples have agradient of the Sn content. They dortt consist of layers with a defined
thickness chemicd composition and, therefore, defined material properties. The names 2-, 3- and 4morph orly
based onthe number of powder layers before sintering and as an idedized number of layers for the modeling.
During sintering the mondit hic samples bend die to the diff erent shrinking of the BaTi, ,Sn,O, ceramic layers.
A strong bending eff ea was obtained for the bimorph structure. Than higher the number of powder layers and
than small er the diff erencein the chemicd compaosition d neighbaring layers than lower the aurvature of the
sample. The 4-morph structure is neally unbowed (Figure 2). This effea could be minimized by an additional
weight of abou 100g laying on the sample during sintering. By this way, unbaved mondithic samples were
sintered with orly two powder layers (bimorph).

The minimum thicknessof ead layer prepared by the @ove described powder pressng isabou 0.3 mm.
However, the bending defledion is than higher than thinner is the aduator. Thus, thin ceramic foil swith a
typicd thicknessof abou 80-120um were cat. Foil swith the gppropriate dnemicd compasition were stadked
in the required order and sintered under asmall presaure. Mondithic ceamics with awhole thicknessof 0.3-0.4

mmwere prepared by this techndogy. For bimorph samples two foil swith 7.5and two foil swith 15mol% Sn,
respedively, were used.

Fig.2 Mondithic BTS ceramics sntered with two layers of BTS7.5and BTS15 (left) and with
four layers BTS7.5BTS10 BTS12.5BTS15 (right)

After sintering samples were palished and eledroded with aluminum eledrodes. The gradient of the chemicd
composition was transformed to a gradient of the dedromechanicd properties by a poling process For this, a
DC field was applied to the sample for 15 seconds at room temperature. The ferroeledric properties of the BTS
ceramics drongly depend onthe Sn content. It was shown, that in aferroeledric multil ayer system withou



inner electrodes only the layer with the lowest spontaneous polarization will be completely poled. All other
layers are only partially poled [4].

To determine the el ectromechanical and dielectric properties of the poled layers with different Sn content a
model structure was used. Single ceramic sheets with the same thickness and chemical composition as the
powder layers for the monolithic samples were prepared. These single layers were electroded and electrically
connected by awire. After poling with the same electric field the material coefficients of each layer were
measured. The dielectric coefficient &5, and the piezoelectric coefficient d,, are used for the modeling of the
bending deflection. Subsequently, the single sheets were glued together and the deflection of the glued actuator
was determined.

Quasistatic bending behavior

The bending deflection at the free end of a one-side fixed sample was measured by a capacitive displacement
sensor [5]. The upper electrode of the specimen is one plate of a measuring capacitance which is apart of aHF-
series circuit. The bending deflection of the sample changes the distance between the plates, i.e. causes a
change of the capacity of the measuring capacitance and a shift of the resonance frequency of the HF circuit.
The frequency shift is transformed into a voltage proportional to the deflection by a modulation analyzer
HP8901A.
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Fig. 3 Deflection of bimorph structures prepared by powder pressing without (1)
and with additional weight during sintering (2), foil pressing (3) and
conventional gluing of poled layers (4)

An unipolar voltage with a frequency of 137 Hz was applied to measure the quasi static bending deflection.
Figure 3 shows the maximum of the deflection of different bimorph structures in dependence on the applied
eectric field. The deflection is normalized on the thickness of the sample. The experimental results were
compared with an analytical approximation of small signal bending. We assumed, that the elastic properties are
independent of the tin content. In this case the deflection § at the end of the specimen can be calculated by the
theory of Marcus [6]
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where L isthe freelength and hthe thicknessof the bending aduator. For small applied voltages U, the
eledric field in the layer i depends onU,,, and the dieledric coefficients g, of all layersin the foll owing
manner
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For small eledric fields upto 50V/mmall bimorphs are in a good agreement with the modeling [7]. For higher
voltages increases the diff erence between the experimental results and the linea approximation. On the other
hand, Figure 4 shows that the bending loopisrelatively linea with a small hysteresis also at higher eledric
fields.
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Fig.4 Bendingloop d amondithic bimorphat 137Hz

The conventional glued bimorph has the highest value of defledion (Figure 3). The mondithic caamics with a
gradient of the dedromechanicd properties at the interfaceof the two materials ow a some smaller
defledion. From modeling with the Finite Element Methodit is known that the defledion o multil ayer
structures dightly deaeases with increasing number of layers[8]. In afirst approximation the interfacgs) can
be considered as additional layer(s).

The alditional weight to sinter unbowved ceramics didn't significant influence the bending behavior. A dlightly
higher normalized defledion was obtained at the samples prepared by fail pressng. Much higher absolute
defledions at the same dedric field can be adieved, if we take into acourt that the thicknessof the spedmen
is much thinner than the powder pressed ceramics (Eq. 1). Furthermore, the gplied voltage is much smaller for
the same dedric field (Eq. 2). For example, abimorph with athicknessof 0.4 mm provides adefledion d
more than 25um at 160V.
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Fig. 5 Definition d the pdling diredion d the BTS7.5-BTS15 system
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Fig.6 Defledion d mondithic bimorphs with diff erent padling diredions

Influence of the poling direction

Figure 5 shows shematicdly the two possbiliti es to apply the pding field to the BTS7.5-BTS15 ceramics. If
the pasitive DC voltage is applied at the BTS7.5layer we cdl ed this sample ,, positive poled”. , Negative poled”
means that the paling voltage was applied at the BTS15 layer. We obtained amagjor diff erence of the bending
behavior for the diff erent padling diredions. The negative paed mondithic bimorph kends approximately twice
more & 500V than the positive poled ore. For comparison we poled the system of eledricadly conreded single
ceaamic sheds also in the oppasite diredion. It was foundthat the BTS7.5layer (high piezoeedric coefficients)
was much better poled in the negative poled system (Figure 6). We assume that the distribution o the dedric
field in the layers depends on the pading diredion die to conductivity of the ceamics which was negleded in
the modeling of the paling behavior [4]. Here, further investigations are necessary.
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Fig. 7 Bending defledion d mondithic trimorphin dependence of the paing
diredion



For the trimorph and 4morph FGM aduators the pasitive paled spedmen show the higher bending defledion
(Figures 7and 8. Here the ,positive" pdling yields a better poling of the BTS7.51ayer. The value of the
piezoeledric coefficient d,, of this layer increases with the number of layersin the system. The reason seansto
be an higher locd eedric field strength during poling. The higher piezoeledric coefficient also explains the
increasing of the maximum defledion with increasing number of layers. For the bimorph we obtained same
smaller defledion d the FGM bimorph in comparison with the conventional glued bimorph. We explained this
with the gradient of the piezoeledric and deledric mefficients at the interface However, we compare FGM
samples prepared with diff erent numbers of layers, i.e. with dff erent gradients, the best performance shows the
4-morphwith areatively linea gradient of the tin content. The dfea of a,better” paling in a4-morphis much
stronger than the dfed of the piezoeledric gradient.

The maximum value of defledion at 500V was measured of about 0.028um/V for amondithic FGM aduator
(4-morph) with alength L = 15 mmand athicknessh = 1,13mm. That is much higher than the value reported
from PNN-PZT based aduators [3].
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Fig.8 Bending defledion o mondithic 4-morphin dependenceonthe gplied
voltage

Resonance frequencies and damping ratio

For the charaderizaion d the dynamicd properties the resonance frequencies and damping ratios of mondithic
FGM andthe arrespondng conventional glued bending actuator were determined.

The frequency of an applied voltage of about 5V were @mntinuowsly changed and the anplitude of the
defledion was measured by the capadtive sensor. The freelength of all sampleswas 15mm. A typicd
resonance arveis fiownin Fig. 9. For the conventional glued bimorph consisting of two layers with a defined
thicknessand constant chemicd compasition aresonancefregquency of abou 3150Hz was measured. From the
analyticd approximation d the resonancefrequency of aone side fixed bending aduator [9]
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an average value of the dastic coefficient s;; of about 13:10> m*N was calculated. The influence of the glue
was neglected.



In contrast to the quasistatic bending behavior the dynamical properties changein arelatively wide range. The
frequency constant

2
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of different monolithic FGM actuators was determined between 430 to 600 kHz* mm. A significant dependence
on the poling direction or the number of layers could not found. We assume that the form of the gradient
(thickness of layers and interface between them) strongly influences the dynamical properties. Probably these
parameters are not yet good enough reproduceable.
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Fig.9 Resonance curve of aglued bimorph at an applied voltage of 5V

Additionally, the resonance frequency was measured from the free vibration of the actuator. Therefore, a
rectangular signal with afrequency of 40 Hz and a amplitude of 25 V was applied. The deflection response was
shown in Figure 10. The results from both methods are in a good agreement.

The damping ratio was determined from the band width of the resonance peak and from the damping of the free
vibrations. Here, the results also correspond very well. The damping ratio differs between 0.012-0.028 for
bimorph and trimorph FGM actuators and 0.032-0.040 for the monolithic 4-morph ceramics. The values of the
damping ratio are comparable with them of glued actuators of about 0.015.

Summary

Functionally Gradient Materials based on Ba(Ti, Sn)O, ceramics were prepared. The one dimensional gradient
of the tin content along the thickness was varied by using different numbers of powder layers or foils with
different Sn content. The distribution of tin after sintering was determined by EPMA. The chemical gradient
was transformed to a gradient of the piezoel ectric coefficient by a poling process. The poling was more
effective than higher the number of layers in the monolithic sample and than ,better” is the functionally
gradient. Thus, the monolithic sample prepared from layers shows the best performance. It deflection is much
higher than the deflection of a conventional glued bending actuator. Furthermore, a strong dependence of the
amplitude of the deflection on the poling direction was found.

The resonance frequencies and damping ratios of monolithic FGM actuators were measured. The dynamical
behavior is comparable with glued actuators.
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