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Abstract

A starting powder with the nominal composition 0.65Pb(Mg;;3Nb,3)03—0.35PbTiO5; (0.65PMN-0.35PT),
which corresponds to the morphotropic phase boundary (MPB) composition, was prepared by
mechanochemical activation followed by attritor milling and low-temperature calcination at 700°C. It had a
narrow particle size distribution with the median particle size equal to 0.3 um. From the synthesized
powder dense bulk ceramics of 98% of theoretical density were prepared by firing at 1200°C for 2 hours.
The influence of the poling electric field on the electromechanical properties and the phase composition of
0.65PMN-0.35PT ceramics was studied. The phase ratio of the monoclinic Pm to the tetragonal P4mm
phases is changed by the application of a poling electric field and the extent of this change is dependent on
the value of the electric field. This phenomenon was not yet reported for 0.65PMN—0.35PT ceramics. The
piezoelectric coefficient and the coupling coefficients are the highest for ceramics poled at electric fields
between 2 kV/mm and 3.5 kV/mm. This corresponds to largest amount of monoclinic Pm phase in
ceramics.

Thick films with the composition of 0.65PMN-0.35PT were made by screen-printing and firing of the
paste prepared from an organic vehicle and pre-reacted powder. The films were fired for 2 hours at 950°C
on alumina (Al,0O;), platinum (Pt), 0.65PMN—-0.35PT and aluminium nitride (AIN) substrates. Alumina and
platinum substrates have a higher temperature expansion coefficient (TEC) than 0.65PMN-0.35PT films,
aluminium nitride substrates have a lower TEC, and the TEC of 0.65PMN-0.35PT substrates is the same as
the TEC of the films. Under identical processing conditions the microstructures, phase compositions,
dielectric, ferroelectric and piezoelectric properties strongly depend on the choice of the substrate material.
If the thick films are after firing and cooling under compressive stresses, i.e, films on substrates with higher
TEC, films are dense with grain sizes 1.7 um on alumina substrates and 1.2 pm on platinum substrates. The
X-ray analyses and Rietveld refinements showed the coexistence of monoclinic and tetragonal phases.
Dielectric constants were 3400 and 2000, piezoelectric coefficients ds: were 180 pC/N and 140 pC/N and
remanent polarizations were 22 pC/cm’® and 27 pC/em” for films on Al,O and Pt substrates, respectively.
The electrical properties of films on Al,O; and Pt substrates and also the coexistence of tetragonal and
monoclinic phases are comparable to results obtained on densly sintered bulk ceramics. The exception is
the lower piezoelectric constant of films, which is partly due to the clamping of the films on rigid
substrates. Films fired and cooled on substrates with lower TEC (AIN) or with the same TEC
(0.65PMN-0.35PT) were porous with grain sizes below or equal to 0.5 um. In this case we presume that
the tensile stresses were relaxed during cooling and the characteristics are therefore similar for films on
AIN as for stress free films on 0.65PMN-0.35PT substrates. For these films the X-ray analyses and
Rietveld refinements showed the monoclinic phase. The dielectric constants were 700 and 300,
piezoelectric coefficients ds;*" were 105 pC/N and 30 pC/N and remanent polarizations were 8 pC/cm?” and
3 pC/em’ for films on 0.65PMN—0.35PT and AIN substrates, respectively, which is a consequence of the
porous structure. These results indicate that substrates strongly influence the densification and
microstructural characteristics of thick films and, consequently, the structural and electrical properties.

The electrostrictive effect in 0.65PMN-0.35PT films on alumina substrates was measured. The
electrostrctive coefficient M3; of 0.65PMN-0.35PT thick films on alumina substrates was high, i.e.,
7.6:107'* m*/V% Due to high electrostriction of thick 0.65PMN-0.35PT films, we decided to prepare the
0.65PMN-0.35PT thick-film actuators.

A novel approach to preparing large-displacement “substrate-free” 0.65PMN—-0.35PT/Pt actuators was
developed. After screen printing and firing the 0.65PMN-0.35PT/Pt composites were peeled off from the
alumina substrates. The normalized displacements of 55 pum/cm were achieved for actuators with
dimensions of 1.8 cm X 2.5 mm x 65 um, which is 5-10 times higher in comparison with the normalized
displacements of bulk PMN-PT or thick-film Pb(Zr,Ti)O; (PZT) actuators.
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Povzetek

Zacetni prah s kompozicijo na morphotropni fazni meji 0,65Pb(Mg;,3Nb;/;3)03—0,35PbTiO5 (0,65PMN-
0,35PT) smo pripravili z mehanokemijsko aktivacijo, kateri je sledilo mletje v atritorskem mlinu in
nizkotemperaturno kalciniranje pri 700°C. Porazdelitev velikosti delcev prahu je ozka z mediano 0,3 um. Iz
sintetiziranega 0,65PMN-0,35PT prahu smo pripravili keramiko z Zganjem pri 1200°C, 2 uri. Gostota
keramike je bila 98% teoreticne vrednosti. Raziskovali smo vpliv elektricnega polja na fazno sestavo in na
elektromehanske lastnosti 0,65PMN-0,35PT keramike. Ugotovili smo, da lahko razmerje monoklinske Pm
in tetragonalne P4mm faze spreminjamo z elektricnim poljem. Pri keramiki, polarizirani z elektricnim
poljem med 2-3,5 kV/mm, je najvi§ja vsebnost monoklinske faze o ¢emer pri keramiki s to sestavo doslej
Se ni bilo porocano. Tudi piezoelektri¢ni koeficient ds; in sklopitvena koeficienta k;, in k; sta najvi§ja za
keramiko, polarizirano z elektri¢nim poljem med 2-3,5 kV/mm.

0,65PMN-0,35PT debele plasti smo pripravili s sitotiskom paste iz organskega nosilca in 0,65PMN-
0,35PT prahu. Plasti so bile Zgane 2 uri pri 950°C na korundni (Al,O3), platinasti (Pt), 0,65SPMN-0,35PT in
aluminij nitridni (AIN) podlagi. Korundna in platinska podlaga imata vi§ji temperaturni razteznostni
koeficient kot 0,65PMN-0,35PT plast, aluminij nitridna podlaga ima manjsega, 0,65PMN-0,35PT podlaga
pa ima temperaturni razteznostni koeficient enak kot plast. Mikrostruktura, fazna sestava, dielektricne,
piezoelektri¢ne in feroelektriéne lastnosti so moéno odvisne od materiala, iz katerega je podlaga. Ce je
0,65PMN-0,35PT plast po segrevanju in ohlajanju pod tlacno napetostjo, to so plasti na podlagah z vi§jim
razteznostnim koeficientom, so plasti goste s povprecno velikostjo zrn 1,7 um na korundni podlagi in 1,2
pum na platinski podlagi. Rentgenska in Rietveldova analiza sta pokazali soobstoj monoklinske in
tetragonalne faze kot v primeru volumenske keramike sintrane pri 1200°C. Za plasti na korundni in
platinski podlagi sta bili dielektri¢ni konstanti 3400 in 2000, piezoelektri¢na koeficienta s> 180 pC/N in
140 pC/N, remanentni polarizaciji pa 22 pC/cm” in 27 uC/cm®. Elektri¢ne lastnosti plasti na ALO; in Pt
podlagah in tudi soobstoj tetragonalne in monoklinske faze so primerljivi z rezultati dobljenimi za gosto
volumensko keramiko. Izjema je nizek piezoelektricni koeficient plasti, ki je delno posledica pripetosti
plasti na podlago. Plasti na podlagah z razteznostnim koeficientom manj$im (AIN podlage) ali enakim
(0,65PMN-0,35PT podlage) od koeficenta plasti, so bile porozne ter so imele povprecno velikost zrn
manj$o ali enako 0,5 pm. V tem primeru so zaradi porozne strukture natezne napetosti na AIN podlagah
verjetno popustile tako, da niso vplivale na lastnosti plasti. Za plasti na 0,65PMN-0,35PT in na AIN
podlagah sta rentgenska in Rietveldova analiza pokazali monoklinsko fazo. Plasti na obeh podlagah so
imele dielektricno konstanto 700 in 300, piezoelektricni koeficient ds 105 pC/N in 30 pC/N, remanentno
polarizacijo pa 8 pC/em® in 3 pC/em’, Kar je posledica porozne strukture. Ti rezultati nakazujejo, da
podlage mocno vlivajo na zgoscevanje in mikrostrukturo plasti ter posledi¢no na strukturne in elektricne
lastnosti plasti.

Izmerili smo elektrostrikcijski pojav v 0,65PMN-0,35PT debelih plasteh na korundnih podlagah.
Elektrostrikcijski koeficient Ma; plasti na korundnih podlagah je visok, t.j. 7,6:107'® m*/V>. Zaradi visokega
elektrostrikcijskega pojava v 0,65PMN-0,35PT plasteh, smo jih uporabili za pripravo 0,65PMN-0,35PT
debeloplastnih aktuatorjev.

Razvili smo nov postopek priprave 0,65PMN—-0,35PT/Pt aktuatorja z velikim odmikom. 0,65PMN-
0,35PT/Pt kompozit smo odstranili iz podlage. Dosegli smo velike normalizirane odmike aktuatorja, t. j. 55
pm/cm za aktuatorje velikosti 1,8 cm x 2,5 mm x 65 pm. Ti normalizirani odmiki so zelo visoki v
primerjavi z objavljenimi normaliziranimi odmiki volumenskih PMN-PT aktuatorjev ali debeloplastnih
Pb(Zr,Ti)O5 (PZT) aktuatorjev na korundnih podlagah.
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1 Introduction

1.1 Dielectric, piezoelectric and ferroelectric materials

1.1.1 Dielectrics

A dielectric is a nonconducting material, which can be polarized by the application of an electric fieldE .
The surface charge density, which is induced in the material by the application of the electric field, is given

by the dielectric displacement vector D with the components D;:

Di=¢gEi+P; (1)

where & = 8.85-107% (As/Vm) is the dielectric permittivity of vacuum, and P is electrical polarization.
The equation (1) can be written as:

D; = gE; + P; = &E; + g0y E; = €0gE; 2)

where y; is the component of the dielectric susceptibility tensor and ¢;; is the component of the dielectric
tensor (or dielectric permittivity tensor) of the material [1, 2]. The relation is valid only for linear materials
or in a linear limit for nonlinear materials and, in general, P; depends on higher-order terms of the electric
field.

1.1.2 Piezoelectrics

Piezoelectricity is the property of some materials to develop a dipole moment when a mechanical stress is
exerted on them [1]. This effect is called the direct piezoelectric effect. In other words, the dielectric
materials are referred to as the piezoelectric materials, if they can be polarized, in addition to an electric
field, by application of mechanical stress. In piezoelectric materials, an inverse piezoelectric effect is also
observed. The inverse piezoelectric effect is an effect when an external electric field applied to an
piezoelectric material produces a deformation of the material. In Fig. 1 the direct and inverse piezoelectric
effects are shown schematically.

APPLIED STRAIN IS
FORCE INDUCED
+H+E APPLIED
ELECTRIC
= FIELD ‘
ELECTRIC T_T ]
CHARGE
(a) (b)

Figure 1: The direct piezoelectric effect (a) and the inverse piezoelectric effect (b).
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The basic equations in tensor form that describe these two effects in regard to the electric and elastic
properties are

D; = dijoji + &;” E; 3)
Sij = Sijit k1 + dii Bk 4)

where

1, j, k=1, 2, 3 (Note, we use Einstein summation convention: when a letter suffix occurs twice in the same
term, summation with respect to that suffix is to be automatically understood.)

D;is a component of dielectric displacement vector (2As/m2),

oijis a component of second-rank stress tensor (N/m”),

E; is a component of electric field vector (V/m),

Sij is a component of second-rank strain tensor,

dij is a component of third rank piezoelectric tensor (As/N or C/N for direct effect and m/V for inverse
effect),

sijklE is a component of fourth rank elastic compliance tensor (m”*/N) under constant electric field,

& is a component of dielectric tensor (As/Vm) under constant stress.

The matrix notation is more common. The basic equations in matrix form that describe these two
effects in regard to electric and elastic properties are:

D; = dimom + ;" E; Q)
Sm = SmnEGn + dimEia (6)

where i,j=1,2,3 and m, n = 1,... 6 [1, 2]. The piezoelectric coefficients of material in matrix form are
written as di,. The direction of positive polarization usually coincides with z-axis of a rectangular system
of X, y, and z-axes. Direction X, y, or z is represented by the subscript 1, 2, or 3, as it is shown in Fig. 2.

POLARIZATION
A

Figure 2: Coordinate system used in the thesis. The direction of polarization is marked [3]. Numbers 4, 5 and 6
represents directions of shear stresses.

For example: d;; means the induced polarization in direction 3 (parallel to the direction in which the
element is polarized) per unit stress applied in direction 3 or the induced strain in direction 3 per unit of
electric field applied in direction 3 [3].
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1.1.3 Electrostrictive effect

In general, the electrostriction is defined as the quadratic coupling between the strain developed in a
material and the applied electric field,

Sij = Mijmn Em En‘ (7)

Here, S;j is the component of strain tensor, E, and E, are the components of the electric field vector (V/m),
and Mijmn (m%V?) is the component of fourth-rank electrostrictive tensor [4]. The Einstein summation
convention is used. Electrostriction can also be expressed by the equivalent relation

Sii= Qjjx Pk P, ®)

where S;; is the component of strain tensor, Qi is the component of electrostrictive tensor (m4/C2), and P; is
the component of electrical polarization [5]. The electrostrictive coefficients Mijjm, and Qjjma can be written
in matrix form as My and Qy, respectively.

1.1.4 Pyroelectrics, ferroelectrics and relaxors

Pyroelectrics are materials that are permanently polarized within a given temperature range. Unlike the
more general piezoelectric classes that produce a polarization under stress, the pyroelectrics develop the
polarization spontaneously and form permanent dipoles in the structure [6]. A subgroup of the
spontaneously polarized pyroelectrics is a group of materials known as ferroelectrics. Similar to
pyroelectrics, materials in this group possess spontaneous dipoles. However, unlike pyroelectrics, these
dipoles are reversible by an application of the electric field lower than the electric field, which induce
dielectric breakdown of the material. The two conditions necessary for the materials to be classified as a
ferroelectric are: the existence of spontaneous polarization and a demonstrated reorienting of the
polarization [1].Various ferroelectric materials are single crystals, ceramics, polymers and ceramic-polymer
composite [7]. Most ferroelectric materials undergo a structural phase-transition from a high-temperature
non-ferroelectric, called the paraelectric phase into a low-temperature ferroelectric phase [1]. The
temperature of the phase-transition is called the Curie temperature T, at which the dielectric constant € has
strong anomaly (Figure 3).

Ferroelectric Paraelectric
tetragonal cubic
phase phase
&
el elyA 5
E
2
3 ar ac
o —
B
Q
2
(o]
o —
()

aif M

Tc
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Figure 3: Illustration of the changes in the dielectric constant € of a ferroelectric material, which transforms from
a paraelectric cubic phase into a ferroelectric tetragonal phase, versus temperature T. The arrows show possible
directions of the spontaneous polarization (the unit-cell is represented by a square in the cubic phase and
rectangle in the tetragonal phase) [1].
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For example the T, of Pb(Zr5,Tig43)O3 materials is 386°C [8]. Some ferroelectrics, e.g. BaTiO;, undergo
several phase transitions in ferroelectric phases. Only the transition temperature of the phase transformation
from paraelectric phase into the first ferroelectric phase is called the Curie temperature [1]. Polymers have
a low Curie temperature and the degradation of the properties starts at low temperatures (70-100°C). On
the other hand, the Curie temperature T, of ceramics is changing with the variation of the ceramic’s
composition.

The Curie temperature can be higher than 1000°C, for this reason the ferroelectric ceramic elements can be
used in high-temperature applications [7-9].

While in ferroelectric materials the dielectric constant has a sharp, frequency independent maximum at
the temperature T, in relaxor materials the temperature of the dielectric constant maximum is frequency
dependent. In Fig. 4 [10] the temperature at which the dielectric constant reaches the maximum Ty
increase with the increasing frequency for relaxor Pb(Mg;,3Nby/3)O3 (PMN) crystal.
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4000 |
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180 200 220 240 260 280 300 320 340 360
T (K)

Figure 4: Temperature dependence of dielectric constant € measured at different frequencies for the relaxor
Pb(Mg;,3Nb,3)O3; (PMN) crystal [10].
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1.2 Piezoelectric and ferroelectric ceramics and films

In the previous section we reported the general properties of dielectric, pyroelectric, piezoelectric and
relaxor materials. The basic principles and characteristics of ferroelectric materials including single
crystals, ceramics and polymers were also reported. In this section the properties of polycrystalline
ferroelectric ceramics and films are discussed.

1.2.1 Ceramics

1.2.1.1 Crystal structure

The most common piezoelectric ceramics have a perovskite crystal structure ABO;. An example of the
perovskite crystal structure is shown in Fig. 5. Each unit-cell consists of a small, tetravalent ion, for
example zirconium or titanium, in a lattice of large, divalent metal, like lead or barium, and O* ions [3]. In
Fig. 5 (a) the non-piezoelectric paraelectric cubic lattice with a symmetric arrangement of positive and
negative charges is shown. Noncentro-symmetry is a necessary condition for piezoelectricity to exist. In
Fig. 5 (b) the piezoelectric tetragonal lattice with the electrical dipole moment is shown [3].

ELECTRICAL DIPOL
MOMENT

AY="Pb, Ba,
other large divalent metal ion

)
@ O =oxygen
@

B+ =Ti, Zr
tetravalent metal ion

Figure 5: An example of perovskite crystal structure: a) cubic lattice, symmetric arrangement of positive and
negative charges, temperature above Curie point, b) tetragonal lattice, crystal has electrical dipole, temperature
below Curie point [3].

Perovskite unit-cells of cubic, rhombohedral, tetragonal, orthorhombic and monoclinic phases are
shown in Fig. 6. The cubic cell (Fig. 6a) has three crystallographic axes that are equal in length (a=b =c¢)
and perpendicular to each other (o = B =y = 90°). The rhombohedral cell is similar to a cube, which has
been stretched in on direction as it is shown with red arrows in Fig. 6b. The sides of the cell a=b = ¢ and
angles o = B =y are equal, however the angles are different from 90°. A tetragonal cell (Fig. 6¢) is simple
cubic, which is stretched along its ¢ axis to form a rectangular prism (a = b, ¢, o = B =y = 90°). The
orthorhombic cell, which is shown in Fig. 6d, has three perpendicular axes with unequal lengths (a # b # c,
o =P =v=90°). The monoclinic cell also has three unequal axes, as shown in Fig. 6e. The a and ¢ axes are
inclined toward each other at an oblique angle, and the b axis is perpendicular to a and ¢ [11].
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a=b=c,a=p=y=90° a=b=c,a=p=vy#90° a=b#c,a=p=y=90°

a) cubic b) rhombohedral ¢) tetragonal

azb#c,a=pf=y=90° a#zb#c,p#90°% a=y=90°

d) orthorombic ¢) monoclinic

Figure 6: Perovskite unit-cells of a) cubic, b) rombohedral, ¢) tetragonal, d) orthorhombic and e) monoclinic
phases.

1.2.1.2 Ferroelectric properties of the ceramics

The dipole moments are differently oriented among different ceramics grains, or even among different
regions within a single grain. The regions with the dipole moments with the same orientation are called
domains. Because the domains are randomly oriented, the ceramics have no overall polarization (Fig. 7a)
[3]. The ceramics are poled, when they are exposed to a strong DC electric field. In this process, the
spontaneous polarization directions are reoriented by an external electric field in the direction of the field
(Fig. 7b). When the electric field is removed most of the dipoles are locked into this configuration of the
near alignment (Fig. 7c). This gives the material a permanent polarization called the remanent polarization
P.. The electric field that brings the mean polarization down to zero is referred to as the coercive electric
field E.. The ferroelectric materials exhibit a hysteresis curve for the polarization versus the electric field

(Fig. 8).
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Figure 7: Poling of piezoelectric ceramics: a) The unpoled ceramics. Each grain contains a number of domains
and the net polarization is zero. b) After poling the domains are oriented with a net polarization along the

direction of the applied field [12].
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Figure 8: Hysteresis curve of ferroelectric ceramics [3].
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1.2.2 Ferroelectric and piezoelectric thick films

1.2.2.1 Processing of the thick films

In recent years ceramics films have attracted much attention due to the need for miniaturization of the
electronic components. A lot of literature exists about thin films (usually less than 1 pm thick), while for
the thick films (usually thicker than 10 pm) not much has been done. Ceramic thick films are mostly made
by the screen printing of ceramic ink and subsequent firing. The screen printing process is a process where
the paste is forced through the open areas of the screen on to the surface of the substrate [13, 14]. The paste
is applied to the upper surface of the screen and a squeegee is traversed across the pattern area [13]. In Fig.
9 the screen printing procedure is shown schematically.

SQUEEGEE

MASK

SCREEN

w

Figure 9: The scheme of the screen printing procedure.

While thin films are prepared at temperatures of a few hundred degree Celsius, ceramic thick films are
fired typically at much higher temperatures around 1000°C. This could lead to interactions between films
and substrates [15-18], and changes of stochiometry due to the sublimation of oxides, e.g.: PbO, which
could strongly influence structural and electrical characteristics.

1.2.2.2 Residual stresses in the films

Internal stresses are stresses that remain after the original cause for their existence (external forces, heat
gradient, etc.) has been removed. These stresses are also called residual stresses [19, 20]. The films on
substrates prepared at elevated temperatures and cooled to room temperatures will be thermally stressed,
due to the thermal mismatch between the film and the substrate [19, 21, 22]. In Fig. 10 the cooling stresses
in the substrate-film system are shown. In this example the linear thermal expansion coefficient (TEC) of
the substrate is higher than the TEC of the film.
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FILM ON THE SUBSTRATE

———— [F THE FILM AND SUBSTRATE
BN . .7 ARENOTCLAMPED

IF THE FILM AND SUBSTRATE ARE
CLAMPED

BENDING OF THE FILM AND
SUBSTRATE

Figure 10: Cooling stresses in the substrate-film system: AS is difference in deformation between substrate and
film, Aa is difference in TEC of substrate and film, AT is a difference in temperature [19, 23].

The basic equation for the thermal stress in films is [19]

Oy (T)= (as - 0Lf)(Tz - T1 )Yf/(l - Vf) > )

where

0y is a TEC of the substrate (K™),

oris a TEC of the film (K™),

T,-T; = AT is a difference in temperature (K),
Y¢is Young's modulus of the film (N/m?),

v is Poisson's ratio of the film.

A film prepared at elevated temperature will be residually compressed when measured at room temperature
if a5 > ay. In the opposite case, if ag < ag, the film will be under residual tension. In Fig. 11 the bending of
the film under compression and tension is illustrated [19].
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Figure 11: Film under a) compressive and b) tensile residual stress [19].

In the case when the film is residually compressed, the substrate shrinks more than the film. Due to the
clamping of the film to the substrate, a compromise has to be made; the substrate is not allowed to contract
fully and is, therefore, placed in tension, and the film hindered from shrinking, is consequently forced into
compression [19]. Large residual stresses in films can lead to cracking of the films.

1.2.2.3 Dielectric, ferroelectric and piezoelectric properties of the films

The differences of the dielectric, piezoelectric and ferroelectric properties of films and bulk ceramics have
been widely studied [1, 24-26]. For the dielectric, ferroelectric and piezoelectric properties the film should
be placed between the bottom and top electrode. In Fig. 12 a schematic illustration of a film on a substrate
and a rectangular system of 1, 2, and 3-axes is shown.

POLARIZATION _
A g

TOP ELECTRODE
//
2 /
.
FILM #“» BOTTOM ELECTRODE

SUBSTRATE

Figure 12: Illustration of the film on the substrate and a rectangular system of 1, 2, and 3-axes. The direction of
polarization coincides with axis 3.

The ¢ of thin films is generally lower than for bulk ceramics. Also, the ferroelectric properties for
films are different than for bulk ceramics or single crystals with the same composition. The hysteresis loop
of films may be affected by many factors including the thickness of the film, the mechanical stresses, the
preparation conditions, the thermal treatment and the presence of charge defects [1, 27]. The piezoelectric
coefficients of films and bulk ceramics or single crystals with the same composition are also different.
The most important difference between piezoelectric films and bulk piezoelectrics is the clamping of the
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films by the substrate, which results in a reduction of the macroscopically measured ds; [24, 25, 28, 29].
Namely, the ratio D3/o; does not represent the piezoelectric coefficient ds; of the free sample, but an
effective piezoelectric coefficient

v
s E
—+8;3

Y
A =dy, —2dy ——, (10)
3 ¥ . (Sfl +SF2)

where

ds3 and ds; are the piezoelectric coefficients (C/N or m/V),

sE13, sEll, sElz are the elastic compliance coefficients at constant electric field (mZ/N),
v, 1s Poisson's ratio of the substrate,

Y, is Young's modulus of the substrate (N/m?).

Since for most materials d3; < 0, s;3 < 0 and d3; is relatively large, the measured coefficient in films is
lower than in unclamped materials (ds3;*™"* < ds3).

1.2.2.4 Influence of stresses on the properties of thin films

The electrical properties of thin BaTiO; films under stresses can change dramatically in comparison to the
unstressed films [27]. The influence of the residual stress on the electrical and structural properties of
Pb(Zr,Ti)O5 (PZT) thin films were reported [30-34]. In ref. [30] the thermodynamic formalism based on
the Landau-Devonshire's phenomenological theory predicts the enhanced thermodynamic stability of the
tetragonal phase under a two-dimensional compressive stress. In Fig. 13 the computed phase diagram of the
PZT system under compressive stress is shown, where it is seen that a compressive stress of -50 MPa shifts
the morphotropic phase boundary (MPB) toward the rhombohedral phase and force PZT films to be in the
tetragonal phase [30]. In other words, the same composition, which shows rombohedral phase at zero
stress, shows tetragonal phase under compressive stress.

s =
400
300 -
;6 Tetragonal
a
£ 200 -
@
[
100 — o=0Pa
Rhombohedral «-ov g==-50MPa
0 ! ! L ! '
0 02 04 06 08 1

Mole fraction of PT

Figure 13: The computed phase diagram of PbZrO;—PbTiO; (PZ-PT) system, showing the effect of two-
dimensional compressive stress on the shift of the MPB [30].

In ref. [30] the PZT films (Zt/Ti = 52/48) were also prepared on MgO substrates. The thermal
expansion coefficient a; = 13.3-10%/K of the MgO substrate is larger than o= 9-10°/K of PZT film,
therefore the films were under compressive stress. As suggested in ref. [30], this compressive stress
enhances the tetragonal phase in PZT films on a MgO substrate. Also in ref. [31] in PZT thin films on MgO
substrates the MPB moves toward the Zr-rich composition due to the residual stress. In ref. [32] the
residual stress in the PZT thin films strongly affects the measured electrical properties of the films, while
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the MBP shifts to the PbZrOs;-rich composition upon compressive residual stress. In ref. [33, 34] it is also
predicted from Landau-Devonshire theory that compressive stress shifts the MPB toward the PbZrOj;-rich
composition and enhanced thermodynamic stability of the tetragonal phase, however for tensile stress in
PZT films it is predicted that it also shifts the MPB to the PbZrOs-rich composition and in addition it makes
a new ferroelectric orthorhombic phase stable [33].

1.2.3 Applications of piezoelectric ceramics and films

Piezoelectric ceramics can be hundreds of times more sensitive to mechanical or electrical input than
natural materials, for example quartz, and the dimensions, shape and composition of a ceramic can be
formed as it is required for a desired specific purpose [3], as it is shown in Fig. 14 [35]. Piezoelectric
ceramics are used in a wide range of sensors, actuators and micro-electro mechanical devices (MEMS).
These devices are used in expanding fields, such as: microelectronic, medical applications (e.g. ultrasonic
medical diagnostic and therapy) and industry (e.g. automotive industry, sports industry) [1].

Figure 14: Varity of piezoelectric bulk parts [35].

Thick-film technology is used to produce electronic devices such as hybrid integrated circuits, sensors
and actuators. In Fig. 15 an example of the versatility of thick-film technology is shown, i.e., hybrid
integrated circuits, sensors and actuators. The manufacture of such devices typically involves the deposition
of several layers onto an electrically insulating substrate using a screen printing process [25, 36].
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Figure 15: Example of the versatility of thick-film technology: the hybrid integrated circuits, sensors and
actuators produced at Institute Jozef Stefan, Electronic Ceramics Department.

Piezoelectric actuators have simple structures, compact sizes, quick responses and they can be
positioned precisely, meaning they can be used in many applications such as micro-positioners, miniature
ultra sonic motors, and adaptive mechanical dampers [37-40]. In an optical system, for example, an
actuator can move a mirror or another optical switch. In mechanical systems, a unimorph or bimorph
actuator can activate a suitable mechanical device [41]. Bimorph bender actuators are employed for
applications that require a large displacement output, i.e., fluid control devices [37, 39], the cooling of
micro-electronic components [42], robotic systems [39], swing CCD (charge-coupled device) mechanisms
[37, 43], etc. In Fig. 16 a schematic view, a photograph and a picture of a computational simulation of
bending for PZT bimorph bender actuator is shown [44].

TOP ELECTRODE
Y ACTIVE LAYER
: ~
SUBSTRATE BOTTOM ELECTRODE

©)

Figure 16: a) Schematic view, b) photograph [44] and c) picture of computational simulation of bending [44] for
PZT bimorph bender actuator.
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1.3 Properties of (1-x)Pb(Mg,/;3Nb,;3)O;—xPbTiO; (PMN-PT)

1.3.1 Phase composition of the PMN-PT material

The phase diagram of the (1-x)Pb(Mg;;sNb,3)O3—xPbTiO3; (PMN-PT) solid solution is shown in Fig. 17.
The elementary cell of PMN—PT material has the cubic Pm-3m perovskite ABO; structure. Lead (Pb2+)
ions are in the A sides and niobium (Nb”") ions, magnesium (Mg”") ions or titanium (Ti*") ions are in the B
sides of the perovskite unit-cell. Below the temperature T, the crystal structure of PMN—PT material can be
tetragonal P4Amm, monoclinic Pm and Cm or rombohedral R3m.

573 : C = CUBIC
g T = TETRAGONAL
i PMN-PT 1 M = MONOCLINIC
1 R = ROMBOHEDRAL
473 :
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2 373k
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o)
=
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Figure 17: Phase diagram of PMN—PT material [45].

Before 2001, it was believed that in the PMN-PT solid solution the MPB at x = 0.35 separating the
rhombohedral from the tetragonal phases [46—48]. In 2001 it was confirmed [49] that the composition of
0.66PMN-0.34PT and 0.65PMN-0.35PT consists of monoclinic phase with the space group Pm and
tetragonal phase with the space group P4mm, respectively. The following year also a Pm monoclinic phase
for the case of 0.65PMN-0.35PT at room temperature was reported [50]. The Pm space group for the
PMN-PT MPB composition was confirmed with X-ray studies at various temperatures [51]. This was in
contrast to an earlier study by the same authors that found a monoclinic Cm space group in poled
0.65PMN-0.35PT single crystals [52]. Later results [53—-56] showed the coexistence of the monoclinic Pm
and the tetragonal PAmm phases at room temperature for bulk 0.65PMN-0.35PT ceramics. In ref. [53] the
authors reported around 60% of tetragonal PAmm phase and 40% of monoclinic Pm phase for the
0.65PMN-0.35PT composition. The molar fractions of different phases versus the composition for PMN—
PT ceramics are shown in Fig. 18 (a). In Fig. 18 (b) the lattice parameters for the majority phases versus the
composition of PMN-PT are shown [53]. In contrast to this in ref. [54] reported 0.65PMN-0.35PT the
ceramics monoclinic Pm phase is in coexistence with a minor amount of tetragonal P4mm phase and that
the phase ratio depends on the grain size. For 0.65PMN—-0.35PT ceramics with the grain size of 4 pm, the
phase ratio is 89% of monoclinic Pm phase and 11% of tetragonal PAmm phase, while for the 0.65PMN-—
0.35PT ceramics with the grain size of 0.15 um, the phase ratio is 95% of monoclinic Pm phase and 5% of
tetragonal PAmm phase [54].



Introduction

15

The later reports [55] also describe the high-temperature phase transition between ferroelectric phase
and high-temperature relaxor state for 0.8PMN-0.2PT and 0.7PMN-0.3PT ceramics. High-temperature
relaxor states were reported for PMN-PT ceramics up to 0.5PMN-0.5PT [56].
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Figure 18: a) The molar fractions of different phases versus the composition for PMN—PT ceramics and b)

lattice parameters for the majority phases versus composition of PMN-PT ceramics [53].
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1.3.2 Dielectric, piezoelectric and ferroelectric properties of the PMN—PT composition
on the morphotropic phase boundary (MPB)

The 0.65PMN-0.35PT composition on MPB has always been the subject of special interest, because it
exhibits good piezoelectric properties and a high dielectric constant € [45, 46, 48, 53]. In the literature
different values for € of 0.65PMN—0.35PT ceramics are reported [48, 53, 57]. The values of € measured at 1
kHz for non-poled 0.65PMN—0.35PT ceramics varied from 1500 to 6350 [48, 53, 54, 58-60]. The values
are dependent on the preparation conditions, the porosity and the average grain size.

In comparison with PMN (x = 0) [61-63], which exhibit relaxor behaviour (Fig. 4), the composition
0.65PMN-0.35PT shows ferroelectric hysteresis [54, 57] and ferroelectric behaviour, i.e., the phase-
transition temperature is independent of the frequency of the applied electric field [43, 47, 57] (Fig. 19 a).
However, when the average grain size decreases to the submicron range and approaching the nanoscale, the
relaxor type behaviour is observed [54] (Fig. 19 b). For submicron-structured 0.65PMN-0.35PT ceramic
the relaxor type behaviour was observed down to room temperature [54]. The decrease in grain size also
causes a strong decrease of the electrical polarization as it is shown in Fig. 20. The grain size effect was
also studied by Carreaud et al. for PMN [64], 0.8PMN-0.2PT [65] and 0.65PMN-0.35PT [64] ceramics.
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Figure 19: The dielectric constant € versus temperature for 0.65PMN-0.35PT ceramics with the average grain
size of a) 4 um and b) 0.15 pum [54].
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Figure 20: The hysteresis loop measured at 0.1 Hz for 0.65PMN—-0.35PT ceramics with the average grain size of
4 um and 0.15 pm [54].

The values for the piezoelectric coefficients ds;; of bulk 0.65PMN-0.35PT ceramics in the open
literature are from 525 pC/N to 710 pC/N [6, 48, 57, 59, 60]. In ref. [52] the highest d33 = 610 pC/N £ 5
pC/N was measured for 0.65PMN—0.35PT ceramics, which were poled at 1 kV/mm. For the 0.65PMN-
0.35PT ceramics poled at 3 kV/mm, ds; of 525 pC/N and 709 pC/N are reported in ref. [54] and [60],
respectively. For the 0.65PMN—-0.35PT ceramics poled at 2 kV/mm the value of dj; is 700 pC/N [48]. In
the same reference the coupling coefficients k, and k; for 0.65PMN-0.35PT ceramics are 0.61 and 0.44,
respectively. For comparison the d;; of PZT, BaTiO; and (K,Na)NbOj; ceramics are 590 pC/N [6], 190
pC/N [6, 9] and 160 pC/N [9, 66], respectively. The processing conditions, dielectric, piezoelectric,
electromechanical and ferroelectric properties of 0.65PMN-0.35 PT ceramics obtained by different groups
are collected in Table 1.

Table 1: The processing conditions, dielectric, piezoelectric, ferroelectric properties and coupling coefficients of
0.65PMN-0.35 PT ceramics obtained by different authors. Notation: g-dielectric constant, ds;-piezoelectric
coefficient P, remanent polarization, E. coercitive field and k,, k; coupling coefficients.

Literature The processing conditions | € ds; P, E. kp K,
(frequency) | (pC/N) | (uC/em?) | (kV/cm)

Alguero et al. | mechanochemical sint. ~2000 525 24 5 / /
[54], [57] Tiising 1200°C, 1 hour (1kHz)
Leite et al. the columbite method ~ 4000 / 33.1 43 / /
[58] hot-pressed (1kHz) 12.3% 3.3%

Tiring 1150°C, 5 hours
Kelly et al. the columbite method 5229 700 / / 0.61 | 0.44
[48] Ttiring 1250°C, 1.5 hour (1 kHz)
Xia et al. Ttiring 1200°C, 2 hours 4000 709 / / / /
[60] (1 kHz)
Koo et al. the columbite method 6350 610 / / / /
[59] Ttiring 12001250 °C, (1 kHz)

5 hours
Singh et al. the columbite method 3000 / / / / /
[53] Thiring 1260°C, 2 hours (1 kHz)
Noblanc et al. | the columbite method 4000 / / / / /
[47] Tiring 1260°C, time not (10 kHz)

given
Carreaud et mechanochemical sint. 1400%** / / / / /
al. [64] Thising 1200°C, 2.5 hours (100 kHz)

/not given, *hot pressed, ** submicron grain size
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1.3.3 The 0.65SPMN-0.35PT thick films

Just a few articles were reported previously about 0.65PMN—0.35PT thick films [67-71]. The 0.65PMN-
0.35PT thick films were prepared by a screen-printing procedure on an Al,O; (alumina) or Si/SiO,
substrate [67-70]. The influence of the sintering temperature, time and the amount of PbO-containing
packing powder were studied [67, 70]. In Fig. 21 the X-ray diagram of 0.65PMN-0.35PT films on alumina
substrates sintered at 850°C, 900°C, 950°C [67] and 1184°C [68] are shown. As we can see in Fig. 21, the
X-ray spectra are changing with the sintering temperature, i.e., the peak (200) is splitting at the temperature
higher than 900°C.
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Figure 21: The X-ray diagram of 0.65PMN-0.35PT films on alumina substrates sintered at a) 850°C, 900°C,
950°C [67] and b) 1184°C [68].

The dielectric, ferroelectric and piezoelectric properties of 0.65PMN—0.35PT thick films on alumina
substrates were reported [67-70]. Reported values of € for the 0.65SPMN-0.35PT thick films on alumina
substrates measured at 1 kHz are 3600-5000 [67-70]. Remanent polarization P, and coercitive field E. of
the 0.65PMN—-0.35PT films on alumina substrates fired at 950°C are 26 pC/cm” and 5.7 kV/cm. The
piezoelectric coefficient dj; “f for 0.65PMN-0.35PT thick films on alumina substrates was determined to
be 140-180 pC/N [67, 68, 70]. The dielectric, piezoelectric and ferroelectric properties of 0.65PMN-0.35
PT thick films obtained by different authors are collected in Table 2.

Table 2: Dielectric, piezoelectric, ferroelectric properties of 0.65PMN—-0.35 PT thick films obtained by different
authors. Notation: ¢ dielectric constant, ds; piezoelectric coefficient, P, remanent polarization and E, coercitive

field.
Literature Substrate | Tying € d;; | P, | O
(°C) (at 1 kHz) | (pC/N) | (uC/em®) | (kV/em)
Gentile et al. [68] alumina 1184 5000 180 15.6 6.7
Gentile et al. [69] alumina 910 3800 / / /
silicon 890 2200
Kosec et al. [67] alumina 950 4100 170 26 5.7
Kuscer et al. [70] alumina 950 3600 140 /

/not given
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2 Aims and Hypothesis

The solid solutions xPb(Mg;;3Nb,;3)O03—(1-x)PbTiO; with a morphotropic phase boundary (MPB)
composition around x = 0.35 are a subject of interest, because they exhibit good piezoelectric properties
and a high dielectric constant. While there are several publications about bulk ceramics and thin films there
are only few reports in the literature about 0.65PMN-0.35PT thick films [67-70]. The major difference
between either thin or thick films and bulk ceramics is that films are clamped to rigid substrates.

The aim of the present work was to study the influence of the substrate materials on the structural and
electrical properties of 0.65PMN—-0.35PT thick films. We assumed that the substrates on which the thick
films are clamped can significantly influence the properties of 0.65PMN—0.35PT films, either through
interface reactions between the film and substrate or through stresses due to the different temperature
expansion coefficients (TEC) between the films and substrates. Also, as already reported for 0.65PMN-—
0.35PT bulk ceramics, the grain size considerably effects the structural and electrical characteristics [54].

Our hypothesis was that the grain size [54] as well as the mechanical stresses, by analogy with
Pb(Zr,Ti)O5 (PZT) thin films [30-33], influence the phase composition of MPB in 0.65PMN—-0.35PT thick
films. To evaluate these hypothesis thick films were prepared on different kinds of substrates. Two types of
substrates with a TEC higher than the TEC of 0.65PMN-0.35PT films, i.e., polycrystalline alumina
substrates and metal platinum substrates, one type of substrates with a lower TEC, i.e., AIN substrates and
one type made from the material of the same composition as the films. The X-ray analysis was used to
determine the phase compositions of the films. The phase ratios were calculated by Rietveld refinements.
The microstructures were investigated by scanning electron microscopy and analyzed by energy dispersive
X-ray analysis. Young's modulus was measured by the nanoindentation technique. Electrical characteristic,
i.e., dielectric constants vs. temperature, piezoelectric coefficients and ferroelectric hysteresis loops were
studied. The correlations between the structural, microstructural and electrical characteristics were
obtained. To obtain the optimal poling fields for the 0.65SPMN—0.35PT material the influence of the poling
field on the structural and electrical properties of densely sintered bulk ceramics was studied.

To compare the structural and electrical properties of films with the stress-free bulk ceramics the
0.65PMN-0.35PT ceramics were sintered under the same conditions (sintering time and temperature) as the
films. The microstructure, the phase composition, the Young’s modulus and dielectric characteristics were
evaluated and the results were compared with those of thick films.

The electrostrctive effect was measured for films on alumina substrates and relatively high values were
obtained. Therefore we decided to use thick films as active layers for the actuators. One of the aims was to
make the “substrate-free” 0.65SPMN-0.35PT/Pt actuator with large displacements. This was realized with
thick-film layers on thin free-standing platinum electrodes. Finite element models were used to calculate
the bending vs. applied electric field. Results of calculations were compared with the experimental results.
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3 Materials and Methods

3.1 Sample preparation

3.1.1 Preparation of the 0.65SPMN-0.35PT films on different substrates

The 0.65PMN-0.35PT material was prepared by mechanochemical synthesis using PbO (99.9%, Aldrich),
MgO (98%, Aldrich), TiO, (99.8%, Alfa Aesar) and Nb,Os (99.9%, Aldrich). A mixture of PbO, MgO,
Ti0O, and Nb,Os in the molar ratio corresponds to the stoichiometry of 0.65Pb(Mg;;3Nb,/3)05—0.35PbTiO;
(0.65PMN-0.35PT) with 2 mol% excess of PbO. An excess amount of PbO was added for two reasons: to
advance the sintering with the formation of a liquid phase rich in PbO and to replace the PbO lost from the
PMN-PT during the sintering [70-72]. PbO can evaporate during sintering due to its low melting point
(888°C) and high vapour pressure [71]. Mechanochemical synthesis of PMN—PT is published in ref. [73].

The mixture of oxides was high-energy milled in a planetary mill (Retsch, Model PM 400). After
mechanochemical synthesis the powder was milled in an attritor mill at 800 rpm for 4 hours in isopropanol,
and then dried and sieved using a polyethylene sieve with a 0.5-mm opening. The powder was heated to
700°C for 1 hour.

For thick-film structures the alumina (Al,Os), platinum (Pt), 0.65PMN—0.35PT and aluminium nitride
(AIN) substrates were used. The alumina substrates were prepared by slip casting from Alcoa A-16 and
sintering at 1700°C for 4 hours. Pt substrates were obtained from Zlatarna Celje (Pt 999). 0.65PMN-
0.35PT substrates were prepared by pressing the 0.65SPMN-0.35PT powder isostatically with the 300 MPa
and sintered in a double alumina vessel in 0.65PMN-0.36PT packing powder at 1200°C for 2 hours. AIN
substrates (AlunitR) were made by CeramTec. The substrate dimensions are summarized in Table 3.

Table 3: The thickness, shape, dimensions and producer of the Al,O3, Pt, 0.65PMN-0.35PT and AIN substrates.

substrate thickness shape dimensions of the producer
(mm) plane
AlO; 3 square 30 x 30 mm’ Electronic Ceramics
Department, JSI
Pt 2 round 2r=10 mm Zlatarna Celje
0.65PMN-0.35PT 1.5 round 2r=12 mm Electronic Ceramics
Department, JSI
AIN 0.64 square 16 x 16 mm’ CeramTec

The PbZry 53Tig470; barrier layer was interposed between an active structure and an Al,O; substrate, as
was suggested in ref. [15—17] for the (Pb,La)(Zr,Ti1)O5 thick films on Al,O; substrates. The purpose of the
PbZr 53Ti9 4703 barrier layer was to improve the adhesion between the Pt electrode and the Al,O; substrate
and prevent interactions between the 0.65PMN-0.35PT layer and the Al,O; substrate. The PbZry 53Ti 4703
powder with 6 mol% excess of PbO used for preparation of the barrier layers was prepared by mixed-oxide
synthesis at 900°C for 1 hour using PbO (99.9%, Aldrich), ZrO, (99%, Tosoh), and TiO, (99.8%, Alfa
Aesar). The PbZr 53Tij 4703 paste for screen printing was prepared from prereacted powders and an organic
vehicle, i.e., alpha-terpineol 2-2-butoxy-ethoxy-ethyl acetate and ethyl cellulose in the ratio 60/25/15. The
PbZr 53Ti9 4703 barrier layer was printed on an alumina substrate. After printing the PbZrg 53Tip 4705 layer
on the alumina substrate the samples were heated to 500°C for 1 hour to remove the organic compounds
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from the PbZrg53Ti94703 and then sintered at 1100°C for 2 hours. The thickness of the PbZrg 53Tiy4703
barrier after firing was around 10 pum.

A platinum paste (Ferro 6412), which was used as a bottom electrode, was printed and fired at 1200°C
for 1 hour on 0.65PMN-0.35PT and AIN substrates or on a PbZry s3Tig470; barrier layer on the alumina
substrate. The thickness of the Pt electrode after firing was around 15 um. The Pt paste was not screen
printed on the Pt substrate, because the Pt substrate itself is conductive.

The 0.65PMN-0.35PT paste was prepared from powders synthesized as described above and an
organic vehicle, i.e., alpha-terpineol 2-2-butoxy-ethoxy-ethyl acetate and ethyl cellulose in the ratio
60/25/15. The 0.65PMN-0.35PT paste was printed with intermediate drying at 150°C after each printing
step. In Fig. 22 the manual screen printer is shown.

Figure 22: Photograph of the manual screen printer in the laboratory.

The printed samples were then heated for 1 hour to 500°C to evaporate and burn out the organic
compounds from the paste. After that the samples were sintered at 950°C for 2 hours in a lead-oxide-rich
atmosphere. The heating and cooling rate was 3°C/min. The controlled atmosphere was achieved with the
addition of the packing powder with the composition of PbZrO; with 2 mol% excess of PbO [70]. The
sintering vessel and the arrangement of the packing powder during sintering are shown in Fig. 23.

ALUMINA VESSEL
e

0.65PMN-0.35PT FILM ALUMINA VESSEL PACKING POWDER

Figure 23: The sintering vessels and the arrangement of packing powder during the sintering of the 0.65PMN—
0.35PT films.
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For the electrical measurements, the top gold electrodes were deposited by sputtering (SPASCAL SRL).
The diameters of the electrodes were 1.5 mm or 3 mm and the thickness of the top electrodes was around
100 nm. The thicknesses of the fired films were measured with the profilometer (Form Talysurf Series 2,
Taylor-Hobson Ltd., Leicester, G. B.). For films prepared by two printed, dried and fired layers on Al,Os,
Pt, 0.65SPMN-0.35PT and AIN substrates the thicknesses were 21 pm, 20 pm, 26 pm and 34 pum,
respectively. In Fig. 24 the scheme of the cross-sections of the 0.65PMN-0.35PT films on the ALOs
substrate with the interposed PbZry 53 Tip470; barrier layer and on Pt, 0.65PMN—0.35PT and AIN substrates
are shown schematically. In Fig. 25 the top view photographs of the 0.65PMN-0.35PT films are shown.

TOP Au ELECTRODE

Pt
ELECTRODE

- 3
szro_ngio,MO}
BARRIER
ALO; SUBSTRATE Pt SUBSTRATE
a) b)

Pt Pt

ELECTRODE ELECTRODE
0.65PMN-0.35PT
SUBSTRATE AIN SUBSTRATE
C) d)

Figure 24: The schemes of the cross-sections of the 0.65PMN—0.35PT films on a) Al,Os, b) Pt, ¢) 0.65PMN—
0.35PT and d) AIN substrates.
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Figure 25: The 0.65PMN-0.35PT films on a) AL,Os, b) Pt, ¢) 0.65PMN—-0.35PT and d) AIN substrates.

3.1.2 Preparation of the 0.6SPMN-0.35PT bulk ceramics

The 0.65PMN-0.35PT bulk ceramics were prepared from the powder prepared in the same way as it is
explained in section 3.1.1. The powders were pressed in a steel mould with 500 kg/cm”. The compacts
were then pressed isostatically with 300 MPa and sintered in a double alumina vessel in 0.65PMN-0.35PT
packing powder at 950°C for 2 hours. This low temperature of the firing was chosen to have the same
sintering conditions for bulk ceramics as for 0.65PMN—0.35PT films. The thicknesses and the diameters of
the pellets were 0.8 mm and 6 mm, respectively.

The 0.65PMN-0.35PT bulk ceramics fired at 1200°C for 2 hours were also prepared. The firing
temperatures for this composition are over 1100°C [58]. These ceramics were sintered from the powder,
which was prepared by the same procedure as previous one (section 3.1.1), but without excess of PbO. The
reason for this was a preliminary study [74], which shows that density, dielectric constant €, coupling
coefficient k, and remanent polarization P, of 0.65PMN-0.35PT ceramics sintered from powder with 2
mol% excess of PbO are lower as for ceramics sintered from powder without excess of PbO. The powders
were pressed in a steel mould with 500 kg/cm®. The powder compacts were then pressed isostatically with
300 MPa and sintered in a double alumina vessel at 1200°C for 2 hours.

The arrangement of the packing powder during sintering is shown in Fig. 26a. The heating and cooling
rate was 3°C/min. After sintering the pellets were cut, polished and annealed at 600°C for 1 hour with a
cooling rate of 1°C/min. The pellets had a diameter of 6 mm and were 0.6 mm thick. For the electrical
measurements, the gold electrodes, 5 mm in diameter, were deposited by sputtering. In Fig. 26b the
photograph of the 0.65PMN—-0.35PT bulk sample is shown.
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Figure 26: a) The arrangement for sintering of the 0.65PMN-0.35PT bulk ceramics and b) the photograph of the
0.65PMN-0.35PT ceramics after cutting, polishing and after deposition of the electrodes. Thickness of the
pellets and diameter of the pellets are 0.6 mm and 6 mm, respectively.

3.1.3 Preparation of the 0.65PMN-0.35PT/Pt actuators

The 0.65SPMN-0.35PT/Pt actuators were prepared with a new procedure, which we developed. In the
preparation procedure of the high bending actuator it is important to prepare the actuator on the thin
substrate. For this reason we developed a new approach to prepare a 0.65SPMN—0.35PT actuator clamped
only on thin Pt support. The 0.65PMN-0.35PT/Pt actuators were, at the end of the procedure, removed
from the thick alumina substrates. This was possible to realize due to the bad adhesion between the
platinum electrode and the alumina substrate [15, 16].

For the films on the alumina substrates, the bad adhesion among the bottom platinum electrodes and
alumina substrates was observed. The same phenomena was observed for other lead-containing perovskite,
i.e., (Pb,La)(Zr,Ti)O; (PLZT) [15-17]. The 0.65PMN-0.35PT film with the Pt electrode (the 0.65PMN-
0.35PT/Pt composite) peeled off from the alumina substrates after firing. On the Pt, 0.65PMN-0.35PT and
AIN substrates, the bad adhesion among the film-electrode and the substrate was not observed.

The micrograph of the surface of the alumina substrate after the peeling off of the 0.65PMN-0.35PT/Pt
composite is shown in Fig. 27. The inset in Fig. 27 shows the photograph of the alumina substrate after
peeling off of the 0.65PMN-0.35PT/Pt composite.
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Figure 27: Microstructure of the surface of the alumina substrate after the peeling off of the 0.65PMN—0.35PT/Pt
composite. Inset shows the photograph of the alumina substrate after peeling off of the 0.65PMN—-0.35PT/Pt
composite. The yellow colour of the substrates shown in the inset is due to the reaction between PbO from the
film and alumina substrates.

Light hexagonal grains are clearly visible in the Fig. 27. The EDXS analysis of these light hexagonal
grains on the surface of the alumina substrate showed a strong peak of Al as well as peaks of Pb (Fig. 28).
Similar crystals were identified at the interface Al,O3-Pt on the (Pb,La)(Ti,Zr)O5 (PLZT) thick films on a
Pt-coated alumina substrate [15-17]. This also suggests that in the case of 0.65PMN—0.35PT films on
alumina the light phase is f-alumina with the approximate formula PbAl;,0;9. The crystals are formed due
to the diffusion of PbO from the 0.65PMN-0.35PT layer through the pores in Pt electrode, to the surface of
the alumina substrate during the firing. The B-alumina crystals presumably “pushed off” the Pt electrodes
together with 0.65PMN-0.35PT layer during the firing cycle.
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Figure 28: EDXS analysis of the white crystals on the surface of Al,O; substrate, beside strong peaks of Al,
peaks of Pb are also detected.
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To confirm the above mentioned hypothesis the samples without Pt electrodes were also prepared. The
0.65PMN-0.35PT films were screen-printed directly onto the alumina substrates and fired under the same
conditions. As expected, the B-alumina crystals formed, as is shown in Fig. 29.

Figure 29: Microstructure of the surface of the alumina substrate after firing the 0.65PMN-0.35PT film at 950°C
for 2 hours. The lighter hexagonal grains are PbO-stabilised B-alumina on the surface of darker alumina
substrates.

A platinum paste (Ferro 6412), which was used as a bottom electrode, was printed two times and fired
at 1200°C for 1 hour on an alumina substrate. The thickness of the Pt electrode after firing was around 15
um. Eight 0.65PMN-0.35PT layers were screen printed and fired for 2 hours at 950°C, as explained in
section 3.1.1. The films thicknesses after sintering were 50 pm. The masks for sputtering were made from
pasteboard and fixed with the scotch tape to the surface of the 0.65SPMN-0.35PT films. The top gold
electrodes were deposited by sputtering (SPASCAL SRL). In Fig. 30 the cross-section of the 0.65PMN-
0.35PT films on alumina substrates prepared for the 0.65PMN—0.35PT/Pt bimorph actuator realization is
shown schematically.

TOP SPUTTERED Au ELECTRODE

Al,O; SUBSTRATE

Figure 30: The scheme of the cross-section of the 0.65PMN-0.35PT films on alumina substrates prepared for
the 0.65PMN-0.35PT/Pt bimorph actuator realization. Inset: Microstructure of the surface of the alumina
substrate after the peeling off of the 0.65PMN—0.35PT/Pt composite. B-alumina crystals are visible.

The 0.65PMN-0.35PT thick films were then peeled off from the substrates together with the Pt
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electrodes. The 0.65PMN—-0.35PT thick film and the bottom Pt electrode were used for the realisation of
the bimorph actuators. In Fig. 31 the four steps for realising the actuators are presented schematically. In
the first step the 0.65PMN-0.35PT film structures were prepared. In the second step the alumina supports
were glued on the top of the 0.65PMN—-0.35PT layers. In the third step the 0.65PMN-0.35PT/Pt composites
that were glued on the alumina supports were removed from the alumina substrates. In the fourth, and
final, step the alumina supports were removed. The glue was dissolved in acetone and the 0.65PMN-
0.35PT/Pt actuators were then ready for testing.
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Figure 31: A schematic view of the actuator’s realization in four steps.

The dimensions of the actuator’s 0.65PMN—0.35PT layers were 1.8 cm x 2.5 mm % 50 pm. In Fig. 32
the scheme of the cross-section and the photograph of the top view of the 0.65PMN-0.35PT/Pt bimorph
actuator are shown.
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Figure 32: a) The scheme of the cross-section and b) the photograph of the top view of the 0.65PMN-0.35PT/Pt
bimorph actuators.
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3.2 Characterization

3.2.1 Structural characterization

3.2.1.1 Granulometry

The size of the particles in the starting 0.6SPMN-0.35PT powder prepared by the mechanochemical
synthesis and heated at 700°C for 1 hour was determined by a light-scattering technique using a Microtrac
S3500 Series Particle Size Analyzer instrument. All the measurements were performed in isopropanol. The
results were derived from the area particle size distribution. The most common parameter used is the
median particle size dsg, where the area of all particles smaller than dsy accounts for 50% of the area of all
the particles.

3.2.1.2 X-ray diffraction analysis

The 0.65PMN-0.35PT powder was analyzed at room temperature by X-ray diffraction analyses with a
Philips PW 1710 X-ray diffractometer using Cu-K, radiation (wavelength 1.3922 A). The X-ray spectra
were measured from 20 = 5° to 20 = 85° using a step of 0.016° and a dwell of 100 seconds per step.

The 0.65SPMN-0.35PT films on Al,Os, Pt, 0.65PMN-0.35PT and AIN substrates and non-poled and
ceramics poled with different poling fields were analyzed at room temperature by X-ray diffraction
analyses with a Panalytical XPert Pro HTK diffractometer using Cu-K, radiation. The X-ray spectra were
measured from 26 = 10° to 26 = 70° using a step of 0.033° and a dwell of 1 second per step. The X-ray
diffraction measurements of the poled ceramics were performed through the sputtered gold electrode.

The X-ray diffractions of the 0.65PMN—0.35PT films were also measured with an X-ray diffractometer
(made in Laboratory Structure, Ecole Polytechnic, Paris) using Cu-Kg radiation (wavelength 1.54051 A) at
different temperatures: from -173°C to 127°C using a step of 20°C and from 127°C to 200°C using a step
of 10°C. The X-ray diffractions were measured within three intervals: from 20 = 39.75° to 20 = 41.25°,
from 26 = 58.00° to 20 = 59.5° and from 26 = 73.00° to 26 = 74.3° using a step of 0.01°.

The phase composition was determined with a Rietveld analysis of the diagrams, using the software
Jana2006 [75]. Structure refinement using the Rietveld method [76, 77] consists of the simulation of the
entire diagram, bringing the peak position, intensity and profile as close to the experimental ones as
possible by changing the unit-cell parameters and the atomic positions. The reliability factors Ry, (noted
as R) of the profile are used to estimate the relevance of the results. The reliability factors are different for
each phase. For example, Ry is the reliability factor for the monoclinic phase and Ry is the reliability factor
for the tetragonal phase of the Rietveld analysis. The factor Gof is the factor of validity of the profile,
called the goodness of fit. In the ideal case the goodness of the fit is 1, which means that the experimental
error of the diffraction diagram is equal to an error made by calculation.

We used the starting unit-cell parameters and atomic positions of the PMN—PT material from a former
Rietveld study made by Singh et al. [53]. In the case of poled ceramics the presence of the sputtered-gold
upper electrodes decrease the general quality of the data. The atomic positions proposed by Singh et al.
were not modified. The background, the shift, the unit-cell parameters, the profile parameters, the phase
ratio and the preferential orientation were refined to obtain the lowest reliability factors.
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3.2.1.3 Scanning electron microscopy with energy-dispersive X-ray analysis (EDXS)

The powder morphology was analyzed using field-emission scanning electron microscopy (FE-SEM, Supra
35 VP, Carl Zeiss). The powders were dispersed in acetone under ultrasound, and a few drops were spread
on highly oriented pyrolytic graphite substrates.

For the microstructural and compositional analyses of the 0.65PMN-0.35PT films and bulk ceramics a
scanning electron microscope (SEM) A JEOL JSM 5800 equipped with Link ISIS 300, Oxford
Instruments energy-dispersive X-ray analyser (EDXS) at 20 kV was used. The semi-quantitative standard-
less compositional analyses were performed. For the analysis of cross-sections of the films and bulks the
samples were cut, mounted in epoxy in a cross-sectional orientation and polished using standard
metallographic techniques. Prior to analysis in the SEM, the samples were coated with carbon to provide
electrical conductivity and to avoid charging. The EDXS micro-analyses were made either in a “point”
(note that the analysed area/volume is more than 1 pm x 1 pmz =1 um3) or over an area (“over the
window”). The dimensions of the analysed areas will be stated for all results. For the micrograph of the
0.65PMN-0.35PT film on the AIN substrate and the bulk ceramics fired at 950°C the FE-SEM, Supra 35
VP, Carl Zeiss was used at 5 kV.

3.2.1.4 Transmission electron microscopy with EDXS

For the transmission electron microscope TEM (JEM 2010F) observation, the cross-sections “sandwich”
type of preparation technique was employed. Two pieces of layer structure (head to head) were first glued
together with highly dispersed epoxy glue and afterwards glued into the alumina tube. After the hardening
of the glue, the tube was cut into 500-um-thick disks with a wire—saw. The disks were then ground
mechanically to approximately 100 pum and dimpled from one side so that the middle part of the disk
achieved a thickness of approximately 25 pm. Finally, an ion-milling procedure with 3.8-keV argon ions
was applied. The areas adjacent of the specimen hole were used for the TEM observation. The EDXS
analyses of nano-regions were performed by Link ISIS 300, Oxford Instruments at 200 kV.

3.2.1.5 Density

The density of the sintered ceramics [g/cm’] was determined by measuring the mass and dimensions using
the equation:

m m
p=—-—T . an
V =n-d h
4
where
m_ mass [g]
do.......... diameter [cm]
ho......... thickness [cm]
Voo volume [cm’]

The theoretical density of the 0.65PMN—-0.35PT material was calculated from the cell parameters, obtained
from X-ray diffraction, and using the stoichiometric composition.

3.2.1.6 Median grain size and porosity

For the grain size estimation the polished cross-sections of the samples were thermally etched. The
temperature of the thermal etching was 50°C below the sintering temperature of the samples. The bulk
0.65PMN-0.35PT ceramics fired at 1200°C were thermally etched at 1150°C for 20 minutes in the PbO-
rich atmosphere. The 0.65PMN-0.35PT films were thermally etched at 900°C for 20 minutes. After
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thermal etching the SEM micrographs of the samples were made. Due to the low density of the
0.65PMN—-0.35PT films on the AIN substrate and the bulk fired at 950°C the grain sizes for these samples
were determined from the micrographs of the surface and the micrographs of the fracture surface,
respectively. The estimated grain sizes of the films of different thicknesses (section 4.3.1.7) were
determined from the surface micrographs. The grains were copied to the transparent foil and the image was
digitalized. Feret's diameter (df) was used to get a median value of the grain size using microscopic
measurements. The digitalized image was analyzed by the program UTHSCSA image Tool (UTHSCSA
Image Tool Version 3.00, 2002) [78]. Note that the median grain size calculated from the SEM cross-
section micrograph is in fact the value obtained from the measurement performed on the 2D cut and
therefore smaller than the actual median grain size. However, the calculated values are later in the text
called the median grain sizes of the particles.

For the estimation of the porosity, the cross-sections of the samples were polished. The SEM
micrographs of the samples were made. The porosity was then copied to the transparent foil and the image
was digitalized. The area of the pores was analysed by the program UTHSCSA image Tool (UTHSCSA
Image Tool Version 3.00, 2002).

3.2.2 Mechanical characterization

3.2.2.1 Determination of Young’s moduli

The Young’s moduli Y of the 0.65PMN-0.35PT films were measured by the nanoindentation technique
(ASTM Standard C 1161-90). The measurements of the indentation modulus were conducted using a
Fisherscope H100C [79]. The important advantage of this technique is that it is a local measurement and
only small volumes of the material are needed. For the measurements the most important requirement is
that the film must be thick enough to avoid the influence of the substrate [44, 80].

The diamond Vickers tip was used. A load of 1 N was applied to press the indenter into the surface of
the samples at different positions on the surface. In the standard for measurements [81] it is reported that
the results should not be affected by the presence of an interface. The test piece thickness should be 10 x
the indentation depth or 3 x the indentation diameter. The maximum indentation depths were less than 5
pm (the film thickness was 50 pm), which fulfils the first condition. The second condition was also
fulfilled for bulk ceramics fired at 1200°C and 950°C. The technological process for the preparation of the
crack-free films allowed the maximum thickness of 110 pm. Therefore, we assumed that the comparisons
between the results obtained for different films are still reliable. The load 1 N was chosen to exclude the
contribution of the surface roughness to the measured value.

The Young’s moduli Y33 were calculated from the equation:

YMEASURED
aeyy

where Ywmeasurep 1 @ measured value determined by the nanoindentation technique and v is the Poisson’s
ratio of the material [82]. The assumption was made that the Poisson’s ratio of the 0.65PMN-0.35PT films
was the same as the Poisson’s ratio for the bulk PMN ceramics from the ref. [83], i.e., v = 0.3. On every
sample seven measurements were made and the results were averaged.

3.2.2.2 The coefficient of thermal expansion (TEC) by dilatometer

The thermal expansion coefficient (TEC) of the sintered bulk 0.65PMN-0.35PT was determined using a
dilatometer (Netzsch DIL 402EP). Samples were in the form of test cylinders with diameters 2r = 7.5 mm
and lengths d = 27 mm. The measurements of the sample expansion versus the temperatures were made in
the temperature range from 30-490 °C at temperature intervals of 10°C.
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3.2.3 Electrical characterization

3.2.3.1 Dielectric and ferroelectric measurements

The capacitance (C) and dielectric losses (tg 8) were measured by a HP 4284 A Precision LCR Meter at
several frequencies and the dielectric constants (g) were calculated from the capacitance measurements.
The dielectric constants (¢) and the dielectric losses (tg ) vs. temperature were determined in the
temperature range from -130°C to 300°C. The measurements from -130°C to 70°C, were made in a
vacuum chamber. The measurements from 70°C to 300°C were made in a furnace in air. The
measurements were made using a step 1°C.

The ferroelectric hysteresis loops were measured by an Aixact TF Analyser 2000 and the high voltage
amplifier TREK 609E-6 at frequencies 50 Hz. An external sinusoidal AC voltage was applied between the
top and bottom electrodes of the measured samples. The remanent polarization P, and the coercive field E,
were determined from measured hysteresis loops. In Fig. 33a the setup for measuring the ferroelectric
hysteresis loops is shown. Fig. 33b shows the micro-manipulator stage with the thick-film sample.

AIXACT TF ANALYSER 2000 - .
a) b)

Figure 33: a) The setup for measuring the ferroelectric hysteresis loops; an Aixact TF Analyser 2000, high
voltage amplifier TREK 609E-6 and computer. b) Micro manipulator stage with the thick-film sample.
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3.2.3.2 Poling

An external DC voltage was applied between the top and bottom electrodes of the samples with a high-
voltage supply KEITHLEY MODEL 248. The samples were placed in silicon oil and heated to 160°C. In
Fig. 34 the photograph of the poling setup is shown. The inset shows the 0.65PMN-0.35P thick-film
sample placed on the poling stage between the contact tips.

|
HIGH VOLTAGE
SUPPLY KEITHLEY
IMODEL 248 MODEL

CONTACT TIPS|

a | b)

Figure 34: a) The poling setup; high voltage supply KEITHLEY MODEL 248. b) 0.65PMN-0.35P thick-film
sample placed on the poling stage between contact tips.

The poling fields of 2.5 kV/mm and 3.5 kV/mm are the most common poling fields reported in the
literature for 0.65PMN-0.35PT bulk ceramics and thick films [54, 57, 60, 68, 71]. However, in the
literature no systematic study of the poling fields for 0.65PMN-0.35PT ceramics or films was made. Due
to this the 0.65PMN-0.35PT bulk ceramics were poled with electric fields of 0.5 kV/mm to 4.5 kV/mm at
160°C for 5 minutes and then cooled in the same bias field, i.e., the field cooling (FC) run, with the
intention to find the most proper poling field. After the systematic study of the poling conditions,
0.65PMN-0.35PT thick films were poled with an electric field of 2.5 kV/mm at 160°C for 5 minutes and
then FC. The poled samples were aged for 24 hours. The 0.65PMN-0.35PT/Pt actuators were poled with an
electric field of 2.5 kV/mm at 160°C for 5 minutes and then FC before being peeled off the substrate. After
removal from the substrates, the actuators were aged for 24 hours.
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3.2.3.3 Measurements of coupling coefficients of bulk ceramics

The coupling coefficients k, and ki of the poled ceramics were determined with the resonance method [84].
The impedance for the bulk 0.65PMN-0.35PT ceramics was measured from the frequencies of the applied
field 1 Hz - 10 MHz with the BODE 100 Omicron Lab, which is shown in Fig. 35.

BODE 100

_ i | e
SAMPLE HOLDER

Figure 35: a) The resonance measurement setup; BODE 100 Omicron Lab device and the micro manipulator
stage and the sample holder. b) Micro manipulators, contact tips and the 0.65PMN—0.35PT bulk ceramic sample.
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The frequencies at the maximum (antiresonance frequency f,) and minimum (resonance frequency f;) of the
impedance were determined with the programme BODE ANALYZER. Before the measurements the
BODE 100 was calibrated with a load resistance of 50.72 Q. The coupling coefficients k, and k; were
calculated from the equations:

£ -f.  f-f
k, = [[2.51 (=) — (>
p\/[ o

a a

)] (13)

3.2.3.4 Measurements of the piezoelectric coefficient with the Berlincourt piezometer

The piezoelectric constants ds; of the 0.65SPMN-0.35PT poled ceramics were measured with a Berlincourt
piezometer (Take Control PM10, Birmingham, UK [85]). The oscillation frequency of the force head was
50 Hz. In Fig. 36 (a) the Berlincourt Take Control piezometer is shown. Fig. 33 (b) shows the bulk
0.65PMN-0.35PT ceramic placed in the force head of piezometer.

The ds; ° measurements for the 0.65PMN-0.35PT poled thick films were also performed with the
Berlincourt piezometer. Although the dimensions of the measured thick films were not according to the
IEEE standard [84] the measured ds; ™ values were comparable with the values obtained by other methods;
Photonic Sensor and AFM. The thick films were measured in such a way that the active part of the force
head was placed on the top electrode and the bottom electrode was connected with the wire to the other part
of the force head, as is shown in Fig. 36 (b).

ACTIVE PART OF ALUMINA
FORCE HEAD SUBSTRATE

a) b)

Figure 36: a) The Berlincourt Take Controle Piezometer PM10. b) 0.65PMN-0.35PT thick film on alumina
substrate placed in the force head of piezometer during measurements of ds;".
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3.2.3.5 Measurement of the displacement versus the electric field for the 0.65PMN-0.35PT films

Measurements by Photonic sensor

The measurements of the displacements vs. the applied electric fields of 0.65PMN—0.35PT thick films were
made by the Photonic Sensor MTI 2000. A robust housing was holding the thick-film sample and the
Photonic Sensor probe in place in order to limit the vibrations. The function generator Stanford Research
Systems DS 360 and the high-voltage DC amplifier TREK 609C-6 were used for generation of the signal.
Only unipolar external electric fields were applied in the direction of the polarization of the sample to avoid
depoling. The frequency and the amplitude of the sinusoidal signal were 1.1 Hz and 50 V, respectively. The
readout on the Photonic Sensor gave the displacements, which were observed in the oscilloscope Tektronix
TDS 410. Data were then captured by a computer running a suitable LabView program [86]. The
measurements were repeated more than 8 times and the average value was taken.

Measurements by atomic force microscope (AFM)

The displacements vs. the applied electric fields of the 0.65PMN-0.35PT thick films were measured with
the AFM. Conductive, doped, silicon AFM tips (Nanosensors) with a nominal spring constant of 0.1 N/m
were used. The native oxide layer was removed from the tips in diluted HF acid and the electrical contact
was made with a silver conductive paste. The measurements were made using a commercial Nanoscope I11
(Digital Instruments) AFM. The AFM was used in the force-spectroscopy mode, and during the
experiments the tip was in contact with the sample at a constant force. Since the AFM tip and the sample
were in hard contact, the measured displacements of the tip represent the displacement of the sample. For
the measurements of the piezoelectric coefficient di; " an external AC quadratic signal (squared wave)
with a frequency of 5 Hz was applied between the top and bottom electrodes (with the AFM tip on the top
electrode) of the poled thick films at applied forces 300 nN. For the measurements of electrostriction an
external AC sinusoidal voltage with the frequency of 200 Hz was applied between the AFM tip and the
embedded Pt electrodes, inducing oscillations of the previously not poled 0.65PMN-0.35PT thick films.
The amplitudes of the applied signals were from 15 V to 50 V at an applied force of 80 nN. The
measurements at the sinusoidal electric voltage with the amplitude of 50 V were performed at applied
forces of 80 nN, 200 nN and 300 nN to examine the force dependence of the samples’ displacements.

3.2.3.6 Measurement of displacement versus electric field for 0.65SPMN—0.35PT/Pt actuators

The displacements of the 0.65PMN-0.35PT/Pt actuators versus the applied electric fields were measured
with the Viking optical profiler system (Solarius Development) using the non-contact white light Nobis
sensor based on confocal chromatic technology. In Fig. 37 the measurement setup is shown. The external
electric field was applied between the top and bottom electrodes using the function generator Hewlett
Packet 33120A and the high-voltage amplifier Kepco BOP 1000M. One end of the actuator (3 mm from the
edge of the actuator, Fig. 37) was placed on the conductive substrate, where the electrical contact with the
bottom electrode was achieved. The top electrode was connected in one point with the contact tip as it is
shown in the inset in Fig. 37. The measurements were performed at the end of the actuator’s cantilever.
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Figure 37: a) The measurement setup for measuring the displacements of the 0.65PMN-0.35PT/Pt actuators vs.
the applied electric field with the Viking optical profiler system (Solarius Development). b) The actuator during
measurement. The external electric field was applied between the top and bottom electrodes. The 3 mm long
bottom part of the actuator was placed on the conductive step. The top electrode was connected with the contact
tip. The measurements were performed at the end of the actuator’s cantilever.
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3.3 Finite element modelling

The finite element (FE) analyses were made for the 0.65SPMN-0.35PT/Pt actuator’s displacements versus
the applied electric fields. The FE models were built using the piezo-capabilities of ANSY S/multiphysics.
The geometry was meshed with 8-nodes 3-D coupled-field solid elements (SOLIDS), which have large
deflection capabilities [87]. The dimensions of the 0.65PMN-0.35PT layer were 18 mm x 3 mm x 50 pm.
In the models a half symmetry was used, i.e., 18 mm x 1.5 mm x 50 pum, as is shown in Fig. 38. The
thickness of the 0.65PMN—-0.35PT layer was 50 um and the thickness of the Pt electrode was 15 um. The z
= 0 was defined between the 0.65SPMN-0.35PT layer and Pt electrode.

18 mm

1.5mm |§

Figure 38: Top view of 0.65SPMN—0.35PT layer geometry (half symmetry) used in FE models.

The FE model boundary conditions are shown in Fig. 39. The boundary conditions were chosen to be
similar to the experimental conditions (section 3.2.3.6). In the models we fixed one point in the middle of
the actuator, which corresponds in the experiment to a point in which the contact tip was held (Fig. 37).
The fixed point is shown in Fig. 39 at the edge of the structure, due to the half symmetry, which was taken.
Also, the rectangular area with dimensions 1 mm x 1.5 mm and 2 mm away from the actuator edge was
fixed. This area corresponds in the experiment to the 3 mm step on which the sample was placed (Fig. 37).

ELEMENTS SOLID5

FIXED POINT

|

18 mm

3 mm
FIXED AREA
1 mmx 1.5 mm

%

Figure 39: The geometry of the actuator and the boundary conditions (fixed point and fixed area) used in the FE
model are shown.

The semi-static analyses of the actuators for different electrical loads were performed. In the models the
voltages were applied directly to the surface of the Pt electrodes and the 0.65PMN-0.35PT films. The tip
displacement in the z direction at different voltages, i.e., 0.5V, 1 V,2V,3V, 4V, 5V, 7V, 10V, 15V
and 20 V were calculated.
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4 Results and Discussion

4.1 Properties of 0.65PMN — 0.35PT powder

The particle size distribution of the starting 0.65SPMN-0.35PT powder prepared by mechanochemical
synthesis and heated at 700°C for 1 hour determined by laser granulometry is shown in Fig. 40. The
cumulative curve is also shown.
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Figure 40: The particle size distribution of the 0.65PMN-0.35PT powder. The green line is the cumulative curve.

The particle size distribution is narrow with the median particle size dso equal to 0.32 um. The largest
particles have diameters around 5 pm. The FE-SEM micrograph of the submicron particles, which are in
majority (around 90%) are shown in Fig. 41la. Only 10% of particles are larger than 1 um and the
micrograph of these particles is shown in Fig. 41b.

Figure 41: The FE-SEM micrographs of the a) submicron particles and b) particles larger than 1 um.

In Fig. 42 the X-ray diffraction diagram of 0.65PMN-0.35PT mechanochemically synthesized
powder after calcination at 700°C is shown. The chemical homogeneity of this powder is confirmed to be
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high according to ref. [88]. The regions from 20 = 36° to 20 = 48° of measured X-ray diffraction diagram
for 0.65PMN-0.35PT powder and profile matching for monoclinic Pm, tetragonal PAmm and cubic Pm-
3m phases are shown in Fig. 43. Peaks correspond to the families of planes (111) at around 26 = 38° and
(200) at around 260 = 45°. The measurements are shown by dots and the calculated curve is shown by the
line. The curves of the difference between the measurement and calculation are shown at the bottom of the
diagrams. The particles of the mechanochemical synthesised powder are small (Fig. 40, dso equal to 0.32
pum) resulting in broad peaks, which is also reported in ref. [74]. The peaks are also asymmetric with a
broadening at small angles, which can results from a particle surface relaxation [89]. The goodness of fit
(Gof) is best for the monoclinic phase Pm, i.e., 1.18, worse for tetragonal phase P4Amm, i.e., 1.26 and the
worst for cubic phase Pm-3m, i.e., 1.33. We can conclude that the starting powder is not cubic. Note that it
is hard to distinguish between the monoclinic Pm and tetragonal P4Amm phases. However, these results and
the results for the bulk ceramics fired at 950°C (section 4.3.1.6) indicate that the starting powder is
presumably mainly monoclinic Pm.
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Figure 42: The X-ray diagram of the 0.65PMN-0.35PT powder.
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Figure 43: The measured (dot), calculated (line) and difference (bottom) curve of the 0.65PMN-0.35PT
powder. The regions from 20 = 36° to 20 = 48° of measured X-ray diffraction for the 0.65PMN—0.35PT powder
and profile matching for a) monoclinic Pm, b) tetragonal P4mm and c) cubic Pm-3m phases. Peaks correspond
to the families of planes (111) at around 20 = 38° and (200) at around 26 = 45°. The thick marks correspond to
the positions of the peaks for (111) and (200) families of planes.
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4.2 Properties of the 0.65PMN — 0.35PT bulk ceramics fired at 1200°C

As the data in the literature (Table 1) on dielectric, piezoelectric and ferroelectric characteristics of the
0.65PMN-0.35PT ceramics prepared under similar conditions differ, we prepared and characterized
0.65PMN-0.35PT ceramics fired at 1200°C for 2 hours. The purpose of this work was to prepare stress-free
dense ceramics with good structural and electrical properties for a comparison with thick films of the same
composition. Later in the text the structural and electrical properties of 0.65SPMN-0.35PT films are
compared with the properties of dense bulk ceramics fired at 1200°C. The second purpose of the
preparation of 0.65PMN-0.35PT bulk ceramics fired at 1200°C was to make a systematic study of the
poling procedure for the 0.65PMN-0.35PT material with intention to find the best poling conditions for the
0.65PMN-0.35PT material.

4.2.1 Structural properties of the 0.65PMN-0.35PT bulk ceramics fired at 1200°C

The measured density of the ceramics was 7.98 g/em’, that is 98% of theoretical density. The
calculated theoretical value was 8.13 g/cm3, which is in agreement with the reported value for Pb(Mg 333
Nbg¢67)03, 1.e., 8.13 g/cm3 [90]. The obtained high density is due to highly chemical homogenous
mechanochemically synthesized powder with the median particle size equal to 0.3 pm.

The SEM microstructure of the polished and thermally etched cross-section for the 0.65PMN-0.35PT
bulk ceramics fired at 1200°C are shown in Figs. 44 and 45, respectively, where it is seen that the ceramics
are well sintered. The holes in Figs. 44 are the pulled out grains during polishing. The median grain size is

1.1 um £ 0.5 pm.

Figure 44: The SEM micrographs of polished cross-section for the bulk 0.65PMN-0.35PT ceramics fired at
1200°C for 2 hours.
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Figure 45: The SEM micrographs of thermally etched cross-section for the bulk 0.65PMN-0.35PT ceramics
fired at 1200°C for 2 hours.

The EDXS “point” analyses of the 0.65PMN—0.35PT bulk ceramics were performed in 23 spots. The
results and the standard deviation of the analyses for the 0.65PMN—-0.35PT bulk ceramics are summarized
in Table 4. For EDXS analyses, which were performed at 20 kV, the Mg(K), Ti(K), Nb(L), Pb(M) series
were used. The oxygen was calculated by difference to hundred percent. The average results of the analyses
differ from the expected values for the 0.65SPMN-0.35PT material, i.e., 4.3% of Mg, 7% of Ti, 8.7% of Nb,
20% of Pb and 60% of oxygen. All the results of the analyses slightly overestimate the concentration of Nb
and underestimate the concentration of Mg and Pb, due to overlapping of the peak series Pb(M)/Nb(L).

Table 4: The average EDXS “point” analysis made in 23 spots (atomic percents), the standard deviation and the
maximum and minimum determined values of the 0.65PMN—-0.35PT bulk ceramic fired at 1200°C for 2 hours.

Mg (%) Ti (%) | Nb (%) Pb (%) O (%)
bulk ceramic
Average 3.5 7.3 9.6 18.7 60.9
Standard deviation 0.5 0.4 0.3 0.5
Maximal value 4.6 8.4 10.2 19.9
Minimal value 2.6 6.5 8.8 18.1

The X-ray diagram of the non-poled 0.65PMN—0.35PT ceramics is shown in Fig. 46. The families of
planes are given in brackets. No extra diffraction peaks that might correspond to the pyrochlore or PbO
phases were detected. The Rietveld analysis of the X-ray data of the 0.65PMN-0.35PT bulk fired at
1200°C for 2 hours shows the coexistence of the monoclinic Pm and the tetragonal PAmm phases. The
inset in Fig. 46 shows the convolution of the (002) and (200) tetragonal peaks and the (002), (200), (020)
monoclinic peaks. The approximate peak positions of the tetragonal (grey) and the monoclinic (black)
phases are marked with dash lines.
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Figure 46: The X-ray diagram of the non-poled 0.65PMN-0.35PT ceramics fired at 1200°C for 2 hours. The
families of planes are given in brackets. The inset shows the convolution of the (002) and (200) tetragonal peaks
and the (002), (200), (020) monoclinic peaks. The approximate peak positions of the tetragonal (grey) and
monoclinic (black) phases are marked with dashed lines.

The coexistence of the monoclinic and tetragonal phases in 0.65SPMN—0.35PT ceramics was reported
before in the literature [54, 57, 64]. The determined monoclinic-to-tetragonal ratio in percentage for bulk
0.65PMN-0.35PT ceramics fired at 1200°C for 2 hours was 86% of monoclinic Pm and 14% of tetragonal
P4mm phases, which is in close agreement with the previously reported results, i.e., 89% of monoclinic
Pm and 11% of tetragonal PAmm phases [54]. The X-ray diagram reveals no preferential orientation of the
unit-cells, and attempts to add some orientation decreased the quality of the refinement. The cell
parameters are a = b = 4.0037(2) A, ¢ = 4.0442(3) A and V1= 64.827(5) A?, for the tetragonal phase and a
= 4.0178(2) A, b = 4.0042(2) A, ¢ = 4.0308(2) A, B = 90.147(4)° and Vy = 64.848(5) A’ for the the
monoclinic phase. The values are in close agreement with the cell parameters obtained for ceramics with
the compositions near 0.65PMN—-0.35PT; a = b = 4.0004(2) A, ¢ = 4.0464(1) A for PAmm tetragonal phase
and a=4.0174(2) A, b=4.0019(2) A, c = 4.0289(2) A, B =90.177(3)° for Pm monoclinic phase [53].

4.2.2 Electrical properties of the 0.65PMN—0.35PT bulk ceramics fired at 1200°C

The temperature dependence of the dielectric constant € and the dielectric losses tg 8, measured at 1 kHz,
10 kHz and 100 kHz, for non-poled 0.65PMN-0.35PT ceramics is presented in Fig. 47, where the
tetragonal-to-high-temperature relaxor state transition peak is clearly evident. The € at room temperature is
3600 and 3400 at 1 kHz and 100 kHz, respectively. The values are in agreement with the literature [58, 60],
i.e., 4000 at 1 kHz (Table 1). The maximum value of ¢ is approximately &y,x = 56.500 at the temperature
Tmax = 172°C and a frequency of 100 kHz. No dependence of Ty, on the frequency was observed. In ref.
[58] it is reported that for 0.65PMN-0.35PT ceramics annealed 5 hours the €,,, measured at 1 kHz is
34.100 at Ty, = 172°C.
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Figure 47: Dielectric constant € and dielectric losses tg 6 vs. temperature at frequencies of 1 kHz, 10 kHz and
100 kHz for non-poled 0.65PMN-0.35PT bulk ceramics fired at 1200°C.

The ferroelectric hysteresis loops of the 0.65PMN-0.35PT ceramics fired at 1200°C for 2 hours were
measured. As seen in Fig. 48, the remanent polarization P, and coercitive fields E, are 33 pC/cm®and 6
kV/cm, respectively. The measurements are in close agreement with the P, and E. for bulk
0.65PMN—-0.35PT ceramics from ref. [58], i.e., 33.1 pC/cm” and 4.3 kV/cm, respectively.
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Figure 48: The ferroelectric hysteresis loops of the 0.65PMN—0.35PT ceramics fired at 1200°C for 2 hours.

The ceramics were poled with a DC electric field of 0.5 kV/mm — 4.5 kV/mm at 160°C for 5 minutes, field
cooled (FC), and then aged for 24 hours, as is explained in section 3.2.3.2 The piezoelectric coefficient ds;
and the coupling coefficients k, and k; were measured. The part of measurement of impedance vs.
frequency (i.e. from 700 kHz to 1250 kHz), which represents the radial vibrations of the samples, for
0.65PMN-0.35PT ceramics poled with an el. field of 4 kV/mm is shown in Fig. 49. The antiresonance f,
and resonance f; frequencies are marked.
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Figure 49: The measurement of impedance, i.e., magnitude (red) and phase (blue) vs. frequency of applied el.
field for 0.65PMN-0.35PT ceramics poled with 4 kV/mm. Antiresonance f, and resonance f, frequencies are
marked. The crossed dotted lines show the position of determined f..

The piezoelectric coefficient ds; and the coupling coefficients k, and k; are summarized in Table 5. In
Fig. 50 the piezoelectric coefficient ds3 and the coupling coefficients k;, and k; versus the poling field are
shown. For 0.65PMN—-0.35PT ceramics poled at 0.5 kV/mm, the d;; was 628 pC/N + 4 pC/N, and it
increased with the poling field up to 2 kV/mm. The highest ds3, around 660 pC/N, was measured for the
samples poled at electric fields between 2 kV/mm and 3.5 kV/mm. For the samples poled at poling fields
higher than 3.5 kV/mm, i.e., 4 kV/mm and 4.5 kV/mm, the d;; was lower, i.e., 642 pC/N = 4 pC/N.
Similar behaviour was observed for k, and k versus the poling electric field. The lowest values of k; and
ki, i.e.,, 0.67 and 0.5, respectively, were measured at an electric field of 0.5 kV/mm. The k;, and k;
increased with the increasing poling field up to 2 kV/mm. The highest k,, and k; were measured for the
0.65PMN—0.35PT ceramics poled between 2 kV/mm and 3.5 kV/mm. When the poling field was higher
than 3.5 kV/mm, i.e., 4 kV/mm and 4.5 kV/mm, the k; and k; decreased.

The results show that the highest values of ds3, k;, and k; were obtained for the poling fields between
2 kV/mm and 3.5 kV/mm, and these can be referred to as the optimum poling conditions for the
0.65PMN—-0.35PT ceramics poled at 160°C for 5 minutes and then field cooled (FC). In Fig. 50 the
rectangle shows the area of the optimum poling conditions. The differences between the highest and the
lowest measured k, and k; were as high as 13% and 10%, respectively (Table 5).

Table 5: The piezoelectric coefficient d;; and the coupling coefficients k, and k; measured for the
0.65PMN-0.35PT ceramics poled at different poling fields.

Poling field ds3 kp k¢
(kV/mm) (pC/N)

0.5 628 0.67 0.5

1 640 0.73 0.53

1.5 654 0.75 0.53

2 660 0.76 0.54

2.5 663 0.76 0.55

3 664 0.77 0.54

3.5 664 0.76 0.55

4 640 0.75 0.54

4.5 642 0.75 0.53
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Figure 50: The piezoelectric coefficient ds; and the coupling coefficients k, and k; vs. poling field. The rectangle
shows the area of the optimum poling conditions. The line between the measured values is just a guide to the eye.

In the open literature (Table 1) the values for d;; are different due to the different preparation
procedure of the samples and also due to the various poling conditions. The poling electric field in the
literature varies from 0.7 kV/mm—1 kV/mm [59] to 2 and 3.5 kV/mm [48, 54, 57, 60]. The piezoelectric
coefficient ds; of 0.65PMN—0.35PT ceramics poled at 0.7 kV/mm was 610 pC/N £ 5 pC/N [59], which is
in close agreement with our value 628 pC/N = 4 pC/N poled at 0.5 kV/mm. The 0.65SPMN-0.35PT
ceramics poled at 2 kV/mm [48] or 3 kV/mm [60] have a piezoelectric coefficient d3; 700 pC/N and 709
pC/N, respectively. These values are also in close agreement with our measurements at 2 kV/mm-—3
kV/mm, i.e., around 660 pC/N. However, the measured coupling coefficients k; and ki, i.e., 0.76 and 0.54,
are higher than reported in ref. [48] for the ceramics poled with 2 kV/mm, i.e., 0.61 and 0.44, respectively.
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4.2.3 Correlation between the structural and electrical properties of the 0.65PMN—
0.35PT bulk ceramics fired at 1200°C

The X-ray diagram of the family of (200) peaks for the 0.65PMN—0.35PT ceramics poled with a DC
electric field from 0.5 kV/mm to 4.5 kV/mm is shown in Fig. 51.
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Figure 51: The X-ray diffraction diagram of the family of (200) peaks for the poled 0.65PMN—-0.35PT ceramics.
The X-ray diagram of the non-poled material is added for comparison. The black arrow indicates the increase in
the poling electric field from 0 kV/mm to 4.5 kV/mm in steps of 0.5 kV/mm.

The X-ray diagrams of the poled bulk ceramics were measured. It is clear that the X-ray diagram of
the 0.65PMN—-0.35PT samples changes with the poling electric field. Three main types of X-ray diagrams
are presented in Fig. 51: for the non-poled ceramics, for the ceramics poled between 2 kV/mm and 3.5
kV/mm, and for ceramics poled at 4.5 kV/mm.

In Table 6 the calculated phase ratio (monoclinic-to-tetragonal), the reliability factors, for the
monoclinic Ry and tetragonal Rt phases, and the goodness of the fit for the profile, Gof of the Rietveld
analyses for the X-ray data are reported for the non-poled 0.65SPMN—0.35PT ceramics and the 0.65PMN-
0.35PT ceramics poled at 2.5 kV/mm and 4.5 kV/mm.

Table 6: Phase ratio in percentage, reliability factors R, for the monoclinic Pm (Ry) and tetragonal P4mm (Ry)
phases and the goodness of the fit for the profile Gof, of the Rietveld analyses for the X-ray data of the non-
poled and poled 0.65PMN—0.35PT ceramics. The calculated uncertainty for the percentage of phases is less
than 1%.

POLING Phase ratio in percentage Ry Ry Gof
(monoclinic Pm : tetragonal P4mm)

NON-POLED 86% : 14% 3.86 4.71 1.31

POLED 2.5 kV/mm 99% : 1% 4.11 5.74 1.28

POLED 4.5 kV/mm 95% : 5% 3.89 4.31 1.09
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The values of the reliability factors and the goodness of fit are acceptable, taking into account the
fixed atomic positions, the quality of the X-ray measurement and the presence of the additional peaks from
the gold electrodes. The measured, calculated and difference curves obtained from the Rietveld
refinements of the three samples are presented in Fig. 52.

a)

L 3

b)

INTENSITY (a.u.)

Figure 52: Final observed, calculated and difference plots of the X-ray diffraction Rietveld refinement for a) a
non-poled sample and samples poled at b) 2.5 kV/mm and c¢) 4.5 kV/mm. The top mark corresponds to the
tetragonal phase and the bottom ones to the monoclinic. The positions corresponding to the gold (the grey
shadows) were excluded from the refinement.
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As with the non-poled ceramics, the Rietveld analyses of the X-ray diffraction data of the
0.65PMN-0.35PT poled at 2.5 kV/mm and 4.5 kV/mm show the coexistence of the monoclinic Pm and
tetragonal P4mm phases. There is a clear increase in the amount of monoclinic phase for the sample poled
at 2.5 kV/mm, which contains 99% of the monoclinic Pm and 1% of the tetragonal P4mm phases.
However, the tetragonal phase cannot be neglected due to the existence of shoulders in the diffraction
peaks corresponding to this phase. At 4.5 kV/mm, the amount of monoclinic phase decreases, the ceramics
contain 95% of the monoclinic Pm and 5% of the tetragonal P4Amm phases. In both poled samples, the
addition of a slight (001) preferential orientation for the tetragonal phase improved the quality of the
refinement, but this was not the case for the monoclinic phase. In other words, some domains were
reoriented with the application of the electric fields.

The evolution of the beta angle of the monoclinic phase showed a decrease for the sample poled at 2.5
kV/mm with a value very close to 90°. An attempt was made to refine the X-ray diagram using an
orthorhombic phase instead of the monoclinic one; however, the results obtained show a worse fit than
when using the monoclinic one.

These results show that the monoclinic-to-tetragonal ratio can be changed with the application of an
electric field and that it is dependent on the strength of the electric field. It can be seen from the results that
for non-poled 0.65PMN—-0.35PT ceramics and ceramics poled at 4.5 kV/mm the amount of tetragonal
phase is not negligible; however, in the case of the ceramics poled at 2.5 kV/mm, the major phase is
clearly monoclinic, with only a small amount of tetragonal phase present. The X-ray diffraction diagram
for the 0.65PMN—-0.35PT ceramics poled at an electric field between 2 kV/mm and 3.5 kV/mm look the
same; therefore, we can conclude that for 0.65PMN-0.35PT ceramics poled at these fields the major phase
is also monoclinic. These electric fields coincide with the electric fields at which the highest piezoelectric
ds3 and coupling coefficients k, and k; were obtained, i.e., at 2-3.5 kV/mm. From the results we can
suppose that one of the reasons for the differences between the ds3, k,, and k; of the 0.65PMN-0.35PT
ceramics poled at 2-3.5 kV/mm and those at higher or lower electric fields could be that the ratios
between the monoclinic Pm and the tetragonal P4mm phases are different. In the 0.65PMN-0.35PT
ceramics poled at electric fields between 2 kV/mm and 3.5 kV/mm the monoclinic phase is favoured in
comparison to the non-poled samples.

The dielectric constants € vs. the temperatures measured at 100 kHz for non-poled ceramics and
ceramics poled at 1.5 kV/mm, 2.5 kV/mm, 3 kV/mm and 4.5 kV/mm are shown in Fig. 53. The data were
collected during a zero-field-heated/field cooled (ZFH/FC) run, in order to have the same conditions as
during the X-ray diffraction measurement. Here, the low-temperature (LT) phase-transition peak observed
between the monoclinic and tetragonal phases is clearly evident. The LT phase-transition peak is broad,
and the estimated peak transition temperature is between 50°C and 80°C, which is in agreement with the
data reported in the literature. Alguero et al. reported that the mechanical and electro-mechanical
properties of 0.655PMN-0.345PT reflect an LT phase-transition at 40-70°C [91], while the data g(T)
reported in ref. [60] show that the LT phase-transition peak for non-poled 0.65PMN-0.35 PT ceramics is
around 50-80°C.
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Figure 53: The dielectric constant € vs. temperature at 100 kHz for the non-poled and poled 0.65PMN-0.35PT
ceramics. The inset shows the data obtained for the non-poled sample on a logarithmic scale.

The conformation that the LT phase-transition peak detected during the ZFH/FC run is in fact due to
the poling is that during an additional zero-field-cooled (ZFC) run (when the samples are depoled due to a
high T) the data are again identical to those detected during the first non-poled run.

For the non-poled 0.65PMN—-0.35PT ceramics, the LT phase-transition peak from the monoclinic Pm
to tetragonal P4mm phase is less distinctive than for the poled ceramics. However, it is present, as shown
in the inset of Fig. 53, which shows the data on a logarithmic scale. The LT phase-transition peak for the
poled 0.65PMN-0.35PT ceramics is more distinctive. The same results have been reported for single
crystals with the composition around 0.7PMN—-0.3PT in the direction <001> [92, 93]. The LT transition
peak is distinctive for poled samples and less distinctive for the non-poled samples.

The field induced phases were previously reported by many authors in PMN-PT crystals for
compositions X = 0.25 - 0.32 [92, 94 - 99] as well as in similar systems, for example in PZN—-PT crystals
for the compositions x = 0.05 - 0.08 [97, 98, 100, 101]. For example, for <011> oriented PMN—PT and
PZN-PT crystals the poling field induces an orthorhombic ferroelectric phase [92, 94, 95, 100]. In ref.
[98] the pseudorhombohedral to tetragonal polarization rotation path is disscused over the orthorhombic
and also monoclinic phases. Our results showed that for poled 0.65PMN-0.35PT ceramics no additional
orthorhombic phase was observed, neither with X-ray nor with dielectric measurements.

Not much work was done on how the electric field influences the phase composition in
0.65PMN—0.35PT ceramics. In ref. [102] it is reported that for poled 0.65PMN—-0.35PT material prepared
by tape casting there is a distinctive third peak in addition to the tetragonal ones in the X-ray measurement
of the family of (200) peaks, which was not observed in the virgin sample. They explain that the result
implies that poling not only switched the a-domains in c-domains, but also induced some phase
transformation [102]. Our results showed that for 0.65PMN-0.35PT ceramics the monoclinic-to-tetragonal
ratio can be changed by the application of an electric field and that for the 0.65PMN-0.35PT ceramics
poled with the field of 2.5 kV/mm the phase composition is almost pure monoclinic. Moreover, the ratio of
the monoclinic-to-tetragonal phase in poled ceramics depends on the electric field strength. Note that at
higher poling fields no cracks in the ceramics were observed.
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4.3 Influence of the substrate materials on the structural and electrical
properties of the 0.65PMN- 0.35PT thick films

The 0.65PMN-0.35PT films on the Al,O3, Pt, 0.65PMN-0.35PT and AIN substrates were prepared and
characterized. The influence of the substrate materials on the structural and electrical properties of the
0.65PMN-0.35PT thick films was studied. In this part of the thesis the characteristics of the 0.65PMN-
0.35PT bulk ceramics fired at the same temperature and time, i.e., 950°C, 2 hours are added for
comparison. The results are also compared with the results for the 0.65PMN-0.35PT bulk ceramics fired
at 1200°C for 2 hours, which are shown in section 4.2.

4.3.1 Influence of the substrate materials on the microstructural properties of the
0.65PMN-0.35PT thick films

4.3.1.1 Thicknesses of the 0.65PMN-0.35PT films

The 0.65PMN-0.35PT films with different thicknesses were prepared. The thickness of 0.65PMN—-0.35PT
films after sintering depends on the number of the screen-printed steps. The thickness of the 0.65PMN-—
0.35PT films on alumina substrates after firing vs. number of screen printed layers is shown in Fig. 54. As
expected the thickness is increasing in proportion to the number of printed layers. Films prepared with
more than 16 layers cracked.
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Figure 54: The thickness of the 0.65PMN-0.35PT films on alumina substrates after firing vs. number of screen
printed layers. The line between the measured values is just a guide to the eye.

The thickness of 0.65PMN-0.35PT films with the same number of printed layers prepared at the same
firing and cooling conditions differs with the choice of the substrates. For films prepared by two printed,
dried and fired layers on Al,Os, Pt, 0.65PMN-0.35PT and AIN substrates the thicknesses were 21 um, 20
um, 26 um and 34 pum, respectively. This is graphically shown in Fig. 55. The error of the measurement is
around £1 pm. Films on 0.65PMN-0.35PT and AIN substrates are thicker than the films on Al,O3 and Pt
substrates due to the lower sintering density of the films on these substrates (next section).
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Figure 55: The thickness of the 0.65PMN-0.35PT films on Al,O;, Pt, 0.65PMN-0.35PT and AIN after firing.
Two layers of 0.65PMN-0.35PT paste were printed in all cases.

The thickess of the 0.65PMN-0.35PT films on Al,O3, Pt, 0.65PMN-0.35PT and AIN were measured after
screen printing (before sintering) and also after sintering at 950°C for 2 hours. The ratio between the
thickness after sintering / the thickness after screen printing for films on Al,O; and Pt substrates was
around 40% and 50%, respectively. For films on 0.65PMN-0.35PT and AIN substrates this ratio was 30%
and a few %, respectively.
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4.3.1.2 Microstructures of the 0.65PMN-0.35PT thick films

The 0.65PMN-0.35PT films were screen printed, dried and heated to 500°C for 1 hour to burn out the
organic vehicle. The micrograph of the surface of these films is shown in Fig. 56. The structure shows
0.65PMN-0.35PT grains with sub-micron dimensions as seen in the particle size distribution (Fig. 37).

Figure 56: The micrograph of the surface of a 0.65PMN-0.35PT thick film that was screen printed, dried and
heated to 500°C.

The micrographs of the surfaces of 0.65PMN-0.35PT films prepared with two printed layers, fired at
950°C for 2 hours on Al,Os, Pt, 0.65PMN-0.35PT and AIN substrates are shown in Figs. 57 a, b and Fig.
58 a, b, respectively. The thicknesses of films were 21 pm, 20 pm, 26 pm and 34 pm, respectively. The
films on the alumina and platinum substrates are dense. Significant grain growth is observed. The grain size
is 1.7 um + 0.6 um for the films on the alumina substrates and 1.2 pm + 0.3 um for the films on the
platinum substrates. The grains are a few times larger than the grains of the un-fired 0.65PMN-0.35PT
powder. Microstructures of the films on the 0.65PMN-0.35PT and AIN substrates consist of large pores
and small grains, i.e., 0.5 um £ 0.2 pm and 0.3 pm + 0.1 pm, respectively. However, the grains are sintered
together and the grain boundaries can be observed. Due to the small grain size of the film on the AIN
substrate the micrograph of this film was performed by FE-SEM (Fig. 58 b).
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Figure 57: The SEM micrographs of the surface of 0.6SPMN-0.35PT thick films on a) Al,Os, b) Pt substrates.
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Figure 58: a) The SEM micrographs of the surface of 0.65PMN—0.35PT thick films on 0.65PMN-0.35PT and b)

the FE-SEM micrographs of the surface of 0.65PMN-0.35PT thick films on AIN substrates.
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In Fig. 59 the fracture cross-section of the bulk 0.65PMN-0.35PT ceramics fired at 950°C is shown.
The median grain size is 0.3 pm £ 0.1 um. The ceramics are porous as the temperature 950°C is low
compared to the temperatures over 1100°C usually used for sintering of bulk 0.65PMN-0.35PT ceramics
[58]. The firing temperature of 950°C was chosen to have the same sintering conditions for the bulk
ceramics as for 0.65PMN-0.35PT films. The measured density of the bulk 0.65PMN-0.35PT ceramics
fired at 950°C is p = 5.80 g/cm’, which is 71% of the theoretical density.

Figure 59: The FE-SEM micrographs of fracture for bulk 0.65PMN—0.35PT ceramics fired at 950°C.

The polished cross-sections of the 0.65SPMN-0.35PT films on the Al,O;, Pt, 0.65PMN-0.35PT and
AIN substrates are shown in Figs. 60a, b and 61 c and d, respectively. The films on the alumina and
platinum substrates are dense. The microstructures of the films on the 0.65PMN-0.35PT and AIN
substrates are porous. This is in good agreement with the microstructures of the surfaces of the films fired
on the same substrates.

To summarise the 0.65PMN-0.35PT thick films on the Al,O; or Pt substrates are dense and significant
grain growth is observed. The median grain size of these films is larger than 1 pm, i.e., 1.7 um for films on
ALO; and 1.2 um for films on Pt substrates, as in the case of 0.65PMN-0.35PT bulk ceramics sintered at
1200°C (section 4.2.1). The thickness of the films printed two times is around 20 pum. The films on
0.65PMN-0.35PT and AIN substrates are porous with a median grain size smaller than 1 um, i.e., 0.5 pm
and 0.3 pm, respectively, which is comparable with the 0.65PMN-0.35PT bulk ceramics sintered at 950°C.
The thickness of the films printed two times is 26 pm and 34 pm, respectively. However, the grains are
sintered together and grain boundaries can be observed.
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Figure 60: SEM micrographs of the cross-section of the 0.65PMN-0.35PT thick films on a) Al,O; and b) Pt
substrates.
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Figure 61: SEM micrographs of the cross-section of the 0.65PMN—0.35PT thick films on a) 0.65PMN—-0.35PT
and b) AIN substrates.
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4.3.1.3 Chemical composition of the 0.65PMN-0.35PT thick film

Pt substrates were considered as the most inert and therefore no significant reactions between the films and
the substrates would be obtained. For this reason the films on Pt substrates were chosen for the detailed
EDXS analysis of possible composition variations vs. thicknesses. The “point” analyses were performed in
23 spots on the cross-section microstructure from 0.65PMN-0.35PT/Pt interface to around 30 um distance
from the interface. For the “reference” material, dense bulk ceramics with the same composition as the
films and prepared from the same powder was used. The ceramics were fired at 1200°C for 2 hours. The
“point” analyses of the 0.65SPMN—-0.35PT bulk ceramics were also performed in 23 spots. The results and
the standard deviation of the analyses for the 0.65PMN-0.35PT thick film and bulk are summarized in
Table 7. Data for bulk ceramics are from Table 4. The oxygen was calculated by difference to a hundred
percent. The averaged composition of the films on the Pt substrates is in agreement with the composition of
the bulk ceramics within the measurement error.

Table 7: The average EDXS “point” analysis made in 23 spots (atomic percents), the standard deviation and the
maximum and minimum determined values of the 0.65PMN—0.35PT thick film on the Pt substrate in comparison
with the 0.65PMN—-0.35PT bulk ceramic fired at 1200°C for 2 hours.

Mg (%) Ti (%) | Nb (%) Pb (%) O (%)
bulk ceramic
Average 3.5 7.3 9.6 18.7 60.9
Standard deviation 0.5 0.4 0.3 0.5
Maximal value 4.6 8.4 10.2 19.9
Minimal value 2.6 6.5 8.8 18.1
thick film
Average 3.2 7.5 9.6 18.8 61.0
Standard deviation 0.2 0.3 0.3 0.3
Maximal value 3.5 8.0 10.0 19.3
Minimal value 2.6 7.1 9.2 18.1

To evaluate the possible differences in the composition versus the distance from the substrate, the films
were divided in 3 layers, i.e., the bottom layer near Pt substrate, the middle layer and the top layer. Every
layer was around 10 pm thick and around 8 “point” measurements were made in each layer. The results and
the standard deviation of the “point” analyses for the bottom, the middle and the top layers are summarized
in Table 8. No difference in composition among the layers could be observed within the measurement
error.
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Table 8: The EDXS average “point” analysis made for the bottom, the middle and the top layers (atomic
percents), standard deviation and the maximum and the minimum determined values.

Mg (%) Ti (%) Nb (%) Pb (%) O (%)
top layer
Average 3.2 7.6 9.7 18.5 61.0
Standard deviation 0.3 0.2 0.2 0.3
Maximal value 3.5 7.9 9.8 18.9
Minimal value 2.6 7.3 9.3 18.1
middle layer
Average 3.2 7.4 9.7 18.7 61.0
Standard deviation 0.2 0.2 0.2 0.3
Maximal value 3.4 8.0 9.7 19.3
Minimal value 2.9 7.4 9.2 18.4
bottom layer
Average 3.1 7.7 9.4 18.9 60.9
Standard deviation 0.2 0.2 0.2 0.3
Maximal value 34 8.0 9.7 19.3
Minimal value 2.9 7.4 9.2 18.4

In addition to the examination of the composition vs. thickness of the films on the Pt substrates, five
EDXS area analyses were performed over the film cross-section as shown in Fig. 62. Analyses were made
over the areas of 7 um x 7 um. The results are summarized in Table 9. Again, no significant difference
among the results of the analyses could be observed.

10 um

Figure 62: The cross-section of the 0.65SPMN—0.35PT thick film on the Pt substrate. The positions of EDXS area
analyses (area 7 um x 7 um) on the 0.65PMN—0.35PT thick-film cross-section.
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Table 9: Area EDXS analyses for the 0.65PMN—0.35PT thick film on the Pt substrate cross-section (atomic
percents) shown in Fig. 62.

Number of area analysis | Mg (%) | Ti (%) | Nb (%) | Pb (%) | O (%)
1 34 7.1 94 19.6 60.6
2 3.4 7.3 9.4 19.1 60.7
3 3.4 7.2 9.5 19.2 60.7
4 3.5 7.2 9.6 18.9 60.8
5 34 7.2 9.6 19.1 60.8

The 0.65PMN-0.35PT film/Pt substrate interface was investigated by TEM. The microstructure is
shown in Fig. 63. The EDXS analyses were performed in the points marked with the numbers 1 and 2. The
analysis performed in the 0.65PMN-0.35PT thick film (marked with number 1) showed the presence of the
Pb, Mg, Nb, Ti and O elements, as expected (Fig. 64). However, the analysis made in point 2 showed the
“strong” peaks of the Pb and Pt elements (Fig. 65), which indicates the existence of the Pb-Pt alloy layer at
the interface between the film and the Pt substrate. In both spectra peaks of Cu and Cr are also present.
These peaks are due to the holder on which the sample was placed. The Pb-Pt alloy layer is around 30 nm
thick (Fig. 63). The thickness is much less than the thickness of the thick 0.65PMN-0.35PT film, therefore
it is presumed that the influence of this phase on the characteristics of the thick films is negligible. The
similar layers were observed by Mandeljc et al. [103] at the interface of the PZT and the Pt electrode in
PZT thin films deposited on a platinised silicon substrate.

0.35PT film

0.65PMN-0.35PT film

Pt substrate

Pt substrate

Figure 63: The microstructure of the 0.65PMN—0.35PT film — Pt substrate junction. The EDXS analyses were
performed in the “points” marked with the numbers 1 and 2.
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Figure 65: EDXS analysis of the point marked in Fig. 63 with number 2.
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The overall analysis of the 0.65PMN-0.35PT films on the Pt substrate showed that thick-film layers
are homogenous. Some interactions among the films and the Pt substrates were detected, i.e., the formation
of very thin Pb-Pt alloy layers at the interface. However, the Pb-Pt layer is much to thin to influence the
properties of the 0.65PMN—-0.35PT films with the thickness of a few tens of um.

To examine the composition vs. thickness for films on other substrates, five EDXS area analyses over
the cross-sections of the films on the Al,0O5;, 0.65PMN-0.35PT and AIN substrates were performed.
Analyses were made over the areas 7 pum x 7 pm.

The cross-sections of the 0.65PMN-0.35PT thick films on the Al,O3;, 0.65PMN-0.35PT and AIN
substrates are shown in Figs. 66, 67, and 68, respectively. The positions of the analyses are marked with the
numbers from 1 to 5. The results are summarized in Tables 10, 11 and 12 for the films on the Al,Os,
0.65PMN-0.35PT and AIN, respectively. The obtained results of the analyses performed on the films on
the different substrates are inside the standard deviation estimated for the bulk material, which was used as
the reference material (see Table 7).

10 pm

T r\l_ O 5 substrate

Figure 66: The cross-section of the 0.65PMN—-0.35PT thick film on the alumina substrate. The positions of
EDXS area analyses (window 7 um x 7 um) on the 0.65PMN—-0.35PT thick-film cross-section are marked with
the white squares and numbers from 1 to 5.

Table 10: Area EDXS analyses for the 0.65PMN—-0.35PT thick film on the alumina substrate cross-section
(atomic percents) shown in Fig. 66.

Number of area analysis | Mg (%) | Ti (%) | Nb (%) | Pb (%) | O (%)
1 3.8 7.0 94 19.2 60.6
2 3.7 7.2 9.5 18.9 60.7
3 32 7.6 9.5 18.7 60.9
4 3.1 74 9.5 19.1 60.8
5 3.8 7.2 9.3 19.2 60.6
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Figure 67: The cross-section of the 0.65PMN—0.35PT thick film on the 0.65PMN-0.35PT substrate. The
positions of the EDXS area analyses (window 7 um x 7 um) on the 0.65PMN—0.35PT thick-film cross-section
are marked with the white squares and numbers from 1 to 5.

Table 11: Area EDXS analyses for the 0.65PMN—-0.35PT thick film on the 0.65PMN-0.35PT substrates cross-

section (atomic percents) shown in Fig. 67.

Number of area analysis | Mg (%) | Ti (%) | Nb (%) | Pb (%) | O (%)
1 3.2 7.3 9.8 18.8 61.0
2 34 7.2 9.7 18.7 60.9
3 3.3 7.3 9.7 18.8 60.9
4 3.3 7.3 9.7 18.7 61.0
5 34 7.3 9.8 18.5 60.8
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Figure 68: The cross-section of the 0.65SPMN—0.35PT thick film on the AIN substrate. The positions of EDXS
area analyses (window 7 pm x 7 um) on the 0.65PMN—-0.35PT thick-film cross-section are marked with the
white squares and numbers from 1 to 5.

Table 12: Area EDXS analyses for the 0.65PMN-0.35PT thick film on the AIN substrates cross-section (atomic
percents) shown in Fig. 68.

Number of area analysis | Mg (%) | Ti (%) | Nb (%) | Pb (%) | O (%)
1 3.1 7.6 9.7 18.6 61.1
2 3.0 7.7 9.5 18.7 61.0
3 3.1 74 9.7 18.7 61.0
4 3.2 7.5 9.6 18.7 61.0
5 33 7.4 9.5 19.0 60.8
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4.3.1.4 Phase composition of the 0.65PMN-0.35PT films at room temperature

The X-ray diffraction diagrams of the 0.65PMN-0.35PT films printed twice on the Al,Os, Pt, 0.65PMN-—
0.35PT and AIN substrates were measured. The thicknesses of the films were 21 pm, 20 um, 26 um and 34
pum, respectively, and are shown in Fig. 55. No diffraction peaks that might correspond to the pyrochlore or
PbO phases were detected. In Fig. 69 the diffraction diagram of the film on the alumina substrate is shown.
The inset shows the de-convolution of the (002) and (200) tetragonal peaks (grey) and the (002), (200),
(020) monoclinic peaks (black).
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Figure 69: The X-ray diagram of the 0.65PMN—0.35PT film on the alumina substrate. The families of planes are
given in brackets. The inset shows the refined Bragg peak positions of the (002), (200) tetragonal (grey) and the
(002), (200), (020) monoclinic (black) phases.

The X-ray diffraction diagrams of the 0.65PMN-0.35PT films on the Al,Os, Pt, 0.65PMN-0.35PT
and AIN substrates are different in spite of the same firing temperature and time. In Fig. 70 the X-ray
diffraction diagrams of the 0.65PMN-0.35PT films on the Al,O; Pt, 0.65PMN-0.35PT and AIN
substrates in the range from 260 = 44.4° to 20 = 45.7° are shown. Rietveld refinement confirmed the
coexistence of the tetragonal PAmm and monoclinic phases Pm in the 0.65PMN-0.35PT thick films on
alumina substrates at room temperatures. A percent ratio of 42% Pm and 58% of P4mm phases was
determined. We also considered the possibility that the phase is tetragonal only, however the quality of the
refinement was lower. For 0.65PMN-0.35PT thick films on Pt substrates the amount of monoclinic Pm
and tetragonal P4mm phases was 81% and 19%, respectively. Taking into account the (001) partial
preferential orientation for tetragonal phase improved the quality of the refinement. The ratio of the
intensities Lo1y/(Ii00yt Loioy T Loory) for these films was 0.66, whereas for the non-oriented films it was
0.33. The measured, calculated and difference curves obtained from the Rietveld refinements of the
samples are presented in Figs. 71 and 72. The top marks correspond to the tetragonal phase and the bottom
ones to the monoclinic. The positions corresponding to the Pt electrode (denoted by arrows) were excluded
from the refinement.
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Figure 70: The X-ray diffraction diagrams of the 0.65PMN-0.35PT thick films on a) AL,Os, b) Pt, ¢) 0.65PMN—
0.35PT and d) AIN substrates in the range from 20 = 44.4° to 20 = 45.7°. The refined peak positions of the
(002), (200) tetragonal (grey) and the (002), (200), (020) monoclinic (black) phases are marked.
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Figure 71: Final observed (red), calculated (black) and difference curves of the X-ray diffraction Rietveld
refinement for films deposited on a) Al,O; and b) Pt. The top black marks correspond to the tetragonal phase
and the bottom ones to the monoclinic.
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Figure 72: Final observed (red), calculated (black) and difference curves of the X-ray diffraction Rietveld
refinement for films deposited on a) 0.65PMN-0.35PT and b) AIN. The black marks correspond to the
monoclinic phase. The positions corresponding to Pt electrode (arrows) were excluded from the refinement.
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In Table 13 the calculated phase ratio (monoclinic-to-tetragonal) in a percentage, the reliability factors
R for the monoclinic and tetragonal phases, and the goodness of the fit for the profile, Gof, are collected for
the 0.65PMN-0.35PT thick films on the Al,O3, Pt, 0.65PMN-0.35PT and AIN substrates. The values of the
reliability factors and the goodness of fits are acceptable, taking into account the fixed atomic positions.
The unit-cell parameters for the monoclinic Pm and the tetragonal PAmm phases for the 0.65PMN-0.35PT
thick films on the Al,O3, Pt, 0.65SPMN-0.35PT and AIN substrates are collected in Table 14. The major
difference in the cell parameters of the films and bulk ceramics fired at 1200°C (section 4.2.1) is in the
value of the monoclinic angle . However, even this difference has no major influence on the volume of the
unit-cell.

Table 13: Phase ratio, reliability factors R, for the monoclinic Pm (Ry;) and the tetragonal P4mm (Rt) phases and
goodness of fit (Gof), from the Rietveld analysis of the X-ray data measured at room temperature.

substrate Phase ratio in percentage (%) Rm Rr Gof
(monoclinic Pm : tetragonal P4mm)

AlLO; 42:58 5.58 5.85 1.75

Pt 81:19 3.68 4.18 1.19

0.65PMN-0.35PT 100:0 431 / 1.10

AIN 100:0 5.49 / 1.89

Table 14: Unit-cell parameters for monoclinic Pm and tetragonal P4mm phases from the X-ray data of thick
films measured at room temperature.

substrate Unit-cell parameters Unit-cell parameters
for monoclinic Pm phase for tetragonal P4mm phase
AlL,O3 a=4.01352) A, b=4.0021(2) A, a=4.0016(1) A,
c=4.0299(2) A, B =90.00(7)° c=4.04377(1H) A
Pt a=4.0204(3) A, b=4.0055(3) A, a=4.0039(2) A,
¢ =4.0350(3) A, B =90.00(6)° c=4.0449(2) A
0.65PMN-0.35PT a=4.0159(2) A, b=4.0072(2) A, /
c=4.0269(2) A, B =90.03(2)°
AIN a=4.0160(2) A, b=4.0081(2) A, /
c=4.0262(2) A, B =90.01(4)°

4.3.1.5 Phase composition of the 0.65PMN-0.35PT bulk ceramics fired at 950°C at room
temperture

For the comparison with thick 0.6SPMN-0.35PT films, the X-ray diffraction diagram of the bulk ceramics
with the same composition and fired at the same temperature, i.e., 950°C was also measured and it is shown
in Fig. 73. At first glance, the Bragg peaks appear single, but broad. Different phases were considered,
however the best agreement factor and matching between the observed and calculated profiles is obtained
with only a monoclinic Pm phase and the unit-cell parameters: a = 4.0160(1) A, b = 4.0057(1) A, ¢ =
4.0271(2) A and B = 90.091(3)°. The inset in Fig. 73 shows the family of (200) peaks. The refined peak
positions (002), (200), (020) of the monoclinic Pm phase are marked.

Two regions, i.e., from 20 = 38° to 20 = 40° and from 26 = 44.2° to 20 = 46.4°, of the measured X-ray
diffraction diagram and the Rietveld refinement for the monoclinic Pm phase are shown in Fig. 74. The
Rietveld refinement for the cubic Pm-3m phase is also added for comparison (insets in Fig. 74). It is clearly
evident that the calculation and the measurements are in better agreement for the monoclinic Pm phase than
for the cubic Pm-3m phase.

We tried a mixture of the monoclinic Pm phase with the tetragonal P4mm one, but no improvement in
the refinement was obtained. Therefore, the prepared bulk ceramics at 950°C are described by a monoclinic
phase, while a small amount (not detected in our X-ray data) of tetragonal phase cannot be completely
excluded.
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Figure 73: The X-ray diffraction diagram of 0.65PMN-0.35PT ceramics fired at 950°C. Inset shows the family
of (200) peaks. The refined peak positions (002), (200), (020) of the monoclinic Pm phase are marked in the
inset.
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Figure 74: Two regions a) from 20 = 38° to 20 = 40° and b) from 20 = 44.2° to 26 = 46.4°, of measured X-ray
diffraction diagram for the ceramics and the profile matching for the monoclinic Pm phase. Insets: the profile
matching for the cubic Pm-3m phase is also added for comparison.
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4.3.1.6. Temperature dependence of the phase composition of 0.65PMN—0.35PT films

To understand and clarify the co-existence of the monoclinic and tetragonal phases, the X-ray diffraction
analysis of the 0.65PMN-0.35PT films were performed at different temperatures, i.e., from -173°C to
200°C. The X-ray diffraction patterns were measured within the interval from 26 = 39.75° to 20 = 41.25°
using a step of 0.01°. The X-ray diagrams of the family of (200) peaks of 0.65PMN—0.35PT films on
alumina substrates at different temperatures are shown in Fig. 75. The black arrow indicates the increasing
temperatures.
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Figure 75: The X-ray diffraction diagram of the 0.65PMN-0.35PT films on the alumina substrates measured at
different temperatures. The black arrow indicates the increasing temperatures.
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At high temperatures of 187°C and 200°C, the diffraction pattern with single Bragg peaks is described
by a cubic Pm-3m phase. At 177°C, a new peak on the left-hand side (at a lower angle) of the main Bragg
peak appears, attesting to the occurrence of the tetragonal phase. The peak splitting is well understood by
considering a tetragonal phase down to 107°C, but below that temperature an additional intensity is
observed in between the two tetragonal Bragg peaks. This is an indication of the appearance of the
monoclinic phase. As a result, at 27°C the phase ratio is 42% of monoclinic Pm phase and 58% of
tetragonal P4Amm phase, as was mentioned in the previous section. The coexisting phases are observed until
—73°C, below which the phase has mainly a monoclinic symmetry. Fig. 76 shows the variations of the unit-
cell parameters with temperature for both the monoclinic Pm and the tetragonal P4mm phases.
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Figure 76: Variations of cell parameters with temperature for a) the tetragonal PAmm and b) the monoclinic Pm
phases of the 0.65PMN-0.35PT films on alumina substrates. The dashed rectangle shows the area of the
coexistence of the tetragonal PAmm and monoclinic Pm phases. The lines between the measured values are just a

guide to the eye.

With decreasing temperature the tetragonal a-parameter decreases, while the c-parameter increases
describing the enhancement of the tetragonal strain, which reaches a value of ~1.4% at —73°C. The
monoclinic unit-cell parameters decrease very weakly with the decreasing temperature. The beta
monoclinic angle is relatively stable at 90.24° (£0.04°) until 27°C where it drops to a value close to 90°. In
Fig. 76, the dashed rectangle shows the area of the coexistence of the tetragonal P4mm and the monoclinic
Pm phases. Between 67°C and 87°C, a small amount of the monoclinic phase is detected, but due to the
very weak intensity of its reflections, the positions cannot be refined.
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The X-ray diagrams of the family of the (200) peaks for the 0.65PMN-0.35PT films on Pt substrate
measured at different temperatures are shown in Fig. 77. The X-ray diffraction diagrams were measured
within the interval from 26 = 39.75° to 26 = 41.25° using a step of 0.01°.
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Figure 77: The X-ray diffraction diagram of the 0.65PMN-0.35PT films on the Pt substrates measured at
different temperatures. The black arrow indicates an increase of the temperature.

For the 0.65PMN-0.35PT films on Pt substrates at low temperature, the monoclinic Pm phase is found
as in the case of the film on the alumina substrate. The tetragonal phase is detected above —33°C, with a
tetragonal strain of ~1.1%. At 27°C, as was already mentioned (Table 13), the phase ratio is 81% of the
monoclinic Pm phase and 19% of the tetragonal P4Amm phase. Above 177°C, the cubic Pm-3m phase
appears. In Fig. 78 the temperature dependence of the cell parameters for the monoclinic Pm and the
tetragonal P4mm phases are shown.
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Figure 78: Variation of the cell parameters with temperature for a) the tetragonal P4Amm and b) the monoclinic
Pm phases of 0.65PMN-0.35PT films on Pt substrates. The dashed rectangle shows the area of the coexistence
of the tetragonal P4mm and the monoclinic Pm phases. The lines between the measured values are just a guide to
the eye.

Like for films on the Al,O; substrate, the monoclinic unit-cell parameters change very slowly with
temperature. The monoclinic beta angle is relatively stable at 90.27° (+0.03°) until -13°C, after which it
starts to decrease to reach a value close to 90° at 27°C. In Fig. 78 the dashed rectangle shows the area of the
coexistence of the tetragonal P4mm and the monoclinic Pm phases.
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The 0.65PMN-0.35PT films on the 0.65PMN-0.35PT and AIN substrates show the same tendency,
i.e., they are both monoclinic at room temperature. The following results will be shown for films on the
0.65PMN-0.35PT substrate. The X-ray diagrams of the family of (200) peaks at different temperatures for
films on the 0.65PMN-0.35PT substrate are shown in Fig. 79. The X-ray diffraction diagrams were
measured within the interval from 20 = 39.75° to 20 = 41.25° using a step of 0.01°. The black arrow
indicates increasing temperature.
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Figure 79: The X-ray diffraction diagram of 0.65PMN—-0.35PT films on 0.65PMN-0.35PT substrates measured
at different temperatures. The black arrow indicates the increasing temperature.

The Rietveld refinement showed that at -173°C the phase of the 0.65PMN-0.35PT films on the
0.65PMN-0.35PT substrates is the monoclinic Pm. The tetragonal phase was not detected up to the Curie
temperature. It is possible that a very weak tetragonal phase also appears in these films, but the tetragonal
distortion, if present, is too weak, which makes it difficult to distinguish it from the monoclinic phase in the
refinement. At 187°C and higher temperatures the phase is cubic Pm-3m. In Fig. 80 the variation of the
cell parameters with temperatures for the monoclinic Pm phase shows the direct transition from the
monoclinic to cubic phase. The beta angle is decreasing with increasing temperature and reaches the value
90° after the transformation from the monoclinic to the cubic phase. It is worth noting that the beta angle
shows two regions. Above 27°C, the value of the angle is almost constant with a typical value of 90.05°,
which is very close to 90°. Below 27°C, the beta angle increases continuously reaching a value of 90.28° at
—173°C. We observed a small shift off the general trend of the evolution of the cell parameters at low
temperature. This shift is within the experimental error, around 0.005 A, estimated from the error of the
position of the detector at low temperatures.
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Figure 80: Variation of the cell parameters with temperature for the monoclinic Pm phase of the 0.65PMN-
0.35PT films on the 0.65PMN-0.35PT substrates. The lines between the measured values are just a guide to the
eye.

4.3.1. 7 Influence of the film thickness on the phase composition of the 0.65SPMN—0.35PT films

To study the residual stresses in films, the influence of the film thickness vs. the phase composition of the
0.65PMN-0.35PT films was studied. The films on the alumina were chosen, because at room temperature
the percent of the tetragonal phase is the highest. The films on the 0.65PMN-0.35PT were chosen, because
at room temperature only the monoclinic phase is present. The X-ray diffraction diagrams of 20 pum, 35
um, 65 um and 100 um thick 0.65SPMN-0.35PT films on the alumina substrates are shown in Fig. 81a. The
family of (200) peaks of these X-ray diagrams is shown in Fig. 81b. The black arrow indicates increasing
film thickness. As we can see in Fig. 81, the X-ray diagram is slightly changing with thickness. In Fig. 81b
the minimum between two peaks is increasing with increasing thickness. The phase ratio in percent for 20
pum thick film is 42% of the monoclinic Pm phase and 58% of the tetragonal PAmm phase (section 4.3.1.5).
The phase ratio for the 100 um thick film is 55% of the monoclinic Pm phase and 45% of the tetragonal
P4mm phase. The percentage of the monoclinic Pm and the tetragonal P4mm phases for the thinnest and
the thickest films are marked in Fig. 81b.

The difference in the phase ratio of 20 um and 100 pm thick films on the alumina substrate could be
due to the stress gradient in the films, which is developed during the sintering and the cooling procedure or
due to the different grain sizes of the films as is reported in ref. [54] for bulk 0.65SPMN-0.35PT ceramics.
The microstructures of the surface of 20 um and 100 pm thick films are shown in Figs. 82 and 83. The
grain size of the 20 pm and 100 pm thick films is in agreement within the measurement error, i.e., 1.7 ym +
0.5 ym and 1.8 pm + 0.6 pm, respectively. The median grain sizes were determined from the SEM
micrographs of the film surfaces.
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Figure 81: a) The X-ray diffraction diagram of the 20 um, 35 pm, 65 pm and 100 pm thick 0.65PMN—0.35PT
films on the alumina substrates. b) The family of (200) peaks for X-ray diagram of 20 um, 35 pm, 65 pum and
100 pm thick 0.65PMN—-0.35PT films on the alumina substrates. The percentage of the monoclinic Pm and the
tetragonal P4mm phases for the thinnest and the thickest films are marked. The black arrow indicates the
increasing film thickness.
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Figure 82: The SEM micrographs of the surface of a) 20 um and b) 100 pm thick 0.65PMN-0.35PT films on
Al,O; substrates (magnification 3000).
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Figure 83: The SEM micrographs of the surface of a) 20 um and b) 100 pm thick 0.65PMN-0.35PT films on
Al)O; substrates (magnification 7000).
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The X-ray diffraction diagrams of the 25 pm, 50 um and 150 pm thick 0.65PMN-0.35PT films on
0.65PMN-0.35PT substrates are shown in Fig. 84a. The family of (200) peaks for these X-ray diagrams are
shown in Fig. 84b. The black arrow indicates the increasing film thickness. No significant difference
between the X-ray diagrams is observed. Only the monoclinic phase Pm was determined by the Rietveld
analyses for all the films, regardless of the thickness.
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Figure 84: a) The X-ray diffraction diagram of the 25 pm, 50 pm and 150 pm thick 0.65PMN-0.35PT films on
0.65PMN-0.35PT substrates. b) The family of (200) peaks for the X-ray diagram of 25 um, 50 um and 150 pm
thick 0.65PMN—-0.35PT films on 0.65PMN-0.35PT substrates. Only the monoclinic phase was detected. The
black arrow indicates the increasing film thickness.
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4.3.1.8. Young’s modulus of the 0.65PMN-0.35PT film and bulk ceramics

The Young’s moduli of the 0.65PMN-0.35PT films were measured by nano-indentation, as is explained in
3.2.2.1. The load-displacement curves F(h) of the 50 pm thick non-poled 0.65PMN-0.35PT film on the
alumina substrate are shown in Fig. 85.
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Figure 85: The load-displacement curves F(h) of the 0.65PMN-0.35PT film on the alumina substrate.

The determined Young’s moduli of the 0.65PMN-0.35PT film on the alumina substrate are: Y, = 103
GPa, Y, =92 GPa, Y; =96 GPa, Y, =103 GPa, Y5 =97 GPa, Y, = 87 GPa, Y; = 83 GPa with the average
value: Y = 94 GPa + 10 GPa. To see the difference among the measurements on the film without or with
the top gold electrode, the same measurements were performed on the films with the top electrode. As
expected, due to the small thicknesses of the sputtered electrodes (around 100 nm), the average Young’s
modulus is in agreement with the Young’s modulus measured on the film without the top electrode within
the measurement error. Measurements are collected in Table 15. The measurements were also performed
on the poled 0.65PMN-0.35PT film on the alumina substrate. The optimal poling field for the 0.65PMN-—
0.35PT material was chosen, i.e., 2.5 kV/mm. Also in this case the average Young’s modulus is in
agreement with the Young’s modulus of the non-poled film, i.e., Y = 89 GPa + 10 GPa within the
measurement error (Table 15). The results indicate that poling does not influence the values of the Young’s
moduli.

Table 15: The Young’s moduli of the non-poled 0.65PMN-0.35PT film on the alumina substrate without or
with the top electrode and of the poled 0.65PMN-0.35PT film on the alumina substrate measured on the top
electrode.

Substrate | Non-poled film Non-poled film Poled film -2.5 kV/mm
(measured on the bare (measured on the (measured on the
film) electrode) electrode)

GPa GPa GPa

Alumina |94 +£10 9010 89+£10
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The average Young’s moduli of the 0.65PMN-0.35PT films on the Al,Os, Pt, 0.65PMN-0.35PT and AIN
substrates and 0.65PMN-0.35PT bulk ceramics fired at 1200°C and 950°C are collected in Table 16.

Table 16: The Young’s modulus of the non-poled 0.65PMN-0.35PT films on the Al,O;, Pt, 0.65PMN-0.35PT
and AIN substrates and bulk 0.65PMN-0.35PT ceramics fired at 1200°C and 950°C.

Film on substrate or Y (GPa)
bulk

Al O3 90+ 10
Pt 90 £ 38
0.65PMN-0.35PT 30+9
AIN 20+2

bulk 1200°C 75 +£12
bulk 950°C 20+4

The highest values were obtained for the 0.65PMN-0.35PT film on the Al,O; and Pt substrate. For the
0.65PMN-0.35PT bulk ceramics fired at 1200°C for 2 hours, the Young’s modulus was 75 GPa. The
significantly lower values were obtained for films on the AIN and 0.65SPMN-0.35PT substrates and the
bulk ceramics fired at 950°C, due to the high porosity of the samples.

The measured Young’s modulus for the 0.65PMN-0.35PT bulk ceramics fired at 1200°C is in
agreement with the reported values for the 0.7PMN-0.3PT bulk ceramics [104], i.e., 75 GPa. As is reported
in ref. [102] the average Young’s modulus of the 0.65PMN-0.35PT material prepared by tape casting
depends on the grain size. In the measured areas of smaller grains the average Young’s modulus was 70
GPa, however in the areas of the larger grains it was around 107 GPa. For the Young’s modulus of the
0.65PMN=-0.35PT thick films no data are reported. Zhong et al. reported Young’s moduli for the
0.65PMN-0.35PT thin films on Si/SiO, and LaAlO; substrates to be 96 GPa and 92 GPa, respectively
[105].

The measurements of the transverse Young’s moduli Y3 of the 0.65PMN-0.35PT films were also
performed. The measurements of Y33 and Y3 could be different in films due to the stresses in the films or
due to the orientation, as described before for films on Pt substrates (section 4.3.1.4). The samples cross-
sections were prepared and the indenter was pushed into the 0.65PMN—-0.35PT film, as is schematically
shown in Fig. 86. The z axis denoted 3 is perpendicular to the film surface. The measured value was around
60 GPa, however due to the influence of the substrate the measurements were not reliable. In Fig. 87 the
photographs of the film cross-sections before and after the indentation are shown. The place of the
indentation was close to the substrate, as is shown in Fig. 87b.

DIRECTION
OF THE MEASUREMENT —1> 0.65PMN-0.35PT FILM

Figure 86: The measurements of the transverse Young’s moduli Y3 of the 0.65PMN—0.35PT films on the Al,O;
substrate - schematically.
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PbZr 53Ti.470;3

BEFORE INDENTATION

AFTER INDENTATION

b)

Figure 87: The photograph of the indentation measurements of the transverse Young’s moduli Y,; for the
0.65PMN-0.35PT film on the Al,O; substrate: a) before the measurement and b) after the measurement. The

place of the indentation is marked with the red square.



Results and Discussion

85

4.3.2 Influence of the substrate materials on the electrical properties of the 0.65PMN-

0.35PT thick films

4.3.2.1 Dielectric properties of the 0.65SPMN-0.35PT thick films

In Fig. 88 a), b), ¢) and d) the temperature dependences of the dielectric properties for films on Al,O;, Pt,
0.65PMN-0.35PT and AIN substrates with thicknesses of 21 um, 20 um, 26 pm and 34 pm are shown,

respectively. Data were collected during ZFC. The measurem
added for comparison.
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Figure 88: Dielectric constant € measured as a function of the temperature at 1 kHz, 10 kHz and 100 kHz for
films on a) AL,Os, b) Pt, ¢) 0.65PMN—-0.35PT and d) AIN substrates. ¢) The measurements for bulk ceramics
fired at the same temperature, i.e., 950°C are added. The insets show the detail of the peaks in the dielectric

constants.
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The highest € at room temperature was obtained for the 0.65PMN-0.35PT films on the alumina substrates,
i.e., around 3400 at 1 kHz, which is comparable with measurement made for dense bulk ceramics sintered
at 1200°C, i.e., 3600 at 1 kHz (section 4.2.2). Also, the maximum value of the dielectric constant &,,x is
high, i.e., approximately 21000. The € of the films on the Pt substrates was below 2000. For the films on
the 0.65PMN-0.35PT and AIN substrates low values were observed, i.e., ¢ = 700 and € = 300, respectively.
The reasons for the differences in the € of thick 0.65PMN-0.35PT films on the different substrates are
microstructures, as shown in section 4.3.1.3. The films on the 0.65PMN-0.35PT and AIN substrates are
porous and consist of small grains, consequently the ¢ are low in comparison with the & of 0.65PMN-
0.35PT film on Al,Os.

The dielectric constants € vs. temperature measured at 100 kHz in the extended temperature range
(from approximately -120°C to 300°C) for films on Al,Os, Pt, 0.65PMN—-0.35PT and AIN substrates with
thicknesses of 21 pm, 20 um, 26 pm and 34 pum are shown in Fig. 89. All the samples were sintered 2
hours at 950°C. The measurement &(T) for the 0.65PMN-0.35PT bulk sintered at the same temperature and
time is added for comparison.

The low-temperature (LT) phase-transition peaks from the monoclinic Pm to the tetragonal P4mm
phases can be observed in the measurements &(T) of the 0.65PMN—-0.35PT films on the alumina and
platinum substrates (insets in Fig. 89). Broad peaks of the low-temperature transition of monoclinic to
tetragonal phase have maxima at around 50°C. The temperature of the phase-transition is in agreement
with the data in the literature. Alguero et al. reported that the mechanical and electro-mechanical
properties of 0.655PMN-0.345PT reflect the LT phase-transition at 40°C-70°C [91]. Xia et al. reported
that € vs. temperature measurements show that the LT phase-transition peak for the non-poled 0.65PMN-
0.35PT ceramics is around 50-80°C [60]. The LT phase-transition peak is not observed for the bulk
0.65PMN-0.35PT samples and films on the 0.65PMN-0.35PT and AIN substrates, which indicate that the
monoclinic Pm phase is stable up to the temperature of the transition into the cubic phase. These
measurements are in agreement with the results of the X-ray analyses of the films at different
temperatures.
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Figure 89: The dielectric constant € vs. temperature at 100 kHz for the 0.65PMN—0.35PT films on the Al,O;, Pt,
0.65PMN-0.35PT, AIN substrates, and for the bulk ceramics. The insets show the same graphs on a logarithmic
scale. The LT phase-transitions are marked with black arrows. All samples were fired at 950°C for 2 hours.
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4.3.2.2 Piezoelectric properties of the 0.6SPMN—0.35PT thick films

For the piezoelectric measurements samples were poled with the optimum poling conditions, i.e., 2.5
kV/mm (section 4.2.2.). The 50 um thick 0.65PMN-0.35PT films on alumina substrates were measured by
three different methods: by Photonic sensor, atomic force microscope AFM and Berlincourt piezometer, to
examine the differences in obtained results. The 0.65PMN—0.35PT films on alumina substrates, the average
displacement/voltage value measured by Photonic sensor was 185 pm/V + 20 pm/V. The AFM
measurement of displacement of the poled 0.65PMN-0.35PT thick film on the alumina substrate showed
the values 190 pm/V £ 15 pm/V. The measurement error = 15 pm/V is calculated from the noise-to-signal
ratio of the AFM measurement. With the Berlincourt piezometer the average value 3™ of 180 pm/V + 20
pm/V was obtained. All the measurements are summarized in Table 17.

Table 17: The piezoelectric coefficients d33eff of 50 um thick 0.65PMN—0.35PT films on alumina substrates
obtained by Photonic sensor, atomic force microscope AFM and Berlincourt piezometer.

s (pm/V) ds™ (pm/V) | dys™ (pC/N)

Photonic sensor AFM Berlincourt piezometer
(1.1 Hz) (5 Hz) (100 Hz)

185420 190 + 15 180 + 20

The measurements made by Photonic sensor, atomic force microscope AFM and Berlincourt
piezometer are in agreement, within the measurement error. The average piezoelectric coefficient of the
0.65PMN=-0.35PT film on the alumina substrate is 185 pm/V + 20 pm/V, which is among the highest
reported piezoelectric coefficients in [67, 68], as is shown in Table 2.

Due to the fact that the measurements for the piezoelectric coefficient d33eff of 0.65PMN-0.35PT films
on Al,O; substrates with all three methods are the same within the measurement error, we decided to
measure the piezoelectric coefficients of the films on other substrates (Pt, 0.65PMN-0.35PT, AIN) with
two methods, one based on the direct piezoelectric effect (Berlincourt piezometer method) and one based
on the inverse piezoelectric effect (Photonic sensor method). The di:™" measurements of 50 pm thick films
on Pt, 65 pm thick films 0.65PMN-0.35PT and 80 pm thick films AIN substrates are summarized in Table
18. From the equation (10) the estimation of the piezoelectric coefficient ds; of the unclamped 0.65PMN-
0.35PT films can be made. The calculated ds; coefficients of the 0.65PMN—0.35PT films are added in
Table 18. For the calculation the measurements of ds;*" made by Berlincourt piezometer were used. The
other parameters were taken from Refs. [83, 91, 104] for bulk material.

Table 18: The piezoelectric coefficient ds;*" of the 0.65PMN—0.35PT film on Pt, 0.65PMN—0.35PT and AIN
substrates.

Substrate di: (pm/V) ds™ (pC/N) Calculated ds; (pC/N)
Photonic sensor Berlincourt
(1.1 Hz) piezometer
(100 Hz)
AlLOs 185 + 20 180 + 20 280
Pt 110+ 15 140 £ 15 240
0.65PMN-0.35PT | 120+ 10 105+ 15 200
AIN around 20 pC/N-30 pC/N 120
(low value due to low density)

The highest value was obtained for the films on the alumina substrate, i.e., 185 pC/N. For films on the
Pt and 0.65PMN-0.35PT substrates, lower d3;*™ values were obtained, i.e. 140-110 pC/N and 120-105
pC/N, respectively. The measured ds;*" values for films on AIN were around 20 pC/N-30 pC/N, however
the correct value of these films was not possible to determine as the error of the measurement was
comparable with the measured value. These results can be explained with the high porosity of the films on
AIN substrates.
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The piezoelectric coefficients for densely sintered bulk materials are around 650 pC/N (Table 5). The
measured piezoelectric coefficients s for all the 0.65PMN—-0.35PT films are below 200 pC/N. One of
the reasons for the lower piezoelectric coefficient of films is that the films are clamped to the rigged
substrates, which decreases the dj; for approximately 40% (as calculated by equation 10). One possible
reason for the measured lower ds;values for the films in comparison with dense ceramics could be also that
the polarized areas of film are surrounded by non-polarized material as the dimensions of the upper
electrodes were 3 mm and the electrodes were separated by 2 mm. However for our samples this was not
the case. The thick-film samples on alumina substrates were also prepared in the way that the top gold
electrode covered the whole thick-film surface. Also in this case the measured ds; coefficient of 0.65PMN-
0.35PT films on alumina substrates was 180 pC/N. For other reasons, which can contribute to the lower
piezoelectric constant of film in comparison with bulk ceramics further investigation will be needed.

4.3.2.3 Ferroelectric properties of the 0.65SPMN—0.35PT thick films

The ferroelectric hysteresis loops were measured for 0.65PMN—-0.35PT films on Al,Os3, Pt, 0.65PMN-—
0.35PT and AIN substrates with thicknesses of 50 pm, 50 um, of 65 um and of 80 pum, respectively. The
hysteresis loops are shown in Fig. 90. The remanent polarization P, and coercive fields E. for 0.65PMN-
0.35PT films on Al,O3, Pt, 0.65PMN-0.35PT and AIN substrates are summarized in Table 19.
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E (kV/cm)
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Figure 90: The ferroelectric hysteresis loops of 0.65PMN-0.35PT films on a) Al,Os, b) Pt, ¢) 0.65PMN—-0.35PT
and d) AIN substrates.
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Table 19: The ferroelectric properties of 0.65PMN—0.35PT films on Al,O;, Pt, 0.65PMN—0.35PT and AIN
substrates; remanent polarization P, and coercive field E..

Substrate P, E.
(uC/em?) | (kV/em)

AlLO; 22 24

Pt 27 14

0.65PMN-0.35PT 8 15

AIN 2.5 15

A high remanent polarization was obtained for films on Pt substrates, i.e., 27 uC/cmz, which is comparable
with the value obtained for 0.65PMN—0.35PT bulk ceramics fired at 1200°C, i.e., 33 pC/cm? (section
4.2.2). The remanent polarization is also high for films on Al,O; substrates, i.e., 22 uC/cmz. The lowest
remanent polarization P, was measured for 0.65PMN-0.35PT films on 0.65PMN-0.35PT and AIN
substrates, due to the high porosity of the films and due to the small grain size.
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4.3.3 Discussion on the influence of the substrate materials on the structural and
electrical properties of the 0.65PMN-0.35PT films

The 0.65PMN-0.35PT thick films were prepared on different substrates to study the influence of the
substrates on the properties of the films. Films on all substrates (Al,Os, Pt, 0.65PMN-0.35PT and AIN)
were screen printed, fired and cooled under the same conditions, i.e., for 2 hours at 950°C and with a
cooling rate of 3°C/min. For films on Al,O; substrates the B-alumina crystals at the interface between the
substrate and Pt electrode were observed. The formation of this phase is due to the reaction between the
alumina and the PbO, which diffused from PMN-PT layers to the alumina substrates during firing. To
prevent these interactions the Pb(Zry s3Tig47)O;3 barrier layer among bottom electrode and substrate were
printed and fired.

The cross-sections of the films on different substrates were analyzed by EDXS analyses. The analyses
showed that no difference in the chemical composition among the films on the different substrates can be
observed within the measurement errors. According to EDXS analyses all the films were chemically
homogenous through the thickness and interactions between the films and substrates were not detected
with the exception of the films on alumina as described above and the formation of 30 nm thick Pb-Pt
alloy layer at the interface of the film and the Pt substrate.

The films prepared under the same sintering conditions on different substrates have different
microstructures. The films on Al,O5; and Pt substrates are dense with the median grain sizes of 1.7 um and

1.2 um, respectively, while the films on 0.65PMN—0.35PT and AIN substrates are porous and the median
grain sizes of these films are 0.5 pm and 0.3 pm, respectively. The thicknesses of films printed two times
on Al,O3, Pt, 0.65PMN-0.35PT and AIN substrates are 21 um, 20 pum, 26 um and 34 pm, respectively.
The grain sizes of the films on Al,0; and Pt substrates are comparable with the grain size of bulk ceramics

fired at 1200°C, i.e., 1.1 pm, however the grain sizes of films on 0.65PMN—0.35PT and AIN substrates are
comparable with the grain size of bulk ceramics fired at 950°C, i.e., 0.3 pm.

Thick-film structures on different substrates and the bulk ceramics fired at 950°C were analysed by
the X-ray diffraction analyses. No extra diffraction peaks that might correspond to pyrochlore or PbO
phases were detected. The phase composition of the films on Al,O3 and Pt substrates shows co-existence
of the monoclinic Pm and the tetragonal P4Amm phases. The co-existence of the monoclinic and tetragonal

phases was also observed for 0.65PMN—0.35PT bulk ceramics fired at 1200°C. On the other hand, results
showed that the films on the 0.65PMN-0.35PT and AIN substrates, and bulk ceramics fired at 950°C
consist of monoclinic Pm. To understand and clarify the co-existence of monoclinic and tetragonal
phases, the X-ray diffraction diagrams of the 0.65PMN-0.35PT films were measured at different
temperatures. At low temperature, i.e., -173°C, the phase is monoclinic for all films. For the films on the
Al,O5 and Pt substrates the co-existence of the monoclinic and the tetragonal phases was observed in wide
temperature range around room temperature. At a temperature of 107°C and higher the phase is pure
tetragonal and at 187°C and higher the phase is the cubic Pm-3m. For the films on the 0.65PMN-0.35PT
and AIN substrates the phase stays monoclinic till the phase-transition into the cubic phase. The reason for

the different phase compositions of the films on Al,O;, Pt, 0.65SPMN—0.35PT and AIN substrates is the

difference in the grain sizes. Data in the literature [54] show that the 0.65PMN—0.35PT bulk ceramics with
small grains, i.e., 0.15 pm consist manly of monoclinic phase, while the ceramics with larger grains, i.e., 4
um is a mixture of monoclinic and tetragonal phase. This is in agreement with our results.

In the measurements of dielectric constants vs. temperature for films on Al,O; and Pt substrates and
for bulk ceramics fired at 1200°C, besides a high-temperature transition from monoclinic to cubic phase,
there is also a broad peak of the low-temperature transition of the monoclinic to tetragonal phase, with a
maximum at around 50°C. While for films on 0.65PMN-0.35PT and AIN substrates and for bulk ceramics
fired at 950°C only the monoclinic-to-cubic transitions at the Curie temperature was observed. These
results confirmed the results obtained by X-ray analyses.

The dielectric, piezoelectric and ferroelectric properties of the 0.65PMN-0.35PT films were
measured. The highest dielectric constants € at room temperature were obtained for the 0.65PMN-0.35PT



Results and Discussion 91

films on the alumina and platinum substrates, i.e., around 3400 and 2000, respectively. These two values

are comparable with the dielectric constant of 0.65PMN—0.35PT ceramics densely sintered at 1200°C,
which was 3400. For the films on the 0.65PMN-0.35PT and AIN substrates, low values for &£ were
measured, i.e., 700 and 300, respectively. The highest value for the piezoelectric coefficient d33eff was
obtained for the films on the alumina substrate, i.e., 185 pC/N. For the films on the Pt and 0.65PMN-
0.35PT substrates lower d33eff values were obtained, i.e. 140—110 pC/N and 120—105 pC/N, respectively.
The measured d33effvalues for the films on the AIN were around 20—30 pC/N, however the correct value
of these films was not possible to determine as the error of the measurement was comparable with
measured value. The largest difference between the properties of films and bulk ceramics sintered at
1200°C is shown in piezoelectric coefficients. Measured values for bulk ceramics fired at 1200°C and
poled under the same conditions as films were 660 pC/N.

A high remanent polarization was obtained for the films on the Pt substrates, i.e., 27 uC/cmz, which is
comparable with the value obtained for densely sintered 0.65PMN—0.35PT bulk ceramics fired at 1200°C,
i.e., 33 uC/cm’. The remanent polarization is also high for the films on the ALO; substrates, i.c., 22
uC/cmz. The lower remanent polarization was measured for the 0.65PMN-0.35PT films on the 0.65PMN-
0.35PT and AIN substrates, i.e., 8 uC/cm2 and 3 uC/cmz, respectively.

As mentioned above the films on all the substrates were prepared under the same conditions, but the
phase compositions, grain sizes and electrical properties are different. These results indicate that the choice
of the substrate materials strongly influences the characteristics of the films. For example, if we compare
films and bulk ceramics of the same composition and sintered at the same temperature, i.e., 950°C, we can
conclude that the significant grain growth was observed for films on the Al,O3 and Pt substrate. The grain
size for films on 0.65PMN-0.35PT and AIN as well for bulk ceramics fired at 950°C is similar to the grain
size of the starting powder. Probably, the high porosity in the films inhibits the grain growth.

On the other hand, during the sintering and the cooling procedure, due to the difference in the thermal
expansion coefficients (TECs) among the films and substrates, different residual stresses form and remain
in the films. In the literature the values for the thermal expansion coefficient (TEC) of PMN-PT crystals
with morphotropic phase boundary (MPB) compositions are reported, i.e., for the thombohedral phase
(latterly the rhombohedral phase was described in the open literature as monoclinic) 4-10%/K and for
tetragonal phase 14-10°/K [106]. Our measurements of the TEC for the 0.65PMN—-0.35PT bulk material
with t}ée composition of 86% monoclinic phase and 14% of tetragonal phase showed an average value
6.3-107/K.

The TEC values of the alumina and platinum substrates are around 8-10%/K [107, 108] and 8.8:10%/K
[109, 110], respectively and are higher than the TEC of the 0.65SPMN-0.35PT material, while the TEC of
AIN substrates is 4.5-10%K [111, 112] and therefore lower than the TEC of the 0.65PMN-0.35PT. In
Table 20, the TECs of the substrates, the differences in the TECs of the substrates and films (ATEC =
TECgypstrate — TECrim), the compressive and tensile stresses and the phase compositions in the films are
given. The data for the 0.65PMN=-0.35PT bulk ceramics fired at 950°C are added for comparison.

Table 20: The TEC of the substrates, the differences in TEC of the substrates and films (ATEC = TEC;ypstraee —
TECgm), the compressive and tensile stresses and the phase compositions in the films. The 0.65PMN—-0.35PT
bulk ceramics sintered at 950°C are added for comparison.

substrate TEC ATEC Stress - Phase composition
(10°%/K) (10°%/K) compression or
tension

AL Os gHo7. 1081 1.7 compressive coexistence Pm and P4mm

Pt 8.8!10%- 1101 2.5 compressive coexistence Pm and P4mm
0.65PMN-0.35PT 6.3 0 stress free* Pm
AIN 4.5 -1.8 tensile** Pm
Bulk ceramics 6.3 0 stress free Pm

* Pt electrode is neglected, ** poorly sintered and porous
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The 0.65SPMN-0.35PT films on the alumna and platinum substrates are under a compressive stress,
due to the positive differences in TECs of the films and the substrates (Table 20). As mentioned before the
phase composition of the 0.65PMN-0.35PT films on the alumina and platinum substrates the tetragonal
and the monoclinic phases co-exist.

In the case of the 0.65PMN-0.35PT films on the 0.65PMN-0.35PT substrates, if the Pt electrode,
which is between the substrate and film, is neglected, the films are stress free, since the TEC of the
substrate is the same as TEC of the film (ATEC = 0). The phase of the 0.65PMN—0.35PT film on the
0.65PMN-0.35PT substrate is the monoclinic Pm as in the case of 0.65PMN-0.35PT bulk ceramics fired
at 950°C. The films on the AIN substrates ought to be under a tensile stresses as the TEC of the AIN is
smaller than the TEC of the 0.65PMN-0.35PT. The phase in this case is also monoclinic. However, the
material is poorly sintered and porous and the monoclinic phase is more likely due to the small grain size.

No literature was found on how the residual stress influences the phase composition of the 0.65PMN-
0.35PT material. However, tentatively these results for the 0.65SPMN-0.35PT films under a residual stress
can be compared with thin PZT films from the literature. For the PZT system, according to the
experimental results, the compressive residual stress in the PZT thin film shifts the MPB toward the Zr-rich
composition, i.e., the rhombohedral phase [30-32], which strongly affects the measured electrical
properties of the films [32]. Also, the thermodynamic formalism based on the Landau-Devonshire's
phenomenological theory predicts the enhanced thermodynamic stability of the tetragonal phase under a
two dimensional compressive stress, where a calculation shows that a compressive stress shifts the MPB
toward the rhombohedral phase and forces PZT films to be in the tetragonal phase [30, 33]. Here note that
0.65PMN-0.35PT films are thick in comparison with PZT thin films and that the phase diagrams for PMN-
PT and PZT materials are not the same. However, the results for 0.65PMN-0.35PT thick films under a
residual stress show the same tendency as in the PZT system, i.e., the compressive stresses enhanced the
stability of the tetragonal phase.

To confirm the existence of the stresses in the films the influence of the thickness of the films vs. the

phase composition for the 0.65PMN—0.35PT films on the Al,O; substrates (compressive stress) and
0.65PMN-0.35PT substrates (if neglecting Pt electrode, the film is stress free) was studied by the X-ray

diffraction analyses. Note that the penetration depth of X-rays in 0.65SPMN—0.35PT material is around 10
pm and therefore the results show the composition of the upper layer of thick film. Due to the stress
gradient through the film thickness, the material nearer to the substrate is under larger stress than the layers
more distant from the substrate. The ratios of monoclinic and tetragonal phase for 20 um and 100 pum thick
films on Al,O; substrates are 42% : 58% and 55% : 45%, respectively. However the microstructures of the
surface of the films are similar with the same grain sizes. Therefore it could be concluded that the phase
composition depends not only on the grain size but also on the stress. The thicker the film on the alumina
substrate is, the more monoclinic Pm phase is observed with the X-ray diffraction and the composition is
more similar to the composition of stress-free bulk ceramics fired at 950°C. On the other hand, the
0.65PMN-0.35PT films on 0.65PMN-0.35PT substrates are monoclinic, regardless of the film thickness.

Another conformation for stresses in the films we can obtain, if we compare the phase composition of
bulk ceramics sintered at 1200°C with the composition of the films on Al,O; and Pt substrates. The films
and bulk ceramics are both dense, with a median grain size around 1-2 pum and the phase composition
shows the coexistence of monoclinic and tetragonal phase. However, the films on alumina and platinum
substrates contain higher amounts of tetragonal phase than bulk ceramics with the same composition and
comparable grain sizes. This could be another conformation for residual stresses in the films, which
influence the phase compositions. Here we can add that for films on Pt substrates a part of the stresses can
presumably relax with the formation of the partial preferential orientation (001) observed by X-ray. These
partial preferential orientation can also influence the electrical properties of these films in comparison with
the electrical properties of films on Al,O5 substrates, however further work on this topic will be needed.

Differences in the dielectric, piezoelectric and ferroelectric properties of the films on different
substrates are manly due to microstructure characteristics. Dielectric constants, piezoelectric coefficients
and remanent polarizations are higher for the films on Al,O; and Pt substrates and lower for the films on
0.65PMN-0.35PT and AIN substrates. As mentioned, the films on Al,O3 and Pt substrates are dense with
median grain sizes comparable with the median grain size of bulk ceramics fired at 1200°C. Films on the
0.65PMN-0.35PT and AIN substrates are porous and consist of smaller grains. Median grain sizes are 0.5
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um and 0.3 um for films on 0.65PMN-0.35PT and AIN substrates. Obviously, the choice of substrate with
different TECs also influences the microstructures (grain size and porosity) of the films.
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4.4 Realization of the 0.65PMN-0.35PT/Pt actuators

4.4.1 Electrostrictive effect in the 0.65PMN—0.35PT thick films

The electrostrictive effect of 50-pm-thick 0.65PMN—-0.35PT films on the alumina substrates was measured
with AFM. The measurements of the sample displacement versus time obtained by AFM at the applied
force of 80 nN for the different voltage amplitudes at frequency 200 Hz is shown in Fig. 91. The frequency
of the displacement was twice the frequency of the applied electric field, i.e., 200 Hz, which is indicative of
the quadratic effect. To emphasize the double frequency of measured sample displacements, the applied
external sinusoidal voltage curve with maximum amplitude of 50 V is added to Fig. 91.
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Figure 91: Measurements of displacement versus time at different voltage amplitudes and at a frequency of 200
Hz for the 0.65SPMN-0.35PT thick film on the alumina substrate. The applied force was 80 nN. The applied
external sinusoidal voltage curve with a maximum amplitude of 50 V is added to emphasize the double
frequency of the measured sample displacements.

The measurements by AFM at sinusoidal electric voltage with the amplitude of 50 V were performed
at applied forces of 80 nN, 200 nN and 300 nN to examine the force dependence of samples displacements.
No dependence of the displacement versus the applied force between the tip and the sample was observed.
Due to the stiffness of the thick alumina substrates, the bending of the substrate is negligible. The AFM
measurements were performed locally from a direct contact on the bare surface of the film. Since the
contact area of the AFM tip is around 20 nm, the contact areas between the AFM tip and the sample were
smaller than a single 0.65SPMN-0.35PT grain. However, due to the relatively large film thickness a few
tens of grains were excited.

The displacement versus voltage amplitude for the 0.65PMN-0.35PT thick film on the alumina
substrate is shown in Fig. 92. The dotted line between the measured values is just a guide to the eyes. Fig.
93 shows the relative strain versus the square of the electric field amplitude. The effective electrostrictive
coefficient M3 = 7.6:10 ' m* /V? £ 0.8-10'® m*/V? was determined from the slope of the linear-fit curve
(Fig. 93). The uncertainty of + 0.8:10™'° m?/V? is mainly due to the uncertainty in the measured thickness of
the 0.65PMN-0.35PT film.
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Figure 92: The displacement versus voltage amplitude for the 0.65SPMN—-0.35PT thick film on the alumina
substrate. The dotted line between the measured values (quadratic fit) is just a guide to the eye.
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Figure 93: Relative strain versus the square of the electric field amplitude. The electrostrictive coefficient M33

was determined from the slope of the linear fit curve.
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The electrostrictive effect in the XPMN- (1-x)PT material with the composition x = 0.0-0.1 has been
previously studied, in single crystals [113], ceramics [114, 115], and thin films [116—117]. The measured
M;; values for PMN (x = 0) bulk ceramics and for PMN (x = 0) thin films are 1.5:107" m¥/V? [4] and
8.9-10""7 m%*V? [116], respectively. However, not much work was done on the composition 0.65PMN—
0.35PT. Bokov and Ye [118] reported that the values of the electrostrictive coefficient Ms; for the
0.65PMN-0.35PT single crystal are Ms; = 13107 m*»V? — 4.0-10""° m%V> The electrostrictive
coefficients for the 0.65PMN—0.35PT crystals are surprisingly high, because 0.65PMN-0.35PT crystals are
usually considered to be a piezoelectric material. The high electrostrictive effect arises from intrinsic
electrostriction and also extrinsic contributions, i.e., domain-wall switching [118], which is probably also
the case for measured Ms; of our 0.65PMN-0.35PT thick films. The measured electrostrictive coefficient
of our 0.65PMN-0.35PT thick film is lower than electrostrictive coefficient for single crystals. Several
parameters could reduce the electrostrictive coefficients of films, for example, clamping of the film to the
substrate and a lower dielectric constant in the films compared to single crystals as reported for thin films
inrefs. [116, 117, 119].

The measured M33; = 7.6:10'° m*/V? of 0.65PMN—0.35PT thick films on alumina substrates is high in
comparison with the values for PMN bulk ceramics, i.e., M33 = 1.5107'° mz/Vz, which is one of the best
known electrostrictive materials [4]. Due to these results, we decided to prepare the 0.65SPMN-0.35PT
thick-film actuators. To ensure a sufficient amount of bending, it is important to reduce the thickness of the
substrate. For this reason we developed a new approach to prepare “substrate-free”, large-displacement
actuators using the screen-printing method.
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4.4.2 Preparation procedure and microstructures of the 0.65PMN-0.35PT/Pt actuators

The procedure for the preparation of the 0.65PMN-0.35PT/Pt actuators was possible to realize due to the
bad adhesion between the platinum electrode and the alumina substrate (section 4.3.1.1). For this purpose
the 0.65PMN-0.35PT films on the alumina substrates were prepared without a PbZrg 53Ti9 47053 barrier. The
0.65PMN-0.35PT/Pt actuators were prepared with a new approach, which is explained in section 3.1.3. As
mentioned before the B-alumina crystals resulting from the reaction between PbO from the 0.65PMN-
0.35PT and Al,O5 at the interface between the alumina substrate and the Pt electrode are formed. These
crystals “pushed off” the 0.65PMN-0.35PT/Pt electrode structures.

A cross-section of the 0.65PMN-0.35PT/Pt actuator after peeling off of the alumina substrate is shown
in Fig. 94. The thickness of the 0.65PMN-0.35PT layer is around 50 um and the thickness of the Pt
electrode is around 15 pum. The top gold electrode, deposited by sputtering, was too thin to be seen in Fig.
94. The measured porosity of the 0.65PMN—0.35PT film in Fig. 94 is 6.5%.
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Figure 94: A cross-section of the 0.65PMN-0.35PT/Pt actuator.
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4.4.3 Functional characterization of the 0.65PMN—-0.35PT/Pt actuators

The 0.65PMN-0.35PT layer of the actuator was poled at 2.5 kV/mm. The 0.65PMN-0.35PT/Pt actuator’s
displacements normalized per unit length of the actuator vs. applied DC electric field for an actuator with
dimensions of 1.8 cm x 2.5 mm X% 65 um (the thickness of the 0.65PMN-0.35PT layer is 50 pum and the
thickness of the Pt layer is 15 pm) is shown in Fig. 95. The normalized displacement (the displacement per
unit length of the actuator) is 55 pm/cm at the electric field of 3.6 kV/cm (voltage 18 V).

Normalized displacement (um/cm)
=
1

Electric field (kV/cm)

Figure 95: The bending displacement normalized per unit length of the actuator for the 0.65PMN—-0.35PT/Pt
actuator (with dimensions 1.8 cm x 2.5 mm x 50 um of the active layer) versus applied electric field.

Hall et al. reported that for piezoelectric/electrostrictive PMN—PT monomorph actuators prepared by
tape casting with dimensions of 2.6 cm x 11 mm x 2.3 mm the maximum tip displacement at 3 kV/cm was
11 um [120] (the calculated normalized displacement was 4 um/cm). The same authors also reported that
the largest tip displacement of a piezoelectric 0.65PMN-0.35PT/electrostrictive 0.9PMN-0.1PT bilayer
monomorph with dimensions of 3 cm x 8§ mm x 1.2 mm was up to 40 pm at 5 kV/cm [121] (the calculated
normalized displacement was 13 pm/cm). Zarnik et al. [122] and Belavic et al. [123] reported that for
thick-film PZT actuators prepared by screen printing on the alumina substrates with dimensions of 1.2 cm X
4 mm x 0.25 mm (40-pum thick PZT layer), the maximum tip displacement in an electric field of 50 kV/cm
(voltage 200 V) was 5 um (the calculated normalized displacement was 4 um/cm). The displacements of
the 0.65PMN—-0.35PT actuators described here were large in comparison to the data in the literature. A
comparison between our normalized displacement and the normalized displacements in the literature is
shown in Fig. 96 and in Table 21.
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Figure 96: A comparison between our data (denoted A), i.e., the normalized displacement at an electric field of
3.6 kV/cm is 55 pm/cm, and the data from the literature; Ref. [120] (denoted B), Ref. [121] (denoted C) and
Refs. [122, 123] (denoted D).

Table 21: The comparison between the measured data and the data from the literature.

Denoted in [ Actuator E (kV/cm) | Normalized

Fig. 96 displacement (um/cm)
(Literat.)

A 0.65PMN-0.35PT/Pt 3.6 55

(This work )

B 0.65PMN-0.35PT/0.9PMN-0.1PT | 5 13

(ref. [120])

C 0.65PMN-0.35PT/0.9PMN—-0.1PT | 3 4

(ref. [121])

D PZT thick-film actuators 50 5

(ref. [122])

on alumina substrates
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4.4.4 The linear finite elements model of the actuator’s displacement

As it is evident from the basic electromechanical equations, which describe linear material behaviour
(Introduction, equations 5 and 6) a FE model of piezoelectric structures requires the elastic parameters sy,
the piezoelectric coefficients djj, and the dielectric constants €;;to be entered in a form that the FE package
expects for the piezoelectric material input. Which of the coefficients is non-zero depends on the symmetry.
For poled ceramics, the elastic compliance matrix contains S;;, S33, Sss, S12, Si3 and sgs, the piezoelectric
matrix contains ds;, d3; and d;s (while d3; = d3; and dy4 = d;s) and dielectric constant matrix €3 and €,
(Whlle En= 811) [l, 122]

The first initial FE model of the actuator was performed using material parameters of 0.655PMN—
0.345PT bulk ceramics, i.e., Si1, S33, Sss, S12, S13, Se6, 33, d31, dis and €33, €; from the literature [91]. The
parameters are collected in Table 22. For the Pt layer the elastic stiffness constants c¢;;, ¢j; and cgs Were also
taken from the literature [109]. The parameters used for Pt layer are collected in Table 23.

To improve the accuracy of the FE analysis prediction, we updated the FE model and we used material
parameters for 0.65PMN-0.35PT thick films instead of parameters for bulk ceramics. For the updated
model our measurements of dielectric constant &3, piezoelectric coefficient d;; and Young’s modulus Y33
were used (values are summarized in Table 22). Because of the lack of experimental data for all
electromechanical constants of 0.65PMN-0.35PT thick films a few assumptions, which were suggested in
ref. [44], [122] for FE models of PZT thick films were made to obtained more accuracy with the FE
analysis prediction. The assumptions were:

e For the updated FE model, the full elastic stiffness c;; and the elastic compliance s;; matrix were
calculated from the experimentally measured Y33, as it is explained in [122]. Due to the lack of
experimental results for Yumeasurep in transverse direction (section 4.3.1.9) and with no data
available in the literature for thick PMN—PT films, we presume the same ratio between the cj;
components for the thick films as for the bulk ceramics reported in the literature [91]. The full
stiffness matrix was calculated from the experimentally obtained cs;. By transforming the c;
components to s (i.e. calculating the inverse of the cj matrix), all the elastic compliance
parameters s;; were calculated.

e The isotropic model for dielectric constant was taken, i.e., €33= €.

e For the updated FE model the piezoelectric constant d;; = -100 pC/N was used, based on the
assumption that the values of the piezoelectric coefficients for the 0.65PMN-0.35PT films are
reduced by 50% from these for bulk ceramics as reported in ref. [122]. The same value was
analytically calculated by using equations for the unimorph actuator from the literature [124],
where measured displacement of actuator at 10 V, actuators dimensions and Young’s modulus of
0.65PMN-0.35PT film (Yo¢spmn-035eT = 90 GPa) and Pt layer (Yp, = 168 GPa) [125, 126] were
inserted.

e For the piezoelectric constant d;s a value of 554 pC/N was used in both the initial and the updated
FE models. The reason for this was that the bending properties of the actuator are not strongly
dependent on the value of the piezoelectric constant d;s and consequently the numerical
calculations do not change dramatically, if the value for d;s is reduced by 50% or not.

The parameters used in the updated FE model for 0.65PMN-0.35PT films are also collected in Table
22. For the Pt layer the same parameters for updated FE model as for initial FE model were used.
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Table 22: The material parameters specified in the initial and in the updated FE models.

Parameter Initial FE model® Updated FE Units
model
£33 4100 3000°
& 3700 3000°
ds; 223 -100* pC/N
ds 480 190" pC/N
dis 554 554 pC/N
S11 13.5 23.1° 10" m*N
s33 14.5 24.8° 10" m*N
S5 31 53¢ 10" m*N
s12 -4.8 -8.20° 10" m*N
S13 -5.9 -10.1° 10" m*/N
S66 36.6 62.5° 10" m*/N

* The constants are taken from the literature for 0.655Pb(Mg;3Nb,;3)03-0.345PbTiO; ceramics [91].
"Measured values.
“The isotropic model for dielectric constant was taken.

4 d3;=-100 pC/N was used on the assumption that the piezoelectric coefficients of the 0.65PMN-0.35PT
films are reduced by 50% [122]. The same value was analytically calculated with equations from the
literature [124].
¢ We kept the same ratio between the components ¢;; and the experimentally obtained cs; as for bulk
0.65PMN-0.35PT ceramics from the literature [91]. The components s;; for the updated FE model were
calculated.

Table 23: The Pt material parameters specified in the initial and in the updated FE model [109].

Parameter Stiffness constants
(N/m?) [109]
ci 3.47-10"
i 2.51-10"
Co6 7.65:10"

A comparison of the simulation results obtained for the initial and the updated FE models of the
actuator and the measured bending of the actuator is shown in Fig. 100. The initial model results in a
discrepancy between the prediction and the real structure properties.
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Figure 97: Comparison of the simulation results obtained from the initial FE model and the updated FE model
with the measured displacement of the actuator.

As is evident from Fig. 100, when the electric field is low, i.e., from 0 kV/cm to 1-1.5 kV/cm, the
experimental results are in relatively good agreement with the updated linear calculations. However, as the
magnitude of the electric field strength increases the contribution of the second order prevails:

Sij = dijkBx T™MjjmnEmE, - (14)

where S is the strain tensor, Ey, E., and E, (V/m) are the components of the electric field vector, dij
(pm/V) is a third-rank piezoelectric tensor and Mijjm, (m?*/V?) is the fourth-rank-related electrostrictive
tensor. Therefore, at higher electrical fields a difference between the measured results and the linear
theoretical calculation is to be expected.
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5 Conclusions

The purpose of this work was to compare the structural and electrical properties of the 0.65PMN-0.35PT
films on different substrates, i.e., alumina (Al,O3), platinum (Pt), 0.65PMN-0.35PT and aluminium nitride
(AIN), with a dense ceramic as well as with the ceramics processed under the same conditions as thick
films, i.e., 950°C for 2 hours. The substrate materials were chosen according to thermal expansion
coefficients (TEC) of these materials to obtain different stress conditions in the films after the heating and
cooling treatment. The dense ceramics with the density of 98% of theoretical density were fired at 1200°C
for 2 hours, while the ceramics fired at 950°C have a density of 71% of theoretical density.

The starting powder with the nominal composition of 0.65Pb(Mg;;3Nb,,3)O3s—0.35PbTiO; was prepared
by the mechanochemical synthesis. It had narrow particle size distribution with the ds equal to 0.32 pm.
The X-ray analysis of powder confirmed the perovskite phase. Additional firing of powder at 700°C was
performed to obtain fine particles and chemically homogeneous powder.

The microstructure of the ceramics fired at 1200°C was homogenous and the 98% of theoretical
density was obtained after sintering. The median grain size was 1.1 um. The Rietveld analysis of the X-ray
data of this bulk ceramic shows the coexistence of the monoclinic Pm and the tetragonal P4mm phases.
The determined monoclinic-to-tetragonal ratio was 86% of monoclinic Pm and 14% of tetragonal P4mm
phases, which is in close agreement with previously reported results [54]. No extra diffraction peaks that
might correspond to pyrochlore or PbO phases were detected after sintering. The € at room temperature
measured at 1 kHz was 3600, which is in agreement with results from ref. [60]. The maximum value of &,
measured at frequency of 100 kHz, was approximately €n.x = 56.500 at the temperature Ty = 172°C.
These results for €y,x are higher than the values reported in [48, 58], which is presumably due to high
chemical homogeneity. No dependence of Ty, on the frequency was observed. The low temperature peak
of the transition between the monoclinic and the tetragonal phases is clearly evident in the measurements
of the dielectric constant vs. temperature. The LT phase-transition peak is broad, and the estimated peak
transition temperature is between 50 and 80°C, which is in agreement with the data reported in the
literature [60, 91]. The remanent polarization P; and coercitive fields E. of bulk ceramics fired at 1200°C
for 2 hours are 33 pC/cm”and 6 kV/cm, respectively. This is in agreement with data from [58].

The Rietveld analyses of the X-ray diagram for the non-poled and poled 0.65PMN-0.35PT ceramics
fired at 1200°C for 2 hours showed the coexistence of the monoclinic Pm and the tetragonal P4mm phases
in different ratios. The monoclinic Pm to tetragonal P4mm ratio is changed with the application of the
electric field, and it is strongly dependent on the electric field strength. The amount of the monoclinic
phase is larger in the poled samples. The non-poled ceramics contains 86% of monoclinic Pm and 14% of
tetragonal PAmm phases, while ceramics poled at 2.5 kV/mm contain 99% of monoclinic Pm and only 1%
of tetragonal P4mm phases. Also, the poled 0.65PMN—0.35PT ceramics differ from the non-poled ones in
terms of the presence of a slight (001) preferential orientation of the tetragonal crystallites. The highest
piezoelectric coefficient ds3 and coupling coefficients k, and k; were obtained with poling electric fields of
2 kV/mm to 3.5 kV/mm. The highest piezoelectric coefficient ds; is around 660 pC/N. The highest
coupling coefficients k;, and k; are 0.77 and 0.55, respectively, which are higher than the previously
reported values [48]. The results showed that in 0.65PMN—0.35PT ceramics the poling electric field at
which the highest piezoelectric and coupling coefficients ds3, k;, and k; were obtained coincide with the
poling electric fields at which the highest amount of monoclinic phase was confirmed from the X-ray
diagram using Rietveld analyses.

The thick-film samples were fired on the alumina (AlOs;), platinum (Pt), 0.65PMN-0.35PT and
aluminium nitride (AIN) substrates. All the films were processed under the same conditions, i.e., for 2
hours at 950°C and with cooling rate of 3°C/min. Among 0.65PMN-0.35PT film and Al,O; substrate the
Pb(Zry 53Tig.47)O5 barrier layer was printed to minimise the interactions between the film and the substrate
and the formation of B-alumina crystals at the interface between the substrate and the platinum electrode.
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For other substrates no significant interactions between films and substrate materials were observed. The
cross-sections of the films on different substrates were analyzed by EDXS analysis. The results showed that
no difference in chemical composition among the films on different substrates can be observed within the
measurement errors. Also all films were chemically homogenous through the thickness.

The films on the alumina and platinum substrates are dense. Significant grain growth is observed. The
median grain size is 1.7 pm for films on alumina substrates and 1.2 pm for films on platinum substrates.
Microstructures of the films on the 0.65PMN-0.35PT and AIN substrates are porous and consist of small
grains with dimensions below 0.5 um. The grain sizes are similar to grain size of the starting powder.
However, grains in the films on 0.65PMN-0.35PT and AIN substrates are sintered together and the grain
boundaries can be observed. The thickness of 0.65PMN-0.35PT films with the same number of printed
layers prepared at the same firing and cooling conditions differs with the choice of the substrates. The
larger thicknesses of films on 0.65PMN-0.35PT and AIN substrates indicate more porous material. These
results show that the choice of substrate strongly influences the sintering and microstructure characteristics.

Samples were studied by X-ray analysis and the phase compositions were determined with the
Rietveld refinement. The phase composition of the films on the Al,O; and Pt substrates is a mixture of the
monoclinic and the tetragonal phases, similar to bulk ceramics sintered at 1200°C. The ratios between
monoclinic and tetragonal phases are 42% : 58%, 81% : 19% and 86% : 14% for films on alumina and
platinum substrates and for bulk ceramics, respectively. The films on alumina and platinum substrates
contain higher amount of tetragonal phase than the bulk ceramics with the same composition and
comparable grain sizes. The films on 0.65PMN-0.35PT and AIN substrates as well as bulk ceramics fired
at 950°C are monoclinic.

The X-ray diffraction diagrams of the 0.65PMN-0.35PT films were measured at different
temperatures. At low temperature, i.e., -173°C, the phase is monoclinic for films on all substrates. For the
films on the 0.65PMN-0.35PT substrates the phase stays monoclinic till the phase-transition into the cubic
phase. The films on the AIN substrates presumably show the same tendency as the films on the 0.65PMN-—
0.35PT substrates. For the films on the Al,O3; and Pt substrates the co-existence of the monoclinic and the
tetragonal phases was observed over a wide temperature range around room temperature. At a temperature
of 107°C and higher the phase is pure tetragonal and at 187°C and higher the phase is cubic Pm-3m.

Young’s moduli were measured by the nanoindentation method. The highest values were obtained for
the 0.65PMN-0.35PT film on the Al,O3 and Pt substrate, i.e., 90 GPa. For the 0.65PMN-0.35PT bulk
ceramics fired at 1200°C for 2 hours, the Young’s modulus was 75 GPa within measurements errors these
two values are comparable. The significantly lower values between 20 GPa and 30 GPa were obtained for
the films on the AIN and 0.65PMN-0.35PT substrates and bulk ceramics fired at 950°C, due to the high
porosity of the samples.

The highest € at room temperature, 3400, was obtained for the 0.65PMN-0.35PT films on the alumina
substrates, which is comparable with the values obtained for bulk ceramics fired at 1200°C. The ¢ of films
on the Pt substrates was below 2000. For the films on the 0.65PMN-0.35PT and AIN substrates low values
were observed, i.e., ¢ = 700 and € = 300, respectively. The main reason for the differences in ¢ of thick
0.65PMN-0.35PT films on different substrates are microstructures, i.e., the films on the 0.65PMN-0.35PT
and AIN substrates are porous, consequently the € are low in comparison with the € of the better sintered
0.65PMN-0.35PT films on the Al,O; and Pt.

For the piezoelectric measurements samples were previously poled with the optimum poling conditions,
i.e., 2.5 kV/mm. The 0.65PMN-0.35PT films on the alumina substrates were measured by three different
methods; Photonic sensor, atomic force microscope (AFM) and Berlincourt piezometer, to evaluate the
possible differences of results depending on the used method. The average values of 3" obtained by three
methods were 185 pm/V £ 20 pm/V. The measurements made by Photonic sensor, AFM and Berlincourt
piezometer are therefore in agreement within the measurement error.

The piezoelectric coefficients d33eff for all 0.65SPMN-0.35PT films are below 200 pC/N. The highest
value was obtained for the films on the alumina substrate, i.e., 185 pC/N. This is in agreement with data
from the literature, which reports that PMN-PT ceramics with larger grains exhibit higher ds; [54]. For the
films on the Pt and 0.65PMN-0.35PT substrates lower d33eff values were obtained, i.e. 140-110 pC/N and
120-105 pC/N, respectively. The measured ds;*" values for the films on the AIN were around 30-20 pC/N.
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However in this case the measurement error is comparable with measured value. The largest difference
between the properties of films and bulk ceramics sintered at 1200°C is shown in piezoelectric coefficients.
Measured values for the bulk ceramics fired at 1200°C and poled under the same conditions as films were
660 pC/N. One of the reasons for lower piezoelectric coefficient of films is that films are clamped to the
rigged substrates, which decreases the ds;.

The high remanent polarization P, was obtained for the 0.65PMN-0.35PT films on the Pt and Al,O;
substrates, i.e., 27 pC/em’ and 22 pC/em?, respectively, which is comparable with the value obtained for
bulk ceramics fired at 1200°C. Much lower P, was obtained for the films on the 0.65SPMN-0.35PT (8
nC/em?) and AIN (3 pC/ecm?) substrates. This is attributed to the porosity of the films.

The 0.65PMN-0.35PT bulk ceramics fired at the same temperature and time as films, i.e., 950°C, 2
hours was studied for comparison. The structure shows grains with mainly sub-micron dimensions. The
ceramics is porous as this firing temperature is low for sintering bulk 0.65PMN-0.35PT ceramics. The
relative density of bulk samples fired at 950°C is low, i.e., around 70% of theoretical density. Due to this,
the Young’s modulus of bulk 0.65PMN-0.35PT ceramics fired at 950°C is low, i.e., 20 GPa. The X-ray
diffraction diagram of bulk ceramics fired at 950°C was also measured. Only the monoclinic Pm phase was
determined with the Rietveld analysis. As mentioned before the data in the literature showed that
0.65PMN-0.35PT material with small grain size consist mainly of the monoclinic phase [54].

The results show that the choice of the substrate materials strongly influences the characteristics of
0.65PMN-0.35PT films. For example, with the proper choice of the substrate materials we can obtain films
with better structural and electrical properties than properties of bulk ceramics with the same composition
and fired at the same temperature and time, i.e., 950°C, 2 hours, such as lower porosity, higher Young’s
moduli and dielectric constants. Therefore with the right choice of the substrate thick films with dielectric
and ferroelectric characteristics comparable with densely sintered bulk ceramics can be prepared. However
piezoelectric constants ds;°™ of films are lower compared to the densely sintered bulk ceramics. One of the
reasons for lower measure piezoelectric coefficient of films is that films are clamped to the rigged
substrates. Further investigation will be needed to find other reasons for lower piezoelectric constant in
films in comparison to the bulk ceramics.

The proposed explanation for different characteristics of the films on Al,Os, Pt, 0.65PMN—-0.35PT and
AIN substrates is that during the sintering procedure, due to the difference in the thermal expansion
coefficients (TEC) of the substrates and the 0.65PMN-0.35PT, residual stresses develop and remain in the
films during cooling. The TECs of the alumina and platinum substrates are around 8-10°/K — 9-10°/K and
are higher than the TEC of the 0.65PMN—-0.35PT material, which is 6.3-10/K. Due to this the 0.65PMN-
0.35PT films on the alumna and platinum substrates are under compressive stresses after cooling.

The TEC of the AIN substrate is 4.5-10/K and lower than TEC of the 0.65PMN—0.35PT material.
Due to this it would be expected that the films are under tensile stresses. The films on 0.65PMN-0.35PT
substrates are stress free, since the TEC of the substrate is the same as the TEC of the film. The phase
composition of film on both AIN and 0.65PMN-0.35PT substrate is only the monoclinic Pm. The
microstructures of films on both substrates are porous with grain sizes 0.3 pm and 0.5 pm, respectively.
According to the literature [54] 0.65PMN—-0.35PT ceramics with smaller grains, i.e., 0.15 pm tend to be
monoclinic. Therefore we presume that the tensile stresses were relaxed during cooling and the structural
and microstructural characteristics are therefore similar for films on AIN (potential tensile stress) as for
films on 0.65PMN-0.35PT (stress free) substrates. For comparison the phase composition of the stress
free bulk ceramics fired at 950°C is monoclinic Pm and the grain size is also below 0.5 um.

No data on how the residual stress influences the phase composition of the 0.65PMN-0.35PT material
was found in the open literature. However, thermodynamic formalism based on the Landau-Devonshire’s
phenomenological theory predicts and also the measurements made on thin PZT films on different
substrates state that thermodynamic stability of the tetragonal phase under a compressive stress is
enhanced. The stresses influence the position of the morphotropic phase boundary (MPB) and therefore the
phase composition. This is in accordance with our results, which shows that compressive stress increases
the amount of the tetragonal phase in the 0.65PMN-0.35PT thick films.

The influence of the film thickness vs. the phase composition of the 0.65PMN-0.35PT films were studied
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for the films on the Al,O; and 0.65PMN-0.35PT substrates. The films on the alumina were chosen,
because at room temperature the percent of the tetragonal phase is the highest. The X-ray diagrams are
different for the films of different thicknesses. The phase ratios of 20 um and 100 pm thick films are 42%
and 55% of the monoclinic Pm phase, respectively. The rest is the tetragonal P4Amm phase. Due to the stress
gradient through the film thickness, the material nearer to the substrate is under larger stress than the layers
more distant from the substrate and therefore contain larger amount of tetragonal phase. The
microstructures of the surface of the films are similar with the same grain sizes and therefore it could be
concluded that compressive stress increases the tetragonal-monoclinic phase ratio. For the films on the
0.65PMN-0.35PT substrates only the monoclinic phase is present. In this case, no significant difference
between the X-ray diagrams is observed, regardless of thickness of the films.

Another conformation for stresses can be obtained with a comparison of bulk ceramics sintered at
1200°C with the films on Al,O3; and Pt substrates. The films and bulk ceramics are both dense with median
grain size around 1-2 um and the phase composition shows the coexistence of monoclinic and tetragonal
phase. However, the films on alumina and platinum substrates contain a larger amount of tetragonal phase
than the bulk ceramics with the same composition and comparable grain sizes. This could be another
conformation for residual stresses in the films, which influence the phase compositions. Here we can add
that for films on Pt substrates a part of stresses can presumably relax with the formation of the partial
preferential orientation (001) observed by X-ray. This partial preferential orientation can also influence
electrical properties of these films. Presumably lower dielectric constant of the films on Pt substrate, i.e.,
2000 in comparison with films on AL,O;3 substrate, i.e., 3600 could be the consequence of preferential
orientations in the films on Pt substrate as it is reported in ref. [8] for BaTiO; crystals, PZN and 0.2PZN-
0.8PT crystals in ref. [127] and 0.62PMN-0.38PT crystals in ref. [128]. As reported in ref. [128] also
higher remanent polarization P, for films on Pt substrates in comparison with films on Al,O3 substrates
could be the consequence of preferential orientations (001).

The measured electrostrictive coefficient of the 0.65PMN-0.35PT films on the alumina substrates was
high in comparison with the PMN bulk ceramics, which is one of the most known electrostrictive materials,
therefore it was decided to prepare the 0.65PMN-0.35PT thick-film actuators with large displacement. To
ensure a sufficient amount of bending, a new approach to prepare “substrate-free” large-displacement
actuators using the screen printing method was developed. This approach was possible due to the bad
adhesion in the 0.65PMN-0.35PT structures among the platinum electrode and the alumina substrate. This
is due to the formation of B-alumina crystals on the interface between the Pt electrode and the AlO;
substrate resulting from the reaction between the PbO from the film and the Al,O5. The result of the new
preparation procedure is the 0.65PMN-0.35PT/Pt actuator, which shows a large displacement.

The normalized measured displacement (the displacement per unit length of the actuator) for the
actuators with the dimensions of 1.8 cm x 2.5 mm x 65 pm is 55 pm/cm at an electric field of 3.6 kV/cm
(voltage 18 V), which is a few times higher than the normalized displacement for bulk PMN—-PT and thick-
film PZT actuators on the substrates reported in the open literature. The measurements of displacement vs.
the applied field indicate that two contributions from the electromechanical coupling are present, i.e., the
piezoelectric linear effect (important at fields below 1 — 1.5 kV/cm) and the quadratic effect, which prevail
at higher electric fields. The linear finite-element analysis of the actuator was performed using material
parameters from the literature as well as experimentally obtained data. The models were used to calculate
the bending vs. the applied electric field, and the results of the calculations were in good agreement with
the measured data for low electric fields.
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Figure 1: The direct piezoelectric effect (a) and the inverse piezoelectric effect (b).

Figure 2: Coordinate system used in the thesis. The direction of polarization is marked [3]. Numbers 4, 5 and 6
represents directions of shear stresses.

Figure 3: Illustration of the changes in the dielectric constant ¢ of a ferroelectric material, which transform from
a paraelectric cubic phase into a ferroelectric tetragonal phase, versus temperature T. The arrows show possible
directions of the spontaneous polarization (the unit-cell is represented by a square in the cubic phase and
rectangle in the tetragonal phase) [1].

Figure 4: Temperature dependence of dielectric constant € measured at different frequencies for the relaxor
Pb(Mg1/3Nb2/3)O3 (PMN) crystal [10]

Figure 5: An example of perovskite crystal structure: a) cubic lattice, symmetric arrangement of positive and
negative charges, temperature above Curie point, b) tetragonal lattice, crystal has electrical dipole, temperature
below Curie point [3].

Figure 6: Perovskite unit-cells of a) cubic, b) rombohedral, c) tetragonal, d) orthorhombic and ) monoclinic
phases.

Figure 7: Poling of piezoelectric ceramics: a) The unpoled ceramics. Each grain contains a number of domains
and the net polarization is zero. b) After poling the domains are oriented with a net polarization along the
direction of the applied field [12].

Figure 8: Hysteresis curve of ferroelectric ceramics [3].

Figure 9: The scheme of the screen printing procedure.

Figure 10: Cooling stresses in the substrate-film system: AS is difference in deformation between substrate and
film, Aa is difference in TEC of substrate and film, AT is a difference in temperature [19, 23].

Figure 11: Film under a) compressive and b) tensile residual stress [19].

Figure 12: Illustration of the film on the substrate and a rectangular system of 1, 2, and 3-axes. The direction of
polarization coincides with axis 3.

Figure 13: The computed phase diagram of PbZrO;—PbTiO; (PZ-PT) system, showing the effect of two-
dimensional compressive stress on the shift of the MPB [30].

Figure 14: Varity of piezoelectric bulk parts [35].

Figure 15: Example of the versatility of thick-film technology: the hybrid integrated circuits, sensors and
actuators produced at Institute Jozef Stefan, Electronic Ceramics Department.

Figure 16: a) Schematic view, b) photograph [44] and c) picture of computational simulation of bending [44] for
PZT bimorph bender actuator.

Figure 17: Phase diagram of PMN—PT material [45].
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Figure 18: a) The molar fractions of different phases versus the composition for PMN-PT ceramics and b)
lattice parameters for the majority phases versus composition of PMN-PT ceramics [53].

Figure 19: The dielectric constant € versus temperature for 0.65PMN-0.35PT ceramics with the average grain
size of a) 4 um and b) 0.15 pm [54].

Figure 20: The hysteresis loop measured at 0.1 Hz for 0.65PMN-0.35PT ceramics with the average grain size of
4 um and 0.15 um [54].

Figure 21: The X-ray diagram of 0.65PMN-0.35PT films on alumina substrates sintered at a) 850°C, 900°C,
950°C [67] and b) 1184°C [68].

Figure 22: Photograph of the manual screen printer in laboratory.

Figure 23: The sintering vessels and the arrangement of packing powder during sintering of the 0.65PMN—
0.35PT films.

Figure 24: The schemes of the cross-sections of the 0.65PMN—0.35PT films on a) Al,Os, b) Pt, ¢) 0.65PMN—
0.35PT and d) AIN substrates.

Figure 25: The 0.65PMN-0.35PT films on a) Al,O;, b) Pt, ¢) 0.65PMN—-0.35PT and d) AIN substrates.

Figure 26: a) The arrangement for sintering of the 0.65PMN-0.35PT bulk ceramics and b) the photograph of the
0.65PMN-0.35PT ceramics after cutting, polishing and after deposition of the electrodes. Thickness of the
pellets and diameter of the pellets are 0.6 mm and 6 mm, respectively.

Figure 27: Microstructure of the surface of the alumina substrate after the peeling off of the 0.65PMN-0.35PT/Pt
composite. Inset shows the photograph of the alumina substrate after peeling off of the 0.65SPMN-0.35PT/Pt
composite. The yellow colour of the substrates shown in the inset is due to the reaction between PbO from the
film and alumina substrates.

Figure 28: EDXS analysis of the white crystals on the surface of Al,O; substrate, beside strong peaks of Al,
peaks of Pb are also detected.

Figure 29: Microstructure of the surface of the alumina substrate after firing the 0.65PMN-0.35PT film at 950°C
for 2 hours. The lighter hexagonal grains are PbO-stabilised -alumina on the surface of darker alumina
substrates.

Figure 30: The scheme of the cross-section of the 0.65SPMN-0.35PT films on alumina substrates prepared for

the 0.65PMN-0.35PT/Pt bimorph actuator realization. Inset: Microstructure of the surface of the alumina
substrate after the peeling off of the 0.65PMN-0.35PT/Pt composite. B-alumina crystals are visible.

Figure 31: A schematic view of the actuator’s realization in four steps.

Figure 32: a) The scheme of the cross-section and b) the photograph of the top view of the 0.65PMN-0.35PT/Pt
bimorph actuators.

Figure 33: a) The setup for measuring ferroelectric hysteresis loops; an Aixact TF Analyser 2000, high voltage
amplifier TREK 609E-6 and computer. b) Micro manipulator stage with the thick-film sample.

Figure 34: a) The poling setup; high voltage supply KEITHLEY MODEL 248. b) 0.65PMN-0.35P thick-film
sample placed on the poling stage between contact tips.

Figure 35: a) The resonance measurement setup; BODE 100 Omicron Lab device and the micro manipulator
stage and the sample holder. b) Micro manipulators, contact tips and the 0.65PMN-0.35PT bulk ceramic sample.

Figure 36: a) The Berlincourt Take Controle Piezometer PM10. b) 0.65PMN—-0.35PT thick film on alumina
substrate placed in the force head of piezometer during measurements of ds;.
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Figure 37: The measurement setup for measuring the displacements of the 0.65SPMN—-0.35PT/Pt actuators vs. the
applied electric field with the Viking optical profiler system (Solarius Development). b) The actuator during
measurement. The external electric field was applied between the top and bottom electrodes. The 3 mm long
bottom part of the actuator was placed on the conductive step. The top electrode was connected with the contact
tip. The measurements were performed at the end of the actuator’s cantilever.

Figure 38: Top view of 0.65PMN-0.35PT layer geometry (half symmetry) used in FE models.

Figure 39: The geometry of the actuator and the boundary conditions (fixed point and fixed area) used in the FE
model are shown.

Figure 40: The particle size distribution of the 0.65PMN—-0.35PT powder. The green line is the cumulative curve.
Figure 41: The FE-SEM micrographs of the a) submicron particles and b) particles larger than 1 um.

Figure 42: The X-ray diagram of the 0.65PMN-0.35PT powder.

Figure 43: The measured (dot), calculated (line) and difference (bottom) curve of the 0.65PMN-0.35PT
powder. The regions from 20 = 36° to 20 = 48° of measured X-ray diffraction for the 0.65PMN-0.35PT powder
and profile matching for a) monoclinic Pm, b) tetragonal PAmm and c¢) cubic Pm-3m phases. Peaks correspond
to the families of planes (111) at around 26 = 38° and (200) at around 20 = 45°. The thick marks correspond to
the positions of the peaks for (111) and (200) families of planes.

Figure 44: The SEM micrographs of polished cross-section for the bulk 0.65PMN-0.35PT ceramics fired at
1200°C for 2 hours.

Figure 45: The SEM micrographs of thermally etched cross-section for the bulk 0.65PMN-0.35PT ceramics
fired at 1200°C for 2 hours.

Figure 46: The X-ray diagram of the non-poled 0.65PMN-0.35PT ceramics fired at 1200°C for 2 hours. The
families of planes are given in brackets. The inset shows the convolution of the (002) and (200) tetragonal peaks
and the (002), (200), (020) monoclinic peaks. The approximate peak positions of the tetragonal (grey) and
monoclinic (black) phases are marked with dashed lines.

Figure 47: Dielectric constant € and dielectric losses tg d vs. temperature at frequencies of 1 kHz, 10 kHz and
100 kHz for non-poled 0.65PMN-0.35PT bulk ceramics fired at 1200°C.

Figure 48: The ferroelectric hysteresis loops of the 0.65PMN-0.35PT ceramics fired at 1200°C for 2 hours.

Figure 49: The measurement of impedance, i.e., amplitude (red) and phase (blue) vs. frequency of applied el.
field for 0.65PMN-0.35PT ceramics poled with 4 kV/mm. Antiresonance f, and resonance f; frequencies are
marked. The crossed dotted lines show the position of determined f..

Figure 50: The piezoelectric coefficient ds; and the coupling coefficients k, and k, vs. poling field. The rectangle
shows the area of the optimum poling conditions. The line between the measured values is just a guide to the eye.

Figure 51: The X-ray diffraction diagram of the family of (200) peaks for the poled 0.65PMN-0.35PT ceramics.
The X-ray diagram of the non-poled material is added for comparison. The black arrow indicates the increase in
the poling electric field from 0 kV/mm to 4.5 kV/mm in steps of 0.5 kV/mm.

Figure 52: Final observed, calculated and difference plots of the X-ray diffraction Rietveld refinement for a) a
non-poled sample and samples poled at b) 2.5 kV/mm and ¢) 4.5 kV/mm. The top mark corresponds to the
tetragonal phase and the bottom ones to the monoclinic. The positions corresponding to the gold (the grey
shadows) were excluded from the refinement.

Figure 53: The dielectric constant € vs. temperature at 100 kHz for the non-poled and poled 0.65PMN-0.35PT
ceramics. The inset shows the data obtained for the non-poled sample on a logarithmic scale.

Figure 54: The thickness of the 0.65PMN-0.35PT films on alumina substrates after firing vs. number of screen
printed layers. The line between the measured values is just a guide to the eye.
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Figure 55: The thickness of the 0.65PMN-0.35PT films on Al,Os, Pt, 0.65PMN-0.35PT and AIN after firing.
Two layers of 0.65PMN-0.35PT paste were printed in all cases.

Figure 56: The micrograph of the surface of a 0.65PMN-0.35PT thick film that was screen printed, dried and
heated to 500°C.

Figure 57: The SEM micrographs of the surface of 0.65PMN-0.35PT thick films on a) Al,Os;, b) Pt
substrates.

Figure 58: a) The SEM micrographs of the surface of 0.65PMN—0.35PT thick films on 0.65PMN-0.35PT and b)
the FE-SEM micrographs of the surface of 0.65PMN-0.35PT thick films on AIN substrates.

Figure 59: The FE- SEM micrographs of fracture for bulk 0.65PMN-0.35PT ceramics fired at 950°C.

Figure 60: SEM micrographs of the cross-section of the 0.65PMN-0.35PT thick films on a) Al,O; and b) Pt
substrates.

Figure 61: SEM micrographs of the cross-section of the 0.65PMN-0.35PT thick films on a) 0.65PMN-0.35PT
and b) AIN substrates.

Figure 62: The cross-section of the 0.65PMN-0.35PT thick film on the Pt substrate. The positions of EDXS area
analyses (area 7 um x 7 um) on the 0.65PMN-0.35PT thick-film cross-section.

Figure 63: The microstructure of the 0.65PMN-0.35PT film — Pt substrate junction. The EDXS analyses were
performed in the “points” marked with the numbers 1 and 2.

Figure 64: EDXS analysis of the point marked in Fig. 63 with number 1.
Figure 65: EDXS analysis of the point marked in Fig. 63 with number 2.

Figure 66: The cross-section of the 0.65PMN-0.35PT thick film on the alumina substrate. The positions of
EDXS area analyses (window 7 pm x 7 pm) on the 0.65PMN—0.35PT thick-film cross-section are marked with
the black squares and numbers from 1 to 5.

Figure 67: The cross-section of the 0.65PMN—-0.35PT thick film on the 0.65PMN-0.35PT substrate. The
positions of the EDXS area analyses (window 7 um x 7 um) on the 0.65PMN-0.35PT thick-film cross-section
are marked with the black squares and numbers from 1 to 5.

Figure 68: The cross-section of the 0.65PMN-0.35PT thick film on the AIN substrate. The positions of EDXS
area analyses (window 7 pm x 7 um) on the 0.65PMN-0.35PT thick-film cross-section are marked with the
black squares and numbers from 1 to 5.

Figure 69: The X-ray diagram of the 0.65PMN-0.35PT film on the alumina substrate. The families of planes are
given in brackets. The inset shows the refined Bragg peak positions of the (002), (200) tetragonal (grey) and the
(002), (200), (020) monoclinic (black) phases.

Figure 70: The X-ray diffraction diagrams of the 0.65PMN—-0.35PT thick films on a) Al,Os, b) Pt, ¢) 0.65PMN-
0.35PT and d) AIN substrates in the range from 20 = 44.4° to 20 = 45.7°. The refined peak positions of the
(002), (200) tetragonal (grey) and the (002), (200), (020) monoclinic (black) phases are marked.

Figure 71: Final observed (red), calculated (black) and difference curves of the X-ray diffraction Rietveld
refinement for films deposited on a) Al,O; and b) Pt. The top black marks correspond to the tetragonal phase
and the bottom ones to the monoclinic.

Figure 72: Final observed (red), calculated (black) and difference curves of the X-ray diffraction Rietveld
refinement for films deposited on a) 0.65PMN—0.35PT and b) AIN. The black marks correspond to the
monoclinic phase. The positions corresponding to Pt electrode (arrows) were excluded from the refinement.
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Figure 73: The X-ray diffraction diagram of 0.65PMN-0.35PT ceramics fired at 950°C. Inset shows the family
of (200) peaks. The refined peak positions (002), (200), (020) of the monoclinic Pm phase are marked in the
inset.

Figure 74: Two regions a) from 20 = 38° to 20 = 40° and b) from 260 = 44.2° to 20 = 46.4°, of measured X-ray
diffraction diagram for the ceramics and the profile matching for the monoclinic Pm phase. Insets: the profile
matching for the cubic Pm-3m phase is also added for comparison.

Figure 75: The X-ray diffraction diagram of the 0.65PMN—-0.35PT films on the alumina substrates measured at
different temperatures. The black arrow indicates the increasing temperatures.

Figure 76: Variations of cell parameters with temperature for a) the tetragonal P4Amm and b) the monoclinic Pm
phases of the 0.65PMN—-0.35PT films on alumina substrates. The dashed rectangle shows the area of the
coexistence of the tetragonal P4mm and monoclinic Pm phases. The lines between the measured values are just a
guide to the eye.

Figure 77: The X-ray diffraction diagram of the 0.65PMN-0.35PT films on the Pt substrates measured at
different temperatures. The black arrow indicates an increase of the temperature.

Figure 78: Variation of the cell parameters with temperature for a) the tetragonal P4mm and b) the monoclinic
Pm phases of 0.65PMN-0.35PT films on Pt substrates. The dashed rectangle shows the area of the coexistence
of the tetragonal P4mm and the monoclinic Pm phases. The lines between the measured values are just a guide to
the eye.

Figure 79: The X-ray diffraction diagram of 0.65PMN-0.35PT films on 0.65PMN-0.35PT substrates measured
at different temperatures. The black arrow indicates the increasing temperature.

Figure 80: Variation of the cell parameters with temperature for the monoclinic Pm phase of the 0.65PMN-—
0.35PT films on the 0.65PMN-0.35PT substrates. The lines between the measured values are just a guide to the
eye.

Figure 81: a) The X-ray diffraction diagram of the 20 pm, 35 pm, 65 pm and 100 pm thick 0.65PMN-0.35PT
films on the alumina substrates. b) The family of (200) peaks for X-ray diagram of 20 pm, 35 pm, 65 pm and
100 um thick 0.65PMN-0.35PT films on the alumina substrates. The percentage of the monoclinic Pm and the
tetragonal P4mm phases for the thinnest and the thickest films are marked. The black arrow indicates increasing
film thickness.

Figure 82: The SEM micrographs of the surface of a) 20 um and b) 100 pm thick 0.65PMN-0.35PT films on
Al O; substrates (magnification 3000).

Figure 83: The SEM micrographs of the surface of a) 20 um and b) 100 pm thick 0.65PMN-0.35PT films on
AlLO; substrates (magnification 7000).

Figure 84: a) The X-ray diffraction diagram of the 25 pm, 50 pm and 150 um thick 0.65PMN-0.35PT films on
0.65PMN-0.35PT substrates. b) The family of (200) peaks for the X-ray diagram of 25 um, 50 um and 150 pm
thick 0.65PMN-0.35PT films on 0.65PMN-0.35PT substrates. Only the monoclinic phase was detected. The
black arrow indicates the increasing film thickness.

Figure 85: The load-displacement curves F(h) of the 0.65PMN-0.35PT film on the alumina substrate.

Figure 86: The measurements of the transverse Young’s moduli Y ; of the 0.65PMN-0.35PT films on the Al,O4
substrate - schematically.

Figure 87: The photograph of the indentation measurements of the transverse Young’s moduli Y3 for the
0.65PMN-0.35PT film on the Al,O; substrate: a) before the measurement and b) after the measurement. The
place of the indentation is marked with the red square.

Figure 88: Dielectric constant € measured as a function of the temperature at 1 kHz, 10 kHz and 100 kHz for
films on a) Al,O3, b) Pt, ¢) 0.65PMN-0.35PT and d) AIN substrates. ¢) The measurements for bulk ceramics
fired at the same temperature, i.e., 950°C are added. The insets show the detail of the peaks in the dielectric
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constants.

Figure 89: The dielectric constant € vs. temperature at 100 kHz for the 0.65PMN—-0.35PT films on the Al,O;, Pt,
0.65PMN-0.35PT, AIN substrates, and for the bulk ceramics. The insets show the same graphs on a logarithmic
scale. The LT phase-transitions are marked with black arrows. All samples were fired at 950°C for 2 hours.

Figure 90: The ferroelectric hysteresis loops of 0.65PMN—-0.35PT films on a) Al,O3, b) Pt, ¢) 0.65PMN-0.35PT
and d) AIN substrates.

Figure 91: Measurements of displacement versus time at different voltage amplitudes and at a frequency of 200
Hz for the 0.65PMN-0.35PT thick film on the alumina substrate. The applied force was 80 nN. The applied
external sinusoidal voltage curve with a maximum amplitude of 50 V is added to emphasize the double
frequency of the measured sample displacements.

Figure 92: The displacement versus voltage amplitude for the 0.65PMN-0.35PT thick film on the alumina
substrate. The dotted line between the measured values (quadratic fit) is just a guide to the eye.

Figure 93: Relative strain versus the square of the electric field amplitude. The electrostrictive coefficient Mj3
was determined from the slope of the linear fit curve.

Figure 94: A cross-section of the 0.65PMN-0.35PT/Pt actuator.

Figure 95: The bending displacement normalized per unit length of the actuator for the 0.65PMN-0.35PT/Pt
actuator (with dimensions 1.8 cm x 2.5 mm x 50 um of the active layer) versus applied electric field.

Figure 96: A comparison between our data (denoted A), i.e., the normalized displacement at an electric field of
3.6 kV/cm is 55 pm/cm, and the data from the literature; Ref. [120] (denoted B), Ref. [121] (denoted C) and
Refs. [122, 123] (denoted D).

Figure 97: Comparison of the simulation results obtained from the initial FE model and the updated FE model
with the measured displacement of the actuator.
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Table 1: The processing conditions, dielectric, piezoelectric, ferroelectric properties and coupling coefficients of
0.65PMN-0.35 PT ceramics obtained by different authors. Notation: g-dielectric constant, d;3-piezoelectric
coefficient P, remanent polarization, E. coercitive field and k,, k; coupling coefficients.

Table 2: Dielectric, piezoelectric, ferroelectric properties of 0.65PMN-0.35 PT thick films obtained by different
authors. Notation: ¢ dielectric constant, ds; piezoelectric coefficient, P, remanent polarization and E, coercitive
field.

Table 3: The thickness, shape, dimensions and producer of the Al,O3, Pt, 0.65PMN-0.35PT and AIN substrates.

Table 4: The average EDXS “point” analysis made in 23 spots (atomic percents), the standard deviation and the
maximum and minimum determined values of the 0.65PMN-0.35PT bulk ceramic fired at 1200°C for 2 hours.

Table 5: The piezoelectric coefficient ds; and the coupling coefficients k, and k; measured for the
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