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Piezoelectric properties of zirconium-doped barium titanate single crystals
grown by templated grain growth
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Single crystals of B&r,Ti;_,)O; were grown by templated grain grow{GG). Millimeter size

single crystals of B&r,Ti;_,)O; were produced by heating a BaTi@rystal in contact with a
sintered polycrystalline matrix of 4.5, 5.0, or 8.5 mol% Zr-doped barium titanate for 30 h at
1350 °C. To facilitate boundary migration, the ceramic compact was made 3 mol YeX@@ss.

The 4.5 and 5.0 mol% Zr-doped crystals were orthorhombic at room temperature, and for a
pseudocubid¢001) orientation, they showed remanent polarizations ofuC3cn? and a high field

d5; 0f 340—355 pC/N. The 8.5 mol % Zr-doped crydi@dain oriented along the pseudocu(@iol)]

was rhombohedral at room temperature with a remanent polarization @€A@?. A ks, value of

0.74 from resonance measurements was observed for the 4.5 mol% Zr-doped crysi&199©
American Institute of Physic§S0021-897@9)02815-7

I. INTRODUCTION It is well known that the phase transition temperatures in
BaTiO; can be altered by doping with either A or B site
Ultrahigh electrically induced strain levefsp to 1.7%  substitutions’ Zirconium is one element that pinches the
were recently discovered in lead-based relaxor ferroelectricransition temperatures so that the rhombohedral-ortho-
single crystals. The composition of these perovskite crystalsrhombic and orthorhombic-tegragonal phase transition tem-
lies near a morphotropic phase bound&PB) between peratures are raised while the Curie temperature is
tetragonal and rhombohedral phases. It was found that leddwered?=® By varying the amount of dopant it is possible to
zinc niobate—lead titanate and lead magnesium niobate—leadiabilize either the rnombohedral and orthorhombic phases at
titanate rhombohedral crystals oriented and poled along theoom temperaturg® In this work Zr-doped BaTiQcrystals
pseudocubid001] axis had an enhanced piezoelectric re-were produced and the properties of resultant crystals poled
sponse compared fd11] oriented crystalgwhich is the po- ~ along the pseudocub[©01] direction were investigated.
lar axis direction, which was related to crystallographic Preparation of single crystals is difficult and time con-
engineering:? These enormous strain levels, coupled withsuming for many systems, including Ba%idn this work,
the large piezoelectric constants and electromechanical cotemplated grain growth was used to produce crystals with Zr
pling coefficients are extremely attractive for a variety of concentrations between 4.5 and 8.5 mol % for rapid assess-

sensor and actuator applications. Another important result ghent of crystals of varying composition. This section de-
crystallographic engineering is a low level of hysteresis inscnpes the synthesis and piezoelectric properties _of Zr-doped
the strain, at least to strain levels on the order of 0.6%. Thi§&TiOs single crystals grown by templated grain growth

is believed to be due to the fact that the four domain states iﬁTGG)'

a poled crystal are equally favored by an applied electric

field, so that there is no driving force for extensive domain||. EXPERIMENTAL PROCEDURE
wall motion. Hence, the question arises, “Is this concept of

crystallographic engineering applicable to other ferroelectric Single crystal BaTi@ cutoffs (Lockheed Sanders Inc.,
crystals?” Nashua, NH were used as template crystals for TGG. The

Initial work on BaTi0, indicates that the concept of orientation of the crystals was determined by four-circle x

crystallographic engineering can be applied to this system a\rﬁyr or ba:;:krfc:tt(alri%é;ga¥/ Laue E?]Chn'%lije;' Ige cvrvy.?tals
well.® Piezoelectric coefficientgs;, values up to 420 and ere sectioned alo aces using a diamond saw 1o

300 pC/N observed in orthorhombi® °C) and rhombohe- sizes in the range of a few mm in S'.Zeo'g mm thick. One

R side of the template was polished withuin diamond paste.
dral (_.100 Q. crystals poled along the pseudocupo1], In prior research, it was demonstrated that Ba;li@ys-
appreciably higher than those measured for the tetragon%lils could be grown using TGG at 1350 °C, above the eutec-
phase at room temperatute-125 pC/N, are the result of '

. . . . . tic temperature, with a Ti-rich initial powder. This resulted in
crystallographic engineering. This suggests that improved Pld e formation of a liquid phase at the growth temperature

ezoelectric properties can be achieved in non-lead-based p&Lat \yas found to accelerate the growth process. Therefore, a
ovskite crystals if the orthorhombic or rhombohedral phasetitanium—rich BaTiQ powder with a proper amount of Zr

is shifted to room temperature. was used for TGG. The powder was obtained by mixing
BaCG; (0.1 um, Sakai Chemical Co., Sakai, JapaiiO,

dElectronic mail: paulr@psu.edu (0.5 um, Ishihara Chemical Co., Kobe, Japaand ZrGQ
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FIG. 1. Scanning electron micrograph of BaTiQemplate crystal, =
Ba(Zro_OST?0_95)03 grown cry;tal, and the Ti-rich polycrystalline matrix 5000
Ba(Zro osTl0es/O0g+3 mol % TiQ, after 30 h at 1350°C. ~ TUUp

okt Tl L

(0.05 um, TAM Ceramics Inc., Niagara Falls, NYoowders |00 500 50 100 150
in a Nalgene bottle with an aqueous dispersé&ramol, Temperature (°C)
T963), and high density Zr@ media at a pH of 10 in 0.100
DI-H,0. The slurry was milled overnight and then dried in a - BaZi T 0 —’
Pyrex pan. The powder was calcined in & 1150 °C for 4 i (b) xlxs
h, followed by further heating in air at 1200 °C for 2 h. The s T x=008
final powder was attrition milled for 16 h and then sieved to 0.075— x =005
less than 45um (—325 mesh prior to being mixed with an L Tro measured at 1 kiiz
organic bindefAcryloid B-7 MEK, Rohm & Haas, Philadel- . [
phia, PA. Pellets were pressed uniaxially at 140 MPa fol- £ 0.050—
lowed by cold isostatic pressing at 276 MPa and sintering at & [
1300-1350°C fo2 h inair. The grain size of the 4.5 and 5.0
mol % Zr-doped BaTi@sintered ceramics was15 um and 0.025 S
the samples were approximately 98% of theoretical density. R ol
The grain size of the 8.5 mol % Zr-doped BaTi€intered
ceramics was~25 um and the sample was approximately

92% of theoretical density. One side of sintered polycrystal- 0~00(_)50
line matrix was polished with um diamond paste.
For TGG, a{100 surface of the BaTiQ crystal was
contacted, without pressure, with the sintered polycrystallin€IG. 2. Dielectric constanta) and dielectric losgb) as a function of tem-
matrix and the assemblage was heated in air to 1350 °C fderature at 1 kHz for TGG grown Bar,Ti,,)Os single crystals, where
8—30 h. Cross sections of the growing crystal in the pc)ly_x=0.045 and 0.05. Tr_o=rhombohedral to orthorhombic transition
. . . . . To_r=orthorhombic to tetragonal transitipn
crystalline matrix were examined by scanning electron mi-

croscopy(SEM) (ISI Model DS 130 after polishing to Jum

diamond paste and then thermal etching at 1300 °C for 3yckin amplifier(Stanford Research Systems, Model SR830
min. The voltage was supplied using either a Trek 609C-6 high
Grown crystals were sectioned from the template andojtage dc amplifier or a Kepco BOP 1000M amplifier. The
polycrystalline matrix so that dielectric measurements wergame system was used to measure unipolar strain curves on
performed on the grown crystals aloiiee., none of the poled crystals oriented along the pseudocwfiel). The
original BaTiQ, crystal remained The pseudocubi¢00l}  yajye ford,; was estimated from the slope of the unipolar
faces of grown crystals were oriented via x-ray Laue techstrain versus electric fieltE) curve. Electromechanical cou-
niques and polished with xm diamond paste followed by pjling was measured using the IEEE Resonance Technique

gold sputtering to form electrodes. A multifrequency meteriaNSI/IEEE Std. 176-1978on samples poled by field cool-
(HP 4284A LCR meterwas used in conjunction with a com- ing above the Curie temperature and 10 kV/cm.

puter controlled temperature chamb@elta Design Inc.,
Model MK 9023 to measure the dielectric constant as a
function of temperature on coolind75 to —100 °Q at fre-
guencies between 100 Hz and 100 kHz. Samples were poled Figure 1 shows a scanning electron micrograph of a
either by field cooling10 kV/cm) from temperatures above cross-sectional view of the Barg osTig 9505 crystal (BZT-

the dielectric maximum temperaturd {,) or by applying 05.0, the template crystal, and the polycrystalline matrix
40 kV/cm at room temperature. High field measurementsfter 30 h at 1350 °C. The boundary migrated as much as 825
(1-50 kV/cm included simultaneous polarizatioi?) and  um into the polycrystalline matrix. Note that the crystal
strain (S) hysteresis curves obtained using a computergrowth front is no longer parallel to the initial template sur-
controlled modified Sawyer—Tower system and a linear variface, but has grown to a habit plane, as was shown previ-
able displacement transducérVDT) sensor driven by a ously for growth into pure BaTiQmatrices® The grown

0 50 100 150
Temperature (°C)

IIl. RESULTS AND DISCUSSION
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FIG. 3. Dielectric constant as a function of temperature and frequency for
TGG grown B&Zrg ¢g5Tig 91505 Single crystal.

crystal also incorporated approximately 2 vol % of the matrix
porosity. The average growth rate frondGD1) oriented tem-
plate crystal after 30 h was 28m/h. However, the initial I
growth rate may have been faster when the matrix grain size 0.20F
was 15um. The final matrix grain size was 227 um, with [
a significant numbe¢~10-15 vol % with a grain size>40

um. Coarsening of matrix grains is known to decrease the
driving force associated with boundary migration during
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TGG. As indicated by the variable porosity entrapped in the (b e LI H
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crystal, the rate of growth continuously decreased with time. 0.05 Vi N 2
In the top layer of the grown crystal the pores remain abun- L ‘-{1% £V 3
dant and~5-10 um in size. After the growth rate slowed, 0.00F ‘*\‘;-,‘f >
fewer pores are trapped and those that remain coalesced be- e TR I Wil ool I O
fore entrapment. -15 .10 -5 0 5 10 15

Figure 2 shows the dielectric constgaj and dielectric Electric Field (kV/em)

loss(b) as a function of temperaturg and ,mOI %, Zirconium atFIG. 4. Polarization(a) and strain hysteresi&) as a function of electric

1 kHz. The samples showed very little dispersion as a functield for (001) oriented TGG Bezr,Ti,_)O; single crystals, where
tion of frequency and therefore only the 1 kHz values arex=0.045 and 0.05.

shown. As seen in polycrystalline Zr-doped BaZiQhe

transition temperatures are pinched with increasing mol %

zirconium?#=%° The 4.5 (BZT-04.5 and 5.0 (BZT-05.0  reflected in the grown crystal. Above the dielectric maximum
mol % Zr sample show distinct transition temperatures withtemperatureT .. the Curie—Weiss law is obeyed with Cu-
both the rhombohedral—orthorhombic and orthorhombic—ie constants and Curie—Weiss temperatures ok 1@ °C
tetragonal transition temperatures shifted up by approxiand 104 °C for BZT-04.5 and 1:310° °C and 102 °C for
mately 80°C Tr_o=0°C) and 45°C [To_1=50°0), re- BZT-0O5.0, respectively; i.e..erpzr-045=1.4X 10° °C/(T
spectively. The amount of shift is similar to the amount of —104 °Q) and eg(gz1-05.0)= 1.3X 10° °C/(T—102°0.

shift (75 and 49 °C, respectivelypredicted by Jaffeet al* Figure 3 shows the dielectric constant as a function of
for these compositions. The result of this shift is that thetemperature and frequency for the crystal with 88ZT-
orthorhombic phase is stabilized at room temperature. Th&8.5 mol% Zr. The room temperature dielectric loss was
Curie temperature for the 4.5 and 5.0 mol% Zr samples~0.05. The dielectric response is pinched even more than for
shifted down by approximately 20°CT¢=110°0, also BZT-0O4.5 and BZT-05.0 and the transition behaviors are
similar to the shift(21 °C) shown by Jaffeet al* The room more diffuse. The rhombohedral—orthorhombic and
temperature dielectric constants are approximately 3200 anatrthorhombic—tetragonal transition temperatures shifted up
3500 for unpoled BZT-04.5 and BZT-05.0, respectively.by 135°C (Tr_o=55°C) and 65 °C( To_t=70°C), respec-
The room temperature dielectric loss is approximatelytively. The rhombohedral phase is stabilized at room tem-
0.013-0.016 for both materials. What is also important toperature as a result of these shiffs,,, is shifted down by
note, as clearly observed in Fig. 2, is the effect of a smalhpproximately 43 °C T,,ax=90 °C). These shifts in tempera-
change of 0.5 mol% Zr doping on the pinching behavior.ture are also similar to the shift¢06, 59, and 40 °C, respec-
This shows that the small change in matrix composition wasively) given by Jaffeet al?
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FIG. 5. Unipolar strain hysteresis as a function of electric field (61
oriented TGG B&Zr,Ti, _,) O3 single crystals, wherg=0.045 and 0.05.

Figure 4 shows the polarization and strain behavior for
BZT-O4.5 and BZT-O5.0 crystals oriented along the
pseudocubic(001) as a function of electric field at room
temperature. Orthorhombic BZT-04.5 and BZT-O5.0 crys-
tals have remanent polarization®,] and coercive fields
(E.) of approximately 13uC/cn? and 1 kV/cm, respec-
tively. The coercive field is lower and remanent polarizations
higheP® than reported for ceramics with similar composi-
tion, which is expected for a single crystal of this orientation.
In the orthorhombic phase, the polarization vector is oriented
along the pseudocubid 10y direction, the magnitude of this
vector is obtained by multiplying the, value from Fig. 4
with 2, which results in a value of 18C/cn?.

For the Zr-doped crystals measured here, a crystallo-
graphically engineered macrosymmetry 4 mm is expected for

Rehrig et al.
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poling along the pseudocub{®01) axis, similar to the case FIG. 6. Polarization(a and strain hysteresi&) as a function of electric

of rhombohedral relaxor-PT crystdi$\s shown in Fig. 4a),
the top of the hysteresis loop is more rounded than in the
case of relaxor-PT crystals. This indicates that the crystal
partially depoles near zero field. The stability of the domain

state was not studied.

Figure 5 shows the unipolar strain behavior at room tem-
perature for BZT-O4.5 and BZT-05.0 crystals poled and ex-
cited along the pseudocubi©01) as a function of electric
field. Both crystals show maximum strain levels of approxi-
mately 0.48% at a maximum field of60 kV/cm, which
includes ~0.35% strain associated with domain reorienta-
tion. After saturation, the strain behavior from 30—60 kV/cm
corresponds to es; of 355 and 340 pC/N for BZT-O4.5 and
BZT-05.0, respectively.

Figure 6 shows the polarization and strain behavior for
(001 oriented BZT-R8.5 as a function of electric field at
room temperature. The larger hysteresis inBhes E curve
[Fig. 6(a)] relative to that for the orthorhombic crystals may
be a result of inferior crystal quality, i.e., a greater volume of
pores (BZT-R8.5~8 vol %, BZT-04.5-2 vol %) and/or a
higher space charge contribution to the dielectric displace-
ment. AlthoughP,~10 uC/cn? in Fig. 6a), the top of the

field for (001 oriented TGG B&Zrg ogsTig 919 O3 Single crystal.

v
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hysteresis loop is more rounded than for orthorhombic cryseriented TGG B&Zry 4geTig 91905 single crystal.
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FIG. 7. Unipolar strain hysteresis as a function of electric field(f1)
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TABLE |. Effective electromechanical coupling data for 4.5 mol % Zr-doped orthorhombic Badiitgle
crystal, oriented along the pseudocufd©1), grown by TGG.

dc bias Freq. constant S S5 daz

(kV/cm) (Hz m) Kas €xs (1072 m®N7Y (1072 m*NY (pCIN)
4.6 1691 0.74 770 14.5 31.7 340
1.0 1689 0.74 730 14.6 317 330

tals. In the rhombohedral phase, the polarization vector isively. High field ds; values up to 355 pC/N were observed.
oriented along the pseudocukitll) direction, the magni- This value was supported by resonance measurements, where
tude of this vector is obtained by multiplying tH& value  ad;; value of 340 pC/N was observed. l4; value of 0.74
from Fig. 6 with (3, which results in a value of 1jC/cnt. was obtained under dc bias. Thg; and k33 values calcu-
The unipolar strain behavior at room temperature for dated for BZT-04.5(340—355 pC/N and 0.74, respectively
(002 poled rhombohedral crystal is shown in Fig. d33  are almost twice the value of most nonlead materials with
calculated from the slopes of unipolar strain verBusurves  similar T, and approaching polycrystalline PZT-5A’s
were a function of electric field, i.eds; became a maximum (DOD-type II).} Although the maximun,, as high as 480
(~480 pC/N at ~10 kV/cm, but decreases and subsequentlypC/N (calculated from theS vs E curveg for BZT-R8.5 is
saturates to 160 pC/N &>30 kV/cm. The high initial value observed at low electric field due to domain reorientation,
is due, at least in part, to domain reorientation. Beyond thatinder additional increase in bias, the rhombohedral phase is
point, as an electric field alongP01) prefers the tetragonal probably converted to tetragonal due to the small energy
polar phase, it is possible that a modest bias field results idifference between the two associated with the pinching ef-
the transition from rhombohedral to tetragonal phase. It idect. When the orthorhombic or rhombohedral phase is sta-
noteworthy to mention that the high fietth;~160 pC/N is  bilized to room temperature to utilize crystallographic engi-
similar to that of a single domain tetragonal Bagi@ystal. = neering for piezoelectric performance enhancement, the
This field-induced phase transition may be ascribed to th@hase relationships anid,,, must be properly engineered to
pinching effect, that is, the consequent decrease in free emnsure phase stability, i.e., due to the field-induced phase
ergy difference among polymorphic rhombohedral, ortho-transition in the rhombohedral crystals the high field mea-
rhombic, tetragonal, and cubic phases. surementgfield induced tetragonal phgsmay not correlate
The electromechanical coupling data for 4.5 mol % Zr-well with low field measurement¢rhombohedral phage
doped orthorhombic BaTiQ single crystal (BZT-04.5 Both BZT-O BZT-R samples show high piezoelectric coef-
grown by TGG is shown in Table I. After poling, no reso- ficients and an improvement in piezoelectric properties over
nance was observed for electromechanical coupling measureat is currently available for nonlead systems, as a result of
ments. Under application of a 950 V dc bias during the meaerystallographic engineering.
surement, the values as shown in Table | were obtained, Itis possible that the properties of these crystals may be
showingks; and ds; values of 0.74 and 340 pC/N, respec- improved further. In particular, better understanding of the
tively. During removal of the field the values remained es-role of crystal orientation and phase relationships on the sta-
sentially constant down to 200 §..0 kV/cm), also shown in  bility of the domain state is necessary and could lead to
Table I. However, upon removal of all electric field, once improved composition selection. In addition, it is possible
again no resonance was detected after a few seconds. Thetbkat eliminating the porosity from the crystals would result in
fore it was necessary to apply a dc bias to stabilize a domaimproved electromechanical properties.
state. The value fods; is in close agreement with the value
for d33 determined by unipolar strain data. The values for theack NOWLEDGMENTS
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