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Dielectric and piezoelectric properties of (001) fiber-textured
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The 0.675Pb(MgsNby5) O3—0.325PbTiQ (PMN—-32.5PT ceramic compositionwith 1 wt. %
excess PbDwas fiber textured in théd01) direction by the templated grain growth process using

5 vol % oriented{ 001} - BaTiO; platelet crystals as the templates. The templated ceramics annealed
at 1150°C for 5 h attained texture fractions as high as 0.9. The fiber-textured samples showed an
increase in the piezoelectric, electromechanical coupling, and compliance coefficients when poled
and measured in tH@0D)-textured direction. The low drive field(5 kV/cm) ds3 coefficients in the

(001), measured directly from unipolar strain-field measurements, wet&50 pC/N. Thisdss
coefficient is 1.2—1.5 times greater than randomly oriented samples. The plednd e, for a
0.9-textured PMN-32.5PT ceramic were 21500 and 2450, respectively. Factors limiting further
property improvements are discussed.2003 American Institute of Physics.

[DOI: 10.1063/1.1554488

I. INTRODUCTION tals, therefore, one would believe that domain engineering
would also apply to thin films and grain-oriented ceramics in
(001)-oriented rhombohedral single crystal the (001) of the same compositional systems. Regardless of

Pb(ZnsNb,3) O3—PbTiO; (PZN-PT) and Pb(Mg;sNbys) the (001) orientation of PMN—PT thin films, the piezoelec-
X03—PbTiO; (PMN-PT) near the morphotropic phase tric coefficients always decrease as a result of substrate
boundary(MPB) composition show enhanced strain levelsclamping®’ The property enhancement due {@01) grain
combined with large piezoelectric and electromechanicabrientation in rhombohedral, Pb-based relaxor—PRQTe®-
coupling coefficientd:? The large increase in these proper- ramics, or in any ferroelectric ceramic showing a
ties has been attributed to domain or crystallographic engirfhombohedral—tetragonal MPB composition, has not yet
neering. For single crystals poled in #@91), the dipoles are  been extensively investigated.
aligned along any of the four equivalefill) directions Many investigators have previously shown that ferro-
~54.7° from the poling direction. The four equivalent do- electric ceramics which display a high degree of grain orien-
mains have the same energy state when the field is appliegdtion (texture possess directionally dependent dielectric,
along the(001), which results in a low driving force for pyroelectric, and piezoelectric properties like those of a
domain wall movement:® The limited mobility of the do-  single crystal. This has been demonstrated for fiber-textured
main walls leads to the low observed piezoelectsitain—  (Sr,Ba)NBOg,®  PbNb,Og,° and  BjTiz0y,, 0%
field) hysteresis below the field-induced rhombohedral-PMN-32PT* and sheet-textured (Sr,Layb,0,.** Duran
tetragonal phase transformation. The enhanced strains areeal® showed that there was a direct correlation between the
result of the rotation of the dipoles towards #@91) with  degree of fiber texture in the polar direction with the percent-
increasing field. The macroscopic displacement during thigige of single crystal-like properties for (Sg, Bay 1) Nb,Og
phase transformation is pronounced for rhombohedral comeeramics. As the degree of fiber texture increased in the
positions very near to the MPB composition. The low hys-[001], the piezoelectric coefficient increased to a high frac-
teresis and high strain levels are desired for the next genergon of the single crystal values. Therefore, by texturing
tion of piezoelectric actuators and transducers. ferroelectric ceramics by conventional ceramic processing
As previously stated, the enhanced electromechanicabutes, it is possible to obtain an inexpensive substitute for
properties for the domain engineered materials have beegingle crystals that display similar dielectric, pyroelectric,
primarily identified for PZN-PT and PMN-PT single crys- and piezoelectric properties. This is especially important for
tals. Recently, BaTi@and Zr-doped BaTi@single crystals the PMN—PT composition since single crystal growth is lim-
have shown similar increased properties and decreased pied by low production efficiency, high production cost, long
ezoelectric hysteresis due to the application of the domaigrowth time, small product size, limited shape forming capa-
engineering concept for perovskite ferroelectrics which haveility, and compositional heterogeneity.
a rhombohedral—tetragonal phase transifiorthe domain In this work, 0.675Pb(MgsNb,3)0;—0.325PbTiQ
engineering technique seems to be suitable for single crysPMN-32.5P7F ceramics were fiber textured in tk@01) by
the templated grain growtfTGG) process using a low con-

aAuthor to whom correspondence should be addressed; electronic maif€ntration &5 vol %) of oriented{OOl}-BaTiO3.crystaIs as
sabolsky@nextechmaterials.com the template particle$. The TGG process involves the
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orientation of anisometric template particles in a fine-sizewhere
powder by a shear-forming technigtfe.The template

particles must be relatively large and anisometric in shape, so  p 00)= =1 (o) @)

that they can be effectively oriented during forming and Lthity

grow preferentially during sintering. The driving force for S|

the TGG process is supplied by the difference in surface free pozﬂ_ 3
energy between the templates and the matrix grains, which o)

increases with the relative difference in the size between th%'(ou) is the summation of the XRD peak intensities of all
templates and the matrix. the (00I) peaks(i.e., 001, 002.).in the textured sample pat-

The objective of this work was to determine the effect ofey v (nkyy is the summation of the peak intensities of all
(002 fiber texture on the dielectric and piezoelectric Proper-(hk|y peaks which appear in the XRD pattet®lo(oq, and

ties of the PMN-32.5PT ceramics. Many issues ares I omiiy are summations of the XRD peak intensities for a

addressed in this work relating to the effect of excess PbQqngomly, oriented sample. Thefactors were calculated for

residual BaTiQ, and texture deg_ree on the piezoelectric re-5 20 scan between 20° and 70°. The calculatedescribes
sponse of the textured ceramics. The absence of thregre gegree of texture defined by the surface area which was
dimensional texture and the presence of BRTIQIUSIONS  haracterized by XRD. Thé factor is considered to be an
are two key issues which are addressed in this article, besgtimation of the volume fraction of textured material. The
cause they may have adverse effects on the piezoelectric rgsyy e fractions varied across the volume of the samples due
sponse of the textured PMN—PT ceramics. to the size and inhomogeneous mixing of the large template
particles. The texture fractions reported for each sample in
this work were calculated and averaged owe3 XRD pat-
terns taken at various depths through the sample thickness.
The 0.675Pb(MgsNb,5)0;—0.325PbTiQ (PMN—  The listed texture fractions are accuratet6%, therefore,
32.5PT matrix powder used for the study was synthesizedthe samples displaying similar texture fractions, which were
by the columbite method by milling MgNBs (TRS Inc.,  Similar within =5%, were grouped for property versus tex-
State College, PA (PbCQ),Pb(OH), (Aldrich Chemical ture comparisons.
Company, Inc., Milwaukee, W) and fumed-TiQ (Degussa- Randomly oriented, untemplated samples of the various
Hus, Frankfurt, Germanyat the proper stoichiometry in de- matrix compositiongwith 0 wt. % and 1 wt. % excess PhO
ionized HO (pH=10.5). The composition was ball-milled Were formed in order to directly correlate the effect of pro-
for 12 h with high purity ZrQ media(3 mm diameter The  cessing on the properties. Throughout this work, the term
slurry was dried and the powder was reacted in an aluminagandom” will designate PMN—-32.5PT samples that do not
crucible at 850 °C for 6 h. The average particle size of thecontain BaTiQ template particles and the samples display
PMN-32.5PT powder after milling, measured by centrifugalno preferential grain orientation. The random pellet samples

sedimentation(Horiba CAPA-700, was approximately 0.8 were formed by isostatic pressing at room temperature. The
m random samples were sintered at 1150 °C and then polished

All textured Samp|es characterized in this work con-to a final dimension of-6.3 mm in diameter and 0.350 mm
tained 1 wt. % excess PbO in order to drive the TGG procesH thickness. These sample dimensions were chosen in order
to completion. The excess PbO was added by ball milling théo have untextured/untemplated samples with a similar area
proper concentration of (PbGLPb(OH), with fully cal- and thickness as the textured samples. The sample densities
cined PMN—-32.5PT in toluene for 10 h. The powder waswere ~98%—99% of theoretical density, depending upon
dried at~100°C and calcined at 550 °C for 4 h. the excess PbO content. Samples that 1e6t5 wt. % after

The matrix was mixed with 5 vol %001}-BaTiO; tem-  sintering were discarded from the study.
plate crystals which were grown by the Remeika procgss. ~ The low-field dielectric constant and logat 1 V) were
The template crystals displayed thicknesses<@5 um and  measured as a function of temperature with a multifrequency
diameters of approximately 75—1%0n. The matrix compo- impedance metefHP 4284ALCR mete) combined with a
sition was tape cast, cut, and laminated. The organic bindéemperature regulated oven. The dielectric constant and loss
was first removed from the samples and the samples weiere measured between 0 and 300 °C and over a frequency
then hot pressed in argon at 900 °C for 30 min at 40 MPatange of 1 kHz—1 MHz. Poled samples were measured on
The samples were cut to a dimension 0£3x0.350 mm  heating and unpoled samples were measured on cooling. The
and annealed in Dat 1150 °C for times<5 h to allow ad- samples were heated and cooled at a rate of 4 °C/min. The
equate time for template growth to increase the total texturéintextured and textured PMN-32.5PT samples were typi-
fraction. The sample densities were97% of theoretical cally poled with a dc bias of 40 kv/cm for 15 min at room
density. The surface of the samples was polished joml ~ temperature in polydimethylsiloxanéDow Corning 200
roughness and x-ray diffractid®RD) was performed on the fluid). The samples were electroded with gold by sputtering.
sample surfaces to determine the texture fraction. (DOd) The dielectric polarization versus electric field measure-

texture fraction was estimated by the Lotgering metfiod ~ ments P—E hysteresis loopsvere completed using a modi-
fied Sawyer—Tower circuit. The unipolar strain versus elec-

(1) tric field measurements (strain—field curves were
concurrently measured using the Sawyer—Tower circuit in

Il. EXPERIMENTAL PROCEDURE
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FIG. 1. XRD pattern of PMN—32.5PTL wt. % excess PbCOceramics con-  FIG. 2. XRD pattern of th€200) peak of a~90%-textured PMN—-32.5PT
taining 5 vol % oriented 001}-BaTiO; templates annealed at 1150 °C for (1 wt. % excess PbOceramic containing 5 vol % oriente01}-BaTiO,
0-5h. templates annealed at 1150 °C for 5 h.

conjunction with a linear variable differential transducer,

driven by a lock-in amplifie(Standford Research Systems, these samples. This indicates that a significant amount of
Model SR830. High fields were generated by a Trek 609C-6 template growth occurred just on heating to 1150 °C. With
high-voltage amplifier. The strain and polarization of theannealing at 1150 °C for 1 and 5 h, the texture fraction in-
samples were measured while immersed in Galden HT-208reased to~0.85 and 0.90, respectivelfig. 1). These re-
to prevent arcing. Th®—E measurements were traced using sults indicate that the texture rate seemed to begin saturating
a triangular wave form. Unipolar strain—field curves werepefore the sample reached the 1150 °C annealing tempera-
measured using the same apparatus by applying half of @re. The saturation of the texturing rate can be attributed in
sinusoidal wave to the poled samples. part to the decrease in the growth rate of the oriented
The low-field piezoelectric coefficientsd{;) for the  PMN—PT single crystal layers heteroepitaxially growing
samples were estimated from the slope of the unipolafrom the BaTiQ templates due to the coarsening and shape
strain—field curves. The longitudinal and lateral electromechange of the matrix grains, as previously reporfeél.sec-
chanical coupling coefficientskgs,ks;) were measured in  ond factor slowing the rate of texturing is the impingement
accordance with the IEEE standards for the resonance tecbf the templated grains, since the template particles are not
nique (ANSI/IEEE Std. 176-19787 using a HP 4194A ideally situated in the ceramic.
impedance/gain phase analyzer. From the measured reso- An interesting feature that can be observed in the XRD
nancef, and antiresonancé, frequencies, the compliance patterns(Fig. 1) for the textured samples is the brofaD1}
(S33,553:S11,S1) and piezoelectric coefficientsdgs,ds)  peaks, where these peaks sometimes display multiple over-
were also calculated. Thig andf, frequencies were deter- |apping peaks in close proximity of thegangle position.
mined from the first minimum and maximum impedanceThe peak splitting is only observed for tH01} peaks.

peaks in the impedance/frequency scan. Therefore, the origin of the splitting is related to the tem-
plated grains since the increased intensity of these peaks is
11l. RESULTS AND DISCUSSION based primarily on the diffraction from the oriented grains.

Figure 2 shows an XRD step scan around (@0 diffrac-
tion peak for a 90%-textured PMN—-32.5PT-5BT ceramic.
Figure 1 shows the evolution of the XRD patterns for The BaTiQ, peak positions are shown for reference. It is
PMN-32.5PT ceramics with a matrix containing 5 vol % clear that the splitting of th¢200; peaks does not overlap
BaTiO; templateSPMN—-32.5PT-5BT and 1 wt. % excess with the rhombohedral PMN—-PT peaks or tt#00)/(002)
PbO annealed at 1150 °C for 0-5 h. The samples were inpeaks of tetragonally distorted BaTljOThe multiple peaks
tially densified by hot pressing as described in the experieould be the result of lattice distortions in the templated
mental procedures. Included in Fig. 1 are the XRD patterngrains due to interdiffusion between the template and the
of a random PMN-32.5PT and an unannealed PMN-growing crystal layer. The templated PMN—-32.5PT grains
32.5PT-5BT ceramic sample. Figure 1 shows no alteratiomay also be mechanically constrained by the BaTiém-
in the XRD pattern of the templated sample after hot pressplate which may locally lock the grown PMN—-PT crystal
ing compared to that for the random sample. The additionainto the tetragonal phase. Durtén al1° recently showed the
oriented template particles did not appear to affect the relacoexistence of rhombohedral and tetragonal domains in
tive intensities due to the increased volume fraction of ori-poled PZN—-8PT single crystal& rhombohedral composi-
ented material within the ceramic. When the templatedion) by XRD of the{002 peak. The appearance of Fig(c
samples were heated at a rate of 10 °C/min to 1150 °C an?6>44.8°) is similar to that shown by Durbiat al. The
then quenched to room temperatyfeh anneal the peak PMN-32.5PT composition is an analogous composition to
intensity of the{0O0I} increased and all other peaks decreasedhe PZN—8PT composition in relation to the MPB. There-
in intensity. A Lotgering factor of~0.8 was calculated for fore, the splitting in the diffraction pattern may indicate that

A. Textured PMN—-32.5PT ceramics
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FIG. 3. Dielectric constant and loss as a function of temperature for poled'!G. 4. Dielectric constant and loss as a function of temperature for poled
PMN-32.5PT ceramics containing 0, 1, and 3 wt. % excess PbO. PMN-32.5PT ceramics containing 5 vol % Bagi@emplates (PMN—
32.5PT-5B7 annealed at 800 °C for 10 h.

the BaTiQ, templates are stabilizing the tetragonal domain

structure in the templated grains by clamping. With the addition of 1 wt or 3 wt. % excess PbO, the
poled &, decreased from~39000 to ~20300 and

B. Dielectric properties of ~ (001)-textured PMN—32.5PT ~17700 (1 kHz), respectively(Fig. 3). The addition of

ceramics excess PbO also shifted the phase transition temperatures

. . o (T T to higher temperatures. ThE,, Was shifted
As previously mentioned, all templated samples in th.s]fm’nf] 1%"5%o~16$°c with E[)he addition of Tixg W % exXCess

work contained 1 wt. % excess PbO in order to enhance thsbo Shifts in thel ... for PMN and PZT have been attrib-
grain growth kinetics. The effect of an intergranular Pb-rich . +"0 the vqumemgxf intergranular low{low polarizable

phase on the dielectric pggperties of PMN—-PT has been reﬁhases and defed% The presence of low-phases and
ported by many authofS*The thin, intergranular layer of vacancies at the grain boundaries affects the space-charge

a Pb-rich phase lowers the dielectric constant and INCreaseR 4 and surface stresses around the grains. The presence of

thhe Iost,)s for various fPlll\/INd—PT 'ct:)orgptc)) S|tl|)ops|(. Thﬁ sg' Tﬁetcﬁntergranular imperfections may alter the stress distribution
ave leen Z%L_Jgfess ully described by brick-wall dIeleCtlC g stapilize the space-charge field around the grains which
mixing faws. - . . would “lock-in” the ferroelectric polarization, allowing the
A comparison of the dielectric constants and loss tan- ipoles to persist to higher than normal temperatefé&3
gents versus temperature for poled, random PMN-32.5P he dielectric loss for these samples containing excess PbO

ceramic samples containing 0, 1, and 3 wt. % excess PbO Was still relatively low ¢<0.05)

displayed in Fig. 3. The poled samples display two major Figures 4 and 5 show plots of the dielectric constant as a

anomalies in the dielectric constant as a function of temperag, - tion of temperature for PMN—32.5PT ceramic samples

wre. The anomaly at 90— 100. C Tr.y) indicates the phase containing 5 vol %{001}-BaTiO; template particle$PMN—
transition from the ferroelectric rhombohedral to the tetrag-,, 5PT-5BT. The samples all contained 1 wt.% excess

o_n_al stateé”"* The second_ anomaly describes the phase T85h5 in order to increase the TGG kinetics. The samples were
sition from the ferroelectric tetragonal state to the paraelec:

tri bi taté®-3* The f lectric tet |t densified t0~99% by hot pressing in argon. Each sample
fic cubic —state. 'he  lerroelectric tetragonal 1o gxperienced a different high temperature annealing treatment
paraelectric cubic transition temperature will be designate

as the maxima temperaturg, ., since the PMN—-32.5PT

composition shows a slightly broad phase transition. 2se00 0.5
PMN—-PT compositions containing lower PbTEi©oncentra- 1kHz Poled 1 0.45
tions usually show greater dielectric broadening at the § 20000 { 10K +os
paraelectric—ferroelectric phase transition due to composi-

tional fluctuationg>2%3233The broad phase transition indi-
cates the presence of multiple localized phase transition tem
peratures, therefore the dielectric anomaly maximum is
usually termed thd ,ax- Tmax for the random PMN—-32.5PT
ceramic containing 0 wt. % excess PbO was 159°C. The
phase diagram reported by Zhaet al®' shows that a
PMN—-PT composition with 32.5 mol % PbTithas aT yax 0 :
~162°C and & ,..~78°C. This implies that the actual ma- 0 50 100 150 200 250 300

trix composition for this study may be between 31.5 and 32 Temperature (°C)

mol % PbTIQ;, since the MPB Of the PMN_P_T sys.tem FIG. 5. Dielectric constant and loss as a function of temperature for poled
curves toward the PMN composition resulting in a higherpmn-32.5pT ceramics containing 5 vol % BagiQemplates (PMN—
Tmaxand a lowerT, ;. 32.5PT-5BT annealed at 1150 °C for 5 h.
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to drive the TGG process. The first sample set was only

annealed to 800 °C for 10 h in order to reoxidize the sample ~ ~ “0 /”5“5:;,____.....
without altering the untexturedf&0) PMN—PT/BaTiQ E e
microstructure(Fig. 1). The second sample was annealed to Q@ soc, "’"\:‘;{

1150 °C for 5 h, which resulted in the sample havin@@1)- = .

texture fraction of~0.90 (Fig. 1). The poled dielectric re- S s 40 0 2 i 0 2 0 0 0 §
sponse of the untextured PMN—-32.5PT-5BT sanflpig. 4) § a0

showed a broad peak ak,~167°C. This untextured 2 “__‘_—»:_‘;,,;5?."'
PMN-32.5PT—5BT sample displayed a more diffuse transi- S | s 40 ] s
tion than the random samples, possibly due to differences in 56

point defects, grain size, or internal stresses. The Electric Field (kV/cm)

rhombOhEdraL_tetragonal transitionTat, (~95- 1,05 C ,for FIG. 6. Polarization-electric field hysteresis for PMN-32.5PT ceramic con-
random 1 wt. % excess PbO samplesuld not be |(_j(_ant|f|ed. taining 5 vol % BaTiQ templatePMN—32.5PT—5BT annealed at 800 °C
The Tax (—163 °C) was not affected by the addition of the for 10 h and 1150 °C for 5 h.
BaTiO; templates. This indicates that little Ba homogeniza-
tion (i.e., solid solution formationoccurs at this temperature
and time*’~*' The hot-pressed PMN—32.5PT—5BT ceramic
showed a lowek . (~14460 at 1 kHz By utilizing di-
electric series and logarithmic mixing laws, it was predicte
that a 5 vol % BaTiQ@ addition to PMN-32.5PT1 wt. %
excess PbPDceramic would cause a decrease<02100 in
the effective dielectric constaft?>?® Therefore, the addi-
tion of the BaTiQ phase could not account completely for
the decrease in the dielectric response. @hal. reported
that Pb vacancies in Pb(g#\b;,,)O; (PSN ceramics re-
sulted in a decrease in the transition temperature and diele
tl‘.IC constanf. The Pb vacancies were reported to |nh|'b|tC. Ferroelectric hysteresis of  (001)-textured
dipole coupling and broaden the ferroelectric transformation ;
L PMN-32.5PT ceramics

The presence of Pb vacancies in the PMN-PT templated _ _ o . _
samples after hot pressing and the annealing treatment may The dielectric polarization as a function of bipolar elec-
have influenced the dielectric behavior in a similar mannerfric field measured in the texture(d0l) for the PMN-
Also, the presence of large grains and possible residua2-5PT—5BT is displayed in Fig. 6. Again, the one PMN—
stresses could partially account for this decrease. 32.5PT-5BT sample was only annealed to 800 °C for 10 h in

With an increase in texture fraction t00.90 for higher order to reoxidize the sample without altering the untextured

processing temperatures (1150 °C, % the diffuseness of (f~0) PMN—PT/BaTiQ microstructure. The other sample
the permittivity peak decreased and the overall constant inwas annealed to 1150 °Crf6 h resulting in a texture frac-
creased, especially &, (Fig. 5. Tya did not change, tion of ~0.9. The maximum saturation polarization for the
remaining at a temperature 6f164 °C. The rhombohedral- PMN—-32.5PT-5BT composition was similar for both the
tetragonal transition was visible in the dielectric data for theuntextured and textured PMN-32.5PT-5BT samples, al-
poled sample(Fig. 5), and the transition temperature was though the loop was more square in the textured materials.
consistent with that of that of the random, BaJifdee 'he untextured PMN-32.5PT-5BT cqmposit?on showed a
samples T,.;~95-105°C). The stability of the transition Pr%ZZﬂC/C.mZ and Ec~5.9 kv/cm. With an increase of
temperatures indicates that the BaJi@mplates remained texture fra;non, the _polarlzatlon increased and the coercive
stable within the PMN—PT matrix without the formation of a fiéld remained relatively unchanged (~ ZSHC/CmZv Ec
solid solution between the two phasés? The increase in 5.6 kV/cm). The coercive field for the highly textured
the dielectric constant may have been influenced by the highdmple was similar to a random PMN-32.5PE(
temperature processing which could have eliminated Pb ang -1 KV/cm) and lower than a random ceramic containing 1
oxygen vacancies or residual stresses in the ceramic after h¥f- % excess PbOH;~6.7 kV/cm). The remanent polariza-
pressing in addition to the large grain sfZewhile the di-  tion of the highly textured sample was lower than that dis-
electric constant values increased with an increase in textuidayed by random PMN-32.5PT sample®, ¢35 uC/cn?
fraction, the maximum permittivity was still dominated by for 0 wt. % excess PbO anBr~32MC/ch12 for 1 wt.%
the presence of the intergranular lawphase. excess PbD This is understandable smce_go% of the ce-
The stability of the transition temperatures for theramic is textured at an angle to the polar direction.
PMN-32.5PT-5BT samples suggested the high stability of ) _
the BaTiQ templates. Since the BaTiQdid not seem to D Piezoelectric properties of  (001)-textured
diffuse into the matrix, then the apparent increase in the trant \N=32.5PT ceramics from  strain—field
sition breadth cannot be attributed to dissolution, as reporte@easurements
for PMN and PZN solid solution¥.*°**Some of the broad- The unipolar strain—field behavior of the random PMN—
ening of the dielectric peak can be attributed to the presencg2.5PT and PMN-32.5PT-5BT samples was collected by a

of intergranular PbO acting as a Curie point depre&sdhe
diffuse transition can also be related to the possible distribu-
dtion of space charge in the material. Space charge may also
develop along the grain boundaries due the intergranular
low-¢ phase€®®?’ Therefore, the decrease in diffuseness may
not be the result of texturing, but a result of the high tem-
perature annealing:?"*?Another contribution to the diffuse-
ness may be the combined contributions of both the BgTiO
and the PMN-PT, which have transition temperatures that
gre ~40-50°C apart.
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FIG. 7. Unipolar strain—electric field curves of PMN—32.5PT ceramics con-FIG. 8. Low-field (<5 kV/cm) dg; coefficients measured from unipolar

taining 5 vol % BaTiQ templateS PMN-32.5PT-5BT displaying various  strain—electric field curves of a90% textured PMN-32.5PT-5BT ce-

degrees of texture. ramic and a random PMN-32.5PT ceramic measured to maximum unipolar
fields between 1 and 50 kV/cm.

linear variable differential transducer in conjunction with thetextured samples, when correlated with the maximum open-
Sawyer—Tower circuit(Fig. 7). The ds3 coefficients were ing in the strain—field curves, was greater than that measured
measured from the slope of the strain—field plots for fieldsfor random PMN—-32.5PT sampl¢$able ).

both <5 and <10 kV/cm (Table ). The plot shows that The degree of irreversible domain wall contribution to
increasing the00D)-texture increased the maximum strain the piezoelectric coefficient is identified in strain—field plots
output of the samples. The improvement in strain perforby a large degree of piezoelectric hysteresis. Piezoelectric
mance was enhanced up to an annealing time of 1-5 Hysteresis can be defined as the difference in the stain—field
where it began to saturate along with the rate of texturingesponse on the application and removal of the unipolar,
(Fig. 1. An untextured samplef&0) containing oriented electric field. The hysteresis is a result of domain wall mo-
BaTiO; templates showed a maximum strain of 0.161% at 5@ion due to nonstable domain configuratidfi§’ Rhombohe-
kVicm, and with ~90% texture {=0.9), the maximum dral single crystal PMN—PT poled and measured in{ @)
strain increased to 0.279%. The low-fiedd; coefficients show nearly anhysteritic strain—field response indicating the
(<5kV/icm) for samples with ~90% texture ¢33  absence of extrinsic contribution due to the stable domain
~1150 pC/N) were 1.5 times greater than that measured faronfiguratior? The contribution of the domain motion to the
randomly oriented PMN—-32.5PT samples containing 0 wt. %piezoelectric response was further investigated in this work
excess PbQTable |). The ds; coefficients of this magnitude by observing the effect of various peak fields on the textured
are approximately 40%-50% that measured for PMN—PTamples. A progressively increasing maximum field was ap-
single crystalg30%—35% PbTiQ) in the (001).12**%5The  plied to a~90%-textured PMN—32.5PT—5BT sample from
textured samples showed relatively little opening in thel to 50 kV/cm (0.2 H2). Figure 8 shows the piezoelectric
strain curveq0.0150%—-0.0250% but the hysteresis of the coefficient measured from the slope of the strain—field plot at

TABLE |. Piezoelectric properties measured from the strain—field plots for untextured and textured PMN—
32.5PT ceramics containing various amounts of excess PbO and B&ehlates.

Texture ds3 (PC/IN) ds3 (PC/IN) % Strain Max. opening in
Sample fraction (f ) (<5 kVicm) (<10 kV/cm) (50 kv/cm) curve (%)
0 wt % PbO Random 726 580 0.180 0.0180
0 vol % BT
1 wt% PbO Random 721 593 0.177 0.0200
0 vol% BT
1 wt % PbO 0 590 500 0.161 0.0170
5 vol % BT
1 wt% PbO 0.80 975 808 0.235 0.0150
5vol % BT
1 wt % PbO 0.85 990 820 0.240 0.0220
5 vol % BT
1 wt% PbO 0.90 1150 953 0.279 0.0239
5 vol % BT
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FIG. 9. Strain—electric field curves for -290% textured PMN-32.5PT— FIG. 10. Strain—electric field curves for-a90% textured PMN—-32.5PT—
5BT ceramic measured to a maximum field of 50 kV/cm after 1 and 50 0006BT ceramic measured to a maximum field of 50 kv/cm after 50 000 cycles
cycles at 5 kV/cm. The strain-field response remained unchanged betweenat 10 kV/cm.

and 50 000 cycles.

of the strain—field response>(0.04%) (Fig. 10. Again, the
increase in hysteresis may be due to the activation of various

fields <5 kV/cm at various maximum fields. At maximum . o . _
domain walls above the coercive field or possibly heating,

applied fields<5 kV/cm (<E,), the slope of the plotdss _ : '
coefficien) rapidly increased with an increase in maximum Microcracking, or space-charge buildup.

field. The rate of increasing slope and hysteresis began to Thg str.ain—field plots Of, the_ textured PMN-32.5PT
subside at fields>5 kV/cm. A similar trend was observed c€ramics did not show the field induced rhombohedral to

for random PMN—32.5PT ceramid® wt. % excess PbOQ tetragonal phase transformatiory {5—30 kV/cm) which is

; ; 3,50
but the slope and hysteresis quickly saturated at maximurfiresent in thd001) single crystals:**"The presence of the

applied fields>5 kv/cm. The random ceramic shows that 'eSidual BaTiQ crystal within the templated grains may
the dy, coefficient is most strongly influenced by the hyster—have affected the presence of this phase transformation by

esis for ac drive fields greater than the coercive field Ntérally clamping the grains. This clamping would also re-

(~5 kV/cm). This was not the case for the textured sampIeStriCt t_he piezoelectric response. Tthg andds, coefficients

where the effectivels; coefficient continued to rise even at 107 Single crystal PMN-33PT dg3~2500 pC/N, da,

fields much greater than the coercive field. ~—1075 pC/N}#**% are, respectwel_y, 2040 times
There are several plausible reasons for the hysteresis %reater than S'”g{e crystal BaT(dgs=140 pC/N, ds;

the textured samples. The splitting in tf200) XRD peaks __34_ 60 pC/N): Thgrefore, the BaT|§)cor§ would re-

shown in Fig. 2 suggested a possible presence of tetragon%'imt the expected strain of the PMN-PT grain.

domain states in the textured sampi®She presence of the There are a number of other factors that could affect and

tetragonal domain structure would increase the hysteresiseStrict the piezoelectric response of the textured samples
The origin of the hysteresis can also result from porosity produced in this work. The piezoelectric behavior would be

(~3% in these experimentsr internal stresses developing affected by the intergranular PbO, orientation distribution,
during texturing, which would impede domain wall and residual porosity. The piezoelectric response may also be
movemenf’.5'36'48"ig Internal stresses may result from the limited by the remaining randomly oriented matrix between
remnant BaTiQ templates embedded within the oriented the textured grains. The matrix grains could clamp the piezo-

grains. This could produce an internal stress field within theelecmf: response beMeen the templated grains. Lateral
grains which might, for example, contribute to locally stabi- qlamplng may also arise due to the nature of the texture. A
lizing the tetragonal PMN—PT. fiber-textured ceramic would not experience the same lateral

In order to observe the longer term effect the domainf€sponse as a well-poled crystal. The random nature of the

movement has on the piezoelectric response, highly texturegfientation perpendicular to the textured direction may com-
PMN—32.5PT—5BT samples-(90% textura were driven in p_I|cate the polarlz_anon _rotatlon respon_5|ble for the large
the (001) through 50 000 cycle Hz) at maximum unipolar smgle crystal straln_. This Iate_ral f:lamplng of the textured
field of 5 and 10 kv/cm. The intent of the piezoelectric deg-9rains would restrain the longitudinal response of the tem-
radation experiments was to identify the stability of the tex-Plated grains. Some of these variables must be further stud-
tured samples at various usable field levels. Comparing thl,gd n .order to understa_nd the limiting factor; and the full
initial high strain—field plot €50 kv/cm) with the plot after Potential of these complicated textured materials.

50000 cycles at a maximum dc field of 5 kV/cm in Fig. 9, it
can be seen that the general strain behavior remained cons
tent. By increasing the maximum applied voltage above the
coercive field -10 kV/cm), the textured material began to The piezoelectric coefficientsdgs,ds;), mechanical
display progressive degradatigRig. 10. A comparison of compliances :{53,323,551,3101), and the electromechanical
the initial and final(after 50 000 cyclgsstrain—field plot of  coupling coefficients K33,ks3;) were also measured for the
the fatigued ceramic showed a large increase in the openingndom PMN-32.5PT and textured PMN-32.5PT-5BT

. Piezoelectric properties of  (001)-textured
MN-32.5PT ceramics from resonance measurements
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TABLE Il. Piezoelectric, electromechanical coupling, and compliance coefficients measured by the resonance technique for untextured aRtdxtured
32.5PT ceramics containing various amounts of excess PbO and B&h®lates.

Texture dag dag s5; st
Sample fraction (f ) (pCIN) (pCIN) Kss ka1 (X102 m?/N) (X107 2 m?/N)
0 wt % PbO Random 450 —-211 0.719 0.403 17.7 12.5
0 vol % BT +16 +10 +0.02 +0.003 +0.41 +0.01
1 wt % PbO Random 376 —195 0.673 0.402 15.6 11.7
0 vol % BT *+6 +8 +0.002 +0.001 +0.05 +0.05
1 wt % PbO 0 370 —-162 0.600 0.287 16.7 12.1
5 vol % BT +1 +6 +0.006 +0.007 +0.4 +0.9
1 wt% PbO 0.80 518 —254 0.744 0.448 26.2 16.4
5 vol % BT +10 +22 +0.007 +0.020 +1.0 *+0.7
1 wt % PbO 0.90 525 —282 0.755 0.484 27.6 16.5
5 vol % BT +35 +18 +0.006 +0.007 +1.7 +0.14

ceramic samples by the IEEE resonance techniqughe  were ~1.2 times greater than that measured for randomly
longitudinal coefficients were measured from samples whicloriented PMN—-32.5PT ceramid® wt. % excess PbO A

were cut to the dimensional ratio of 4:1:1X4 X1 mm) and  better comparison would be to associate the textured samples
the lateral coefficients were obtained from samples with th&yith the PMN-32.5PT composition containing 1 wt. % ex-

electromechanical coupling coefficients obtained for randopl_4 times greater than its random ceramic counterpart. There-
PMN-32.5PT and PMN-32.5PT—5BT samples are shown "Bore, the resonance measurements support the strain—field

Table 1l. Randomly oriented PMN-32.5PT—5BT sar‘nplesresults indicating that fiber-texturing PMN—PT in t(@01)

producedksz~0.60. Thisks; coefficient is S|gn|f|cantly be- with a low volume fraction of BaTi@ templates increases
low that observed for random PMN—-32.5PT ceramikg; ( . . . .
the piezoelectric response. The difference in the degree of

~0.673), indicating that the addition of the Bagi®em- h  bet the tw t techni
plates reduced the coupling coefficient of the samples. B nhancement between the two measurement techniques may
e the result of extrinsic contributions to the piezoelectric

increasing the texture fraction t00.90, the electromechani- -~ ’ - X R
cal coupling increased tio;~0.755. The resonance and an- coefficients which were evident in the strain—field measure-
tiresonance peaks of the textured samples showed some dHENtS.
ditional features, which may have originated from grain In this work, the low-field piezoelectric coefficients mea-
pullout or crack formation due to sample preparation, but theéured by the low-field resonance technique for both the ran-
frequency of the minimum and maximum impedance weredom and highly textured PMN-32.5PT ceramics were low. It
still reasonably well defined. These defects would have s evident that the additions of the BaKiitially degraded
significant effect on the resonance patterns, especially sindbe properties, but with an increase in tf@01) orienta-
the longitudinal resonance samples had a low number of texion fraction, the electromechanical coupling and compliance
tured grains, due to the large grain size \00um), and a  values increased, which resulted in an increase in the overall
relatively small electrode area-(1 mnt). piezoelectric response. It was identified that the dielectric
The calculated lateral and longitudinal piezoelectric andconstant was not significantly altered with texturing, and the
compliance constants for random PMN—32.5PT and PMN-magnitude of the dielectric constant was primarily dominated
32.5PT-5BT samples are listed in Table Il. The texturedyy the intergranular PhO-based phase. Therefore, the calcu-
PMN-32.5PT-5BT samples generally showed slightlyjaieq piezoelectric coefficients were dictated by the low di-

higher values than the random samples for all of the materiaélectric constant of the textured PMN—32.5PT ceramics
constants. All of the constants increased with texturing. &1.<3000) '
33 '

The complla_nces of the samples n the Iongltudlna_l_an The important detail identified in this work was that the
lateral directions showed greater anisotropy with additional

texturing. The dss/ds; ratio declined with texturing textured samples consistently displayed strains, piezoelectric
(~235_'1 85) bai thsé averaghs/ds, ratio remained the coefficients, electromechanical coupling coefficients, and
samé as t.he r’andom PMN—32.%P13'1cerami652(1). The Compliances greater than its randomly oriented counterpart.

d33/ds; ratio typically found for many lead-based perovskite ThiS comparison was based on random ceramic standards
ferroelectric materials is~2.327 The discrepancy in the Which were synthesized with the same materials and mea-

das/ds; ratio may originate from the difference in poling sured with the same techniques as the textured ceramics. It
efficiency between the textured longitudinal and transvers@lso suggests that additional property improvements could be
resonance samples. expected as the second phase or residual misoriented mate-
The dj; coefficients measured by the resonance techrial are eliminated, and by better matching the dielectric and
nique for the highly textured PMN-32.5PT-5BT sampleselectromechanical properties of the template to the matrix.
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