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Abstract

Pb(MaysNb,3)Os—PbTiG; solid solution (PMN;_y—PTy) ceramics with 0 x<1 have been prepared by homoepitaxial templated grain
growth (HTGG) using cubic PMN—PT single crystal seeds as templates and nanoparticles for the ceramic matrix. Samples were prepared
using the doctor Blade method and sintered in a controlled atmosphere. They were then analysed by DTA, TGA, optical/scanning electron
microscopy, Raman spectroscopy and imaging. Relationships between Raman parameters such as band component or area versus compositi
(x) are proposed. Wavenumber and peak area shifts from the single crystal seed centre to periphery growth are assigned to compositional
change. Representative medium to highly textured ceramics with Lotgering facter@.6fand 0.9 were sintered at 1150 and 1200
respectively, and studied by direct and smart Raman imaging. The Raman peak centre of gravity depends on the solid solution composition
whereas peak intensity is correlated to the unit-cell distorsion and related short-range structure. Two different growth mechanisms are observed:
below~1200°C, sharp corner and straight edged single crystal seeds develop through a liquid | phase at the crystal/matrix interface; at higher
temperatures, the matrix is consumed and crystal growth develops in contact with a liquid Il phase, through the help of the high PbO patrtial
pressure. Smart Raman imaging shows that the final composition and structure is very close to that of the matrix. Formation of short-range
ordered B/Bdomains is expected. A phase diagram is proposed.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction be obtained:? While expensive crystal growth techniques
are advancing, it is of great practical importance to develop
The piezoelectric performance of relaxor single crystals an alternative low-cost production method based on strongly
provides excellent opportunities for improvements in med- griented or textured ceramics.
ical ultrasonic imaging, sonar applications, active damp-  Pb(Mg;/3Nby/3)O3—-PbTiO; (PMN(1—x—PTx) solid solu-
ing and high strain actuation, if the costs can be reduced.tjon offers a large set of ferroelectric/piezoelectric properties.
PMN(PZN)-PT single crystals exhibit unique electro- Ceramics elaborated by solid-state sinterimg .35) ex-
mechanical properties when poled along the non-galar) hibit an electro-mechanical coupling efficiencykgs = 70%,
direction. This is related to the fact that single crystal domains ¢ ~ 4000 and a longitudinadsz piezoelectric coefficient of
easily orient during poling so that the maximum response is 500 pC/N2 Due to the random crystallographic orientation of
obtained. A longitudinal coupling coefficiekiz 0f 90% and  the bulk ceramic, engineering of ferroelectric domains can-
an exceptional piezoelectric coefficieti > 2000 pC/N can  not be achieved and one gets an average of the directionally
dependent physical properties.
* Corresponding author. Fax: +33 1 4978 1118. Ceramic texturing via templated grain growth (TGG) con-
E-mail addresscolomban@glvt-cnrs.fr (Ph. Colomban). sists in orientating a dispersion of large anisotropic template
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particles in a green state fine particle matrix. During sinter- Ceramic sintering was made underf@w between 1150 and
ing, seed growth consumes the surrounding matrix grains and1200°C for different durations in a PbO-rich atmosphere con-
creates a crystallographically oriented ceramic. TGG processtrolled using crucibles packed in a PbO-rich powder mixture.

efficiency has been demonstrated in a wide variety of sys-
tems, including A30s, mullite, Bis TizO12and SpNb,07.4°

To date, textured Pb(MgNby/3)O3—PbTiG; ceramics have
been obtained by reactive templated grain growth (RTGG)
using Ba/SrTiQ seed$ The problem with heterogeneous
seeding is the residual presence of templéteShe strain-

electric field hysteresis is then larger than in random ceramics

while the electro—mechanical properties measured by low-
field resonance are still much smaller than observed in single
crystals® Unreacted BaTi@templates exhibiting low piezo-
electric properties reduce the effective properties of textured
samples.

We demonstrated recently that textured PMN-PT ce-
ramics could be prepared by homo-epitaxy template grain
growth using PMN-PT templates (HTG&3° Alternative
method using an initially cracked single crystal seed plate
was reported?-12 Any matrix composition can be achieved
but crystal seed composition must match with the phase di-
agram and therefore are limited in number. In this work, we

firstanalysed single crystal seeds and pure ceramics of differ-

ent compositions (0 x< 1) by Raman spectroscopy, in order
to establish a relationship between Raman parameters an
composition distribution. Our goal is to check the validity
of smart Raman imaging as a control method for textured

composition homogenisation for two different seed—matrix
couples, representative of the first and final growing process.
Topological, chemical and crystallographic transformations
are discussed in the light of X-ray diffraction, TGA, DTA and
Raman imaging results.

2. Experimental procedure
2.1. Samples

2.1.1. Matrix powder

PMN-PT nanoparticles were synthesized using the
columbite methot! and milled by continuous attrition
milling with micro-beads.

2.1.2. Seeds

PMN-PT cubic-shapedx(- 0.25) single crystals were
prepared using the flux methdf .Crystals with size close
to 20-50um were selected by sieving.

2.1.3. Ceramics

PMN-PT nano-powders and a few weight percent of
PMN-PT single crystal templates were mixed with an organic
binder to obtain a homogenous slurry. Two weight percent of

PbO was added. The mixture was tape cast using a doctor

blade. Green tapes of 100-1pfh thick were dried, lami-
nated and cut into disk (diameter =16 mm, 0.5-3 mm thick).

2.2. Techniques

2.2.1. Optical microscopy

Microstructures were observed on as-sintered and pol-
ished surfaces using an Olympus optical microscope (up to
x 1000 magnification).

2.2.2. TGA and DTA

Measurements were recorded on a TA instrument appa-
ratus. All experiments were performed by heating/cooling
cycles at a rate of 20C/mn in a Pt open-crucible undernO
flow. The rather high heating/cooling rate prevents excessive
volatilisation of the PbO.

Density was measured using the Archimedes method.

2.2.3. Raman microspectrometry

An “XY” spectrograph (Dilor, France) equipped with a
double monochromator filter and a back-illuminated, lig-
uid nitrogen-cooled, 2008 256 pixels CCD detector (Spex,
Jobin-Yvon—Horiba Company) was used for recording down
o ca. 10 c! with a 647.1 nm excitation line (slit = §0m).

514.53nm excitation was also used to obtain a large,
one shot, spectral window. Various objectives from MSPlan,
Japan (numerical aperture =0.50-0.80; magnification =10,

%50 and 100) were used; the total magnifications are 100, 500

and 1000 and the confocal hole aperture wa®0um. Rare
spikes (cosmic ray) and some plasma lines were removed
from the spectra. The laser spot waist wasml with the

x 100 objective.

2.2.3.1. Raman imagingn order to map the growth seed
distribution, 2000 Raman spectra were recorded over a
large area (typically: 60@m x 700wm) using a computer-
controlled XY table!? During the measurement all moving
parts are fixed and a mercury lamp emission is used to con-
trol the grating position. This procedure guaranties a repro-
ducibility of 4 one pixel, i.e. better thag:1 cmi~? for the
used excitation wavelengths.

2.2.4. X-ray diffraction

Patterns were obtained using a Philips Instrument. The
degree of(001) orientation was estimated from the XRD
patterns using the Lotgering meth8The Lotgering factor
(f) is defined as the fraction of area textured with the crys-
tallographic plane of interest. The degreé®6 1)-texturing
for the PMN-PT ceramics was calculated with the Lotgering
formula:

PooeyPo
fooo = 7{ — ;30 )
> 1000 > Ioor)
Poopy = =%, py=£20% 2
(00¢) 5 =5 To(ni) 2
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> Iooe) is the sum for the textured sample of &0 0 1} that were prepared and selected as templates. Typical green
XRD peaks intensitiesy . /(hki) is calculated the same way  (Fig. 1c) and fired ceramic microstructurdsg. 2) are shown.
with all {hkl} peaks. Inoor) and)_ Ionkiy are the XRD

peak intensities for the randomly oriented sample. 3.1.2. Oriented green tape
HTGG process requires an ultrafine matrix, large tem-
2.2.5. Peak fitting and data processing plates and an appropriate liquid phase for the development of

In undertaking a curve fit of a single Raman spectrum, the the microstructure. The higher the surface area of the pow-
linear baseline was first subtracted using Lab@rm]ﬁware der, the hlgher the driving force for the densification. The
(Di|0r, France)_ An Or|g|n peak-ﬁtﬂng module (Micro@a] PMN-PT perOVSkite pOWdeI’ used exhibits a SpeCiﬁC surface
Software Inc., USA) was used to calculate the integral area, area of~12—15 nt/g and TEM photograph shows aggregates
the bandwidth and the centre of gravity for each component. of about Jum constituted by nanoparticles of 10-100 nm.
The same spectral window was always used. A GaussianGreen tapes of 100—1%0n thickness obtained by tape cast-
shape was assumed for all Raman lines because of the amorng exhibit cubic templates oriented with t@01) plane
phous state of examined materials (a Lorentzian shape is usedPerpendicular to the tape surfaded. 1c).
for crystalline phase components). We will consider two types of samples, representative of

The ana|ysis of mu|ti-spectra sets (images) was performedthe- most different cases encountered in the SyntheSiS cam-
using in house-produced “PARADIS"” software based on the Paigns:

Levenberg—Marquardt methéav.l“j15 The spectra did not  y A sample sintered at 115€ (here after called #1-
receive any ‘manual’ treatment since the software automat- * sampe), with large crystals dispersed in the ceramic ma-
ically sets thg baseline (for complex backgrounds we mtrq- trix. Apart from large cubic-shaped crystals, many small
duced Gausslans): A reference spectrum is dec_omposed first crystals (in white on optical micrographs) <.én in size
(s_hape and |n_ten5|ty mod_elllng) and the resul'_c is compared are observedHig. 2a). The matrix grain size is2 pm
with that.obtalned with Origifi Software. V(_ary sm_’nlar data (Fig. 2), much smaller than the size of the pristine crys-
are obtained. The result serves as a starting point for one of 5| seeds. The density is 7.66 (i.e. 95% of the theoretical
the neighbouring spectra. Each spectrum is fitted using the density).

data comin_g from its neighbour! which minimises the stan- (i) A sample sintered at 1200 (#2-sample), exhibiting a
dard (_jewatlon When_decomposmon star_ts. When the mo<_jel nearly complete pavement of large-sized crystals. The
c_onta_lns only Gaussians and/or Lorentzians, the calculation residual matrix is only present along part of the grain
time is short (a_ few seconds per .spectrum forAMHz boundary network.

clock PC). The images of any pertinent parameters, such as

the wavenumber or the peak intensity, are finally treated using ~ These two samples have been prepared using the same
Origin® 5.0 software. seed and nano-powder batches and they are representative

of the microstructures obtained in our numerous syntheses.
A comparison of corresponding X-ray powder pattéfris

3. Results and discussion giveninFig. 3. The density is 7.05 (i.e. 88% of the theoretical
density).

3.1. Microstructure In both as-sintered samples the growth area around the
pristine crystal seed is obvious: the crystal core appears in

3.1.1. Single crystal seeds black and the periphery in whit&ig. 2a and b). Laping and

Optical (Fig. 1a) and SEM Fig. 1b) photographs show polishing #2-samples made it possible to analyse their evolu-
the PMN—-PT cubic crystals of#50pum x 50um x 50pm tion with thermal treatment: at the beginning of the thermal

(1) == 10um (b) — 50pum

Fig. 1. (a) Optical and (b) SEM photographs of PMN-PT cubic templates; (c) optical microphotograph of PMN—PT green cast tape showing typical seed
distribution. Vertical and horizontal lines show the path analysed by Raman scattering acrosg &PHTNs single crystal.
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(e) =—2pm ==—=100pm ' (6]

Fig. 2. Optical microphotographs recorded on as-sintered surfaces of (a) representative #1- and (b) #2-samples; (c, d and f) details recehgettapepoli
cast textured ceramic surface, showing grain boundaries and pore network displaying the texture fraction of 0.7 (left) and 0.9 (right); (®)nhergratvular
fracture micrograph shows the micronic grain size.

treatment well-faceted crystal are observed. Residual smoothtion of the TCTC samples. For ceramics sintered at 2200

pores then appear between adjacent cryskads ¢f). during 10 h, the XRD spectrum presents only the peaks due
to the (0 O¢) orientation Fig. 2c). TCTC disks ¢ ~ 14 mm)
3.1.3. X-ray diffraction spectra of tape cast textured exhibiting a texture of 0.7 and 0.9 (Lotgering factor) were
ceramics (TCTC) obtained for ceramics sintered for 10 h at 1150 and 2200
XRD spectra recorded on as-sintered surfadgg. (3 respectively:® Examination of the #1-sample microstructure

show the ceramic sintered at 110D presents a random ori-  shows crystals with sharp corners and straight edges, regard-
entation (highest intensity observed for the (100) peak) asless of the size, indicating that an equilibrium state similar
for a green tape. A strong increase of the ¢ @iffraction to the one observed in réfhas been reached. On the other
peakintensities was observed for samples sintered at’X1,50 hand, #2-samples show smoothed edges and spherical pores
indicating an increase in the crystallographic (00 1) orienta- (Fig. 2d) which are typical features of ceramics densified by
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Fig. 4. DTA traces recorded on random PMN-PT ceramic, #1- and #2-

Green tape
textured ceramic pieces £ 0.35, details are given on the right side: 1st
cycle up to 1180C, 2nd cycle up to 1250C and 3rd cycle up to 128).
A comparison is made with pure PT single crystals.
L
20 40 60
26 Bragg angle is observed for the reference single crystals. The strong and

Fig. 3. Representative X-ray diffractograms of homoepitaxial template grain n_arrow endothermic p(_aak observed at 118dor PZN_P.T
growth (HTGG) tape cast PMN,PT, green tape and ceramics sintered single crys.tqls was attributed py Dong and% the partial
at 1100°C (random ceramic), 115@ (f=0.77, #1-sample) and 1200 decomposition of the perovskite phase, leading to the forma-
(f=0.9, #2-sample). tion of the pyrochlore phase and the segregation of PbO. Non-
eutectic solidification of PMN—PT with no segregated PbO

liquid phase sintering with the high vapour pressure of PbO, was observed near 83C. Very small endothermic events (at
as could be expected for the higher sintering temperature. Noca. 850°C) can be observed for #2-samples by zooming in
traces of pyrochlore phases were observed. the DTA traceskig. 4). We observe the superimposition of a

These results seem to indicate that the texture starts to de-1225°C narrow peak on cooling, as for the PT composition.
velop at 1150C and grows at higher temperature and/or for The following equation can be proposed:
long sintering. At room temperature, the doublet observed
for the (00 2) reflection peak reveals the mixture of rhombo- PMNp—x = PT, — PMNp— = PTe—y + yPT (3)
hedral and tetragonal phases. Above the Curie temperature The accident near 118C could be due to either: (i) a
(200°C), only one peak is observed on the type #2-sample strong sintering having the effect of decreasing the contact
spectra while the doublet remains for the type #1-sarfible. area between the sample and the crucible or (i) a second
This doublet was thus assigned to two different composi- grder (crystalline phase) or Tg (glassy phase) transition or
tions for the #1-sample in the cubic phase. The mostimpor- i) a very broad “incongruent” melting endothermic effect.
tant peak observed at the same position as for the #2-samplgecause the phenomenon is reversible, a second order phase
(unit-cell parameter=4.026A) obviously corresponds to  transition appears to be a reasonable explanation. However,
the PMN-PTx=0.35 matrix composition while the second e see a broad exothermic peak on cooling frerh300
one (4.0183\) is related to the<=0.25 seed composition. to 1180°C, which could correspond to the solidification of

a “glassy” phase mixing non-stoichiometric B/Bomains.

3.1.3.1. Phase diagram and growth mechanismgical Note the kink observed at1000°C simultaneously with the
DTA/TG results are compared ig. 4 The DTA diagram onset of weight loss is certainly due to the sample sinter-
of PbTiO; single crystals shows a strong endothermic peak ing and subsequent decrease of the sample—crucible contact.
at 1295°C, which corresponds to the melting temperature; The second kink observed on the TG plot corresponds to
large hysteresis is observed on cooling with an exothermic the melting point and the increase of the PbO evaporation
crystallisation peak at 122%. Note also the pre-transitional rate. Details of the DTA runs performed successively on the
asymmetry of the melting endothermic peak. Very similar two types of textured ceramics show marked differences: for
features are observed for the PN§¢PTo 35 Single crys- the #1-sample first heating cycle, a rather large endothermic
tals and a random ceramic (sintered from already formed anomaly is observed between 1000 and 17XD@s already
PMN-PT perovskite powders). However, an endothermic observed on arandom ceramic. A plateau is then observed up
jump is observed on heating at1180°C in DTA for the to ~1240°C, i.e. up to the onset of melting. On the contrary
ceramic sample while only a smooth pre-transitional effect the #2-textured ceramic shows a small exothermic bump.
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Fig.5. Schematic of the pseudo-binary PMNPT, phase diagram showing
the growth regions for #1- and #2-samples.

Ba Nb,O,

These different behaviours confirm that growth conditions 250 ) 75_? 1000
are different for the two types of samples. It is worth noting Wavenum ber/ cm
that no pyrochlore phase was observed in the two textured
ceramics either on XRD spectra or on Raman spectra. The &\
schematic phase diagram proposedrig. 5 is different to /’J\\‘z
that proposed for the homologous Zn-solid soluttérwve \i
postulate the existence of two liquid phase regions to explain \\':_
the observed grain shape and DTA traces. By analogy with ﬁ‘
.
£ oa
/ a

the PZNT system/ a eutectic composite is expected close

to the 75% PbO composition. #1-Samples are prepared at

1150°C, i.e. at the temperature of the endothermic anomaly fa;/ \

(region 1) whereas #2-samples are obtained in the region Il 4 \”/ / ‘\ \'¥
plateau, just below the melting point. Growth conditions in 2 ™~ . N | g

this later region are very sensitive to the PbO volatility and . ' i . _
to any modification of the PMN—-PT melting temperature. 400 500 600 700 800 900
Any local heterogeneity of the solid solution will modify Wavenumber / cm™
the liquid (composition, viscosity,.). The existence of two
different liquid phases appears the most reasonable expla
nation for the observed microstructure: the first one would
appear at-1185°C, enabling for the initial growth of well-
faceted crystals on cubic seeds and the second one would ap-
pear above 125UC (see the shape of the strong endothermic seeds. This very small grain size makes, that even with high
events onFig. 4) concomitant with a stronger PbO evapo- magnification objectives, the spectra recorded are “powder”
ration and thus a composition shift within the solid solution Raman spectrataking the different polarisations into account.
range. According to the relaxor structure, Raman peaks are very
Spherical pores at the grain boundary relic appear charac-broad. This has already been related to short-range intrinsic
teristic of #2-samplesHig. ). Different mechanisms could  disordert®=25 i.e. there are zones where the cations are dis-
be at their origin: (i) high PbO partial pressure or (ii) the placed from their high-symmetry positions giving rise to a lo-
Kirkendal effect!® This second mechanism would imply that  cal electric dipole. Because Raman spectroscopy is sensitive
vacancies and ions (Mg or P#* ions?) diffuse simultane-  both to the atomic dynamics (through the wavenumber centre
ously but at different rates. This would be consistent with of gravity) and the local electric charge transfer (through the
the modification of the short-range composition, as schema-intensity), local electric defects disturb the spectrum &fot.
tized by Eq.(3). More data are needed to further understand The Raman spectrum can be separated into three
this last phenomenon and its relationship with Bddered regions, the low-wavenumber region (<150¢Y) the

Fig. 6. Representative Raman spectra of PT, RMRTy and pure niobate
perovskites. Detail of the peak fitting is given for the 400-950tmange.
*Plasma line.

domains. mid-wavenumber region (150-380ch) and the high-
wavenumber region (>380 cmh). According to previous lit-
3.2. Raman signature and composition dependence erature reports, the low-wavenumber region is attributed to

vibrations associated with motions of A cations (accord-

Fig. 6 compares the Raman spectra of different matrices, ingly, corresponding peaks are very narrow in perovskite-type

from pure Pb(Mg;3Nby3)O3 (x=0) to pure PbTiQ (x=1). structures free of any A cation disorder). We chose to com-
The matrix grain size and the grain size far from the seeded pare our samples spectra with thegB&,011 compound’

regions is~0.5um, much smaller than the size of the crystal because it is an “ordered” Nb-based perovskite free of A
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cation disorder (very narrow low-wavenumber components 169 B/

are observed). The mid-wavenumber region involves bend- il i R + MM, | MAT 16 E R : M, At
ing motions of the B@octahedron and the high-wavenumber & P A 2.1 |

region the stretching modes. These high-wavenumber modes ; 2] ! ! <“' , ! P

are dominated by vibration of © anions involving the 104 T } 21 .

most rigid cation—oxygen bonds inside the 8@tahedron et 3 f (S S—
(breathing modes). As expected, Ba/M substitution (giving 15 20 25 30 35 40 45 15 20 25 30 35 40 45
fast oxygen/proton diffusion) broadens this region drastically i o

because different short-range order/domain€omparison i “‘i MM, | MAT 41 R | Mpam, B oaar
of the different spectra shows that the 700-900 trpeak g ™ ;. | 2] | | £

is dominated by the NkO stretching component&ig. 6). cE L1y ;“}:E = ,

On the other hand, the 500-700chregion mainly reflects sof 1| o1 m |

the contribution of HO modes, their lower intensity arising wl | ; A 4] i ,

from the lower atomic number and, hence, a smaller num- 5 20 25 30 35 40 45 15 20 25 30 35 40 45

ber of electrons involved in the bond. The merging of the
different well-defined peaks of a single B site occupied Ti-
perovskite into a broad pattern for the mixed one is assigned _ _ _
to the special short-range disorder of the relaxor structure. Fig. 7. Plotslofthe relatlvg area of the main components at ca. 430,_580, 750
; ) o and 800cm+, as a function ok composition for PMN_xPTy ceramics.
Note that the centre of gravity of the band is very similar typical error bars are given. Lines are guide for the eyes.
to that of the BgNbyO11 perovskite, in agreement with a
dominant contribution of modes involving Nb-containing vi-
brational entities. Thus, in a first approximation based on and the down-shift of the peak at ca. 600¢n{involving
the quasi-molecular description, we can say that analysis of Ti—O stretching moded;ig. 8 and Table 2. Note also that
the 700-900 cm! region will give information on the local ~ Mg/Nb substitution and PMN/PT phase mixing lead to an in-
structure of the Nb@octahedron. The centre of gravity and  crease of the low-wavenumber band intensity, as observed on
area in this band could be used as a probe to follow compo- heating ion-conducting perovskitésConversely, this effect
sitional changes, if it is assumed that the structure remainsis reduced under pressi#e22 We can expect the unit-cell
unchanged or that its changes are averaged by the band broadxpansion observed on heating or by decreasing pressure
ness. On the other hand, the behaviour of the 200-408cm  to promote stronger dipoles and the intensity of the low-
region will give information on the short-range arrangement wavenumber region can probably be used as a parameter to
of the A cation—B@ octahedron. Note the ca. 100 chnar- measure the relaxor degree.
row peak, characteristic of the long range A order, drastically
broadens with Nb/Mg substitution as previously observed for 3.2.2. Sensitivity and experimental error
parent perovskite$’ Spectroscopic changes are rather small. In order to assess
the sensitivity of the measurement, we performed different
3.2.1. Composition dependence line scans across selected (large) single crystals, as shown in
All spectra have been decomposed as showhign 6. Fig. 1a. Wavenumber accuracy is determined by comparing
Because of the high short-range disorder and non-resonanthe data of about 20 line scar¥ple ). The error ¢1 cm 1)
character of Raman scattering, each component was consideorresponds to the expected value for our experimental con-
ered as a Gaussiafgble J). An example of acomponentarea ditions (fixed position of the two-stage monochromator with
plot as a function ok composition is given ifrig. 7. The plot
of the centre of gravity of the main componefid. 8) shows

x-composition in the PMN,_ PT solid solution / %

a slow but regular shift witlx composition for the 580, 750 20] g—m——™
and 800 cm! peaks. =] T —— ¢ ¥

The main changes associated with the PMN-PT solid S -
solution consist in the increase of the splitting of theeBO 5 7007 w05
stretching modes (750 and 805 thcomponentsTable ) E 650

é:, 600 o A
Table 1 g 550 - 804
Line scan mean values and their dispersion measured on seed crystals :
500 —
Wavenumber (cmt) Peak area (%) 1Y v v
- 800

437.2+0.6 1£01 e —oeo—"=@ : : : :
509.3+ 1.7 84+ 1 20 25 30 35 20 25 30 35
580.8+0.7 28.6+ 1.4 x-composition in the PMN, PT_solid solution / %
751.7+1.2 435+ 3.1
806.1+ 0.7 18.5+ 2.9

Fig. 8. Plot of the component wavenumbers as a functionaafmposition.
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Table 2 _ assuming that the observed variation must be at least three
Comparison between the wavenumbgrend peak area; mean data dis-  times |arger than the mean dispersion to be considered sig-

persion Av) is given for the main components for the different compositions ...
and the observed shift assumed to be significantxf@3aximal) mean nificant, we (1:an Condu_d,e thatthe components atca. 430, 750
and 800 cm- are sensitive probes.

xPT (/lem1) Av
430 500 580 750 800 L

3.2.2.1. Phase characterisatiolRaman spectroscopy has
8:;5 g'_i é‘_g (l)'.:; 8‘2 8‘2 intrinsic selectivity due to that wavenumber position arises
0.35 0.4 0.7 11 0.6 0.3 mainly from the mechanics of atoms although the peak in-
10.35— 102 5 —4.6 -32 —20.4 10.8 tensity arises from the local conductivity. The wavenum-
Validity Yes No No Yes Yes ber set chiefly depends on the atoms structure (mass and
Rate (cn™*/%) 03 —1.4 0.7 bond length). On the other hand, the local charge trans-
XPT (/%) 430 500 580 750 800 fer and the bond polarisability determine the band intensity.
0.2 0.1 0.5 0.6 0.2 Consequently the plot of the wavenumber as a function of
0.25 0.1 0.5 0.7 0.2 x-composition Fig. 8) obviously shows the homogeneous
0.35 0.1 03 0.7 0.6 behaviour expected for a solid solution. On the contrary, peak
{’/‘gﬁzi;yvo'z \O(é5s No S(fs _Yti 9\'(?35 area plot versus composition shows different regimes which
Rate (%/%) 0.4 0.9 0.7 can be related to the different unit-cell distortions (with differ-

ent ferroelectric properties) shown by X-ray diffracttér”:
a single rhombohedral cell (R) far< 0.25, a mixture of two
~1 pixel/cm). Reproducibility of the monochromator posi- monoclinic cells (M + Mz) between 0.25 and 0.35 and a mix-
tion is controlled using an Hg lamp and GQleference. ture of monoclinic and tetragonal cells §M T) for x> 0.35.
The peak area appears to be very sensitive to the pristineNote the large electric disorder at the very local scale breaks
seed growth process: an example is showRim 9 for the the periodicity and the Raman spectrum reflects the vibra-
wavenumber of the ca. 750 cthcomponent. Spectra were tional density-of-state of the entire Brillouin zone. Polarisa-
recorded along a line from the centre of the crystal seed to thetion effects are thus small and this makes our assumption to
periphery. The peak area—and wavenumber—is stable up toconsider the crystal spectrum as a “powder” spectrum rea-
20m from the crystal centre and then drops from there to sonable.
the periphery. This fact reveals growth irregularity assigned
to a composition change at the end of the flux growth process.3.3. Raman imaging
Table 2summarises the data obtained for the different
matrix compositions. Takingable 1data into account and Raman spectra and their direct and “smart” images can
be used to understand and even predict some propétties.
Fig. 10 shows a direct Raman image recorded on an as-
sintered #1-sample. The peak area measured in a given
" wavenumber window is plotted for each point of measure
" ., " (3000 points). High values are observed at the periphery of
some grown grains. Corresponding spectra show a very large
. scattering ascribed to fluorescenéég( 10. Two types of
L fluorescence can be observed in our ceramics. The first orig-
inates from 3d or 4f doping ions or impurities (this undesir-
0+ - able doping can be due to rare earth and transition element
traces in the starting powder$}2° The second originates
~66- from organic bonds grafted at the pores’ surface; this type of
264 ] . fluorescence is encountered in ancient or excavated ceram-
762 ics or on polished porous samples (polishing agent residues).
760 It is easily eliminated by thermal treatment or by using high
758 ] = " laser power illumination and/or blue/violet excitation and can
756 fema o n " consequently be ruled out for the samples sintered at high

g St temperature and not polished. The PMN—PT matrix powder

7527 am

750 ]ma" gmam_mmamma " was doped with Mn, the fluorescence thus being assigned to
748

, i , , the presence of specific 3d/4f elements (Mn element and their

0 10 20 30 40 impurities) concentrated at the periphery of larger crystals.
Scanned distance/jum This is consistent with a concentration of doping impuri-

Fig. 9. Examples of horizontal line scans recorded from the centre to the ties in the maFe_nal_ 0b_tamed by final SO“d'flcat'_on from the

periphery of a very heterogenous crystal sdeid.(1a): top: area of the ca.  Mother interstitial liquid phase. Wallace et¥dliclaimed that

750 cn! component; bottom: centre of gravity. cubic-shaped crystals formation is related to a large liquid

251

204 "=

#800 cm! Area

Wavenumber / cm-!
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200 500 1000

-1
Wavenumber / cm

Fig. 10. Example of direct image obtained using Raman intensity
in a given wavenumber window (here 200-1200¢jn Mapped area
700wm x 208um; 30x 10 spectra, objectivex 10, A =632 nm, sed-ig. 8

for the optical micrograph. High-intensity regions appear in white/red, low
intensity regions in black. An example of high-intensity spectrum is shown.

Wavenumber

phase volume fraction (>0.4). The lack or the very small oc-
currence of PbO/eutectic melting events shown byon DTA
traces demonstrates that the liquid phase volume fraction is
not the prominent parameter.

In order to distinguish the Raman spectrum from the fluo-
rescence background, we describe the later phenomena with
a broad Gaussian band centered in the analysed window. Re-
sults are shown iRig. 11 This example shows a typical spec-
trum after the fluorescence contribution has been removed,
to be compared with thig. 12spectrum whose the data are
free of fluorescence).

3.3.1.1. #1-Sample

The images showing the calculated centre of gravity and
peak area clearly show three regiofsg( 11): the matrix,
the grains’ core (i.e. single crystal seeds) and their periphery.
Clear-cut images are obtained for the main (ca. 800%9m
component. The difference in the peak area of the main ma-
trix and the grain core is straightforward: the highest values
reveal the pristine seed surface (ca.pB0x 50um, as in
Fig. ). The growth mechanism seems to be limited to the
interface between the seed and the matrix. The seed surface
appears not to be modified. Mean values calculated for each
region are summarised ifable 3 Note the size of the core
region corresponds well to the surface of pristine seeds. The
very high peak area measured on the seed surface indicates
that the surface was preserved from any modification. This
large contrast also results from the difference in ferroelectric
behaviour.

Peak area

Fig. 11. #1-Sample: mapped area {08 x 208.m; 30x 10 spectra, objectivex 10, A =632 nm; vertical scale is multiplied by3. Wavenumbers (left)
and peak area (right) are mapped for the two components of the main Raman pelig (gieA typical point-spectrum is shown after subtraction of the
fluorescence “background”. Mean values are given for each zone: matrix, crystal grain core and contour.
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Wavenumber

Peak area

Fig. 12. #2-Sample: mapped area: 58 x 600p,.m, 65x 60 spectra; objectivex 10, » =514 nm. Wavenumbers (left) and peak area (right) are mapped for
the two components of the main Raman peak (Sge4). A typical point-spectrum is shown. Mean values are given for each zone: matrix, crystal grain core

and contour.

3.3.1.2. #2-Sample

The images show very good homogeneifyig( 12):
whereas the wavenumber and peak area shifts are ca. 30 cm
and 3800 counts-crt in the type #1-sampleTable 4, these

Table 3
Comparison of the mean characteristic values
v (em 1)
Reference  #1-Sample  #2-Sample
Seed (25% PT) Core 806 83 800
752 690 744
Contour 813
715
Matrix (35% PT)  Matrice 811 804 806
750 751 750

a Seed spectra are polarised.
b Highest observed value.

shifts are only 6 cm® and 200 counts in the type #2-sample.
Only very few locations show out-of-range values. They cor-
respondto the centre of rare relics of pristine crystalline seeds.
Itis clear that the surface of the pristine seeds has been modi-
fied. Typically, the observed crystal size is 315 x 150pm.

Very similar results are obtained for the different components
(Table 3. The wavenumber and peak area of the contour
are very similar to that of the matrix. This indicates that the
composition of the material that grows at the seed—matrix

Table 4

Information extracted by Raman imaging

Question Raman signature Information
PMN/PT mole ratio Peak wavenumber Homogeneity
Unit-cell distortion Peak area Structure

Active interface Fluorescence Microstructure stability
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interface is determined by the matrix composition and that it geneous character of the PMN—PT solid solutfotf, while

is therefore not necessary that the seed composition exactlytheir peak area shows the local Bieterogeneity and asso-
correspond to the desired final composition. Furthermore theciated unit-cell distortions. This first use of Raman imaging
low content of the initially dispersed seeds (afew %inweight) of textured ceramics deserves new analyses in combination
makes the contribution of the matrix dominant. These data with other techniques (EDAX, EPMA, etc.). The main advan-

are consistent with X-ray diffraction patterns, representative tage of the non-destructive Raman technique is its potential

of average structure (and long distance order). This revealsto image composition shift and unit-cell distortion without a
only one texture for the #2-sample, the composition of which complex preparation of the samples.

is close to that of the ceramic matrix, but two different com-
position textures for #1-samples.

The local composition has been calculated using the cor-
relation established in the first part of the work. According
to the low dispersion of the data in the type #2-sample, the
composition is rather homogeneous: the grain ca@mpo-
sition lies between 0.25 and 0.4 as a function of the seed and[
the matrix composition is close to 0.3-0.35.
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4. Conclusion

Textured ceramics corresponding to Pbhdibo/3)O3—
PbTiO3 (PMN(1—x—PTy) solid solutions have been prepare
by homoepitaxial templated grain growth (HTGG), using
PMN-PT cubic templates and nanoparticles and controlled
atmosphere sintering. The wavenumber centre of gravity ver-
susx composition relationship enables theomposition to
be extracted and, hence, forits distribution to be imaged in the
pristine seed and between the seeds and the pristine ceramic
matrix. Ceramics displaying medium and high texturing were
obtained by different growth conditions: at low temperature,
sharp cornered and straight edged single crystal seeds de-4.
velop through the liquid phase at the crystal/matrix interface.
Itis clear that the crystalline material growing from an inter-
stitial liquid phase at the seed—matrix interface concentrates ™
the impurities soluble in the liquid phase and that the com-
position of the grown perovskite is determined by the matrix 6.
composition. It is thus not necessary that the composition of
the pristine seed dispersed in the green matrix has the target
composition. The different compositions shown by Raman
imaging are consistent with the two textures observed by X-
ray diffraction. Two different growth mechanisms have been
identified and a schematic pseudo-binary phase diagram is 8.
proposed. At high temperature, the matrix is consumed and
crystals develop in all the ceramics, with the help of a liquid
phase | (<1185C) or a liquid phase Il (>120T0C). High
temperature processed materials have a secondary closed
porosity (bubbles) along grain boundary phantoms. Smart
Raman imaging shows that the final composition is very close *
that of the matrix. The use of an appropriate procedure and
software to model the Raman fingerprint and extract param- 11
eters is mandatory to clear the spectra from undesired con-
tributions (for instance the fluorescence, observed in many
cases). Useful information can be extracted in our case in
spite of the broadness of Raman patterns after determination
of the method accuracy. Main conclusions are summarised
in Table 4 The bands’ centre of gravity reflects the homo-

1.

2.

0.

Lagarde for the figures.
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