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was studied by Vickers and Knoop microhardness testers. Indentations were
applied oa the polished surfaces of PZ cernmics. Applied londs wers in the
range of 200-1000 g with an indemation period of |5 5. Indentation crack
length (c) and indentation diagonai (d) wes measured, and then used to
mmmmmwmmwm

fallowing equations:
Hy msa.;{;:‘r.) ()

where Hy is & Vickers hardness (in GPa), dy {in wm) and # is an appiied
load {in N).

Hy = JASI(EL;) (2

where fy is a Knoop hardness (in kg/mm?®), dy is a longer dingonal length
of a Knoop indentation (i mm) and P is an applied load {in N,

re=t()" (%) >

where K¢ is a fracure 1oughness {in MPa-m'?), #, is a Vickers hardness
EinG-PlJ.FhquﬁiuthIhN}.Eh Young s modulus (in GPs)and ¢ is
the: rudial length measured from the centre of indentation impression (in m)
(10, B0} & s & material independent, dimensionbess calibration constant
which charactorizes the geometry of the deformarion Rled. Stodies on
cermmics led 1o an average value of § =016 = 0.004 [12], After indenta-
tion, the samples were etched by 109% HC + | drop HE. Microsirscture of
the ciched samples was again studied by SEM.

RESULTS AND DISCUSSION

Eﬁuﬂﬁ:ﬁﬂmmmdnphufmﬁmnfhnpﬂm
was shown by XRD patterns in Fig. 1. At the calcination temperaiures siari-
ing from 775°C, a single phase of PZ was detecied. The phase analysis was
carmied out based on the Joint Committes on Powder Diffraction Standard
ucmmu.mmirymcmmurummwm
as & function of sintering temperuure are shown in Fig. 2. The value of den-
sity is in the range of 7.88—7 95 glem’ or 97.68-98 48% of the PZ theoretical
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Figure .. X-may diffraction patierns of PoZr(, culcined i different wempemieres.

density. The density increases with increasing the sintering temperature up 1o
1200°C and decreases with further increasing the sintering temperature. The
maximuemn value of density is 98.48% of the theoretical density, observed in
the ceramic sintered af | 200°C. Decreasing of the density is likely due 108 va-
ponzation of PbO at the temperstures above 1200°C [ 14]. Figure 3 shows the
plot of grain size and poresity &5 a function of sintering temperature. Gralin
size of the samples is in the range of 0.9 to 1.5 um and found 1o elightly
increase with the increusing of the sintering temperature. Weight loss of the
PZ ceramics as a function of sintering temperature is shown in Fig. 4. The
weight loss increased with increasing the sintering temperature as expected.,

The empernure dependences of dislectric constant and dissipation fac-
tor at various sintering temperatures wers studied and as shown in Table |
and ploted in Fig. 5. The messurement of dielectric constant st room tem-
perature is in the range of 157 to 170, while the dissipation factor (tan §)
18 in the range of 0.0042 to 0.0205. The highest diclectric constant st room
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emperature is |70, observed In the PZ ceramic sintered at 1200°C with the
graimn size of | um Kong o al. prepared PZ cersmics from high-energy
hﬂvmilhgnﬂhﬂ-ﬂfmndlhuﬂndiuh:n—i:mmdlhirﬁm—
ramic decreases at the higher sintering which is cansed by the loss of PbOD
[13). The highest diebectric constant in their work is about 218 for the
sample simtared at Iim“t:wid'ngru'naﬁunfﬂpm,ﬂnwm.mhig}
esw-luanfd:ut‘mla:uinmm[a,=l?ﬂjummnm in our

mmmmmimmmu:mmmwmmmm
woork,

TABLET Dielectric properties of PhZrO cermmics sintered at differen

lemperaiures
Samering Dislectic conmiami Dissipation e Clerle temperame

iempTab (ST AT aITC i |
| [oa a3 (T e
1130 157 oLon4T e |
1400 i 1 el i3
1250 155 IS0 231
130G I 1 Tive.] 230
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The variation of Corie temperature as a function of the sintering temper-
ature is akso shown in Fig. 3. The maximuen dislectric constants at the phase
transifion Empemiune e between 6750 and 7762, whils Robert [9] and
Shirane [3] reponed the maximum values of dielectric constant at the phase
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ferroeiectric materials, Le., BaTiOy by Fang et al, where the Curie tempera-
ture increased with incressing the density of BaTiDy which is a ferroelectric
materials [14].

The effect of siniering temperature on the mechanical properties of the
samples was siudied by using Vickers and Knoop microhandness testers.
The values of Vickers hardness, Knoop hardwess, and fracture toughness
are listed in Table TI, and the plot of these values as a function of sintering
temperamre are shown in Fig. 6. The hardness values tresd to decrease as in-
creasing the sintering temperatures. This result would be well comesponding

TABLE IT Mechanical propesties of PbZr(0)y ceramics simered st differemt
lemperatines

Simiering Vickers Knoog Fractum

snegiEs
bempermiure (*C) hanfeess (GPs) hardness (GPa) (PR Ty
i1 557 a43 -

1150 485 454 L ]|

200 T 449 .91

250 AS50 dAn 1.57

1300 455 1w I.02
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wﬂhhhwtﬁ;l}ndmml,l]mlu.whn:duynqipﬂ‘-
HﬂrmﬁnnﬂnlmHMuhmmahmﬂmrtﬁnr
&uﬁm:muﬂluﬂuuﬂﬂmmmmrhm the hard-
ness and crack extension from the Vickers indentation impressions, seem 1o
dqmudﬁgniﬂuuiymmthﬂmmdmhpmmﬂmmm

mSEI&.{nﬂnugnplunﬁEnmudeFinduudm performed on pol-
ished PZ samples sintzred s 1200°C. The examples of crack characteristic
extended from the Vickers indentation impressions are shown in Fig Tie)
and T{d). mmuﬂdﬂuﬂnllm-ﬂﬂlumdhmw
ui:s,mnnlhdhtu;rmlttmt{ﬁg.?{:]},wﬁhdmnmh found in
the sample sinterad at | 300°C are rather straight through the grains indicot-
inghnwmiumﬂfﬁg.ﬁdnmnﬂmnﬂnmnmm
nllhmuﬂmniﬂthmuIﬂﬂ“ﬂ{#;¢=lﬂlhﬂ'&m'“]hhi|hu
than that of PZ sintered at 1300°C (K¢ = 1.12 MPa:m"/®). This result i«
well comesponding to the microstructure: the higher the fracture toughness,
hﬂhhﬂrd:nmkﬂ:ﬁnmﬂhgmﬁuﬂdﬁmﬂruﬂumrﬂr.ﬂ:

|1.'- o iR
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Figure 7. SEM micrographs of {a) Vickers indenisiion on surfacs of PE sistered ai
E00AC, (b} Knoop indemation on surface of PZ stntered of 12007°C, (¢ imdenzakion
crack of PZ sintered ot |1 50°C, and (d) Indentation erack of PE sintered st | 300FC,
( Comitamad]

hardness gnd fraciure oughness of lead base ceramics depends on many
factors such as grain size and porosity [13, 16]. In the present work, the
reduction of hardness and frecture toughmess st ngher sintening temperature
ks Fikely 1o case by the loss of PYO during sintering which Torm the lower
density and imperfoct ceramics [ 13
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CONCLUSIONS

In the present work, the PbZr0y (PZ) was prepared via the mixed oxide
method. The single phase of PZ was found in the powders calcined at the
iemperamure >T75°C. The sintering temperature has effects on phase tran-
sition behavior and mechanical propenies of the PZ. Curle temperaturs and
density of the PZ ceramics increased with increasing sintering temperature
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up to 1 200" C. However, they decreasad for higher siniering temperature. The

| lower density is likely to cause by the loss of PbD during sintering above
[200*C which then resuli 1o the redoction of density, Curie t=mperature,
hardness, and fachire toughness valses.
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Effect of excess PbO on phase formation and properties of (PbygBag 1) ZrQ; ceramics
Theerachai Bongkarn, Gobwute Rujijanagul*

Department of Physics, Faculty of Science, Chiang Mai University, 50200 Thailand

Steven J Milne

Institute for Materials Research, University of Leeds, Leeds, LS2 9JT » UK.

Abstract

Polycrystalline samples of Py sBag Zr(); (PBZ) were prepared by a mixed oxide, solid-state
reaction method. Excess PbO (3, 5 or 10 wt %) was introduced prior to powder calcination to
compensate for any PbO that may have been lost from the samples due 1o volatilsation during
heat treatments. X-ray diffraction revealed that, compared to samples made from
stoichiometric starting mixtures, a starting excess of PbO of > 3 wi % increased the
proportion of the rhombohedral PBZ phase which coexisted with the antiferroelectric
orthorhombic phase. Microstructurally, excess PhO produced an increase in average prain
size, from ~ 1 um for no excess to ~1.5 pm for = 3 wit % excess PbO, The fractured surfaces
indicated predominantly intra-gramular fracture in samples with no added PbO, or 3 wt %
excess PbO, whereas the 5 and 10 wt % excess PbO samples displayed mainly inter-granular

fracture. Dielectric constant-temperature plots showed a maximum peak value of 12700, for
the 3 wt % sample which was also the most dense sample.

Keywords: lead barium zirconate; phase stability; excess lead oxide.
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. Imtroduction

Lead zirconate, PbZrOy, is a well-known antiferroelectric possessing an orthorhombic
structure in which the origin of antiferroelectricity is an antiparallel shift of Pb ions along the
[110] direction [1-4]. The transition to the paraelectric phase occurs at around 235 °C but &
transition from the orthorhombic antiferroelectric (AFE) structure to a rhombohedral
ferroelectric (FE) structure a few degrees below the paraelectric transition temperature has
been reported by several authors [5, 6). Weak ferroelectric properties have also been reported
at room temperature, and it has been proposed that PhZr0; exhibits competing ferroelectric
and antiferroelectric modes [4]. The temperature range over which the FE phase is stable can
be extended by application of an electric field or by chemical substitution, such as Ba ** on
the Pb ** sites to form (Pby..Bay)ZrO; solid solutions [7-15 |. The AFE-FE phase transition
produces an ~ | % increase in volume for polycrysialline (PbysBag 10)Zr0; (PBZ) [15]), and
the electric-field required to induce AFE-FE switching is much lower than for PbZrO, (PZ)

which has created interest in PBZ for potential use in large displacement actuator devices

requiring low switching voltages [13].

Shirane [7] was one of the first to demonstrate the AFE — FE phase transition in
(Pb.Bay..,)Zr0; solid solution compositions with x > 0.05. However several other authors
[10-11] have found no evidence of any AFE-FE transitions, whilst some report [13] an
AFE—FE transition but no corresponding FE—AFE transition on cooling. It has been
proposed that the occurrence of a AFE—FE transition on heating, but no reverse cooling

transition, is because the transformation is subject to a large temperature hysteresis, shifting
the FE phase transition to below room temperature on the cooling cycle [14]. An alternative

explanation is that the FE—AFE phase transition is sluggish and the FE phase is quenched to
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room temperature [13]. It has also been reported that the AFE phase can reappear after long-

term (several months) aging [13].

The processing method used (o prepare the PBZ powders may also be important in
influencing phase formation and in explaining why different research groups report different
results. It has been suggested that the AFE—FE transitions are sensitive to the chemical
homogeneity of the Ba and Pb ions [14], and, as is the case for PZ, to chemical impurities.
The rhombohedral FE phase is more likely to be observed using powder processing routes
which promote homogeneous distributions of Ba and Pb ions andfor low levels of impurities
[6]. Small quantities of certain impurities, particularly Ca (0.05 wi%), are sufficiemt o
completely supress the FE rhombohedral phase [6]. However another factor to consider is the
possible effect of PbO loss due to evaporation during high temperature processing [14]. Amy
variation in Pb and O ion vacancy concentrations may be important in terms of phase
stability. Despite efforts to suppress PbO loss by using PZ ‘atmosphere’ powders to generate
a PbO vapour above the sample during sintering, PbO Josses may still arise, particulary as
powder calcination, prior to sintering, is usually carried out in open-crucibles to facilitate
barium carbonate decomposition at 700-850°C [12]. Even at these moderate temperatures, the

PbO vapour-pressure may be sufficient to create compositional changes in the powders.

To our knowledge, the effect of influencing PbO stoichiometry in PBZ, through
additions of & compensating excess of PbO to the starting powders has not been reported.

However additions of excess PbO are often carried out in the processing of other Pb-based

ceramics as a means of improving electrical properties, and also for improving densification
by promoting a liquid phase during sintering [16-26].
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In this communication, we report for the first time our results showing a dependence of
PBZ phase stability on the PbO content of the starting powders. Results are also reported for

microstructure, densification, and dielectric properties,

4. Experimental procedure

The (PbooBag n)Zr0; powders were prepared by a conventional mixed oxide route
employing PbO (purity 99.9%, supplied by Johnson Matthey GmbH, UK), ZrOs (purity 99%,
supplied by Aldrich, UK) and BsCO; (purity 99.9%, supplied by Johnson Matthey GmbH,
UK). The powders were weighed and mixed by ball milling for 24 h in acetone using zirconia
grinding media. After drying and seiving, the mixture was calcined at 850 °C for 6 h. An
excess of PbO, equivalent to 3, 5 or 10 wi% was added prior to ball milling. The calcined
powders were reground by ball-milling with | wi% binder (B-5 supplied by Rohn-Haas,
Germany) for 24 h. The powders were then dried, crushed and sieved again. Pellets 15 mm
in diameter were isostatically pressed at 80 MPa. Finally, the pellets were sintered at 1325°C
for 4 h,

[n order to help control PbO loss during sintering (in addition to adding excess Pb0) a
PZ ‘atmosphere’'powder was used 1o generate PhO vapour over the samples. The
microstructures of the sintered samples were examined using scanning electron microscopy
(JEOL, JSM6335F). Phase formation in the calcined powders and the sintered pellets was
determined using an X-ray powder diffractometer (Phillips ADP1700), The density of the
sintered samiples was measured by Archimedes' method with distilled water as the fluid

medium. The dielectric measurements were carried out at 1 kHz using a HIOKI 3532-50

impedance analyzer, from room temperature to 270°C, at a heating rate of 0.5°C/min.
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3. Results and discussions

Fig.1 show XRD patterns of calcined powders made from starting mixtures containing
different levels of PbO. For the sample made with no excess Ph0), only the PBZ phase was
observed [12]. On the other hand, small amounts of PbO [28-29] and PbZrO, [27] were
ul-eaﬂ}fpr:seminth:lﬂm%excmeDs&mpk:.mdﬂmcmﬂmmwidmn:ufﬂrn
phnmsb:iugprmeinlh:iM%.mdtﬂammhleswmiEIEEWt'!-'implﬂ.
AlﬂmughHl:pmaemenf‘ﬁe:‘FbDiscxpmmdinlhuhimmmplﬂ.ﬂhmh
indicate that additions of Pb0 produce a three-phase mixture including PHZr0,.

Pockarel and co-workers [12, 13] have reported on the phase stability in Pb;_,Ba, Zr0y
powders as a function of both Ba content, and the method of preparing the powders, Based on
crystallographic data available for PZ, they qualitatively demonstrated changes in the amounis
of AFE orthorhombic and FE thombohedral phases in PBZ, based on variations in measured
XRD peak intensities. The d-spacings of the main peaks are similar for rhombohedral and
oththorhombic PBZ patterns, however certain weak relections are present in ’thl: XRD
patterns of the orthorhombic phase but not in the rhombohedral phase, for example the
130¢112, 210 and 230/212 reflections [13]. In addition, due to peak overlap effects between
rhombohedral and orthorhombic structures, the intensity of the peak indexed as 240 in the
orthorhombic pattern (200 in the rhombohedral structure) is increased relative to the
neighbouring 004 peak by the presence of the rhombohedral phase [13]. The intensity ratio of
004/240 peaks may therefore be taken as a qualitative indicator of the relative propartions of
orthorhombic (AFE) and rhombohedral (FE) phases. For a purely orthorhombic pattern, 1
ooaiz40 ~ 0.5, and this value decreases with increasing amounts of co-existing rhombohedral

phase [13]. The relative intensities of 120/002 and 322/044 peaks also change in a similar

manner with inereasing proportions of thombohedral phase.
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The relative intensity of XRD peaks distinctive of the orthorhombic phase, are plotted
nsaﬁmcr:‘:nnﬂfPthuntentinFig.lahisappmntﬂutunndiiug]wtﬁnm?bﬂﬂmns
was 3 significant decrease in the intensity of orthorhombic reflections in the calcined
powders. Higher excesses produced little further change in intensities. There was also a
decrease in the value of the intensity ratio [ jpaz4, from a value of 0.47 for 0 % starting excess
PbO to values of ~ 0.15-0.2 for the 3- 10 wi % PbO samples, Fig. 2b These results indicate
that the hmtdu:ﬁmnfmnmmmlhnpmpcrﬁmﬁfmnmhuhndmphminm
nalcimdpuwdm.Them:m:m!rusnmthrthismmmﬂnulhiamg:.huﬂwmﬂlmr

indicate that Pb and O ion vacancies in uncompensated compositions de-stabilise the
rhombohedral (FE) structure.

The XRD data for sintered samples revealed that no PbO (or PZ) was present in any
sample, indicating that the excess PbO beyond that required to maintain compositional control
(assumed) in the PBZ powder was eliminated from the sample by volatilisation during
sintering at 1325 °C. The corresponding intensity ratio T goqqq is plotted in Fig. 2b. Although
the trend was similar to that of the calcined powders, the intensity ratio for all sintered
samples was higher, suggesting less rthombohedral and more orthorhombie phase in the
sintered pellets. Based on the interpretation of the XRD results for calcined powders, this
would be consistent with a lower PbO content in the sintered PBZ crystal structure than for
calcined powders, i.e. at 1325 °C some PbO continues to be lost from the lattice, despite the
presence of excess PbO in the PBZ calcined powder, and the use of & PZ atmosphere powder.
Matrix constraint and strain effects may also be a factor in suppressing the rhombohedral

phase in sintered samples as the phase transformation of the orthorhombic to the

rhombohedral phase is associated with a ~1 % increase in volume.
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The values of sintered density as a function of PbO content are shown in Fig. 3. The
density of the 3 w1 % pellets was ~ 0.5 % higher than for the base composition, bul density
decreased for the higher PbO contents; the 10 wt % excess was over 1% lower in density
compared to the base composition. The presence of & PbO - rich liquid phase usually assists
densification during sintering [24-25]. However, a large amount of PbO liguid phase can
produce an initial rapid densification but a lower final density as a result of void formation
due to the PbO evaporation [24-25]. As a consequence the porosity of the pellet increases and
this porosity is not removed by solid state sintering [17-18]. The reduction in density for the §
and 10 wt % samples is consistent with there being an excessive amount of PhO in these

samples.

The added PbO produced a slight increase in grain size in sintered samples, Fig. 4 (a-
d), which is consistent with the added PbO promoting liquid phase sintering [19, 24-26]. For
the base composition, the linear intercept method gave an average grain size of ~ | um which
increased to 1.5 £ 0.1 pm for the excess PbO samples, The fracture surfaces of the 0 and 3
wt % excess PbO samples each displayed predominantly intra-granular cleavage, whereas the
5 and 10 wt % samples showed predominantly imter-granular fracture, Fig. 4 (e-h). This
indicates that the grain boundaries are weaker in the two higher excess PHO samples,
consistent with residual PbO being present at the grain boundaries, causing a change in
fracture mode. A weakness in the grain boundaries of other Pb-based ceramics has previously
been reported when PbO is present [19-20, 24], and it is known that the morphology of the
fracture surface relates to the grain boundary behavior [30]. However PbO was not detected
in corresponding XRD pattemns, suggesting it to be present at levels below the XRD detection

limit or in poorly crystallised form after cooling from the liquid formed during sintering. The
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extent to which the slightly lower density of the 5 and 10 wt % samples affected fracture

morphology is uncertain.

Plots of dielectric constant and loss, Fig. 5, revealed the paraelectric transition to occur
at ~ 196-197 °C for all samples, Table 1. There was however an increase in peak dielectric
constant from | 1500 for the (% sample to 12700 for the 3 wi % sample, followed by
reductions for the 5 and 10 wi % samples, Table 1, This trend matches that of the sintered
densities, ie. the lower density samples gave lower measured dielectric constants. No
evidence of AFE-FE phase transitions were observed in any samples.

4. Conclusions
W:havefmthaﬁmﬁm:dmumdthecffmtnfcmmmmhﬂisinglh:
rhombohedral phase relative to the orthothombic phase in PhgsBagZrO; powders and
ceramics. Excess PbO produced an increase in grain size in the sintered samples, from an
average of ~1 pm for the unmodified composition to  ~1.5 pm for the excess PhO
compogitions; there was also a change from intra to inter- granular fracture for compositions
with > 3 wt % excess PbO. The results also indicate that ~ 3 wi% excess PhO produced the

highest density ceramics exhibiting the maximum value of peak dielectric constant.
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FIGURE CAPTIONS

Fig. 1. XRD patterns of calcined powders of PBZ made from starting powders containing
different amounts of excess PhO: (+) PbZrO3 [27], (*) PbO (tetragonal phase) [28] and (x)
PbC} (orthorhombic phase) [29].

Fig. 2. a) Intensity of (130)/(112), (210), (230)/(212) XRD peaks as & function of PbO starting
excess; b) value nfhuemit}rnﬁu.[mmﬂxu!cimdpnvﬂimmdﬁmdpﬂjmua
function of PbO starting excess.

Fig. 3. Variation of density of sintered pellets measured by Archimedes® method as a function
of starting Pb0 excess.

Fig. 4. SEM micrographs of the as-sintered and fractured surfaces of sintered PBZ pellets
made from starting powders with different PbO contents: (a) and () O wt, (b) and (f) 3
wis, (¢) and (g) 5 wit%, (d) and (h) 10 wi%.

Fig. 5. Dielectric constant and dielectric loss versus temperature for PBZ ceramics made from

powders with different amounts of starting excess PbO.

TABLE CAFPTION

Table 1. Values of peak dielectric constant, and peak temperature (from Fig. 5)

"
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Fig. 2. a) Intensity of (130)/(112), {210), (230/212) XRD peaks as a function of PbO starting
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function of PbO starting excess.

13




LremsiLy (@.cm )

i 82N ROF Sl miiion o hrisrialy LetSery

1.70

7.68
7.66 -

7.64 4

7.62 -
7.60-
7.58 4
7.56 -
7.54 4

7.52+

7.50 :

.'—.-7-‘.

I ' I

4 6
Excess PbO (wt%)
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Fig. 4. SEM micrographs of the as-sintered and fractured surfaces of sintered
PBZ pellets made from starting powders with different PbO contents: {a) and (e)
0 wi%, (b) and (f) 3 wi%e, (c) and (g) 5 wi%, (d) and (h) 10 wit%.




Manuscnol for gubmizson o Maiensls Lasem

12000 =
10000 <
8000 -
60004
40004
Mﬂiu -.
10w ma_%
[] L F L} l L] i L] | L] 'I > ﬂ.u
0 50 100 150 200 250

Temperature ('C)

Fig. 5. Dielectric constant and dielectric loss versus temperature for PBZ ceramics made from
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Table 1. Values of peak dielectric constant, and peak temperature (from Fig. 5)

Amount of Pb0 excess Maximum dielectric Transition temperature
(wit%h) constant at the phase (")
transition
0 11500 197
3 12700 197
= 10600 196

10 10300 197

17




The Morphotropic Phase Boundary and dielectric properties of
xPb(Zr;Tiyn)05— (1-x)Pb(NiysNby5) 04 perovskite solid solution.
Naratip Vittayakom, Gobwute Rujijanagul

Department of Physics Faculty of Science

Chiang Mai University

Chiang Mai 50200

THAILAND

Xiaoli Tan, Moagen A. Marquardt, and David P, Cann
Materials Science and Engineering Department

lowa State University

Ames, [A 50011 USA

Abstract

The solid solution between the normal ferroelectric PB{Zr aTiayDy (PET) and
relaxor ferroelectric P(NiiaNbyg )0y (PNN) was synthesized by the columbite method.
The phase structure and dielectric properties of xPZT—(1-xJPNN where x = 0.4 - 0.9 and
the Zr/Ti composition was fixed close to the MPB were investigated. With these data,
the ferroelectric phase diagram between PZT and PNN has been established. The relaxor
ferroelectric nature of PNN gradually transformed towards a normal ferroelectric state
towards the composition 0.7PZT-0.3PNN, in which the permittivity was characterized by
a sharp peak and the disappearance of dispersive behavior. XRD analysis demonstrated
the coexistence of both the rhombohedral and tetragonal phases at the composition
0.8PZT-0.2PNN; a new morphotropic phase boundary within this system. Examination
of the dielectric spectra indicates that PZT-PNN exhibits an extremely high relative

permittivity near the MPB composition. The permittivity shows a shoulder at the
rhombohedral to tetragonal phase mransition temperature, Tpr = 195°C, and then a




maximum permittivity (36,000 at 10 kHz) at the transition temperature T g, = 288°C at
the MPB composition. The maximum transition temperature of this system was 340°C m
the composition x=0.9 with the relative permittivity of 32,000 st 10 kHz

Keywords: Morphotropic phase boundary; Lead zirconate titanate (PZT); Lead nickel

niobate (PNN); Ferroelectric phase transition,

PACS number; 77.22.ch; 77.22.Gm; 77.80.Bh; 77.84.Dy




I. INTRODUCTION

The relaxor ferroelectric lead nickel niobate [Ph(NijalNbas)Os, FNN] has been
studied by mumerous researchers since its discovery by Smolenskii and Agranovskaya in
1958.' At room temperature, single crystal PNN has the cubic prototype symmetry
Pm3m with a lattice parameter (a) = 4.03A." Nanometer-level chemical heterogeneity in
the form of shon range ordering of Ni** and Nb* on the B-site was proposed to account
for the diffuse phase transition.” The complex perovskite shows a broad maximum of the
dielectric permittivity near -120°C with relative permittivity near 4,000 at 1 kHz.*

In the last decade, normal ferroclectric lead zirconate titanate [Ph{Zr,. Ti)Os,
PZT] has become one of the most important commercially produced piezoelectric
materials.’® Excellent piezoeleciric properties have been observed in compositions close
to the morphotropic phase boundary (MPB ZrTi -52:48)""  Recemly, many
piezoelectric ceramic materials have been developed from binary systems containing a
combination of relaxor and normal ferroelectric materials® which yield high dielectric
permittivities (e.g. PMN-PT", PZN-PT'™' PMN-PZT'?), excellent piezoelectric
coefficients (e.g. PEN-PT'™', PZN-PZT", PSN-PT"'"), and high pyroeleciric
coefficients (e.g. PNN-PT-PZ)."

Fan and Kim" investigated the solid solution within the PZN-PZT binary system
in which the Zr/Ti composition was close to the MPB. This study indicated the
composition 0 SPZN-0 SPZT showed the optimal piezoelectric properties. Moreover,

these properties could be improved by thermal trestments. In 1974 Luff & al'®

investigated solid solution in the PNN-PZ-PT temary system and observed excellent

piczoelectric properties at the composition 0 SPNN-0.35PT-0.J5PZ, There huve been




numerous papers published dealing with piczoelectric and processing issues within this

compositional family.'*"* Thesc compositions have found wide applications and are now
commercially available. However, there is limited information in the literature on the
PNN-PZT system with Zr/Ti close to the MPB. Detailed reaction kinetics using
conventional solid state processing of PB(Ni;aNbaa)Oy—Pb{Zry 4 Tia 2)04 was recently
investigated by Babushkin™ A sequence of pyrochlore phases were detected at different
lemperatures, but there is no information pertaining to the dielectric and ferroelectric
properties.

Since PNN is a relaxor ferroelectrics with a broad dielectric peak near T, =-120'C
and PZT (Ze/Ti=50/50) is a normal ferroelectric with a sharp maximum permittivity at T,
~ 390°C, the curie temperature in PNN-PZT system can be engineered over a wide range
of temperature by controlling the amount of PZT in the system. The aim of this work
was to investigate the quasi-binary solid solution xPZT (Zr/Ti=50/50) — {1-xJPNN, with x
=04 - 0.9. Figure | schematically shows the pseudo-ternary composition mnge which
was studied in this work compared with other studies,'™"**  Although pure PNN-PZ-PT
ternary ceramics can be fabricated by conventional methods'®, the B-site precursor
method is a better method for enhancing the diclectric properties and ferroelectric
properties. This process involves pre-reacting the B-site cations to form the columbite
phase NiNb;Oy and the wolframite phase ZrTiOy, With this method it is possible to
obtain a homogeneous perovskite solid solution without the other constituent perovskite
phases such as PZ, PT, PZT, PNN and the formation of the parasitic pyrochlore phases is

prevented. Finally, the natre of the relaxor-nomal ferroelectric phase transition was

studied through a combination of dielectric measurements and x-ray diffraction.




I1. Experimental

The powders of xPZT — {I-xJPNN were synthesized using the columbite
precursor method. Reagent-grade oxide powders of PhO, ZrQy, TiO;, Zn0 and NbyOy,
were used as raw materials. The columbite structure (ZnNb;Ox) and wolframite structure
(ZrTiOy) were synthesized first. Stoichiometric amounts of the precursors (Zn0, NbaOs)
and (ZrOy, TiO;) were mixed and milled in isopropyl alcohol for 6 hours using a
vibratory mill. The mixture was dried at 60°C for 12 hours. The precursors ZnNb,Og
and ZrTiOy were calcined at 975°C and 1400°C, respectively, for 4 hours in a closed
alumina crucible. The calcined ZnNb; Oy and ZrTi0, powders were mixed with PbO in &
stoichiometric ratio to form the composition xPZT — (1-xJPNM, where x = 0.4-0.9 (shown
in Fig 1). In all compositions, 2 mol % excess PhO was added to compensate for lead
volatilization during calcination and sintering, After re-milling and drying, the mixtures
were calcined at 950°C for 4 hours in a double alumina crucible configuration with a
heating rate of 10"C/min.

The caleined powders were milled for 3 hours for reduced particle size. After
grinding and sieving, the calcined powder was mixed with § wi% poly (vinyl alcohol)
binder and uniaxially pressed into a pellet. Binder burnout occurred by slowly heating to
500°C and holding for 2 hours. Sinfering occurred between 1100 - 1250°C with a dwell
time of 4 hours, To mitigate the effects of lead loss during sintering, the pellets were
sintered in a closed alumina crucible containing PbZrOs powder.

The perovskite phase was examined by x-ray diffraction (XRDY). Data collection

was performed in the 28 range of 20° - 707 using step scanning with a step size of 0.02°

and counting time of 2s/step,




Aﬂnnrﬁn:gﬁmdha.ﬂunmtplumehmmdusinglpmuﬂpldmm-
dried silver paint was applied. The relative permittivity (&) and dissipation factor (tan &)
were measured using an automated measurement system, This system consisted of an
LCR meter (HP-4284A, Hewlett-Packard Inc.) in connection with 2 Delta Design 9023
lemperature chamber and a sample holder (Norwegian Electroceramics) capable of high
lemperature measurement. The capacitance and dissipation factors of sample were
measured at 100 Hz, 1 kHz, 10 kHz and 100 kHz and temperature varied between 25 -
450°C. A heating rate of 3'C/minute was used during measurements.

Samples were prepared for optical analysis by polishing with SiC paper through
1200-grit. Raman spectra were measured using a Renishaw inVia Reflex Raman
microscope and 488 nm radistion from a laser excitation source. The laser had an output
power of 25 lendlfhnuaudentliuuflﬂﬂ-E-Mpmﬂlmuﬂ!li}nmiﬂmnm
objective. Raman spectra were measured using a static acquisition centered st 520 cm”’

and 15 accumulations with 2-second exposure times.

I11, Results and Discussion

A. Crystal structure and phase transition studies

Perovskite phase formation, crystal structure and lattice parameter was
determined by XRD at room temperature as a function of £  Figure 2 shows XRD
puﬁumnf_mi::‘mﬂmﬂﬂ—ﬂ-.ﬂmﬂ system with a well crystallized perovskite

structure for all compositions. The pyrochlore phase was not observed in this system &t

all. The crystal symmetry for pure PNN at room temperature is cubic Pmim with &




lattice parameter @ = 4.031 A. Below Tpe = -120°C, the symmetry changes to
rhombohedral. The crystal structure of Pb(Zri2 Tiin)0y at room temperature is tetragonal.
Therefore, with increasing x the crystal symmetry should change due to the effects of the
increased PZT fraction and the increase in Te. Figure 3 shows XRD peak profiles of the
{200) and (220) peaks at x = 0.4, 0.5, and 0.6. The XRD data shows that the splitting of
(200) peak is not observed. At the x = 0.4 compasition, only & single (220) peak is seen,
indicating that the major phase in this composition had cubic symmetry. However
splitiing was very clearly observed for the (220) peak in compositions £ = 0.5 and 0.6,
indicating that the crystal transformed into rhombohedral symmetry (pseudo-cubic).
With a further increase in PZT content to x > 0.6, the (111) and (200} diffraction peaks
begin 1o split as shown in Fig 4. Splitting of the (200) peak becomes more pronounced as
x approaches 0.9 indicating a stabilization of the tetragonal phase at high PZT
concentrations.

Al the x = (.8 composition, the unambiguous splitting of (111) peak indicates the
co-existence of the rhombohedral and tetragonal phase. Thus there is a transformation
from the rhombohedral phase to the tetragonal phase across the compositional range x =
0.7-0.9. The x=0.7 composition is within the thombohedral-rich side of the MPB and
the composition x= 0.9 is on the tetragonal-rich side of the MPB. It is important to note
that recent results have uncovered the existence of a low-symmetry (monoclinic) phase
within the MPB region of PZT", PMN-PT *and the orthorhombic phase of PZN-PT™,
Given the similarities of PNN-PZT to the PMN-FT system, it is possible that a low

symmetry monoclinic or orthorhombic phase may be stabilized within the MPB regions

of xPZT = {I-xJPNN; x = 0.7-0.9,




B. Dielectric properties

The characteristic temperature and frequency dependence of the relative
permittivity for xPZT<(/-x)PNN, x = 0.4-0.9 is shown in Figure 5. A clear transition in
T (defined as the temperature at which & is maximum at 10 kHz) is observed with
Twax increasing with x. At compositions x = 0.4, 0.5 and 0.6, the sample displays a
pronounced relaxor fermoclectric behavior, characterized by diffuse permittivity peaks and
& shift of the maximum permittivity to higher lemperatures with increasing frequency. An
increase in the magnitude of the maximum permittivity is also observed over this region.
The nature of the homogeneously polarized states is believed to be controlled by the
concentration of PZT.

A smooth transition from relaxor to normal ferroclectric behavior is observed
with increasing mole percent of PZT from x = 0.7 to 0.9. This transition is characterized
by the enhancement of the first-order nature of the phase transformation and the
diminishment of the relaxor behavior (i.e. the permittivity dispersion) over the broad
temperature range in the vicinity of Tee. From these data, the relaxor-normal
transformation is very clearly observed with increased PZT concentration above x=0.7,
Furthermore, the relative permittivity and T, ncreased with increased mole percent of
PZT considerably up o 8 maximum permittivity at £ = 0.8, The sharp permittivity peak
exhibits 8 maximum value of 36,000 at 10 kHz for this composition. Figure 6 shows a
comparison of the permittivity as 8 function of temperature for the compositions x = 0.5,
0.7, and 0.8 taken over the measurement frequencies of 100 Hz - 100 kHz

For x = 0.5, Ty increases from 125.6°C at 100 Hz to 130.8 °C st 100 kHz (AT =

5.2 "C ). The relative permittivity st room temperature was 2,830 at 100 Hz and




increased to 24,200 at | kHz at T, and the maximum value of the relative permittivity
decreased with increasing frequency. The dielectric dispersion below T, indicates
typical relaxor ferroelectric behavior arising from the responses of polar micro-domains
within the spectrum of the relaxation time. For x = 0.7 and 0.8 compositions, it is evident
that two phase transitions are observed. Over the temperature range 190 o 200°C, a
rhombohedral to tetragonal phase transition is observed for both compositions (indicated
in the figure by Tanoten). Another transition between the ferroelectric tetragonal to
paraelectric cubic phase occurs in the temperature ranges 225°C and 277°C for x =.0.7
and r= 0.8, respectively. Although the transition from ferroelectric rhombohedral to
tetragonal phase is obscured in the composition x = 0.7 it is more clearly evident in the
composition x=0.8. Similar phenomena has been observed in single crystal PZN-PT'',
PIN-PT”, and PMN-FT".

In addition, the transformation from the relaxor ferroeleciric state to the normal
ferroclectric state can be observed in the composition x = 0,.7-0.9 as shown in Figs. 5, 6b,
6c. The permittivity sharply increased near the temperature indicated a3 Ty wg in Fig.
6b and 6c. The subscript “start NR" denotes the initial transition from & normal
ferroelectric state to a pure relaxor ferroelectric state. Relaxor behavior was observed m
temperaiures above Tpma, va. The subscript “finish NR™ denotes the completion of the
transformation, For x = 0.7 at temperatures below 212°C, the relative permittivity did not
show any significant dispersion until 218°C. Above this temperature, the relative
permittivity shows a strong frequency dependence. This indicates that at 212°C,

0. TPET-03PNN started to transform from & normal ferroelectric state o a relaxor

ferroelectric state; finishing the transformation at 218°C. The differential between Ty




wm 800 Timish s was approximately 6°C, 5°C and 4°C for x = 0.7, 0.8, 0.9 respectively.
This behavior can be explained by decreasing relaxor stability with increasing x.

At the composition x =09, a broad permittivity was observed with a slight
frequency dispersion close 10 Tem. A ﬁﬁ-nrﬁnr trangition response was observed at
temperatures slightly below Ty This phenomenon indicates that the polar moments are
static, since the polar moments are relative large. The crystal structure and dielectric
properties for all compositions are listed in Table 1.

The maximum permitivily & o 8nd Tre 85 a function of the mole fraction of
PZT (x) are represented in Fig. 7. There is a good linear relationship between Ty 8nd x,
indicating that this system is a well behaved complete solid solution. The Ty, of the
constituent compounds PNMN and PZT are —120°C and 390°C, respectively, which can be

used to calculate an empirical estimate of Teme via the equation;

T = x{390°C) # (1 =x){-120"C) (1

The variation of the measured Ty, the calculated Ty, and the measured &, o, &3

a function of composition x is shown in Fig. 7. The highest & of 36,000 at 277°C at

10 kHz was observed for the composition at the MPB 0.8PZT-0.2PNN. It is evident from

the data that Eq. (1) gives a reasonable approximation of the transition temperature Ty,

This result suggests that the transition temperature of xPZT—{/-x)PNN system can be

varied over a wide range from -120 1o 390°C by controlling the amount of PZT in the
gystem.

It is well known that the permittivity of a first-order normal ferroelectric can be

described by the Curie-Weilss law:
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where & is the Curie-Weiss tempersture end C is Curie constant. A second order relaxor
ferroelectric can be described by a simple quadratic law. This arises from the fact that
the total number of relaxors contributing to the permittivity response in the vicinity of the
permittivity peak is temperature dependent, and the temperature distribution of this
number is given by a Gaussian function about a mean value T, with a standand deviation

&, The relative permittivity can be derived via the following expression:2**

e L (ET ) )

£(f,T)
where £, Is the maximum value of the permittivity st T =7_( ). The value of y is the
expression of the degree of dielectric relaxation in the relaxor femoclectric material.
When y=1 Eq. (3) expresses Curie-Weiss behavior, while for y = 2 this equation is
identical to the quadratic relationship. Many relaxor ferroelectric materials can be fit ©
Eq. (3) with y = 2 at temperatures 8bove T, The parameter 5, can be used to measure
the degres of diffusencss of the phase transition in mixed relaxor-normal ferroelectric
materinls. The values y and &, are both material constants depending on the compaosition
and structure of the material. The §, value can be determined from the slope of £ /&'
versus (T-T,.)', which should be linear.
The &, values of compositions in the xPZT—{/-x)PNN system are represented in

Fig 8. Baoth the diffiseness parameter 5, and y decreased with an increase in the mole

1)




fraction of PZT. As illustrated in Fig. 9, a near linear relationship was observed over the
wide compositional range which is consistent with a perfect solid solution. The
diffuseness of the phase transition in the x = 0.4 composition can be attributed to the
relaxor nature of PNN. As the PZT content increased, the relaxor characteristic of xPZT-
{I-x)PNN was observed to decrease. This is because the substitution of (ZriaTha)** for
the B-site complex jons (NijaNbaa)" increases the size of the local polar domains by
strengthening the off-center displacement and enhancing the interactions between micro-
polar domains. As was observed in PMN-PT crystals”, this leads o the formation of

macro-polar domains which break the symmetry of the pseudo-cubic siate.

C. Raman spectroscopy of Ph(EriaTi 00PN 1aNb 10Oy

Figure 10 shows the Raman spectra of ceramic xPZT—{/-x)PNN with x =04 to
0.9. The individual spectral data was analyzed using Bruker Optics OPUS software: A
multi-peak pattern was fit to the daia using Loreniz-Giauss peak shape parameters and
Levenberg-Marquardt refinement techniques. The resulting peak locations for each
xPZTH 1-x)PNN sample is shown in Figure 11. Each peak represents a Raman active
vibration mode frequency for the given composition. Peak location and intensity will
vary depending on the type of bonds present in the material. There is a distinct difference
in pattern when going from x = 0.4-0.5. The disappearance of modes at 440 and 560 cm”
and the appearance of modes at 675 and 890 cm™' are indicative of a change in phase.
The same is indicated for x = 0.7-0.8, where a weak mode at 350 cm™ first appears at x =

0.7 and gains mtensity for x = 0.8-0.9, There is yer another change in mode pattern when

12




going from x = 0.8-0.9, where modes appear at 250, 670, and 834 cm”'. These modes

represent the splitting of a single mode for x = 0.8.

. Phase diggram of Pb{Zr,aT5 )0 —Ph{NI;aNbaa Oy

Based on the results of x-ray diffraction, dielectric spectroscopy, and Raman
spectroscopy, the phase diagram for the xPZT-{/-x)PNN binary system have been
established, shown in Fig. 12. The transifion temperature increases approximately
linearly with x, from Tme = 75°C for x = 0.4 to 340°C for x = 0.9. The phase diagram
consists of four distinct crystallographic phases in this system; high temperature
paraelectric cublc (Pmim), pseudo-cubic relmxor, thombohedral relaxor (R3m), and
normal ferroelectric tetragonal (Pdmm). At low concentrations of PZT x < 0.4 the
symmetry of can be defined as pseudo-cubic. The pseudo-cubic symmetry transforms
into rhambohedral at the composition near x = 0.5. The ferroelectric rhomohedral and
tetragonal phases are separated by o morphotropic phase boundary (MPB) region which
is located near the composition x =0.8 below 277°C. Within this region, both the

rhomohedral and tetragonal phases coexist,

[V. Conclusions

In this work the ferroelectric properties of the solid solution between relaxor
ferroelectric PNM and normal ferroelectric PZT(50/50) have been investigated. The

crystal structure data obtained from XRD indicates that the solid solution x PET-{/-

2)PNN, where x = 0.4-0.9, successively transforms from pseudo-cubic to rhombohedral

13




to tetragonal symmetry with an increase in PZT concentration. The new MPB in this
binary system is located near x = 0.8, separating the rhombohedral and tetragonal phases.
At the MPB composition, the permittivity exhibited a shoulder at Ty = 195°C indicating
a rhombohedral to tetragonal phase transformation with a maximum permittivity of
36,000 at 10 kHz st T 4, = 288°C. Moreover a transition from relaxor to normal
ferroelectric  behavior is clearly observed above a PZT concentration x = 0.7
Furthermore, this transition between relaxor to normal ferroelectricity was typified by a

quasi-linear relationship between the diffuseness parameter 5, and PZT mole fraction x.
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Table I. Ferroclectric properties of x PZT- (/-x) PNN ceramics

Composition  Crystal  Tu(°C)  Relative Relative ndat tndat &
x structure al 10 permittivity permittivity 25°C Ta
kHz at 25°C Al Tomx

x=04 C 754 7500 17500 0.062 0036 2935
x=035 R 128.9 2500 22000 0.042 0.024 244
x=0.6 R 169.7 | &0 27000 0.042 0.018 224
x=07 Re-rich 225.5 1060 31200 0.029 0025 140
x=08 R+T 2774 433 36000 0.011 0.047 102
=09 T-rich 326.7 950 32000 0.005 0182 86

C = cubic, R = rhombohedral, T = tetragonal
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Figure 1. Compositions studied in the Ph{Ni; 3Nbyq Ox-PbZr05-PhTi0, ternary system
Figure 2. XRD patterns at room temperature for xPZT — (1-x/PNN ceramics.

Figure 3. XRD panterns of the (200) and (220) peaks of xPZT — (/-x)PNN ceramics, x =
0.4-0.5.

Figure 4. XRD patterns of the {111} and (200) peaks of xPZT — (1-x)PNN ceramics, x =
0.7-0.9.

Figure 5. Temperature dependence of the relative permittivity & for xPZT — (1-xJPNN
ceramics, x = 0.4-0.9.

Figure 6. Temperature dependence of the relative permittivity &, for xPZT - (1-x/FNN
ceramics, A:x = 0.5, Bix=0.7and C: x = 0.8,

Figure 7. Tuar calculated T and maximum g as & function of composition x at 10 kHz

Figure 8. Log 1o [{e«/ £)-1] versus Loge{ 7 T for xPZT ~ (1-x)PNN ceramics, x = 0.4-
0.9.

Figure 9 Parameter y and degree of diffuseness (8,) versus x for xPZT = (/-z)PNN,
ceramics, x = 0.4-0.9.

Figure 10 Raman spectra of ceramic xPZT—{ [-x)PNN with x =04 to 0.9,

Figure 11. Wavenumber as a function of composition x for ceramic xPZT—{/-x)PNN with
=041 0.9

Figure 12. Phase diagram of xPZT - (1-x)PNN, x = 0.4-0.9 quasi-binary system.
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Figure2. X-ray diffraction paiterns at room temperature for xPZT = (7-xJPNN ceramics.
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Figurel. X-ray pattern of the (200) and (220) peak of xPZT - (I-xJPNN ,x = 0.4-0.6
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Figured, X-ray pattern of the {111} and (200) peak of 2PZT - {T-z)JPNN x = 0.6-0.9
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Figure5, Temperature dependence of relative permittivity & for xPZT - (7-x)FNN,
x =0.4-0.9 ceramics.
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