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This study demonstrates the important effect of processing on the B-site ordering in Pb(ScgsNbgs)Os

ceramics. In contradiction to previous observations on ceramics prepared from solid state synthesis powders,
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which show a distinctive B-site cation ordering when annealed below ~1200 °C, in mechanochemically
derived ceramics sintered 200 °C below this temperature, we do not observe such ordering, regardless of
the conditions of thermal post-annealing. Accordingly, atomic-scale transmission electron microscopy

revealed nanometer-sized B-site ordered regions in mechanochemically derived ceramics contrary to the
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Introduction

B-site cation ordering has been used to engineer new perovskite
materials and has a profound effect on the properties of different
perovskites. For example, it can influence the magneto-transport
properties or enhance the multiferroic properties of some perovskite
materials."” In Pb(ScysNb,5)O; (PSN), which is a Pb(Bys'Bos")Os
type perovskite, ordering or disordering of the B-site cations, Sc**
and Nb** (referred to as the ordering or disordering in further
text) exhibits a strong effect on the dielectric and ferroelectric
properties as well as the diffusive phase transition behaviour.>™
PSN can exist in the disordered state where the B’ and B” cations
are randomly distributed on the B-sites of the perovskite lattice,
or in the long-range ordered state where the B’ and B” atoms
alternatively occupy the B-sites along the [111] direction of the
rhombohedral cell. In the ordered state, each type of B-cation is
located in its own sublattice, thus creating a superstructure with
complete translational symmetry. Hence, the ordering is evidenced
by the presence of superstructure peaks in X-ray diffraction (XRD)
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larger regions extending through the whole grains in solid-state derived ceramics.

patterns with the reflection corresponding to the (311 supercell
being the most pronounced.””’

Ordering or disordering of B-site cations in PSN is traditionally
achieved via annealing, respectively, below or above the order—
disorder transition (Top), which is at ~1200 °C.>* The reported
preparation conditions for disordered and ordered PSN ceramics
are summarized in ESI,i Table S1. Note that all previously reported
PSN ceramics were prepared by solid-state synthesis. The disordered
PSN was obtained by annealing at temperatures above the order—
disorder transition.>>**° In contrast, the ceramics with a high
ordering degree, ie., the ordered ceramics, were annealed between
940 and 1000 °C, for at least 2 h or as long as 1 month.*>>*°* Note
here that even if the ceramic is B-site disordered after sintering, it
becomes B-site ordered once it is post-annealed at 1000 °C.%>"
Curiously, this order-disorder transition is even more complex in
PSN single crystals. Here, the crystallization conditions have been
shown to significantly affect the ordering of B-site cations; for
example, by increasing the crystallization temperature toward Top,
a progressive transition to the disordered state was observed; however,
if the crystallization temperature was much lower (~300 °C) than
Top, the crystals showed the characteristics of B-site disordering.12

Obtaining single-phase PSN ceramics from constituent oxides
using conventional solid-state synthesis has been difficult in the
past.>* Attempts to prepare dense, single-phase PSN ceramics
have usually involved the two-step ‘columbite’ method, which
includes the homogenization of the B-site cations in the first
step followed by another calcination of the B-oxides with the lead
oxide." This method usually yielded a single-phase material,>*%°
however, not all attempts were successful.”**

In this work, the mixture of constituent metal oxide
powders was mechanochemically activated (further referred to
as “MA”), i.e. high-energy milled. Synthesizing the material via
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mechanochemical activation allows for increased reactivity and
PSN powders with a high degree of chemical homogeneity can
be produced with one calcination step. Mechanochemically synthe-
sized or activated powders have been previously used for the
preparation of several other lead-based relaxor-ferroelectric
ceramics, including Pb(Mgy 33Nbyg 66)05 (PMN),">*® Pb(ScosTag5)0;
(PST),"” Pb(Mg, 33Nby 66)05-PbTiO; (PMN-PT),"* ! Pb(Scy sNby )05~
PbTiO; (PSN-PT)**** and Pb(Zn,33Nby ¢)05-PbTiO; (PZN-PT).>*
Compared with the classical solid-state synthesis, the ceramics
prepared from the MA powders have exhibited superior chemical
homogeneity. High chemical homogeneity of the B-site cations
was shown for the MA-derived (K 485N 485Li0.03)(Nbo.gTa02)O3
ceramics.”® Furthermore in PST, the B-site ordering was hin-
dered by processing the powders by MA.' Since the ordering
process in the PSN material depends on the diffusion of the
B-site cations, it is possible that the mechanochemically derived
PSN ceramics might exhibit different order/disorder behaviour
compared to the PSN ceramics reported so far.

In this paper, we provide evidence for the first time that
B-site ordering in the PSN ceramics and related functional
properties depend on the synthesis method. Namely, in PSN
ceramics prepared from MA powder B-site cation disorder was
observed in the ceramics sintered ~200 °C below Top, regardless
the conditions of thermal post-annealing. These results contrast
those on PSN ceramics prepared via solid-state synthesis, where
the order-disorder transition was clearly observed at ~1200 °C,
in agreement with the existing literature.

Experimental

For the synthesis of the PSN powders, PbO (99.9%, Sigma-
Aldrich, 211907), Sc,03 (99.9% Alfa Aesar, 11216) and Nb,Os
(99.9%, Sigma-Aldrich, 208515) were used. The homogenized,
stoichiometric mixture (200 g) was MA in a high-energy plane-
tary mill (Retsch, Model PM 400) for 24 h at 300 rpm using
15 WC balls (2r = 20 mm) in a 250 ml WC vial. The powder was
then heated in a closed alumina crucible at 800 °C for 1 h. The
XRD patterns of the powders after mechanochemical activation
and after heating were recorded (ESI,f Fig. S1) using a PANa-
lytical X’Pert PRO MPD (PANalytical, Almelo, Netherlands)
diffractometer with CuK,; radiation (1 = 1.54056 A) in the
20-region from 10° to 70° using a detector with a capture angle
of 2.122°. The exposure time for each step was 100 s and the
interval between the obtained data points was 0.034°. The XRD
pattern of the heated powder evidences a well crystallized
perovskite phase and no traces of secondary phases, such as
pyrochlore or PbO. The synthesized powder was milled in an
attrition mill with yttria-stabilized zirconia (YSZ) balls in iso-
propanol at 800 min " for 4 h to achieve de-agglomeration, as
reported previously for PMN-PT*! and PSN-PT.** The particle
size distribution, determined from the area distribution, was
measured by laser granulometry (Microtrac S 3500), which is
shown in ESL,f Fig. S2. The powder was uniform, consisting of
particles with size around a few hundreds of nm. The powder
compacts were prepared by isostatic pressing at 300 MPa and
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Table 1 Thermal treatment conditions of the PSN ceramics prepared
from the mechanochemically activated (MA) and solid-state (SS) derived
powders. In all experiments the samples were heated in the presence of
the packing powder

Thermal treatment Short name
1420 °C, 15 min, quenched MA1420q
1000 °C, 8 h MA1000
1000 °C, 1 week MA1000w
1000 °C, 8 h, annealed 940 °C, 50 h MA940
1000 °C, 8 h, annealed 800 °C, 8 h MAB800
1000 °C, 8 h, annealed 800 °C, quenched MA800q
1200 °C, 8 h §51200
1100 °C, 8 h 881100
1000 °C, 8 h 881000
1000 °C, 1 week SS1000w

sintered in double alumina crucibles within packing powder
with the same chemical composition as the compact to avoid
possible PbO losses. In the study of the ordering effect, different
thermal treatments of the PSN powder compacts were employed,
as shown in Table 1. The MA1420q ceramics were heated above
Top, while other samples were exposed to lower temperatures.
The densities of the sintered pellets were determined using
Archimedes’ method in water at 25 °C.

In order to compare the properties of MA-derived ceramics
with those of solid-state (denoted as ““SS”) synthesized ordered
ceramics, PSN was also prepared by the two-step ‘columbite’
method."™ The processing conditions from the literature® were
used, where high B-site ordering of PSN ceramic was achieved
(ESIT). The microstructures and XRD patterns of SS-derived
ceramics are shown in ESL,{ Fig. S3 and S4.

For microstructural investigation, the ceramic samples were
mounted in epoxy and ground and polished using standard
metallographic techniques. For the grain size determination,
the ceramics were thermally etched at 900 °C and the micro-
structure of the ceramics was examined using a field-emission
scanning electron microscope (FE-SEM, JSM-7600F JEOL Ltd,
Tokyo, Japan) at 10 kV. The porosity and the grain size
distribution were evaluated from the digitalized images pro-
cessed using the Image Tool software (UTHSCSA Image Tool
Version 3.00. 2002). The median grain sizes of each ceramic
specimen were determined by measuring more than 150 grains
and they are expressed as Feret’s diameter (dy). Analytical
transmission electron microscopy (TEM) (JEOL JEM 2010 and
Cs-probe corrected JEM-ARM 200 CF both equipped with a
JEOL EDXS detector) was employed for the study of structure
properties at the nanometer and atomic scales. The specimens
were prepared by mechanical grinding, dimpling and final
Ar-ion milling.

The ceramics were analyzed by XRD under similar conditions
as described above for powder analysis. In order to determine
the phase composition the ceramics were additionally analysed
by XRD using a Bruker D8 advance diffractometer using the
CuK,, radiation. The XRD patterns of the sintered pellets were
recorded at 20 from 15° to 120° using a step of 0.0145° and a
dwell time of 262.5 s per step. The refinements of the structure at
room temperature were made using the Rietveld analysis of the

This journal is © The Royal Society of Chemistry 2015
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patterns using the Jana2006 software.?® The starting unit cell
parameters and atomic positions from a previous Rietveld study
made by Perrin et al. were used.'® The measured, calculated, and
difference diagrams resulting from the Rietveld refinement
of the XRD patterns for MA1000 ceramics are shown in ESL¥
Fig. S5. The atomic positions x, y, and z and thermal factors
U;s, obtained from the refinement as well as the interatomic
distances in the coordination spheres of Pb, Sc/Nb and O are
summarized in ESI,{ Table S2 and Fig. S5.

Additionally, high-energy XRD measurements were carried
out at the beamline 11-ID-C of the Advanced Photon Source
(APS) at Argonne National Laboratory, Chicago, U.S.A. The
powders were placed in a Kapton® capillary and measured in
transmission mode using a slit size of 0.5 mm by 0.5 mm and a
wavelength /4 of 0.11165 A. Diffraction patterns were collected
for five minutes using a Perkin Elmer detector placed about
2.2 meters from the sample. The use of an area detector
provided more solid angle of scattering in order to achieve
high counting statistics when integrating the measured data.
A cerium dioxide standard was used to calculate the sample to
detector distance, beam center, and detector orthogonality for
data extraction from the two-dimensional XRD pattern. Using
Fit2D,”” two-dimensional XRD patterns were reduced to one-
dimensional, intensity versus 20 patterns.

For electric measurements, the surfaces of ~200 pm thick
samples were covered by sputtered Cr/Au electrodes with a
diameter of 5 mm. The dielectric permittivity (¢) and dielectric
losses (tan 6) were measured during cooling from 200 °C down
to room temperature using an HP 4284 A precision LCR meter
at frequencies of 1, 10, and 100 kHz. The electrical polarization
(P) vs. the electric field (E) hysteresis loops were measured using
a commercial setup Aix-PES (Aixacct Systems, Aachen, Germany).
A bipolar sine wave with a frequency of 1 Hz was used as an
input signal.

Results and discussion

The microstructural properties of MA-derived ceramics were
uniform and are shown in Fig. 1. The ceramics were highly
dense, i.e., about 99% of theoretical density, which is consistent
with the measured fraction of porosity (~1%) obtained from
microstructural analysis. In Fig. 2 the XRD patterns of the MA-
derived PSN ceramics exposed to different thermal treatments
are shown where no secondary phases were detected. Rietveld
refinements revealed the rhombohedral structure with space
group R3m in agreement with ref. 5 and 28. Furthermore, no
superstructure peaks were observed for ceramics sintered above
or below the previously reported Top (~1200 °C). The most
pronounced superstructure peak (3 1 1), which, according to
ref. 6 and 7, should appear at 260 ~ 18° is not observed (Fig. 2).
This is expected considering that the intensity of this peak is
very low even for highly ordered samples® and, thus, might not
appear due to instrumental limitations. Taking this into
account we can understand the absence of superstructure

peaks in also the XRD patterns of SS-derived ceramics.
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Fig. 1 FE-SEM micrographs of the thermally etched ceramics, prepared
as described in Table 1. The median grain size d is added for each sample.
In the micrograph of the MA1420qg ceramics some pull-outs are observed
due to the polishing procedure.

In the next step, Raman spectroscopy and XRD from the APS
were used to determine the ordering degree of PSN ceramics.
However, the results from Raman analysis suggested that this
technique was insufficient for the determination of the degree
of B-site ordering of PSN ceramics (Fig. S6, ESIT). The Raman
spectral signature is in fact more strongly influenced by the
local defect population, rather than the degree of long-range
B-site ordering.>® Hence, to precisely identify the ordered/
disordered character of the materials produced in this work,
we relied on XRD measurements conducted at the APS since
synchrotron sources typically result in far better resolution than
laboratory diffractometers. From the APS XRD measurements,
the superstructure peak (3 2 2) was observed (Fig. 3). In this case,
the peak (111) is clearly observed in $S1000 and SS1000w, while
in MA1000 and MA1000w ceramics only a broad and weak peak
profile is observed, suggesting short-range B-site ordering,
which we next analyse using STEM.

The ordering degree of Sc** and Nb>" cations in the MA1000
ceramics was additionally studied on the atomic level by TEM
(Fig. 4). In the TEM dark-field (DF) image of a grain obtained
using (2 1 1) reflection (Fig. 4a), regions with a brighter contrast
(labelled with arrows) are seen. A selected area diffraction
(SAED) pattern of the grain in the (110) zone axis (inset of
Fig. 4a) shows very weak and diffuse (} 1 1) superstructure
reflections along the [111] direction. This type of reflection
was previously observed in PSN and it was attributed to the
structural ordering of the B-cations, ie., Sc and Nb.>'* The
contrast in Fig. 4a indicates that weak local ordering in these
regions exists. In order to further understand the chemical
ordering of B-cations, an atomically resolved Cs-probe aberration
corrected STEM was employed. The B-site intensity profile
performed on the high angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image (Fig. 4b)
revealed ordered (O) regions with alternating Nb/Sc intensities
among the disordered (D) ones with similar Nb/Sc intensities.

The inverse fast Fourier transform (FFT) of the HAADF-STEM

J. Mater. Chem. C, 2015, 3, 10309-10315 | 10311
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Fig. 2 (a) Room-temperature XRD spectra (PANalytical X'Pert PRO MPD
using the Cu-K,; radiation) of the PSN ceramics exposed to different
thermal treatments as described in Table 1. The indexed peaks of the
perovskite phase are shown in brackets (ICSD #80922). (b) Zoom of the
XRD spectra from 16° to 31.5° showing that there is no secondary-phase
(dashed box) or superstructure peaks (solid box).

image (Fig. 4c) shows that these B-site ordered regions are around
2 nm in size.

The TEM data demonstrate the existence of nanometre
sized, B-site ordered regions within the grains in MA1000
ceramics (Fig. 4). These regions are short-range ordered, i.e.,
they do not extend throughout the entire grain. In contrast, the
B-site ordered regions in SS1000 ceramics are larger and extend
over the entire grain. This is shown in Fig. 5. In this case,
alternating Nb/Sc ordering is long range and was thus observed
over the entire grain (Fig. 5b) with characteristic (} 1 1) reflec-
tions and APBs related to the inversion of the sense of the B-site
cation ordering (Fig. 5a, ¢ and d).

The TEM data are consistent with the results of the XRD

111

analysis (Fig. 3), in which case a clear superstructure (3 ; ;) peak
111

was observed in the §51000 sample, whereas only a weak (5 ; 5
peak was detected in the MA1000 sample. This weak and broad

XRD peak (Fig. 3) is likely related to short-range B-site ordering
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Fig. 3 Synchrotron XRD spectra in the range 20 from 1.22° to 1.40°
carried at beamline 11-ID-C of the advanced photon source. Note that

due to the short wavelength of the source (4 = 0.11165 A) the super-

structure peak (1 1) appears in the range 26 from 1.22° to 1.40°.

in MA-derived ceramics as observed by TEM (Fig. 4). On the
other hand, the appearance of antiphase boundaries (AFBs) in
S$81000 ceramics (Fig. 5) indicates that B-site ordering nucleates
at different sites within the grain. Depending on the sequence
of the B-site ordering (Nb-Sc-Nb or Sc-Nb-Sc) during growth,
inversion of the Sc¢/Nb ordering sequence could form AFBs.

In general, ordering at the B-sites in perovskites requires
diffusion of the B-site cations. These cations are slowly diffusing
species.’®*" In relation to the origin of the different B-site
ordering in the PSN materials, we may suggest that the diffusion
processes in the MA-derived samples are slower in comparison
to those in the SS samples. This may be a result of the high level
of chemical homogeneity on the nano-scale, which reduces the
chemical gradient and thus the driving force for diffusion, and/
or due to the presence of crystalline microstrains induced in the
material during the mechanochemical activation,?***?* which
may freeze the observed disordered state of the Nb and Sc
cations.

The ¢ vs. temperature (7) curves were measured for all
ceramics and are presented in Table 1. In Fig. 6 ¢ and tand
versus T are shown for selected samples, ie., for SS-derived
ceramics annealed at and below Top (~1200 °C) and MA-derived
ceramics annealed below Top,. It was reported that PSN ceramics
sintered at T > Top displays diffuse relaxor behaviour with a
peak in ¢ at ~110 °C,>® while PSN ceramics sintered at T < Top
exhibits a “classical” ferroelectric behaviour with the peak in ¢
appearing at a lower temperature (between 80-100 °C*>°) and
with no relaxation properties.”> As can be seen in Fig. 6, the &-T
curves of SS-derived ceramics are in agreement with the litera-
ture data,>® i.e., the ceramic sintered at Top displays a diffuse
relaxor behaviour with the ¢ peak of 49000 at 1 kHz at 107 °C,
while the sample sintered at T < Top shows only a weak
relaxation, with a much lower ¢ peak of 21000 at 1 kHz and
~95 °C (Fig. 6). This observation is in agreement with the XRD
and TEM results where for SS-derived ceramics sintered at
T < Top long range ordered behaviour was observed. The lower ¢
of SS1000 ceramic can also be partially related to the smaller

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) TEM-DF image of the MAI000 grain with the corresponding
SAED pattern in the [110] zone axis. Ordered areas within the grain are
marked with arrows. A weak and diffuse (4 1 1) superstructure reflection is
marked with a circle, (b) HAADF-STEM image with the corresponding
intensity profile of B site ions (O, and D-ordered/disordered area); the
dotted line represents the area where the intensity profile was performed.
(c) Inverse FFT image from superstructure reflections with marked B-site

ordered areas.

average grain size of this ceramic in comparison to S51200
(0.7 um vs. 3.2 pm). Note that for $51200 the relaxor to ferro-
electric phase transition appears at ~94 °C (see the knee point
in Fig. 6), which is in close agreement with the literature.>**
On the other hand, the MA1000 ceramic annealed below
1200 °C shows diffuse relaxor behaviour with the high ¢ peak of

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 (a) TEM-DF image of the SS1000 ceramic grain with the corre-
sponding SAED pattern in the [110] zone axis. Between ordered regions
antiphase boundaries (AFBs) were observed (labelled with arrows) as also
observed by Perrin et al.® The superstructure reflection at (% % %) is marked
with a circle, (b) HAADF-STEM image with the corresponding intensity
profile of B site ions, with alternating Nb/Sc intensities. The dotted line
represents the area where the intensity profile was performed, (c) inverse
FFT image from superstructure reflections with marked AFB. Two red
parallel lines indicate the change in B-site contrast intensity, (d) model of
the ordered PSN structure showing the AFB.
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Fig.6 ¢ — T at 1, 10 and 100 kHz and (inset) tand vs. temperature at
10 kHz for MA1000, $51000 and $51200.

~40.000 at 1 kHz at 106 °C (Fig. 6). In addition to this peak, a
sharp drop of the permittivity at ~97 °C indicates a relaxor-to-
ferroelectric phase transition. For more details regarding this phase
transition at ~97 °C, we refer to the complete analysis of the
dielectric properties of MA1000 ceramics reported in our previous
study.*® Note that in PSN single crystals the relaxor-to-ferroelectric
phase transition was also observed at ~97 °C.*** Similar &-T
behaviour was obtained for all MA-derived samples from Table 1.
Hence, the ¢-T measurements indicate the long-range disordered

J. Mater. Chem. C, 2015, 3, 10309-10315 | 10313
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Fig. 7 Temperature dependence of 2P, for (a) MA1000, and MA1420q and
(b) SS1000, and SS1200. The sintering temperature of ceramics is shown in
the y axis. The Top value from the literature®* is marked by an arrow. In
(a) the dashed horizontal lines represent the T, value of MA1000 and
MA1420q ceramics. In (b) the red dashed horizontal line represents the T,
value for $S1200. The dark dotted horizontal line represents the T, value
for SS1000. The black arrow marks the difference of ~20 °C between
these two temperatures.

behaviour of MA-derived ceramics even if sintered at 1000 °C,
which is ~200 °C below Top. These findings are in accordance
with bulk disorder including only nanometre-sized ordered
regions observed by TEM and indirectly by XRD. tand vs.
T shows a similar trend (inset in Fig. 6). $S7200 and MA1000
display a peak in tan ¢ above 100 °C, while the SS7000 ceramic
displays it at a much lower temperature of ~85 °C. The lowest
tan ¢ for the majority of the measurement range is observed for
MA-derived ceramics.

Furthermore, the P-E hysteresis loops vs. T for the MA-
derived ceramics are well saturated at 25 °C and reveal the
ferroelectric behaviour of the ceramics (Fig. S7 in the ESIT). The
remnant polarization (P;) and the coercive field (E.) at 25 °C and
1 Hz are 31 uC em ™ 2 and 5 kV em ™, respectively. Note that the

10314 | J. Mater. Chem. C, 2015, 3, 10309-10315
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P, value is higher'®®” or comparable® than the previously
reported data measured at room temperature for the disordered
PSN. A possible reason for the large polarization of the PSN
ceramics prepared in this work could be related to the displace-
ment of the B-site cations, which is much higher than the reported
values, namely 1.95 A/2.13 A as compared to 2.02 A/2.06 A.> Note
that in ref. 4 the structural data are not given and hence the full
comparison cannot be made.

In order to further understand the B-site ordering in MA-derived
PSN ceramics, temperature dependence of P, vs. T was investigated
and is shown in Fig. 7(a) for selected samples. It was reported” that
in a disordered PSN ceramics the temperature at which the 2P,
value sharply drops almost to zero (7},) is observed above 100 °C
(until ~106 °C), which is in agreement with our measurements
where T}, is ~105 °C. Similar behaviour was obtained for all
MA-derived ceramics (Table 1). This was confirmed also by
Raman spectroscopy by tracking the disappearance of a soft
mode in all compositions. Hence, in MA-derived ceramics the
Tp value is similar regardless of thermal treatment shown in
Table 1 (Fig. 7(a), red horizontal line). These results again
indicate the long-range disordered behaviour of MA-derived
ceramics sintered at 1000 °C, which is in agreement with the
results of XRD, TEM and dielectric spectroscopy analyses. In
contrast, for SS-derived samples T}, differs with the sintering
temperature (Fig. 7(b)). For samples sintered at T < Top, T}, is
as low as ~90 °C, while for §51200 ceramic T, appears at
~110 °C, which is in agreement with the literature* for ordered
(and partially ordered) and disordered ceramics, respectively.
Hence, from XRD and TEM analyses, dielectric spectroscopy
and 2P, vs. T measurements, it can be concluded that the
MA-ceramics (Table 1) exhibits the long-range disorder behaviour
of B-site cations.

Conclusions

PSN ceramics prepared from the mechanochemically activated
powder and sintered 200 °C below Top exhibited behaviour
consistent with long-range disorder of the B-site cations. This is
in contrast to the behaviour of PSN ceramics prepared by
conventional solid-state synthesis. Through different ordering
of B-site cations in PSN, the processing route has a marked effect
on the dielectric properties and polarization of the material. By
comparing the mechanochemically derived and solid-state-derived
ceramics sintered at 1000 °C, we showed that the dielectric
permittivity in the vicinity of the phase transition to the non-
polar phase of the MA ceramics is higher than that of the SS
ceramics. Furthermore, the remnant polarization of the MA
ceramics sharply drops to almost zero at temperatures higher
than 105 °C, in contrast to the SS samples, where this occurs
below 15 °C. The different B-site ordering behaviour and the
associated properties of the two PSN ceramics might be attributed
to a different level of nano-scale chemical homogeneity and/or
crystalline microstrains.

The results of this work have established an understanding of
the relationship between the synthesis method for PSN ceramics,

This journal is © The Royal Society of Chemistry 2015
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B-site cation ordering in the ceramics, and their functional proper-
ties. Additionally, this work provided a critical re-examination of
the ordered-disordered behaviour of PSN ceramics particularly in
relation to the processing.
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