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B-Site Order-Disorder Transition in Pb(Mg,,3Nb,,5)O;-Pb(Mg, ,,W; ;)04

Triggered by Mechanical Activation

Xingsen Gao," Junmin Xue," Ting Yu,* Zexiang Shen,* and John Wang*"
Department of Materials Science and Department of Physics, National University of Singapore, Singapore 119260

B-dte cation order—disorder transition induced by mechanical
activation was observed in Pb(Mg,,sNb,,5)O-—Pb(Mg,,,W,,,)O4
(PMN-PMW) solid solution, which was examined using both
XRD diffraction and Raman spectroscopic study. The order—
disorder transition is composition dependent. Mechanical ac-
tivation triggers the B-site disordering, which can be steadily
recovered by thermal annealing at elevated temperature, i.e,
at temperatures around 600°C. Raman spectroscopy demon-
strated that there existed tiny ordered microdomains in
0.4PMN-0.6PMW subjected to up to 20 h of mechanical
activation, although they cannot be shown by X-ray diffrac-
tion. Thisisaresult of the equilibrium between the mechanical
destruction and temperature-facilitated recovering at the col-
lision points during mechanical activation. It is therefore
unlikely that a complete disordering can be realized in PMN—
PMW by mechanical activation. The disordering in PMN-
PMW triggered by mechanical activation occurs simulta-
neously with the refinement in crystallite size at the initial
stage of mechanical activation, suggesting that the fragmenta-
tion of crystallites is responsible for the order—disorder tran-
sition at least during the initial stage of mechanical activation.

I. Introduction

siITe ordering in ferroelectric Pb(B'B")O4 of complex perovs-

kite structure exhibits a strong effect on the dielectric, and
ferroelectric, diffusive phase transitions. Since the discovery of
B-site ordering in Pb(Sc,,Tay,,)O5 (PST) in 1980,* extensive
investigation has been made into the order—disorder transitions of
various perovskite structures.®>~® Recent studies using synchrotron
radiation XRD,” NMR,® EPR,® Raman spectroscopy,*® as well as
modeling and simulation™*? have led to considerable understand-
ing of the B-site ordering and its effects on the relaxor ferroelectric
behavior. The order—disorder transition has been observed to be
affected by B-site composition,*~® A-site vacancies,** and long-
time annealing.*** For example, disordered PST can be obtained
by high-temperature quenching, and the ordering can be realized
by a long-time annedling. In this paper, we report the order—
disorder transition in (1—x)PMN-xPMW induced by mechanical
activation, as studied using both XRD and Raman spectrometry.
Mechanical alloying, which was initially devised for the syn-
thesis of alloys and metal compounds, has recently been extended
to many other types of oxides, magnetic materials, and electronic
materials.*>*® Several mechanochemical reactions can be trig-
gered, which may or may not be realized by conventiona thermal
activation.*” Mechanical activation, which has been used to
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synthesize a number of novel materials having metastable and
amorphous structures,*®*° can trigger the order—disorder transi-
tion in Fe-Al alloys.?®?* Several unique phenomena have been
observed in association with the mechanical activation of complex
perovskite structures. However, the order—disorder transition trig-
gered by mechanical activation in relaxor ferroelectrics has not
been studied in detail. In thiswork, we choose Pb(Mg,,5Nb,,3) O~
Pb(Mg,,,W,,5)O5 (PMN-PMW), which shows along-range B-site
ordering and is composition dependent,?® to study the order—
disorder transition triggered by mechanical activation.

1. Experiments

The starting materials used in this work were commercialy
available PbO (99% in purity, J. T. Baker, Inc.), MgO (99.6% in
purity, J. T. Baker, Inc.), Nb,Og (99% in purity, Aldrich, USA),
and WO, (99.9% in purity, Aldrich, USA). Mechanical activation
of columbite precursor was used to prepare pyrochlore-free relaxor
ferroelectrics, as described in previous studies.*” For this, MgwWO,,
and MgNb,O, were synthesized by calcination of mixed oxides of
MgO and WO or MgO and Nb,Og at 1000°C for 6 h. The
resulting powders were mixed with PbO together in the ratios as
required by the stoichiometric composition of (1—X)PMN-xPMW.
The powder mixtures were each subjected to mechanical activation
for 10 h and then calcined at 900°C for 2 h, resulting in formation
of (1-x)PMN-xPMW of perovskite structure, as shown in Fig. 1.
They were mechanically activated for various time periods ranging
from 0 to 20 h, to investigate the order—disorder phase transition
triggered by mechanical activation. The activated samples were
then subjected to thermal annealing at various temperatures,
followed by studies using XRD and Raman spectroscopy .

For mechanical activation, each powder sample was loaded in a
stainless vial 40 mm in diameter and 40 mm in length with one
stainless steel ball 12.7 mm in diameter inside. On completion of
mechanical activation, they were examined using an X-ray diffrac-
tometer for phase identification (CuKe, X' per diffractometer,
Phillips). The degree of long-range ordering was measured by
comparing the intensity of the principal perovskite (200) peak with
that of the supperlattice (111) peak. Crystallite size was deter-
mined using the Scherrer equation based on broadening of the
(220) peak at a 26 of 31.7°,%° while the ordered domain size was
calculated based on (111) superlattice peaks at about 19.4°.
Micro-Raman spectra were acquired at room temperature in the
backscattering geometry using a Spex T6400 single-grating Ra-
man spectrometer with an Olympus microscope attachment and
equipped with aliquid-nitrogen-cooled CCD detector. Therelative
degree of long-range ordering was calculated based on the inten-
sity ratio of the band at around 384 cm™* to that at 278 cm™*, and
the intensity ratio of band 841 cm™* to 786 cm™*. High-resolution
electron microscopy (HRTEM, Philips CM 300 FEG) was used to
study the crystalite structure of mechanically activated PMN-
PMW compositions.

I11. Results and Discussion

Figure 1 shows the XRD diffraction patterns of
(1—x)PMN-XPMW calcined at 900°C for 2 h, each exhibiting a
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Fig. 1. XRD patterns of (1-x)PMN-xPMW solid solutions synthesized
by mechanical activation for 20 h and consequently calcined at 900°C for
2 h, showing that they are single perovskite phases. “s’ represents the
supperlattice diffraction peaks, and “F” the principle diffraction peaks of
perovskite.

well-established perovskite structure. In addition to the principal
peaks of perovskite structure, the occurrence of B-site ordering, as
indicated by the superlattice (111), (311), (331) pesks marked by
“g’, appears to be composition dependent. The superlattice struc-
ture occurs in the compositions of >0.2 PMW. lIts relative
intensity increases with increasing PMW content in PMN, which is
in agreement with what was reported in a previous study.??

As shown in Fig. 1, 0.4PMN-0.6PMW is atypical composition
exhibiting B-site ordering, which was chosen to study the order—
disorder transition triggered by mechanica activation. The phase
evolution of 0.4PMN-0.6.PMW as a function of mechanical
activation time is shown in Fig. 2(a). It exhibits a strong B-site
ordering in theinitial unactivated state, as shown by the (111) and
(311) superlattice diffractions at around 26 of 19.4° and 37.6°,
respectively. The superlattice diffraction peaks decrease in inten-
sity with increasing mechanical activation time. They undergo a
significant peak broadening at the initial hour of mechanical
activation and then fall fast in peak intensity with afurther increase
in mechanical activation time. This implies that the disordering is
associated with the refinement in crystallite and ordered domain
sizes. The superlattice diffraction peaks of (111) and (311) at 26 of
19.4° and 37.6° had completely disappeared from the XRD trace
after 5 h of mechanical activation. As expected, a steady recovery
of ordering in 0.4PMN-0.6PMW is observed when the mechani-
caly activated compositions are thermally annealed at an in-
creased temperature as shown in Fig. 2(b). The apparent ordering
starts to appear at around 700°C and the recovery is largely
completed at 900°C.

Crystalite size and ordered domain size for the above
0.4PMN-0.6PMW composition, as a function of mechanical acti-
vation and thermal annealing, were calculated using the Scherrer
equation as shown in Figs. 3(a,b). In Fig. 3(a), both the domain
size and the crystallite size decrease dramatically at the initial hour
of mechanical activation, followed by a fall in the decrease rate
when mechanical activation is extended to more than 2.0 h. In fact,
the calculated crystallite size and ordered domain size demonstrate
asimilar rate in size refinement at both the initial and late stages
of mechanical activation. This shows that the refinement in
crystallite and ordered domain sizes took place simultaneously at

Vol. 85, No. 4

(a)

20 hours

5 hours

3 hours

Intensity {a.u)

2 hours

Fe

0 hoursjéﬁjp

15 20 25 30 35 40 45

(b) e |l F
(200)
amy g
S

900 °C
800 °C

700 °C

Intensity (a.u)

600 °C

Room Temperature

15 20 25 30 35
20(°)

Fig. 2. XRD traces of 0.4PMN-0.6PMW solid solution (a) subjected to
various periods of mechanical activation demonstrating the disappearance
of the (111) superlattice diffraction pattern, and (b) consequently calcined
at various temperatures exhibiting the recovering of the (111) superlattice
diffraction peak.

the initial stage of mechanical activation, and the order—disorder
transition occurred when the crystalline size was refined enough.
Figure 3(b) illustrates the crystallite and ordered domain sizesas a
function of annealing temperature for the composition subjected to
20 h of mechanica activation. Both the crystallite and domain
sizes increase sharply over the temperature range of 600° to
800°C. Little further change was observed above 800°C, where
both the crystallite and ordered domain sizes have more or less
recovered to those in the unactivated state. As discussed below
based on the Raman spectroscopy, there existed tiny ordered
microdomains in the mechanically activated PMN-PMW, al-
though they could not be effectively detected by X-ray diffraction.
This was supported by the study using high-resolution transmis-
sion electron microscopy. Figure 4 is a bright-field HRTEM
micrograph for 0.4PMN-0.6PMW that was subjected to mechani-
cal activation for 20 h. Nanocrystaline domains of perovskite
structure and 7 to 12 nm in size were observed to occur in an
amorphous matrix, which were highly defective.
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Fig. 3. Crystalite size and B-site ordering doman size for
0.4PMN-0.6PMW: (@) as afunction of mechanical activation hours, and (b)
as a function of calcination temperature.

The Raman spectra of PMN-PMW, as a function of composi-
tion, are shown in Fig. 5. PMW exhibits the Fm3m group modes,
which are similar to those of PST,>*?® The bands at around 278
and 496 cm™~* can be attributed to the E mode or second-order
modes. The Raman band at around 384 cm~* can be ascribed to
F,., Which is caused by the B-site ordering, and therefore it can be
used as an indication of the degree of B-site ordering.***®
Although the origin of PMN Raman spectra is still the subject of
debate and discussion, it is commonly accepted that PMN belongs
to the Fm3m group. Its high-frequency band at around 786 cm™*
is attributed to the A%% mode, and the other bands are related to E
+ T,, + T, modes.?®>%” The band at around 384 cm™* indicating
the B-site ordering begins to appear in the compositions containing
>0.2 PMW, and its intensity increases with increasing PMW
content. With increasing PMW content in PMN, the band at
around 786 cm™* disappears gradually, and at the same time, the
band centered at 841 cm ™ arises and increases in intensity due to
the B-site ordering.

The Raman spectra of 0.4PMN-0.6PMW subjected to various
mechanical activation durations are illustrated in Fig. 6(a), where
the change in band intensity centered at 384 cm ' clearly
demonstrates that the degree of ordering decreases with increasing
mechanical activation time. There is also an apparent shift of band
at 786 cm ' toward the one at 841 cm*, which undergoes a
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Fig. 4. HRTEM image of 0.4PMN-0.6PMW subjected to mechanical
activation for 20 h.
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Fig. 5. Raman spectra of (1-x)PMN-xPMW solid solution of different
compositions showing the intensity dependence of bands centered at 384
and 841 cm~* on the content of PMW.

substantial degree of band broadening, with increasing mechanical
activation time. Thisisin agreement with what has been indicated
by the XRD. However, the Raman band at 384 cm™* cannot be
eliminated by extension of mechanica activation. Instead, its
intensity decreases dramatically at the initial hour of mechanical
activation and further extension in mechanical activation led to
little change in the bandwidth and intensity. A similarly weak
Raman band at around 384 cm™* was reported by Reaney et al.>®
and Randall et al.,?® in disordered PST quenched from an elevated
temperature, where the B-site ordering domains below 3 nm were
observed in TEM dark-field image; however, they were too small
to be detected by XRD diffraction because of the broadening of the
superlattice peaks. The broadened Raman peak at around 384
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Fig. 6. Raman spectraof 0.4PMN-0.6PMW: (&) subjected to various periods
of mechanica activation, and (b) calcined at different temperatures.

cm ™! suggests that tiny ordered microdomains exist, which are out
of the XRD detectable range, in the mechanically activated
PMN-PMW compositions. Figure 6(b) shows the Raman spectra
of a mechanicaly activated composition of 0.4PMN-0.6PMW
when subjected to thermal annealing at increasing temperature,
where the band intensity at around 384 cm™* increases with
increasing temperature. The split of the bands at 786 and 841 cm™*
becomes apparent when the annealing temperature is raised to
600°C.

To give a quantitative analysis of the relative intensity of
order-sensitive bands, the bands enveloping at around 200-500
and 600900 cm™* in the Raman spectrum of 0.4PMN-0.6PMW
can befitted with a Gaussian function as shownin Fig. 7. The band
envelopes can be deconvoluted into four bands centered at 278,
384, 786, and 841 cm™*, and their corresponding relative intensi-
ties are expressed as |,7g, l3ga, l7g6 @Nd lg4,, respectively. The
relative intensity ratios of lgga/log  @Nd  lgy/logs  foOr
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Fig. 7. Raman spectrum of 0.4PMN-0.6PMW showing deconvolution
with superimposed Gaussian functions: (a) 200—450 cm™* group of bands,
() the 700-950 cm™* group of bands.

0.4PMN-0.6PMW subjected to various hours of mechanical acti-
vation and thermal annealing at various temperatures are shown in
Figs. 8(ab). Thelzg,/1,,5 and | g,4,/1g4 ratios decrease dramatically
with increasing mechanical activation time from 1 to 5 h, due to
the fall in degree of B-site ordering at the initia stage of
mechanical activation. Further extension in mechanical activation
time led to little change in the two ratios. On thermal annealing at
increasing temperature as expected, | g4,/l,g6 aNd | 55,/1 .7 decrease
sharply at temperatures around 600°C.

The order—disorder transition in PMN-PMW, as in many other
ferroelectric compositions, is a rather complicated process and is
affected by several structure and composition parameters. From
the experimental results discussed above, it is apparent that the
transition is composition dependent. Mechanical activation disor-
ders the superlattice ordering in PMN-PMW, while subsequent
thermal annealing can restore the ordering. Furthermore, the
disordering triggered by mechanical activation takes place simul-
taneously with the refinement in crystallite size at the initial stage
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of mechanical activation, apparently as a result of the fragmenta-
tion of crystallites. The process is thus similar to what has been
observed for Fe-Al aloys®* where the shearing-induced glide
causes the dwindling of ordered domains and thermal diffusion
recovers the ordering. Although shear-induced glide may not occur
in oxide-based ceramic materials at room temperature, it has been
observed with anumber of ceramic materials, including BaTiO; of
perovskite structure and La,_,Sr,MnO;, at elevated tempera-
ture.3°—32 This is especially so when the crystallite size is refined
to nanometer scale, where the surface-related structure can domi-
nate both the thermodynamic and kinetic processes. As has been
clearly illustrated by the Raman spectra shown in Fig. 6, ordered
microdomains existed in activated 0.4PMN-0.6PMW, which were
not eliminated by up to 20 h of mechanical activation. The
repeated mechanical impacting and shearing during mechanical
activation fragmented the crystallites and ordered domains of
PMN-PMW, which are shown by the broadening of principa
peaks in both XRD and Raman spectra. On the other hand, the in
situ temperature at the collision points, which is in the range of
400° to 500°C,*"*3-35 will contribute to the recovery of superlat-
tice ordering. Therefore, the observed preservation of ordered
microdomains in mechanically activated PMN-PMW composi-
tions is a result of the equilibrium between the mechanica
destruction of crystallites and domains and the recovering of
ordering in association with the in situ temperature at collision
points.
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IV. Conclusions

Mechanical activation induces B-site disordering in PMN—
PMW, where the refinements in ordered domain size and crystal-
lite size occur simultaneously at the initial stage of mechanical
activation. The order—disorder transition triggered by mechanical
activation is composition dependent. B-site ordering of
0.4PMN-0.6PMW cannot be completely eliminated by mechanical
activation, although XRD suggests otherwise. Tiny ordered mi-
crodomains existed in the composition subjected to 20 h of
mechanical activation, as demonstrated by Raman spectroscopy.
This was a result of the equilibrium between the mechanical
destruction of ordered domains and crystallites and the recovery of
ordering in association with in-site temperatures involved at the
collision points during mechanical activation. The steady recovery
of B-site ordering by thermal annealing occurred at around 600°C
for PMN-PMW.
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