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The solid solution [Pb(Yb,,,Nb, ,)O;],_,-[PbTiO;], was synthesized with x < 60%, using several high-temperature techniques as
well as room-temperature mechanosynthesis. The high-temperature synthesis reveals a reaction path involving the synthesis first
of the end-members before the solid solution. The density and dielectric constant measured on the ceramics prepared from these
powders indicate the crucial role of the synthesis technique in the subsequent properties. Mechanosynthesis results in ceramics with
higher density and dielectric constant. Identical optimized sintering conditions were then applied to all investigated compositions
and the resulting dielectric properties and chemical orders were compared. All polar orders (antiferroelectricity, ferroelectricity,
and relaxor behavior) were evidenced. The 1: 1 chemical order on the B-site of Pb(Yb, ,Nb, ,)O; results in the formation of a double
perovskite Pb, YbNbOg, and the superstructures in the X-ray diagrams signing the existence of this order persist up to 30% PbTiO5.

The underlying mechanism for substitution of Yb or Nb by Ti is presented.

1. Introduction

Solid solution between ferroelectric PbTiO5 and perovskites
with two elements on the B site (of the general formula
A(BB')O;) have attracted considerable interest as they
lead to high-performance functional materials such as
Pb(Mg, ;3,Nb,,3)0;-PbTiO; [1], Pb(Zn, ;5,Nb,,3)O;-PbTiO,
[2], Pb(SCl/z,Nb1/2)03'PbTiO3 [3], and Pb(Inl/z,Nb1/2)O3-
PbTiO; [4], which are of both fundamental and commercial
interests. Pb(Yb,,,Nb,,,)O;-PbTiO; is one of such materi-
als. It exhibits superior high-temperature high-piezoelectric
properties, especially at the so-called “morphotropic” phase
boundary with a Curie temperature of 370°C (645K) and a
piezoelectric coeflicient d;; ~ 470-510 pC/N [5, 6] which
makes it desirable for high-temperature actuators and sen-
SOrs.

The synthesis of these A(BB')O; compounds is delicate as
pyrochlore phases may easily be formed when all oxides are
reacting and are detrimental to the properties. An alternative

synthesis route has been designed for Pb(BB')O, perovskites,
the so-called “B-site oxide mixing route” [7, 8] involving the
reaction of all oxides but PbO. Depending on the valence of
the B-site elements, this leads to the synthesis of a columbite

through B>*0% +B,”" 0,2 — BB.O, [9] or of a wolframite
15+

through B,’"0;%” + B, 0>~ — 2BB'O, [10] or of a rutile
through B**0,*" +B'4+022_ — BB'O, [11]. In a second step,
this columbite, wolframite, or rutile is mixed with PbO to
get Pb(B,B')O3. For Pb(B,B')O3—PbTiO3 solid solution, either
TiO, is added to the other B-site oxides and then PbO is
added to the product of this reaction [7, 8] or TiO, + PbO
is added to the wolframite/columbite/rutile [1-4].

In the case of Pb(B, /ZB'1 12)0; ferroelectric perovskites,
the order on the B site has a dramatic influence on the
properties of these materials. Generally speaking, disorder on
the B site of the perovskite (i.e., random occupancy by any
of the two elements) leads to a relaxor behavior whereas an
ordered alternating occupancy of the B site along the [111]



direction by the two elements leads generally to antiferro-
electric behavior [12, 13]. In the latter case, the structure
may be described as a “double perovskite” of general formula
Pb,BB'Oy. This order doubles the crystallographic unit cell
along the [111] direction, giving rise to superstructure X-
ray reflections, and was shown to be driven more by the
sum of the ionization energies of the two B-site elements
rather than by size or charge difference [14]. In the case of
Pb(Yb, ,Nb, ;)05 (PYN), the sum of the ionization energies
is large (75eV) leading to a 1:1 chemical order on the B
site which could only be broken by adding lithium to the
compound [15].

In this work we investigate three techniques to synthe-
size [Pb(Yb,,Nb, ,)O5],_,-[PbTiO; ], (PYN-PT) with x <
60% (Ti-richer compositions were considered analogous
to PbTiO;) and compared the properties of the ceramics
made out of these powders. The investigated techniques
are conventional solid-state mixing, reactive sintering, and
mechanosynthesis. An original intermediate reaction step
involving the formation of the two end-members is evi-
denced. The chemical order on the B-site, reminiscent of the
one of PYN, is shown to persist in the powders obtained from
mechanosynthesis up to composition with 30% PbTiO5.

2. Experimental Procedure

Commercial-grade oxides PbO (Interchim), Yb,O5 (Rhone-
Poulenc), Nb,Os, and TiO, (both Alfa Aesar) with purity
greater than 99.5% were used as starting materials. Raw
materials were mixed in absolute ethanol and subsequently
dried in a dry-off oven at 80°C for 24 h before calcination.
For every synthesis technique used, the first step consisted
in obtaining the YbNbO, wolframite from the calcination
of Yb,0; and Nb,O; at 1200°C for 4 h. For the synthesis of
the solid solution, and still for every synthesis techniques,
we followed the conventional route, mixing stoichiometric
quantities of PbO, TiO,, and YbNbO,.

For the solid-state technique, we investigated various
calcination temperatures and times (800-1000°C and 2-
12 h) to get the pure perovskite phase. The reactive sintering
technique, as its name indicates, enables carrying out both
the synthesis and the sintering of the ceramics from a pellet
composed of the reactants [11]. For all compositions inves-
tigated, the optimized conditions for simultaneous synthesis
and sintering were 950 to 1050°C for 4 h. For the mechanosyn-
thesis, we used a Retsch mill PM 100, and the pure perovskite
phase was obtained after 9h at 450 rpm. This process takes
place at room temperature as the thermal energy of the other
techniques is replaced here by mechanical energy.

The X-ray diffraction was carried out on a Bruker D2
phaser to check the crystallinity and purity of the products
and on an 18 kW high-precision diffractometer equipped
with a rotating Cu anode for the superstructures detec-
tion. The X-ray diagrams were either compared with the
corresponding JCPDS file (for PbTiO;) or to the literature
(16] (for Pb(Yb,,,Nb,/,)O;, as no JCPDS file is available)
to confirm the perovskite phase and its purity. Scanning
Electronic Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDX) (Leo Gemini 5130) were performed on
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FIGURE 1: X-ray diagram of PYN-PT powder (for x = 60%) obtained
by various techniques: at 950°C by solid-state reaction of PbO +
TiO, + YbNDO, (a) for 7 h and (b) for shorter calcination time (4 h)
revealing the presence of PYN and PT and (c) by solid-state reaction
of Pb(Yb,,Nb,,,)O; + PbTiO, leading to PYN-PT after 4 h. Pure
PYN-PT can be synthesized by solid-state reaction at 800°C for 12 h
(d) as well as by mechanosynthesis (e) of PbO + TiO, + YbNbO,.

fractured surfaces to investigate the purity and microstruc-
ture of the samples. The average grain sizes were determined
using the line interception method on SEM images [17]. The
relative density was calculated using geometrical dimension
or the Archimedes’ method. Dielectric measurements were
carried out using an Agilent 4294A impedance analyzer on
ceramics with gold-sputtered electrodes.

3. Results and Discussion

Starting with the conventional solid-state technique, after 7h
at 950°C, PYN-PT is formed (see Figure 1(a)). However, for
shorter calcination times (4 h), extra diffraction peaks related
to Pb(Yb, ;,Nb, ,)O; and PbTiO; also appear in Figure 1(b).
This suggests that the reaction sequence is actually PbO +
TiO, + YbNbO, — Pb(Yb,,Nb,,)O; + PbTiO; — PYN-
PT. It is highly unusual that the reaction sequence of such
a solid solution involves forming first the end-members. In
order to test whether it is actually possible to synthesize
the solid solution from its end-members, we synthesized
Pb(Yb,,Nb,,)O; and PbTiO; separately, before mixing
them and calcining them for 950°C 4 h. We indeed obtained
PYN-PT, as can be seen in Figure 1(c). The pyrochlore impu-
rity phase can be eliminated and pure PYN-PT synthesized
under optimized synthesis conditions (namely, at 800°C for
12 h); see Figure 1(d).

Pyrochlore phases have been shown to form at moderate
temperatures (600-700°C) in Pb(BB')O, and Pb(BB')O;-
PbTiOj; solid solutions, even using the B-site mixing route [7,
9,18,19], and may still be present in the final product. In PYN-
PT, a pyrochlore phase may also be formed but then the end-
members, PYN and PT, are formed before reacting together
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to form the PYN-PT solid solution at higher temperature.
With optimized synthesis parameters it is possible to obtain
pyrochlore-free PYN-PT samples.

The powder of pure perovskite obtained from solid-state
synthesis must be shaped and sintered in order to get the
final ceramic. As the reaction temperature and the sintering
temperature were the same, a more practical solution to
prepare ceramics was investigated: reactive sintering. In
this case, the raw reactants are prepressed into a so-called
“green” pellet and both the calcination and sintering occur
simultaneously. Following this route we observed the same
reaction sequence that starting from PbO + YbNbO, +
TiO, leads to the formation of PYN and PbTiO; and only
afterwards of PYN-PT.

In order to prevent the formation of pyrochlore phases,
alternative high-pressure and/or high-temperature tech-
niques have been developed, for example, hot isostatic press.
They, however, require heavy equipment. The last technique
used to synthesize PYN-PT, mechanosynthesis, was shown to
enable the synthesis of pure perovskite phase without such
heavy equipment. This room-temperature technique, also
known as ball-milling, was first applied to metallic alloys in
the late 70s and to ferroelectric oxides 20 years later [8, 20, 21].
The strain and the grain size reduction taking place during
the mechanosynthesis lead to broad and asymmetric peaks in
the diffraction patterns making the identification of minority
phases in presence difficult. The pure perovskite phase was
considered to be obtained when subsequent milling did
not change the diffraction pattern. The corresponding X-
ray diagram is reported in Figure 1(e) where the large width
and asymmetric profile of the peaks associated with the
mechanical strain developed in the nanograins can be clearly
observed. The difference with the high-temperature synthesis
techniques here is that the grain size of the reactants is much
smaller (~20nm versus microsized grains) and therefore
present a much higher reactivity.

Powders obtained by the solid-state or mechanosynthesis
techniques have been sintered (at 950°C for 4h) and the
absence of pyrochlore after sintering was confirmed by
X-ray diffraction (not shown). The density and dielectric
constant at room temperature of the resulting ceramics are
compared with the ceramics obtained by reactive sintering
in Table 1. The dielectric constants reported in Table 1 have
been normalized by the density of the ceramic to enable
a meaningful comparison. Because the ceramics prepared
from reactive sintering have an extremely low density and
therefore open pores, their dielectric constants value cannot
be simply compared to the ones of ceramics prepared by the
other processing methods. However, it clearly appears that
processing ceramics by reactive sintering leads to ceramics of
poor quality that are unsuitable for potential applications. The
ceramics obtained from mechanosynthesis are the densest
and exhibit the highest dielectric constant of all investigated
synthesis techniques. A binder was necessary to shape the
powder obtained by the solid-state technique into pellets
before sintering. In the case of the first binder used, PVA,
SEM, and EDX analyses confirmed the absence of carbonated
residues after sintering. Addition of PbO instead of PVA was
also considered as high-temperature synthesis may lead to

TABLE 1: Relative density (d) and normalized dielectric constant
(€'/d) at room temperature and 1kHz measured on PYN-PT
ceramics with 60% PbTiO; obtained by the various investigated
synthesis techniques. For the solid-state technique, PVA or PbO
were used as binders.

d e'ld
Reactive sintering 60% 302
Solid-state reaction + PVA 81% 652
Solid-state reaction + 1.3 wt% PbO 72% 771
Solid-state reaction + 3 wt% PbO 86% 613
Mechanosynthesis 91% 953
14000 T T T T T T T T T 40
12000 35
10000 30
8000 25
«
- 6000 20 £
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4000
X (15
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Temperature (K)

—a— Solid-state reaction + PVA

—e— Solid-state reaction + 1.3 wt% PbO

—x— Solid-state reaction + 3 wt% PbO
Mechanosynthesis

FIGURE 2: Real part of the dielectric constant €’ (line) and losses tan &
(dotted line) of PYN-PT with 60% PbTiO, measured at 1kHz and as
a function of temperature on ceramics obtained by various synthesis
techniques: +PVA, +1wt% PbO, and +3wt% PbO designate the
binder used with powders obtained by the solid-state technique. All
samples were sintered at 950°C.

Pb evaporation. PbO may also act as a liquid sintering aid.
The results are contrasted: if the ceramics density increases
with PbO excess compared to reactive sintering, adding
3 wt% excess PbO leads to a normalized dielectric constant
lower than with a 1.3wt% excess PbO. This is because the
excess PbO overcompensates for Pb loss during sintering and
remains as PbO in the ceramics. Its low dielectric constant
(~20) therefore contributes to lowering the ceramic dielectric
constant.

The influence of the synthesis technique on dielectric
properties is presented in Figure 2. Mechanosynthesis leads
to the highest dielectric constant at the para-ferroelectric
phase transition (T ~ 530°C) with €/ > 12000. The
ceramics obtained from solid-state technique exhibit slightly
lower e:nax, and, as mentioned earlier, excess of PbO decreases
el .. From SEM, we found that, even after sintering,
the grain size of PYN-PT obtained by mechanosynthesis
remains smaller (~1 ym) than with other techniques (>5 ym).
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FIGURE 3: SEM images of PYN-PT 60% ceramics obtained after sintering at various temperatures and times.

The grain size of ceramics obtained from mechanosynthesis
is close to the optimum grain size of Pb-based perovskites
giving rise to the best properties. This smaller grain size,
combined with strain effects [22], also contributes to lowering
the transition temperature by ~10°C.

Sintering conditions for ceramics obtained by mechano-
synthesis were then further optimized with the objective to
determine sintering parameters valid over the entire com-
positional range investigated here (from 0 to 60% PbTiO;).
The SEM investigation reveals that, as expected, the grain
size increases with increasing sintering temperature and time.
Taking the example of PYN-PT 0.60 (Figure 3), the grain
size increases from 0.086 ym to 1.27 ym when increasing the
sintering temperature from 800 to 1000°C and keeping the
sintering time constant at 4 h. A similar increase is observed
when increasing the sintering time (from 0.25 um at 900°C
for 2h to 0.78 um at 900°C for 6h). Together with the
decrease in the number and size of porosities, this larger
grain size leads to an increase of the dielectric constant
[1, 4] (Figure4). At the smallest grain size (0.086 ym),
the dielectric peak at the Curie temperature is broad but
still existent indicating the persistence of the ferroelectric
properties down to this grain size. Comparable increase of
grain size with sintering temperature/time was observed for
other compositions within the PYN-PT solid solution.

The evolution of the dielectric constant with temperature
and the room-temperature diffractograms for selected com-
positions is presented in Figures 5 and 6, in order to show
that antiferroelectric (pure PYN [23, 24] and PYN-5% PT

25000 T T T T T T T T T

20000 E

15000 E

10000 1

5000

LA
WAy,
VAT AT

b ooy hf-v,r, %“mﬂ vrw‘umvrﬂm

O 1 1 1 1 1 1
350 400 450 500 550 600 650 700 750 800

Temperature (K)

—— 900°C-2h —&— 800°C-4h
—%— 900°C-4h 1000°C-4h
—*— 900°C-6h

FIGURE 4: Real part of the dielectric constant (¢') measured at 1 kHz
from RT to 530°C of PYN-PT 60% ceramic obtained from various
sintering temperatures and times.

[25, 26]), relaxor (for 25, 30, and 40% PbTiO; content) and
ferroelectric compositions (50 and 60% PbTiO; content) can
be synthesized by this method. Our study focuses on the
synthesis of the ceramics, and the complete description of
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FIGURE 5: Real part of the dielectric constant (€') measured at 1kHz
from RT to 530°C on PYN-PT ceramics exhibiting antiferroelectric
(pure PYN and PYN-5% PT), relaxor (for 25, 30, and 40% PbTiO,
content), or ferroelectric (50 and 60% PbTiO; content) behaviors.
All samples were sintered between 950°C and 1050°C.

T T (001)

60%

so:@ %
-t
A
M
N

30%
25%
20%
16%

5% iﬁ

PYN

10 15 20 25

FIGURE 6: X-ray diagrams for PYN-PT ceramics obtained by
mechanosynthesis for PbTiO; content between 0 (PYN) and 60%.
Squares (m) indicate superstructure reflections due to chemical
order on the B site. Triangles (A) mark superstructures due to
antiparallel displacements. All samples were sintered between 950°C
and 1050°C.

their properties together with the type of ferroelectric order
they derivate from shall be presented elsewhere.

Figure 6 exhibits superstructure reflections (marked with
a square) indicating that the chemical B-site order of PYN
persists for PYN-PT compositions with PbTiO; content up
to 30% with no indication of Ti segregation (broadening of
reflections, lowering of intensity, etc.). This chemical order
reflects an equally probable substitution of Ytterbium and
Niobium by Titanium. The details of the microstructural
model explaining the origin of these superstructures will be
published elsewhere but let us give nevertheless the main

idea here. It stems from the strong stability of the Yb/Nb
order on the B site of PYN which has been evidenced as an
intermediate step in the solid-state synthesis technique. Start-
ing from pure PYN, we mentioned before that the chemical
formula of this double perovskite may be written Pb, YbNbO,
in order to reflect the chemical order existing on the B site
along the [111] crystallographic direction. When PbTiOj; is
added, Titanium atoms substitute equally each B site (i.e., Yb
or Nb), in order to preserve electroneutrality. This is coherent
with the intermediate reaction step observed with high-
temperature techniques where the end-members are formed
before the solid solution. In this scheme, Titanium disturbs
a preexisting order rather than inserting itself in-between
Yb/Nb chains; that is, along the [111] direction, the alterna-
tion of B-cations would be [Yb-Nb],-Ti-[Yb-Nb],-Ti. This
situation can be safely rejected since it would lead to a new
chemical order and the superstructure reflections would be
significantly shifted in the X-ray diagram with respect to their
position in PYN. The composition [Pb(Yb,,,Nb;/,)O5];_,-
[PbTiO;], may then be written Pb,(Yb,_,Ti,)(Nb,_,Ti,)O,
to reflect the underlying 1:1 chemical order giving rise to
the superstructures reported in Figure 6. It is only when
there are, on average, more Titanium atoms on the B sites
than Ytterbium or Niobium atoms (i.e., for compositions
with PbTiO; content over 33%) that the chemical order
is broken and the corresponding superstructures disappear
from the X-ray diagram. Such disordered compositions
(with Ti content larger than 33%) may be then written
Pb(Yb,_,/,,Nb,_,/,,Ti,)O; and the structure of PYN-PT solid
solution is described as a simple perovskite.

4. Conclusion

In conclusion we have shown that the end-members of the
solid solution Pb(Yb,,,Nb;/,)O;-PbTiO; are formed first
before the solid solution is obtained in high-temperature
synthesis techniques, using the B-site oxides mixing route.
Mechanosynthesis was shown to provide a room-temperature
alternative to these techniques leading to ceramics with
smaller grains but higher dielectric properties and density.
Sintering conditions were optimized for all powders with
PbTiO; content up to 60% and lead to ceramics exhibiting
the full diversity of ferroelectric behaviors. From a structural
point of view, the so-obtained ceramics exhibit a signature of
B-site order reminiscent of the PYN one for compositions
up to 30%, that is up to when there is an equal number
of Titanium, Ytterbium, and Niobium on the B site of the
perovskite.
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