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Ceramics of quasi-binary concentration section (x = 0.50, 0.1 ≤ y ≤ 0.2, Δy = 0.025) of the ternary solid solution system  
(1−x−y)BiFeO3–xPbFe0.5Nb0.5O3–yPbTiO3 were prepared by the conventional solid-phase reaction method. By using X-ray 
 diffraction technique, the phase diagram of the system was constructed, which was shown to contain the regions of cubic and 
tetragonal symmetry and the morphotropic phase boundary between them. Grain morphology, dielectric and piezoelectric proper-
ties of the selected solid solutions were investigated. The highest piezoelectric coefficient d33 = 260 pC/N was obtained. Dielectric 
characteristics of ceramics revealed ferroelectric relaxor behavior, a region of diffuse phase transition from the paraelectric to 
ferroelectric phase in the temperature range of 350–500 K.
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1. Introduction

Multiferroics with coexisting electric, magnetic or elastic 
ordering are currently among the most intensively studied 
objects in materials science1 due to the wide range of their 
possible applications, including the production of alternating 
and permanent magnetic field sensors, memory elements and 
spintronic devices.2–4 Lead iron niobate PbFe0.5Nb0.5O3 (PFN) 
is a well-known multiferroic with a perovskite-type structure 
having general chemical formula A(B′0.5B″0.5)O3 and the dif-
fuse phase transition from the paraelectric (PE) to the ferro-
electric (FE) phase at TC ~ 370 K. FE and antiferromagnetic 
(AFM) ordering coexist in it only below TN ~ 120–150 K, 
where TN is a Neel temperature.5 Bismuth ferrite BiFeO3 (BF) 
is also multiferroic with TC ~ 1103 K, TN ~ 643 K and the 
G-type antiferromagnetism with incommensurate cycloidal 
magnetic ordering in the [110] direction.6 Both materials are 
currently considered as the basis for many magnetoelectric 
structures. However, their widespread using is limited by 
several  factors. For bismuth ferrite, this is the difficulty of 
obtaining BF in a single-phase state and the extremely high 
electric coercive field (EC) required for the reorientation of 
ferroelectric domains. In addition, both PFN and BF are 

characterized by increased electrical conductivity caused by 
the presence of ions of variable valence (Fe2+/Fe3+) and oxy-
gen vacancies in their structure. Nevertheless, modification7,8 
or creation of solid solutions9,10 based on BF or PFN make it 
possible to stabilize the structure and improve the characteris-
tics of the obtained ceramics. For a long time, binary systems 
based on multiferroics have been the subject of active study, 
and a lot of attention is paid to the (1−x)BiFeO3–xPbTiO3 
system. The introduction of lead titanate PbTiO3 (PT) stabi-
lizes the perovskite phase and forms a morphotropic phase 
boundary (MPB) near x ~ 0.3. In this area, the (1−x)BF–xPT 
system demonstrates rather high piezoelectric characteristics, 
but at the same time retains a high electrical conductivity. In 
this regard, in recent years, considerable attention has been 
paid to obtaining new multiferroic materials by creating solid 
solutions of ternary systems based on BF and PT.11–16 One 
of the most promising systems is the (1−x−y)BF–xPFN–yPT 
ternary system, in which, according to the literature data16,17 
and our preliminary studies,18 there is MPB with coexisting 
rhombohedral (Rh) and tetragonal (T) phases. As is known, 
materials with MPB can demonstrate extreme properties and 
improve the electrophysical characteristics of the studied 
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ceramic. It was previously found16 that, in the region of the 
phase diagram with a high PFN concentration (composition 
0.25BF–0.63PFN–0.12PT), the samples of this  system exhibit 
relatively high piezoelectric activity (up to 350 pC/N) and 
demonstrate high values of residual polarization at relatively 
low coercive field. In this regard, it is important to establish 
the regularities of the formation of structural, microstructural, 
dielectric, and piezoelectric characteristics of samples of the 
ternary system (1−x−y)BF–xPFN–yPT in the region of the 
phase diagram with a high PFN content.

2. Experimental Methods

Ceramic samples of the ternary system (1−x−y)BF–xPFN–
yPT (x = 0.50, 0.1 ≤ y ≤ 0.2, Δy = 0.025) were fabricated using 
conventional ceramic technology by double solid-phase syn-
thesis at temperatures T1 = 1093 К and T2 = 1143 К depend-
ing on composition and holding times τ1 = τ2 = 10 h with 
following sintering at Tsin = 1273 К for 2 h. Bi2O3, Fe2O3, 
PbO, TiO2, Nb2O5  with the content of the main substance 
not less than 99.95% were the initial reagents. Samples for 
sintering were pressed in the form of disks with the diameter 
of 10 mm and a thickness of 1 mm. After polishing, the elec-
trodes were deposited onto the flat surfaces of the disks by 
stepwise firing of the silver paste at 473 K for 20 min, 773 K 
for 30 min and 1073 K for 20 min.

X-ray studies were carried out using a diffractometer 
DRON-3 (Bragg-Brentano focusing, filtered CoKα-radiation). 
The diffraction peak profile was approximated by the Lorentz 
function. The error in measuring the parameters a, b, c and 
volume, V, of the unit cell is Δa = Δb = Δc = ±(0.002–0.004) Å, 
ΔV = ±0.1 Å3. The modulation wavelength, Λ, was calculated 
by the formula:

1

1 1
,

hkl cd d

−
 

Λ = −  
 (1)

where dhkl and dc are the interplanar distances of the main 
peak and satellite, respectively.19

The evaluation of the mechanical properties of the studied 
ceramics was carried out by a static method associated with 
a constantly increasing effect on the sample of an external 
uniaxial load. The value of the mechanical strength in static 
compression (scom) was determined on a UTS-101-501-U 
(TestSystems, Russia). The test sample was squeezed through 
the grinded metal spacers of the device. The study of the 
ceramic grain structure was carried out using the KEYENCE 
VK-9700 color laser scanning 3D microscope. 

Temperature dependences of the complex dielectric per-
mittivity ε* = ε′ – iε″ (ε′ and ε″ are the real and imaginary 
parts of ε*, respectively) were measured at T = (300–900) K 
in the frequency range (10 Hz–100 kHz) using a comput-
er-controlled broadband dielectric spectrometer Novocontrol 
Concept 40 during continuous cooling or heating of the 

sample at a rate of 2–3 K/min. Samples were polarized at 
T = 400 K in the polyethylene siloxane fluid under applied 
fields of 3–6 kV. Piezoelectric coefficients of the samples 
were measured at f = 110 Hz using quasistatic YE2730A d33 
METER (APC International Ltd, USA).

3. Results and Discussion

X-ray phase analysis at room temperature showed that all 
studied solid solutions crystallize in the perovskite structure 
without foreign phases (Fig. 1(a)). The initial solid solution 
with y = 0 (binary system 0.5BF–0.5PFN) contains traces of 
the pyrochlore phase, which disappears after the introduction 
of PT. Figure 1(b) shows the diffraction peaks (111), (200), 
(211) and (220) on an enlarged scale along the 2θ axis. Two 
features of the X-ray diffraction patterns of solid solutions 
can be noted. The first is the concentration of diffuse scatter-
ing near the main diffraction peaks. This feature is a sign of 

Fig. 1.  (a) X-ray diffraction patterns of the solid solutions (1−x−y)-
BF–xPFN–yPT. (b) Diffraction peaks (111),  (200), (211) and (220) 
on an enlarged scale along the 2θ axis, S−, S+ are satellites of diffrac-
tion peaks from the side of smaller and larger angles 2θ, respectively.

(a)

(b)
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segregation of atoms of the same type. And the second is the 
bifurcation of the (200) peak in solid solutions with y = 0.10, 
0.15, 0.175, which may indicate the existence of two coher-
ently coupled phases with the same symmetry and very close 
unit cell parameters. Solid solution 0.5BF–0.5PFN has cubic 
symmetry with unit cell parameter a = 3.992 Å. In the X-ray 
diffraction pattern of this solid solution, near the diffraction 
peak 220 from the side of smaller angle 2θ, a peak denoted by 
S is visible (Fig. 1(b)). Considering that the other diffraction 
peaks of this solid solution are single, the appearance of the S 
peak is not associated with a decrease in the symmetry of the 
crystal lattice. We suppose that is a consequence of the mod-
ulation of the structure by a wave of the density of defects in 
the <110> direction.

In the perovskite structure, which contains ions with vari-
able valence (Nb and Ti) in the B position, there are planar 
defects such as planes of the crystallographic shift. When 
they are ordered, the structure is modulated in the direction 
perpendicular to the plane of the crystallographic shift.20 As 
a result, satellites appear on the X-ray diffraction pattern near 
the diffraction peaks. Figure 1(b) also shows that the profiles 
of the diffraction peaks of solid solutions with y = 0.10, 0.15, 
0.175 are strongly distorted by diffuse scattering. In this case, 
the peaks themselves are not split, except for the (200) peak, 
as noted above. In a solid solution with y = 0.20, the diffrac-
tion peaks split in accordance with the tetragonal distortion 
of the unit cell, and the diffuse maximum between peaks 002 
and 200 may indicate the presence of a certain amount of a 
cubic phase in the sample. Thus, the phase diagram of the 
(1−x−y)BF–xPFN–yPT system in the studied region has the 
following form: the cubic phase remains in the range 0.0 ≤ 
y ≤ 0.20, the tetragonal phase exists in the range 0.15 < y ≤ 
0.20, at 0.15 < y ≤ 0.20 these phases coexist.

At some concentrations (Fig. 1(b)) of PT, the diffuse scat-
tering transforms into satellite maxima. For example, at y = 
0.1, near the peak (200), one can see symmetric satellites 
S− and S+. The modulation wavelengths, calculated from the 
position of clearly visible satellites S−

1 and S+
2, are Λ1 = 340 Å, 

Λ2 = 113 Å, Λ2 = 1/3Λ1, which indicates domain-like modu-
lation of the crystal lattice. The wavelengths of modulation in 
the directions <100>, <110> and <111>, calculated from the 
position marked in Fig. 1(b) satellites of diffraction peaks, 
respectively, (200), (220), (111) are shown in Table 1.

The data from the table shows that the crystal lattice of 
solid solutions is characterized by multiwave modulation. 
Thus, in a solid solution with y = 0.10, the modulation is 
realized in the <100> direction, which is characteristic of 
titanates of alkaline earth metals and lead with a perovskite 
structure.21 In the <110> direction, two modulation waves are 
realized, the lengths of which are not related to each other, 
which is typical for the block structure of the oxygen frame-
work of sodium and potassium niobates.20 Based on this, it 
can be concluded that solid solutions are not homogeneous 
but consist of regions that differ in their real (defect) structure 
and chemical composition.

Figure 2 shows the dependences of the parameters, unit 
cell volume and half-width of a single diffraction peak (111) 
of the samples on the PT concentration. The parameters and 
volume of the unit cell do not change with increasing y, as 
expected, since the ionic radii of the interchangeable ions are 
very close. A small increase in V at y = 0.125 does not exceed 
the measurement error and may be due to the lower defective-
ness of the structure of this solid solution compared to other 
solid solutions of the ternary system. A significant increase 
in the half-width of the diffraction peak (111) at y = 0.15 and 
y = 0.175 is unambiguously associated with the appearance 
of clusters of the tetragonal phase.

It can be concluded that as the PT concentration increases, 
titanium ions are not statistically distributed in the matrix lat-
tice (BF–PFN), but form segregations (clusters) with tetrag-
onal symmetry of the crystal lattice. With increasing y, the 
size of the clusters increases, and at y = 0.20, a transition to 
the tetragonal phase occurs with a small, at the level of mea-
surement error, jump in the unit cell volume ΔV = −0.05 Å3. 
Analysis of X-ray diffraction patterns of the studied solid 
solutions showed that the regions with different chemical 

Fig. 2.  Concentration dependences of parameters and volume of 
cubic and tetragonal unit cell: a (C) — (1), a (T) — (2), c (T) — 
(3), V (C) — (4), V (T) — (5) and FWHM — (6) of the (1−x−y)- 
BF–xPFN–yPT ceramics.

Table 1.  Direction and length of the modulation wave in the 
 studied ceramics.

Y

<100> <110> <111>

Λ (S−), Å Λ (S+), Å Λ (S−), Å Λ (S+), Å Λ (S−), Å

0.000 306 198

0.100 340 113 315 293

0.125 294

0.150 288

0.175 144

0.200 297; 168 327
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compositions are most evenly distributed in the solid solution 
with y = 0.125. This is evidenced by the least distorted diffuse 
scattering profiles of the diffraction peaks and the absence of 
splitting of the diffraction peak (200).

Using the obtained data and Ref. 22, it is possible to refine 
the phase diagram of the system, obtained earlier in Ref. 18 
(Fig. 3). As can be seen from the figure, the phase diagram 
contains two adjacent MPBs (Rh+T and C+T).

Figure 4 shows the micrographs of cleaved samples of 
the studied ternary system. The microstructure of ceramics 
with y = 0.10 is moderately inhomogeneous (Fig. 4(a)) and 
consists mainly of large crystallites in the form of convex 

irregular polyhedrons. The cleavage occurs both along the 
grain boundary and along the grains themselves, which 
indicates that the strengths of the grains and grain bound-
aries (or  intergranular interlayers) are approximately equal. 
Crystallite size, D

–
, varies from ~15 μm to ~25 μm. It should 

be noted that the micrographs of the cleavage of the sam-
ple with y = 0.10 (and the rest of the samples too) contain 
darker brown areas. The presence of these inclusions is a 
consequence of the composition fluctuations of the studied 
ceramics. The clusters with tetragonal symmetry, which were 
mentioned in the discussion of the XRD data, are most likely 
localized in these regions and have a rather strong effect on 
the characteristics of the samples.

With an increase in the PT concentration, the average 
grain size sharply decreases to 10 μm (Fig. 4(b)), the number 
of brown areas increases. The cleavage passes through the 
intergranular spaces, which indicates a higher, in compari-
son with the boundaries and intercrystalline interlayers, grain 
strength. In addition, in the sample with y = 0.125 one can 
observe traces of fluxes and intercrystalline layers that indi-
cate the change in the way of sintering — from solid-phase to 
sintering with the participation of the liquid phase (LP). Low-
melting Bi-containing compounds of eutectic origin formed 
during the synthesis process can be the main components of 
this LP. Another possible source of the appearance of the LP 
is the relatively low-melting lead oxide with a melting point 
of 838 °C (in the composition 0.5PbO–0.5TiO2

23). This is con-
firmed by the fact that with a further increase in the PT con-
centration, the number of fluids increases.

Further enrichment of the solid solution with lead titanate 
(0.15 ≤ y ≤ 0.20) leads to a decrease in the size of grains of all 
types, an increase in the amount of fluxes and some hardening 

Fig. 3.  Phase diagram of the ternary system (1−x−y)BF–xPFN–
yPT: 1 — the first MPB (Rh+T), 2 — the second MPB (C+T).

(a) (b) (c)

(e)(d)

Fig. 4.  Micrographs of chips of the studied ceramics: (a) y = 0.10, (b) y = 0.125, (c) y = 0.15, (d) y = 0.175, (e) y = 0.20.
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of ceramics (Figs. 4(c)–4(e)). At the same time, the cleavage 
starts passing not along the grain boundaries, but again along 
the grain itself, exposing its internal structure. The refinement 
of grains can also be associated with an increased heterogene-
ity of the crystal structure, which stimulates recrystallization 
processes with the simultaneous formation of many centers 
of primary recrystallization of low mass capacity. In addition, 
the proximity of the phase transition to a “harder” than the 
cubic, noncentrosymmetric tetragonal phase with an increase 
in the PT content in the system (Fig. 2) can also contribute to 
the grain refinement due to the existing inverse dependence 
of D

–
 on the spontaneous deformation of the crystal cell.24

It should be noted that the studied ceramics contain ions 
of variable valence (Ti4+, Ti3+), which affect the formation 
of the microstructure as follows. In the process of synthesis 
and subsequent sintering of ceramics, redox Ti4+ → Ti3+ at 
550 °C can take place with the formation of oxygen vacancies 
() according to the scheme PbTi4+

1−xTi3+
xO3−x/2x/2. Since 

vacancies are associated with formula ions by the Coulomb 
interaction, they are adsorbed by crystallite boundaries. It 
slows down the growth of the latter and increases the length 
of intercrystallite boundaries.

The reasons for the hardening of ceramics during the 
refinement of the grain structure can be a decrease in stresses 
at the boundaries between grains (and individual phases), an 
increase in the value of the breaking stress, proportional to 
( )D −1, barrier effect — the strengthening role of intergrain 
(and interphase) boundaries as a powerful obstacle for mov-
ing dislocations, intensification of the processes of segrega-
tion of impurity atoms or some of the phases (in our case, 
brown areas). Another factor contributing to the hardening 
of ceramics is the cementing of grains with a LP that fills the 
pores and intergranular voids. In addition, the LP itself, being 
to some extent a mechanical stress relaxer, can reduce the 
sensitivity of ceramics to surface damage that leads to stress 
concentration.

Figure 5 illustrates the concentration dependence of the 
average grain size, D

–, the relative density ρrel and structural 
robustness σ. One can see the extreme behavior of each of the 
analyzed parameters with maximum ρrel and σ and minimum 

D
–. Sharp drop of D

– in the sample with y = 0.125 may be a 
consequence of the extreme inhomogeneity of this solid solu-
tion, caused by the process of structure clustering, which 
appears to arise here — the appearance of nuclei of new 
phases already far from the concentration phase transition.25 
A further slight increase in D– is associated with the activation 
of diffusion processes, mass transfer, and, as a consequence, 
recrystallization sintering of ceramics near the morphotropic 
region (y = 0.15) and inside it (0.175 ≤ y ≤ 0.20).

There are two maxima on the temperature dependencies of 
ε′/ε0 (Figs. 6(a), 6(c), 6(e) and 6(g)–6(i)). In the temperature 
range 385–435 K at low frequencies, a “hump” is observed, 

Fig. 5.  Dependences of the average grain size (D–), relative density 
(ρrel) and strength (σ) on the concentration of lead titanate.

(a) (b) (c)

Fig. 6.  Temperature dependencies of ε′/ε0 and tgδ of the studied  ceramics in the frequency range 10–106 Hz: (a), (b) y = 0.10; (c), (d) y = 
0.125; (e), (f) y = 0.15; (g), (h) y = 0.175; (i), (j) y = 0.20.
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which then transforms into the first strong diffuse maximum 
with an increase in f at a frequency of 10 Hz (y = 0.10), 250 
Hz (0.125 ≤ y ≤ 0.175) and 100 Hz (y = 0.20). The second 
diffuse maximum is formed in the range 500–700 K, and the 
dielectric constant at the point for the second is much higher. 
In all the samples, the temperature of both the maxima, Tm1 
and Tm2, shifts to higher temperatures as f increase, which is 
typical for ferroelectric relaxors.

It was possible to observe the piezoelectric character-
istics that were stable in time in the several compositions 
of studied ceramics (Fig. 7). The value of d33 increases 
with increasing PT concentration. The highest piezoelec-
tric constant of ~260  pC/N is for 0.3BF–0.5PFN–0.2PT 
ceramic. The  residual polarization and coercive field in 
this sample are ~11  μC/cm2 and ~9 kV/cm, respectively 
(inset on Fig. 7).

The data from investigating the pyrocurrent in the objects 
under study showed that, upon heating, the pyrosignal in the 
samples disappeared in the region of ~430 K. This suggests 
that the first maximum in the ε′/ε0(T) dependences is most 
likely associated with the phase transition from the ferroelec-
tric to the paraelectric phase, which occurs in clusters of the 
T phase (in objects with 0.10 ≤ y ≤ 0.15) and in the morphot-
ropic region (y = 0.175, 0.20). The second maximum in the  
ε′/ε0(T) dependence is associated with the effects of Maxwell–
Wagner polarization and relaxation of charge carriers at grain 
boundaries. The smearing of the FE → PE transition can be 
a consequence of the enhancement of crystal-chemical dis-
order due to the incorporation of ions of metals of variable 
valence (Fe, Ti) into the crystal structure of the base com-
pound (PFN) and the possibility of their settling in irregular 
positions and intercrystalline interlayers.

Fig. 6.  (Continued )

(d)

(g)

(e)

(h)

(f)

(i)

(j)
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4. Conclusion

Ceramic samples of solid solutions of the ternary system  
(1−x−y)BiFeO3–xPbFe0.5Nb0.5O3–yPbTiO3 (x = 0.50, 0.1 
≤ y ≤ 0.2, Δy = 0.025) were prepared by the conventional 
solid-phase reaction method. Using X-ray studies, it was 
found that at 0.10 ≤ y ≤ 0.15 the objects have a cubic crystal 
structure containing segregations (clusters) with tetragonal 
symmetry of the crystal lattice, and at y = 0.175, 0.20 a mor-
photropic phase boundary with coexisting T and C phases 
formed. The place of their localization, as shown by the 
analysis of the microstructure, is the dark brown areas on 
the surface of the studied ceramics. The study of the dielec-
tric characteristics revealed the relaxor-like behavior of the 
studied ceramics, as well as the presence of a stable piezo-
electric response in several samples under study. A diffuse 
phase transition, which corresponds to the first maximum 
on the ε′/ε0(T) dependences, occurs in the range 385–435 
K in the clusters of the T phase (0.10 ≤ y ≤ 0.15) and in 
the tetragonal part of the morphotropic region (y = 0.175, 
0.20). The second maximum on the ε′/ε0(T) dependences is 
associated with the effects of Maxwell–Wagner polarization 
and relaxation of charge carriers at the grain boundaries. 
In the several samples, it was possible to observe high and 
stable piezoelectric responses. The maximum values of the 
piezomodulus were observed in the 0.3BF–0.5PFN–0.2PT 
ceramics (~260 pC/N) from the  morphotropic region. The 
results show that (1−x−y)BF–xPFN–yPT system is a prom-
ising material for future investigation in consideration of its 
multiferroic properties.
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