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Abstract

0.05Ba(Mg1/3Nb2/3)O3–(0.95−x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 [0.05BMN–(0.95−x)PMN–xPT] relaxor ferroelectrics have been synthesized by
solid-state reaction. Phase structure and microstructure were characterized by means of X-ray diffraction and scanning electron microscopy
(SEM). Dielectricity, piezoelectricity and ferroelectricity were also investigated. A partial phase diagram for this system was established based on
the X-ray diffraction and dielectric measurements. A morphotropic phase boundary (MPB) area was identified within the composition range of
x¼0.33–0.36. A maximum d33¼585 pC/N could be obtained in 0.05BMN–0.60PMN–0.35PT. With increasing PT content, the behavior of as-
prepared ceramics gradually shifts from relaxor to normal ferroelectrics. This pseudo-ternary system also possesses an enhanced ferroelectricity
compared to BMN–PT and BZN–PT.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead-based relaxor ferroelectrics with complex perovskite
structure are widely used in multilayer capacitors, piezoelectric
actuators and ultrasonic transducers due to their excellent
dielectric and piezoelectric properties [1–3]. The chemical
formula of formal lead-based perovskite structure are known as
Pb(B′ B″)O3 (B′ stands for Mg2+, Zn2+, Ni2+, Fe3+, Sc3+, In3+,
etc. B″ stands for Nb5+, Ta5+, W6+, etc.) [4,5]. In order to
stabilize the perovskite structure and enhance the electrical
properties, a normal ferroelectric PbTiO3 (PT) was introduced
to relaxor ferroelectric Pb(Mg1/3Nb2/3)O3 (PMN) to form Pb(Mg1/
3Nb2/3)O3–PbTiO3 (PMN–PT) solid solution [6]. As a typical
lead-based relaxor ferroelectric, PMN–PT with a morphotropic
phase boundary (MPB) composition could possess d33¼500–
600 pC/N, ∼0.1% longitudinal strain, o0.05 tanδ at room
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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temperature, which constitute enabling performance for various
military and commercial applications [7,8].
Ba(Mg1/3Nb2/3)O3 (BMN) is one of the best candidates for

microwave dielectric material due to its low dielectric loss
tangent and high dielectric constant [9,10]. Recently, Ba-
(Mg1/3Nb2/3)O3–PbTiO3 with a higher Curie temperature and
modified dielectric property has been studied by Ye et al. [11].
Its dielectric constant at room temperature has increased
dramatically (εr∼4000) compared to non-doped BMN ceramic
(εr∼34) [11,12]. However, the effects of BMN doping on the
MPB position and electrical properties of PMN–PT system still
lack investigations.
Examination of the composition dependence of piezoelectric

response in PMN–PT system indicates that higher dielectric
and piezoelectric properties usually appear in the area close to
MPB which separates the rhombohedral and tetragonal phases
[13,14]. Strong interest has been developed in this area after
“MPB” was first raised by Jaffe [4]. It is believed that
PMN–PT with MPB composition is more electrically active
because of more spontaneous polarization states which are
more susceptible to an electric field drive, allowing optimum
ghts reserved.
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domain reorientation, and enhancing the piezoelectric perfor-
mance [15,16]. In addition, an energy coupling effect between
rhombohedral and tetragonal phases with MPB composition
allowed such material to exhibit an ultrahigh coupling coeffi-
cient between its close energy states [17,18]. Therefore, it is
crucial to learn more about the MPB region of PMN–PT
modified by BMN.

Furthermore, according to Eitel's result, the phase transition
temperature (Tc) of the MPB decreases linearly as the tolerance
factor of the non-PT end members increases [19]. BMN should
be controlled at a small amount as it has a very large tolerance
factor (t¼1.03) using Shannon's ionic radii [11]. In order to
explore the MPB region in BMN–PMN–PT system, a small
amount of BMN (5 mol%) doped PMN–PT (65/35) with MPB
composition has been studied. Synthesis, structure analysis,
piezoelectricity, dielectricity and ferroelectricity of the 0.05Ba
(Mg1/3Nb2/3)O3–(0.95−x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 family
have been discussed in the paper. The partial phase diagram
for BMN–PMN–PT pseudo-ternary system has revealed the
existence of MPB area with good piezoelectric and dielectric
properties.
2. Experimental procedure

Ceramics of 0.05BMN–(0.95−x) PMN–xPT with x¼0.29,
0.31, 0.33, 0.34, 0.35, 0.36, 0.37 and 0.39 were prepared by
solid-state reactions as reported [7,20]. Starting materials were
high-purity powders of BaCO3, PbO, TiO2, MgO and Nb2O5

(99.99%). To avoid the pyrochlore phase which would degrade
Fig. 1. (a) XRD patterns of as-sintered ceramics with various compositions 0.05BM
(b) Fitting results of peaks near 2θ¼45o with compositions of 0.05BMN–(0.95−x
the dielectric and electromechanical properties, a two-step
processing was adopted [21]. First, the stoichiometric ratio of
MgO and Nb2O5 were ball-milled and calcined at 1100 1C for
4 h to obtain precursor MgNb2O6 (MN). Then MN, PbO, TiO2

and BaCO3 were mixed and ball-milled according to the
stoichiometric ratio. The mixtures were calcined at 850 1C
for 4 h to form perovskite powders. As-prepared 0.05BMN–
(0.95−x)PMN–xPT powders were pressed as disc-shaped
pellets under a pressure of 7 MPa with 5 wt% polyvinyl
alcohol (PVA) as a binder. As-pressed pellets were sintered
at 1150–1200 1C. After that, both the circular surfaces of
ceramic samples were polished and coated with silver as
electrodes. XRD (D8 ADVANCE Brüker, German) was
applied to identify the crystal structure. Microstructure was
observed by scanning electron microscopy (Quanta 200 FEG;
FEI Company, Eindhoven, The Netherlands). The dielectric
properties of silver-coated specimens were measured as a
function of temperature by an Agilent 4294A impedance analyzer
with Delta 9023 from 25 1C to 220 1C. The ceramics were poled
under 3 kV/mm DC fields at various temperatures from 90 1C to
120 1C according to the Tc. A quasistatic piezo-d33 meter
(Institute of Acoustics, Chinese Academy of Science, ZJ-4J)
was introduced to explore its piezoelectric contents (d33).
3. Results and discussion

Fig. 1(a) is the X-ray diffraction patterns of as-sintered
0.05BMN–(0.95−x)PMN–xPT ceramics with selected compo-
sitions of x¼0.29−0.39. It indicates that all samples with
N–(0.95−x)PMN–xPT (x¼0.29, 0.31, 0.33, 0.34, 0.35, 0.36, 0.37 and 0.39).
)PMN–xPT (x¼0.33, 0.34, and 0.36).
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different compositions are of pure perovskite phase. In
addition, the diffraction peaks shift to higher 2θ angle with
increasing x values. The lattice parameters can be determined
by Bragg's relation of d¼nλ/2sinθ [22]. It is acknowledged
that the radius of Ti4+ (60.5 pm) is smaller than that of
Mg2+ (72 pm) and Nb5+ (64 pm), therefore the unit cell para-
meters become smaller as the result of increasing PT content.
The compositions with x≤0.33 exhibit a rhombohedral phase
with a single peak (200)R. While samples with compositions of
x¼0.36 and higher show the splitting of (200) peak, suggest-
ing that their structures change to be tetragonal phase with only
(200)T and (002)T exist. For x¼0.33–0.36, the (200) peak first
becomes broaden and asymmetrical, and then splits at x¼0.36,
indicating that the symmetry of the phase gradually changes
from rhombohedral to tetragonal with increasing PT content
from x¼0.33 to 0.36. Therefore, a morphotropic phase
boundary (MPB) is probably located within a composition
range of 0.33oxo0.36.

Fig. 1 (b) shows the experimental XRD data and fitting
results of peaks 2θ near 45o. It can be found that, for x¼0.33,
the (200) peak is composed of a single peak, corresponding to
the rhombohedral phase. For x¼0.34, the (200) peak is
composed of three peaks, with dominant broaden peak
(200)R corresponding to the rhombohedral phase and the other
two weak peaks (200)T and (002)T corresponding to the
tetragonal phase. For x¼0.36, the tetragonal phase can be
identified by two distinct peaks (200)T and (002)T while (200)R
peak disappears. This result also indicates that there is a
coexistence of rhombohedral and tetragonal phases within the
MPB area (0.33oxo0.36).

The SEM of synthesized compositions sintered at 1150–
1200 1C for 4 h are shown in Fig. 2. It indicates that the grain
sizes of as-sintered ceramics vary from 2 to 10 μm. Ceramics
of x¼0.35, located within the MPB area, possesses the largest
grain size. And the coexistence of transgranular fracture and
intergranular fracture demonstrates that the sintering tempera-
ture is appropriate.

Fig. 3 is the dielectric properties of 0.05BMN–(0.95−x)
PMN–xPT ceramics at the frequency of 1 kHz for the selected
compositions of x¼0.29, 0.31, 0.33, 0.34, 0.35, 0.36, 0.37 and
0.39. A broaden peak of dielectric constant appears at x¼0.29,
and then turns to be sharper with increasing PT content,
indicating a gradual transformation from relaxor ferroelectrics
to normal ferroelectrics. The inset of Fig. 3 shows the
variations of Tc with different PT content. Tc of as-sintered
ceramics is about 106 1C when x value is 0.29, while it
increases almost linearly as a function of PT content. It can
even reach up to 150 1C when x is 0.39. After fitting by the
least squares method, an equation is attained about the
relationship between Tc and PT content (x).

Tc ¼ 4:6x−25:8 ð1CÞ ð1Þ

From this fitting result, it can be gained that the slope of curve
is about 4.6 1C/mol%, which is a little bit different from the
previously research [23]. This may be attributed to the introduc-
tion of BMN with a relatively lower Tc, comparing with PT.
Doping a component with lower Tc will in turn decrease the
phase transition temperature in perovskite structure [24].
The temperature dependence of dielectric constant (εr) for

synthesized compositions is measured at various frequencies
(1, 10, and 100 kHz) as shown in Fig. 4. It indicates that the
dielectric constant first increases with increasing temperature
and experiences a maximum at Tc, corresponding to ferro-
electric and paraelectric phase transitions. When x¼0.33, it
exhibits a broaden dielectric peak, which indicates that as-
sintered ceramics perform a relaxor behavior. With the
increasing PT content, dielectric peaks become more and more
sharper, which is related to a poor relaxor behavior. In order to
determine the degree of relaxor behavior in a semi-quantitative
way, the degree of diffuseness γ was put forward according to
formula [12,25].

lnð1=εr−1=εmÞ þ ln C ¼ γlnðT−TmÞ ðT4TmÞ ð2Þ
Where εm is the maximum dielectric constant, C is a

constant, Tm stands for the temperature at dielectric maximum,
and γ is named as the degree of diffuseness of the phase
transition with the value varying from 1 to 2. The insets of
Fig. 4 are the fitting results obtained by the least squares
method according to formula (2). It indicates that with the
increasing PT content, γ has a decreasing tendency from 1.97
for x¼0.33 to 1.64 for x¼0.39, which can also be found in
Table 1. In addition, ΔTdiffuse in Table 1 is also a parameter
which is applied to testify the relaxor behavior. It is defined as
the following equation [26]:

ΔTdif f useð1kHzÞ ¼ T0:9εmð1 kHzÞ−Tεmð1 kHzÞ ð3Þ
The calculated values of △Tdiffuse(1 kHz) are listed in Table 1.

The decreasing tendency of diffuseness implies that as-sintered
ceramics change from typical relaxor to normal ferroelectrics.
Fig. 5 indicates the variation of piezoelectric coefficient

(d33) and planar mode electromechanical coupling coefficient
(kp) as a function of PT content. It can be found that d33 has a
maximum value (585 pC/N) when x¼0.35, which is even
better than some of the PZT-based and PMN-based piezo-
electric ceramics [27-29]. Both 0.33 and 0.36 have relatively
higher d33 and kp. This may be ascribed to the coexistence of
rhombohedral and tetragonal phases near MPB area. It is
believed that there are fourteen possible spontaneous polariza-
tion directions and close energy states at these two phases
[30,31]. Furthermore, it has been confirmed that grain size is
an important factor to affect piezoelectric property [32].
As mentioned in Fig. 2, samples with MPB compositions
and larger grain sizes may also contribute to enhanced piezo-
electric property.
The P–E loops of the 0.05BMN–(0.95−x)PMN–xPT cera-

mics measured at room temperature are shown in Fig. 6.
All compositions exhibit well saturated P–E loops. It means
that all as-sintered ceramics possess good ferroelectricity.
The partial asymmetry of P–E loops may be attributed to the
existence of internal strain and defect [21]. The values of
remnant polarization (Pr) and coercive fields (Ec) obtained
from Fig. 6 are shown in Table 2. It is found that the evaluated
Pr first increases and then decreases when PT content increases.



Fig. 2. SEM cross section photographs of 0.05BMN–(0.95−x)PMN–xPT ceramics sintered at 1150 oC–1200 oC for 4 h. (a) x¼0.33, (b) x¼0.35, (c) x¼0.37, and
(d) x¼0.39.

Fig. 3. Temperature dependence of dielectric constant of 0.05BMN–(0.95−x)
PMN–xPT ceramics series at 1 kHz. The inset shows the tendency of Tc.
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Both Table 2 and the inset of Fig. 6 have shown that the observed
Ec increases linearly with increasing PT content. This may be
related to the increase of tetragonal phase with PT content
increasing, as the domain switching is more difficult in tetragonal
than in rhombohedral phase [18]. Based on this analysis, it re-
confirms that the tetragonal phase gradually increases with
increasing PT content, which is well consistent with the
previously phase analysis about X-ray results. Furthermore,
comparing to BMN–PT and BZN–PT, BMN–PMN–PT pos-
sesses a much higher Pr of 20.3 μ/cm2, indicating a better
ferroelectric behavior [11,33]. And coercive field Ec is much
lower than either BZN–PT (37/63) or BMN–PT (30/70),
especially 6.4 kV/cm for x=0.35 [11,33]. This phenomenon is
mainly ascribed to the lower PT content in BMN–PMN–PT
within the MPB area than that of BMN–PT and BZN–PT. The
larger proportion of rhombohedral phase in MPB composition
allows BMN–PMN–PT to possess more spontaneous polarization
states thus leading to optimum domain reorientation [11].
Fig. 7 is the partial phase diagram for 0.05BMN–(0.95−x)

PMN–xPT pseudo-ternary system according to both the results
of XRD and dielectric measurements. It demonstrates obviously
that room-temperature phase structure transforms from the
rhombohedral phase (xo0.33) to coexistence of rhombohedral
and tetragonal phases (0.33oxo0.36, MPB), then to tetra-
gonal phase (x40.36). The diagram indicates a probably
morphotropic phase boundary area (MPB), which is identified
as the dividing line between two different adjacent phases.
For Pb(B′ B″)O3–PT system, the PT content at MPB area

exhibits a linear dependence on the radius and displacements
of B cations. The MPB composition could be predicted by the
following equation [34,35]:

xMPB
PT ¼ 1−1=ð0:34þ 3:31Ravg

B −7:49Davg
B Þ ð4Þ



Fig. 4. Temperature dependence of dielectric constant (εr) of 0.05BMN–(0.95−x)PMN–xPT ceramics: (a) x¼0.33, (b) x¼0.35, (c) x¼0.37, and (d) x¼0.39.
The inset shows the plots of ln(1/εr−1/εm) vs. ln(T−Tc).

Table 1
Dielectric properties of BMN–PMN–PT ceramics.

Composition
(x)

Tc
(oC)

εm
εr at
25 oC

tanδ at
25 oC

Relaxor
factor γ

ΔTdiffuse
(oC)

0.29 106 10943 5335 0.026 1.97 20
0.31 117 10294 4292 0.015 1.95 19
0.33 128 10455 3061 0.029 1.97 19
0.34 130 11896 3216 0.009 1.96 14
0.35 132 12516 3452 0.014 1.93 14
0.36 142 11178 2583 0.007 1.91 13
0.37 148 11716 2469 0.006 1.84 13
0.39 150 11154 2461 0.008 1.64 11

Fig. 5. Piezoelectric coefficient (d33) and planar mode electromechanical
coupling coefficient (kp) of 0.05BMN–(0.95−x)PMN–xPT.
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Where xMPB
PT is the mole fraction of PT at MPB, Ravg

B stands
for the average ionic radius of the B cations in the non-PT end
member, Davg

B is the distortion magnitude for the B cations of
the non-PT end member.

0.05BMN–(0.95−x)PMN–xPT and PMN–PT solid solutions
have similar structures, both of which could be described as
the chemical formula A(B′ B″)O3–PT. The probable difference
is that A means Ba2+ and Pb2+ in 0.05BMN–(0.95−x)PMN–
xPT system. However, locating in A position, Ba2+ (135 pm)
and Pb2+ (120 pm) have similar ionic radius and valence value.
In this way, these two different solid solutions have similar
A–B repulsion, which is considered to be a linear function of
the ionic radius of the B cations. Therefore, the mole fraction
of PT at MPB for this novel pseudo-ternary system will follow
the formula (4). In addition, the values of Ravg

B and Davg
B can

be obtained according to the data in the reference [34].
The calculated mole fraction of PT at MPB is xMPB

PT ¼ 0:338
for 0.05BMN–(0.95−x)PMN–xPT is generally in a good
agreement with the experimental MPB compositions. In
addition, the piezoelectric and ferroelectricity are in accor-
dance with the MPB area (0.33oxo0.36).



Fig. 6. The P–E hysteresis loops at room temperature of 0.05BMN–(0.95−x)
PMN–xPT ceramics (x¼0.29, 0.31, 0.33, 0.34, 0.35, 0.36, 0.37 and 0.39).
The inset shows the tendency of Ec.

Table 2
Piezoelectricity and ferroelectricity of 0.05BMN–(0.95−x)PMN–xPT ceramics.

Composition (x) d33 (pC/N) kp Pr (μ/cm2) Ec (kV/cm)

0.29 450 0.32 18.8 3.1

This work

0.31 470 0.40 18.9 4.1
0.33 510 0.43 19.3 5.7
0.34 558 0.48 20.3 6.1
0.35 585 0.49 20.3 6.4
0.36 470 0.45 19.7 7.4
0.37 420 0.42 19.4 8.6
0.39 384 0.41 19.3 8.7
BMN–PT (30/70) – – 10 18 Ref. [11]
BZN–PT (37/63) – – 10 15 Ref. [34]

Fig. 7. Partial phase diagram for 0.05BMN–(0.95−x)PMN–xPT pseudo-
ternary system.
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4. Conclusions

0.05BMN–(0.95−x)PMN–xPT pseudo-ternary ceramics
have been synthesized by solid state reaction and characterized
by dielectric, piezoelectric and ferroelectric measurements.
A partial solid state phase diagram of the ternary system has
been established based on the structural and dielectric char-
acterizations. A morphotropic phase boundary area is identified
within a composition range of 0.33oxo0.36. With the
increasing PT content, as-sintered ceramics shift from typical
relaxor ferroelectrics to normal ferroelectrics with a linear
increase of Tc. As-sintered samples with MPB compositions
exhibit d33¼585 pC/N, Pr¼20.3 μ/cm2, and Ec¼6.4 kV/cm,
which indicate comparable piezoelectric property with other
lead-base piezoelectric ceramics and enhanced ferroelectricity
than that of the BMN–PT and BZN–PT systems.
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