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Preparation and Characterization of Mn-Doped
(Bag 35Cay.15)(Zro.1Tip.9)O3 Ceramics

A. DI LORETO,!? A. FRATTINL'? R. MACHADO,?
0. DE SANCTIS,?> AND M. G. STACHIOTTI**

IArea Fisica, Dpto. de Quimica Fisica, FCByF, Universidad Nacional de
Rosario, Argentina
nstituto de Fisica Rosario, Universidad Nacional de Rosario, Argentina

MnO;-doped lead free 0.5[Ba(Zrp,Tipg)03]-0.5[(Bay;Cay;)TiO3] ceramics were syn-
thesized by a high-energy ball milling process. We studied the phase formation process
along different steps of the mechanical milling. We show that the addition of a small
amount of MnO, (x < 0.5 mol.%) improves the dielectric and ferroelectric properties of
the ceramics. It is found that the doping with manganese increases the dielectric con-
stant and reduces the loss, which decreases considerably as the Mn content increases.
The remnant polarization of the doped ceramics is increased by 10%.

Keywords Lead-free piezoelectrics; BCZT

Introduction

In recent years, especially after the publication of grain-oriented Naj 5Ky sNbO3-based
ceramics [1], the researches on lead-free piezoelectric ceramics have got much progress
[2-6]. The enhancement of the electromechanical response in those materials is achieved
by compositional engineering, where the composition of a solid-solution is optimized by
bringing the material to the proximity of a structural instability, such as a morphotropic
phase boundary (MPB). For example, the newly discovered lead-free (1—x)Ba(TipgZrg )
03 — x(Bag7Cap3)TiO3 (BCZT) ceramic system by Liu and Ren [7] presents a phase
diagram similar to that of PZT showing a MPB starting from a tricritical triple point of
a cubic paraelectric phase, ferroelectric rhombohedral, and tetragonal phases. During the
last years, BCZT ceramics have attracted great attention due to their excellent piezoelectric
properties [6—13], particularly for the composition x = 0.5 whose longitudinal piezoelectric
coefficient ds3 is reported to be over 600 pC/N. High d33 values are obtained for ceramics
processed at very high calcination (1350°C) and sintering (1500°C) temperatures, while the
Curie temperature is just only about 90°C [14], which limits the practical use. Therefore, it
is necessary to lower the processing temperatures of the ceramics and to increase the Curie
temperature.
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Figure 1. SEM images of un-milled BaCO;, CaCO3, TiO, and ZrO, powders (a), milled for 24 h.
(b), after calcination (c), and milled for 24 h after calcination (d).

The performances of ferroelectric ceramics are closely related to the ways they are
processed. In general, the conventional solid state reaction method requires high calcination
and sintering temperatures, resulting in the loss of volatile components, thus worsening the
microstructural and subsequently the electrical properties. High energy mechanochemical
milling process has been shown to enable that some ferroelectric materials can be syn-
thesized directly from their oxide precursors in the form of nano-sized powders, without
the need for the calcination at intermediate temperatures, thus making the process very
simple and cost-effective [15]. Another way to improve properties of specific ceramics is
by doping, which is a very important and widely accepted technique. For example, it has
been reported that BCZT base compositions modified with ZnO [16] and CeO, [17] showed
improved properties. In this work we synthesized BCZT ceramics by a high-energy ball
milling process, studying the phase formation process along different steps of the mechan-
ical milling. We also investigated the effect of adding different amounts of MnO, on the
dielectric and ferroelectric properties.
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Figure 2. XRD patterns of BaCO3;, CaCOs, TiO, and ZrO, powders milled for 24 h. (a) , after
calcination (b), and milled for 24 h after calcination (c).

Experimental

0.5[Ba(Zry,Tip3)03]-0.5[(Bag7Cag3)TiO3] powders were synthesized from a mixture of
BaCOs3, CaCOs3, TiO, and ZrO, by a high-energy milling process using a planetary ball mill
equipment (Torrey Hills Technologies ND 0.4 L). The precursor powders were weighed
based on the stoichiometric formula and milled for 24 h at 700 rpm. The milled powder
was calcined at 1250°C for 4 h. Manganese dioxide (MnO;) was then added to the calcined
powder at concentrations ranging between 0 and 1 mol.%. The resulting powders were
ball milled again for 24 h. The whole ball milling process was done in dry conditions, i.e.
without the addition of a solvent in the milling jar. The obtained powders were pressed
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Figure 3. XRD patterns of undoped and Mn-doped BCZT ceramics.
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Figured4. Frequency dependence of dielectric constant (top panel) and loss (bottom panel) of undoped
and Mn-doped BCZT ceramics measured at 17°C.

into disc-shape pellets 10 mm in diameter. The pellets were sintered at 1500°C for 3 h.
Crystal structure was analyzed by X-ray diffraction (XRD) using a Philips X Pert Pro X-ray
diffractometer. The microstructure was observed by scanning electron microscopy (SEM)
using a FEI Quanta 200 FESEM Environmental. For electrical studies, silver electrodes
were sputtered on both sides of the samples. The temperature dependence of the dielectric
properties of the ceramics was measured from 1 kHz to 2 MHz using an LCR meter
(QuadTech 7600 plus) attached to a programmable furnace. The hysteresis loops were
measured at room temperature using a Sawyer-Tower circuit.
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Figure 5. Temperature dependence of the dielectric constant (top panel) and loss (bottom panel) of
the Mn-doped BCTZ ceramics measured at 100 kHz.

Results and Conclusions

Figures 1 and 2 show SEM images and XRD patterns of powders (with no addition of
MnO,) along the mechanical milling procedure. The un-milled mixture is characterized by
sharp diffraction peaks due to the starting BaCO3, CaCO3, TiO, and ZrO, powders because
of their good crystallinity and large particle size. Fig. 1(a) shows a panoramic view of
the starting powders, where elongated BaCOj particles (length &~ 3 ;xm) coexist with more
isotropic oxide particles of smaller size. Fig. 1(b) shows that, after milling for 24 h, the
particles have a smaller and more homogeneous size. This refinement in particle size is
also reflected from the XRD patterns, where the diffraction peaks were greatly broadened
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Figure 6. P-E hysteresis loops of the Mn-doped BCTZ ceramics measured at 50 Hz.

and reduced (Fig. 2(a)), compared with the one of the un-milled sample. We note that the
XRD pattern of the 24 h-milled powder shown in Fig. 2(a) shows no signature of peaks
corresponding to the perovskite BCZT structure. This seems to be a general feature in the
mechanochemical reaction mechanism of carbonate-oxide mixtures, where an amorphous
carbonate complex is formed which only decomposes after a very prolonged milling time
[18]. After calcination at 1250°C, single phase BCZT with a well-developed XRD pattern
is obtained (Figure 2(b)). A SEM image of the calcined powders is presented in Figure
1(c), which shows BCZT particles bonded by sintering necks. After milling for 24 h, the
diffraction peaks were greatly broadened and reduced (Fig. 2(c)) indicating that the milling
has a great effect in the refinement of particle size, breaking the sintering necks (Fig. 1(d)).

To investigate the effects of MnO, as sintering aids, different amounts of this oxide
were added (with concentrations ranging between 0 and 1 mol.%) to the calcinated powders.
Subsequently the batch of samples was ball milled for 24 h and pressed into disc-shape
pellets. Fig. 3 shows the XRD patterns of the undoped and Mn-doped BCZT ceramics
sintered at 1500°C. It can be seen that a single perovskite phase has been obtained in all the
samples. Since no secondary phases were observed in Mn-doped pellets, it is concluded
that Mn might go into the lattice of the perovskite structure.

Figure 4 gives the frequency dependence of dielectric constant (K) and loss tangent
(tan §) measured at 17°C. It can be seen in the left panel of the figure that there is practically
no difference between the pure sample and the one doped with 0.25%, while K decreases
considerably at higher doping. We note however that the 1% doped sample displays a strong
increment of K. It is interesting to remark that the addition of MnO, reduces considerably
the frequency dispersion of the dielectric constant and the dielectric loss (right panel of
Fig. 4). These results indicate that the addition of Mn restrains the concentration of oxygen
vacancies; a possible mechanism could be that manganese ions promote the oxidation of
Tit3ions Mn™ + Ti*? — Mn™*3 4 Ti**). A similar improvement in the dielectric loss due
to Mn doping was observed in BZT ceramics [19].

Figure 5 shows the temperature dependent values of dielectric constant at 100 kHz
measured on heating (left panel), and the corresponding loss (right panel). The undoped
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Figure 7. SEM images of Mn-doped BCZT ceramics. (a) undoped, (b) 0.25%, (c) 0.5%, (d) 0.75%.

BCZT system exhibits two phase transition peaks: the first is associated with the O-T phase
transition near 54°C on heating, (40°C on cooling, not shown here), while the second with
the T-C phase transition at 100°C on heating (83°C on cooling). The dielectric constant
reaches a value of approximately 6700 at Tr.c. The addition of MnO; reduces the Curie
temperature and produces that the O-T phase transition peak becomes less noticeable.
The sample doped with 0.25% Mn displays however a transition peak at 7T1.c much more
noticeable (K = 7700). When the Mn content further increases, the transition peak gradually
widens. As seen in the right panel of Fig. 5, the addition of Mn reduces the dielectric loss
considerably in the entire temperature range.

The polarization hysteresis curves of the samples are shown in Fig. 6. All the curves
showed saturation polarization when an electric field of ~2 kV/mm was applied. The un-
doped ceramic presents a remnant polarization of 5 .£C/cm? and coercive field of 365 V/mm,
approximately. The addition of a small amount of manganese (0.25%) increases the rem-
nant polarization by 10% and the coercive field to 392 V/mm. The hysteresis loops of the
samples doped with 0.5% and 0.75% Mn are practically similar to the one of the pure
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sample, while a greater incorporation of MnO, produces a noticeable worsening of the fer-
roelectric properties of the ceramics. The 1% doped sample displays a remnant polarization
of 2.7 uC/ecm? and coercive field of 275 V/mm.

The electrical properties presented above can be understood from the effect of Mn
ions on the microstructure of the ceramics. Fig. 7 shows SEM images of the un-doped (a),
0.25% (b), 0.5% (c) and 0.75% (d) doped BCZT ceramics. It is clear from the figures that
the addition of small amounts of MnO, (0.25% and 0.5%) favors grain coalescence, which
promotes grain growth. However, the excess of MnO; (x > 0.5%) produces the suppression
of grain growth (see Fig. 7(d)). A possible explanation could be the following: if the Mn
concentration exceeds the solubility limit, the excess of Mn ions may accumulate at the
grain boundaries, preventing grain growth [20].

In conclusion, we have prepared BCZT ceramics by a high-energy ball milling process,
studying the phase formation process along different steps of the mechanical milling.
We investigated the effect of adding different amounts of MnO, on the dielectric and
ferroelectric properties of the ceramics. We showed that the addition of a small amount of
MnO; (<0.5 mol.%) decreases the diffuseness of the T-C phase transition and improves
the ferroelectric properties of the ceramics. The dielectric loss of the Mn-doped BCZT
ceramics is lower than that of the undoped samples, and decreases considerably as the Mn
content increases.
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