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Effect of CuO Additions on Microstructures and Electromechanical Properties 
of 0.4Pb(Mg1/3Nb2/3)O3-0.25PbZrO3-0.35PbTiO3 Ceramics
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The effect of CuO additions on the microstructures and electromechanical properties of 0.4Pb(Mg1/3Nb2/3)O3-
0.25PbZrO3-0.35PbTiO3 ceramics was investigated. Samples with CuO addition were synthesized by ordinary
sintering technique. X-ray diffraction patterns indicated that all samples formed a single phase perovskite
structure. The addition of CuO improved the sinterability of the samples and caused an increase in the density
and grain size at low temperature. The optimum sintering temperature was lowered by CuO additions. Excellent
piezoelectric and electromechanical responses, d33~663 pC/N, kP~0.72, were obtained for the samples of high
density with 0.1 wt% CuO addition sintered at 1050°C for 4 h in air.
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1. INTRODUCTION

Lead oxide based ceramics, represented by PZT, are the
most widely used materials for piezoelectric actuators, sen-
sors, and transducers due to their excellent piezoelectric
properties.[1-3] In particular, high-performance multilayered
piezoelectric ceramics for advanced electronic components
have drawn great attention. These piezoelectric devices
require cofiring with an internal electrode; Ag-Pd alloy is
mainly used.[4,5] The development of low-temperature sinter-
ing techniques has been required for the fabrication of elec-
tronic ceramics because of energy consumption reduction
and reproducibility improvement.[6] Furthermore, the sup-
pression of any reaction between the ceramics and internal
electrodes can be expected for the fabrication of multilayer
devices. Low-temperature sintering offers the advantage of
using noble metal electrodes, such as Ag, Ni or Cu, instead
of expensive Ag-Pd alloys, and solves the problem of PbO
volatilization causing compositional fluctuation and environ-
mental contamination.[3]

Several low-temperature sintering techniques have been
reported for lead-based piezoelectric ceramics such as hot-
pressing in oxygen,[7] use of fine powder,[8] additives that
enhance solid state sintering[9] and additives with low melt-
ing points in the synthesized materials.[10-16] The most popu-
lar of these techniques is the addition of oxides or
compounds, which have low melting temperatures and assist
in sintering. Many additives have been tested for low temper-
ature sintering of PZT, including BiFeO3-Ba(Cu0.5W0.5)O3,

[10]

Li2CO3-Bi2O3-CdCO3,
[11] MnO2-CuO-Al2O3,

[12] LiBiO2,
[13]

4PbO-B2O3,
[14] and B2O3-Bi2O3-CdO[15] and NaF-V2O5-PbO-

CuO.[16] 
In this study, the synthesis process was confined to the

conventional sintering process. In order to develop piezo-
electric ceramics capable of being sintered at low tempera-
ture for multilayer piezoelectric device applications, 0.4Pb
(Mg1/3Nb2/3)O3-0.25PbZrO3-0.35PbTiO3 (PMNZT) compo-
sition ceramics with high electromechanical properties were
selected [17] and CuO additions were used as sintering aids.
The effect of CuO additions on the microstructures and
piezoelectric properties of the PMNZT ceramics was inves-
tigated. 

2. EXPERIMENTAL PROCEDURE

Reagent-grade oxide powders of PbO, ZrO2, TiO2, MgO,
Nb2O5 and CuO were used as raw materials. Samples with a
composition of 0.4Pb(Mg1/3Nb2/3)O3-0.25PbZrO3-0.35PbTiO3

(PMNZT) were synthesized using the columbite precursor
method.[18] The powders were mixed by ball milling in etha-
nol for 24 h with stabilized ZrO2 media. PbO, ZrO2 and TiO2

powders were added to the MgNb2O6 powders synthesized
at 1000°C. The mixed powders were calcined at 850°C for 8
h. The PMNZT calcined powders with the addition of CuO
as a sintering aid were pressed into discs and sintered at tem-
peratures from 950 to 1200°C for 4 h in a PbZrO3 atmo-
sphere. 

The microstructure was observed with scanning electron
microscopy (SEM) and crystal structure was determined
using X-ray diffraction (XRD). For electrical characteriza-
tion, samples were polished to a 1 mm thickness and painted*Corresponding author: minsoo@keri.re.kr
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with fired-on silver paste on the sample surfaces. The sam-
ples were poled at 150°C for 30 min under an electric field
of 3 kV/mm in silicone oil. The piezoelectric constant (d33)
was measured by a quasi-static meter of Berlincourt type.
The electromechanical coupling factor (kP) was determined
from resonance-antiresonance methods using an impedance
analyzer.

3. RESULTS AND DISCUSSION

Figure 1 shows the X-ray diffraction patterns of the
PMNZT samples with various amounts of CuO addition sin-
tered at 1050°C. A single PMNZT phase with the perovskite
structure formed but other phases could not be detected in all
of the samples.

The densities as a function of sintering temperature for
PMNZT ceramics with various CuO additions are shown in

Fig. 2. The density of the samples without CuO increased as
the sintering temperature increased and the samples sintered
at 1200°C showed the maximum value of 7.75 g/cm3. The
samples could not be fully densified at sintering tempera-
tures lower than 1050°C. However, addition of CuO mark-
edly improved the sinterability of PMNZT ceramics and
caused an increase in the density. As the CuO was added to
0.05 wt%, densification behavior was similar to that of the
samples without CuO but the values of the density increased.
As the CuO was added to 0.1, the density of samples sintered
at 1050°C showed the maximum value of 7.78 g/cm3 and
then decreased. The samples with 0.2 wt% CuO showed
similar behavior to that of 0.1 wt% CuO. The density of the
samples with 0.3 wt% CuO showed the maximum value of
7.77 g/cm3 at 950°C and then decreased as the sintering tem-
perature increased. The addition of CuO apparently lowers
the sintering temperature of the PMNZT ceramics. The sin-
terability of the ceramics with various amounts of CuO addi-

Fig. 1. X-ray diffraction patterns of the PMNZT ceramics with (a) 0,
(b) 0.05 (c) 0.1 (d) 0.2 (e) 0.3 wt% of CuO additions sintered at
1050°C.

Fig. 2. Densities as a function of sintering temperature for PMNZT
ceramics with various CuO additions.

Fig. 3. SEM micrographs of thermally etched surfaces of the pure PMNZT ceramics sintered at (a) 950, (b) 1050, (c) 1200°C, and samples with
the addition of 0.1 wt% CuO sintered at (d) 950, (e) 1050, (f) 1200°C for 4 h in air.
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tive was examined to determine the optimum amount of
addition. It was found that the amount of sintering aids
required to induce the sintering at low temperatures of less
than 1050°C was higher than 0.1 wt%. 

Figure 3 shows SEM micrographs of the thermally etched
surfaces of the pure PMNZT ceramics sintered for 4 h in air
at (a) 950, (b) 1050, (c) 1200°C, and the samples with the
addition of 0.1 wt% CuO sintered at (d) 950, (e) 1050, (f)
1200°C, respectively. The grain size of the pure samples
increased with increase in sintering temperature (Fig. 3(a),
(b) and (c)). In the case of samples with CuO addition, the
grain size increased gradually as sintering temperature
increased, and at 1200°C, the grain size was similar to that of
the pure sample (Fig. 3(f)). When the samples added 0.1
wt% CuO, the sinterability at low temperature (950°C) was
enhanced and the grain size increased dramatically, corre-
sponding to that of the 1050°C - sintered samples without
CuO (Fig. 3(b) and (d)). Therefore, the grain growth was
also promoted by the addition of CuO. However, all of the
samples with the addition of CuO (0, 0.05, 0.1, 0.2, 0.3 wt%)
sintered at 1200°C indicated that their grain sizes were simi-
lar although the densities were different. Ahn et al. [19] have
reported that the grain growth and sinterability with the addi-
tion of CuO were attributable to liquid phase sintering in the
Pb(Ni1/3Nb2/3)O3-PbTiO3-PbZrO3 system. The liquid phase
formed by CuO addition was volatilized at high temperature
and the effect of CuO was dominant at lower sintering tem-
perature.

The electrical properties of the ceramics were evaluated as
a function of sintering temperature. Figure 4 shows the
piezoelectric coefficient (d33), planar mode electromechani-
cal coupling coefficient (kP), and dielectric constant (εr), of
the pure and CuO added samples sintered for 4 h in air at
various temperatures. It is clear that, d33, kP and εr possess a
peak with increasing sintering temperature. The d33 values of
the samples without CuO increased as the sintering tempera-
ture increased and the samples that were sintered at 1200°C
showed the maximum value of 622 pC/N. As 0.05 wt% CuO
was added, the d33 values increased. When the sintering tem-
perature for 0.1 wt% CuO added samples increased to

1050°C, the piezoelectric property started to decrease. The
samples with 0.2 wt% CuO showed the maximum d33 value
at 1000°C and then dramatically decreased as the sintering
temperature increased. The samples with CuO addition
showed relatively high d33 constants at low sintering temper-
ature. These results are coincident with the trends of density
and grain size according to the amount of CuO addition as
shown in Fig. 2 and 3. The samples showed their peak d33

values at their corresponding sintering temperatures. The
sintering temperature of the maximum d33 value was the
same from the point where the peak density was achieved.

Addition of CuO markedly increased the electromechani-
cal coupling factors of the samples as shown in Fig. 4. The
samples with 0.1 wt% CuO showed relatively high and
steady kP constants of about 0.70-0.72 as the sintering tem-
perature was increased from 1000 up to 1150°C, and turned
to an apparent drop when sintered above 1150°C, which is
consistent with the decrease in density and piezoelectric
property as shown in Fig. 2 and 4. For all of the samples, the
kP curve showed similar behavior to piezoelectric properties.
When the samples with a composition of 0.1 wt% CuO addi-
tion sintered at 1050°C for 4 h, kP and d33 were found to
reach the highest values of 0.72 and 663 pC/N, respectively.
In the case of the dielectric properties of the samples, they
still showed a similar tendency to those in their electrical
properties. 

These results indicate that electrical properties can be
improved by control of microstructures, including grain
growth and densities. Consequently, CuO addition to
PMNZT ceramics could lead to low temperature sintering,
and at the same time improve piezoelectric properties.

4. CONCLUSIONS

The effect of CuO additions on the microstructures and
electromechanical properties of PMNZT ceramics was
investigated. The addition of CuO improved the sinterability
of the samples and caused a decrease in the sintering temper-
ature. When samples of high density with a composition of
0.1 wt% CuO added were sintered at 1050°C for 4 h, electro-

Fig. 4. Piezoelectric coefficients (d33), planar mode electromechanical coupling coefficients (kP), and dielectric constants (εr) of pure and CuO
added PMNZT ceramics sintered for 4 h in air at various temperatures.
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mechanical coupling factor and piezoelectric coefficient
were found to reach the highest values of 0.72 and 663 pC/
N, respectively. These results show that the piezoelectric
properties of PMNZT samples can be improved by control-
ling the microstructures; this system is potentially a good
candidate as a multilayer piezoelectric device for a wide
range of electro-mechanical transducer applications.
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