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Abstract

In this paper B-oxide sintering process and Spark plasma Sintering (SPS) method is used to
synthesize 0.88Pb(Zro52Tio43)O03 — 0.12Pb(Mn;3Sby3)O03 — x at%Pr complex system where
x = 0 and 0.02. The sintering temperature used in the SPS technique is considerably lower
than that used in the B-oxide method (200 to 400°C) with significant decrease of the
duration of the sintering route, arriving to some minutes instead of some hours.

The aim of the study is the investigation of the effect of sintering technique on the dielectric
and ferroelectric properties of such piezoelectric materials. The properties of the developed
ceramic materials were determined: the development of crystalline phases was investigated
by X-ray diffraction technique and the microstructural behavior by scanning electron
microscopy was observed. The composition obtained by the SPS technique shows a lower
remnant polarization and maximum strain, as well as a higher coercive field, compared to
the those obtained using the same composition produced by B-oxide method.
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1. Introduction obtained [2,3]. The values obtained for the properties
of the piezoelectric materials is governed by the

Lead zirconate titanate (PZT) based piezoelectric sintering method used. The values obtained for the

materials, named "intelligent materials", are used in
"smart" applications for sensing and actuating
purposes. These "intelligent materials" are employed
as sensors and actuators [1]. For piezoelectric
materials, there is an interdependence between the
composition, the structure and the electrical properties

physical and electrical properties depend on the
method of obtaining these materials. The most often
used procedures used for the development of
intelligent materials are conventional mixed oxides
technique [4,5], B-oxides technique [6], two-step
columbite method [7], sintering by hot pressing [8]
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and a relatively new technique spark plasma sintering
(SPS) [9], etc. Compositions from complex systems
based on lead titanate-zirconate solid solutions are
conventionally sintered at high temperatures (higher
than 1150°C) for more than 1 hour. At these high
temperatures, the atmosphere has to be saturated with
lead oxide (PbO) during sintering, because at
temperatures higher than 950°C the volatilization of
PbO increases. Evaporation of lead (Pb) leads to
compositional fluctuations in the case of sintering of
PZT-based materials and implicitly affects the
piezoelectric and dielectric properties, decreasing
them [10]. On the other hand, it is quite difficult to
control the compositional fluctuation of the complex
compositions obtained by the conventional sintering
method [11]. The main advantages of the spark
plasma sintering method (SPS) compared to the
conventional sintering methods (hot pressing (HP),
hot isostatic pressing (HIP) and sintering in furnaces
with atmosphere) are the low sintering temperature
and the very short time of the sintering process [12].

The materials obtained by SPS technology exhibit
relatively high values for dielectric, ferroelectric and
piezoelectric properties [13,14].

In the present paper the PZT complex systems
with the composition 0.88Pb(Zros:Tio.4s)O3 —
0.12Pb(Mn13Sb23)O3 — x at% Pr (x= 0; 2) were
obtained by SPS technology and by using
conventional technology. The calcined powders used
in the mentioned processes were obtained using the B-
oxide method. The microstructure and electrical
properties were comparatively investigated.

2. Materials and Methods

In the present paper 0.88Pb(Zrps:Tip4s)O3 —
0.12Pb(Mn,3Sb23)03 — x at% Pr (with x = 0; 2)
complex compositions were synthesized by sintering
using two technological variants (i) the conventional
sintering method (in furnace, in air) and (ii) SPS
technology. The compositions were labelled as (i) CS-
MP, CS-MPPr and (i) SPS-MP, SPS-MPPr
respectively. To obtain the complex compositions
powders for sintering, the B-oxide precursor method
was used. The conventional method consists in
obtaining the MnSb,Os powder in a first stage. The
MnSb,Os powder thus obtained is further used as a
raw material together with the other constituent
oxides. MnSb,Os powder was obtained by sintering
(at 1000°C, 10 hours) a stoichiometric mixture of pure
Sb,0s (>99%) and pure MnCOs3 (>99%), and then
finely milled in distilled water for 10 hours and dried
at 80°C. Chemical composition and phase purity of
MnSb,0Os powder were determined using X-ray

diffraction. In the second step the MnSb,Os powder
obtained in the first stage together with high purity
(>99%) oxides powders PbO (Merck), ZrO, (Merck),
TiO, (Aldrich), Pr,Os (Aldrich) were used as raw
materials. The powders were mixed as per
stoichiometric ratios and ball milled for 10 hours
using agate balls and water as liquid media. After
milling, the powders were dried and calcined at 840°C
for 4 hours in closed alumina crucibles. In alumina
crucibles as a protective medium was used PbZrO;
powder to prevent evaporation of the PbO. The
calcined powders were milled again (for 10 hours) in
distilled water, dried and sieved. The powders
consequently obtained were sintered in a graphite die,
in the form of disks (with 20 mm in diameter), by
using the SPS equipment in vacuum, under a pressure
of 50 MPa. In SPS the powders (6g/sample) were
sintered at two different temperatures (850°C and
950°C) for 5 minutes using a rate of increasing the
temperature of 50°C /min (controlled by the applied
current). To avoid the carbon contamination of the
samples boron nitride spray is employed.

For comparison, the calcined powders were
granulated (with PVA aqueous solution 5%),
uniaxially pressed in the form of discs (with 20 mm in
diameter) and then sintered at 1150 and 1250°C, in air
for 2 hours using a Carbolite type furnace.

After SPS sintering and normal sintering in furnace,
the samples were polished on both sides and covered
with Ag paste to obtain electrodes for electrical
measurements. Densities of the sintered samples were
measured by Archimedes method. The crystalline
structure of the sintered samples was determined by
X-ray (XRD) diffraction using BRUKER AXS D8
Advance diffractometer with CuKo radiation and Ni
filter. The microstructure was determined using
scanning  electron  microscope  (FESEM-FIB
Workstation Auriga produced by Carl Zeiss,
Germany). The dielectric properties were measured at
1kHz using LCR meter HM 8018 (HAMEG type).
The ferroelectric properties (P-E hysteresis loops)
were determined using the TF analyser 2000 (Aixact
System) and the piezoelectric properties were
measured using an impedance analyzer 4294A
(Agilent type). The resonance-antiresonance method
was used to determine the electromechanical coupling
factor k.

3. Results and discussion

XRD investigations

Fig.1 shows the XRD diffraction spectrum obtained
for the precursor powder calcined for 10 hours at
1000°C. The specific lines of the MnSb,Os compound
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were identified. Rietveld analysis was used to
determine the obtained lattice parameters. The
crystallite size obtained was 62.6 nm along with the
lattice parameters values: a (A) = 8.7977 and ¢ (A) =
4.7216 [15].

Fig.2-5 shows the XRD diffraction spectra for all the
sintered piezometerials. Fig.2 and Fig.3 shows the
XRD diffraction spectra for MC-MP and MC-MPPr
piezo materials sintered at 1150°C and 1250°C for 2
hours.
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Fig.1 XRD diffraction spectrum obtained for the precursor
powder

Fig.4 and Fig.5 shows the XRD diffraction spectra for
SPS-MP, SPS-MPPr sintered at 850°C and 950°C for
five minutes. For the compositions obtained by the
conventional sintering method diffraction spectra
indicate the formation of lead zirconate titanate solid
solution Pb(Zros,Tig4g)O3 (with tetragonal structure)
as the majority phase and a secondary pyrochlore
phase Pby(ZrSb)Oes [16] (Fig.2, Fig.3). The
pyrochlore phase appears as a result of the
decomposition of a part of the perovskite phase
because of the lead volatilization during sintering at
high temperatures [17].
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Fig.2 XRD diffraction spectra of (a)MC-MP and
(b)MC-MPPr sintered at 1150°C for 2h
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Fig.3 XRD diffraction spectra of (a)MC-MP and

(b)MC-MPPr sintered at 1250°C for 2h

The intensity of the diffraction peaks belonging to the
majority phase increase in intensity with the increase
of the sintering temperature from 1150°C to 1250°C.
The level of tetragonality (identified by the c/a ratio)
of the crystal lattice varies with the sintering
temperature and is directly influenced by the nature
and amount of the phases developed. When the
sintering temperature increases from 1150°C to
1250°C, the values obtained (Table 1) for the ratio c/a
increase too [18, 19]. As we presented in a previous
work, heterovalent ions such as Pr’* act as "softener"
donor, doping the perovskite structure at the AZ*
positions replacing Pb?>" and obtaining lead vacancies
(Va%) for compensation [20].

The formation of (Va%) is expected to increase the
remanent polarization with the homogeneous decrease
of the lattice strain [20].

Table 1:Teragonality (c/a ratio) and lattice parameters of
MC-MP and MC-MPPr as function of sintering temperature

Temperature Lattice MC- MC-
[°C] parameters MP MPPr
1150 c[A] 4.094 4.092

a[A] 4.061 4.058

c/a 1.0081 1.0083

1250 c [A] 4.096 4.095
a[A] 4.095 4.057

c/a 1.0089 1.0093

For the compositions obtained by SPS method (Fig.4
and Fig.5) diffraction spectra indicate, also, the
development of lead zirconate titanate solid solution
Pb(Zros52Ti04s)O3 as the majority phase. The position
of the peaks in the XRD diffraction spectra obtained
by the SPS method have the same angular position.
The differences that appear compared to the modified
conventional method are related to the type of
secondary phases. The secondary phases were
identified as oxides.

® Secondary phases
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Fig.4 XRD diffraction spectra of (a)SPS-MP and
(b)SPS-MPPr sintered at 850°C for 5’
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Fig.5 XRD diffraction spectra of (a)SPS-MP and
(b)SPS-MPPr sintered at 950°C for 5’

Table 2: Teragonality (c/a ratio) and lattice parameters
of SPS-MP and SPS-MPPr as function of temperature

Temperature Lattice SPS- SPS-
[°C] parameters MP MPPr

850 c [A] 4.094 4.096
a[A] 4.051 4.053

c/a 1.0106 1.0106

950 c [A] 4.131 4.098

a [A] 3.971 4.056

c/a 1.0403 1.0103

The values obtained for the tetragonality of the crystal
lattice (ratio c/a) (Table 2) increase with the increase
of the SPS sintering temperature from 850°C to 950°C
and are higher than in the case of the conventional
sintering method [21].

Sinterability

Table 3 shows the obtained densities of the MC-MP,
MC-MPPr, SPS-MP and SPS-MPPr piezo materials.
For all the compositions, the values obtained for the
apparent density increase with the increase of the
sintering temperature.

The comparison of the values obtained for the relative
densities to its’ theoretical value (of 8.002 g/cm?)
[22], indicates values higher than 95%. At this point
one can assume that all compositions synthesized are
practically at full density.

Table 3: Piezo materials density as a function of sintering

temperature
Samples Temperature Apparent density
[°C] [g/em’]
MC-MP 1150 7.69
1250 7.83
MC-MPPr 1150 7.71
1250 7.85
SPS-MP 850 7.82
950 7.91
SPS-MPPr 850 7.85
950 7.95

The values obtained in the case of sintering by the
SPS method are higher than the values obtained in the

conventional sintering process, being in accordance
with the data from the literature [17].

Microstructure
In the Fig.6 are reported the SEM images of the piezo
materials sintered for 2 hours at 1150°C and 1250°C.
The high-resolution SEM images show a
microstructure made up of 2 types of grains. The
high-resolution SEM images (x20.00kX) exhibit a
microstructure made up of 2 types of polyhedral
grains, one of micrometer size and one of submicron
size. The small grains are well faceted. The size of the
grains depends on the sintering temperature and the
composition [23]. The sizes of small granules increase
with increasing temperature, while the sizes of large
granules decrease with increasing temperature. Thus,
for MC-MP, the sizes of the small grains obtained are
between 100-400 nm at a temperature of 1150°C and
reach sizes between 200-900 nm at a temperature of
1250°C (Fig. 6 (a), (c)). Large grain sizes range from
a maximum of 5.27 um at 1150°C to a maximum of
5.01 pm at 1250°C. For the compositions in which a
small amount of dopant (Pr) was added, the
microstructure obtained was similar (Fig. 6 (b), (d)).
Thus, at 1250°C, for MC-MPPr, the maximum size
obtained for large grains was 4.89 um.

A - 4 i a
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Fig. 6 SEM images of the samples sintered for 2 h at (i) 1150°C
(a) MC-MP, (b) MC-MPPr and (ii) 1250°C (c) MC-MP
(d) MC-MPPr

In Fig.7 are reported the SEM images of SPS sintered
piezo materials. The SEM images mainly demonstrate
submicron sized grains [24]. The granules have
relatively narrow distributions of the graine size. The
graine size also depends on the sintering temperature
and composition. The average size of the granules
decreases with the increase of the SPS sintering
temperature from 1.9 ym to 1.6 um for the SPS-MP
composition, respectively from 1.8 pm to 1.5 um for
the SPS-MPPr composition.
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(a) SPS-MP, (b) SPS-MPPr and (ii) 950°C (c) SPS-MP (d) SPS-

MPPr

Comparatively, the average size of the grains obtained
by the modified conventional method is significantly
larger. Also, the grain size distribution is wholly
broader. In the case of compositions sintered by the
conventional method, the densification mechanism is
associated to the appearance of the liquid phase
during sintering. This mechanism is not found during
SPS sintering at temperatures up to 950°C [24].

Ferroelectric characteristics

In Fig. 8 - Fig. 11 are presented the hysteresis loops of
unpoled piezo materials as a function of applied
electric field.

3000

Polarization [pC/em?]

Electric field [V/mm]
Fig. 8 P-E hysteresis loops of the samples sintered at
1150°C for 2 h (a) MC-MP, (b) MC-MPPr
20
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Fig. 9 P-E hysteresis loops of the samples sintered at
1250°C for 2 h (a) MC-MP, (b) MC-MPPr
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Fig. 10 SEM images of the samples sintered for 5’at
850°C (a) SPS-MP, (b) SPS-MPPr
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Fig. 11 SEM images of the samples sintered for 5’at
950°C (a) SPS-MP, (b) SPS-MPPr

It is observed that all the hysteresis loops are
symmetric. The hysteresis loops obtained for the MC-
MP and MC-MPPr sintered at 1150°C and 1250°C are
typical for FE bulk materials. In the case of SPS
sintering, the values obtained for the remnant
polarization are very small and the coercive field
obtained is relatively high (Table 4) [24].

The shape of the hysteresis loops depends on the
nature of the phases obtained in the crystalline
structure and it is influenced by the amount of the
tetragonal phase.

Table 4: Remanent polarisation (Pr) and the coercitive field
(Ec) values obtained for piezoelectric compositions function
of sintering temperature

Samples | Temperature E. P
[°C] vl [nClem’]
MC-MP 1150 1163 11.26
1250 1714 16.33
MC- 1150 1022 5.93
MPPr 1250 1408 11.02
SPS-MP 850 1504 4.05
950 552 0.36
SPS- 850 1892 10.93
MPPr 950 1020 1.11

The small values obtained for the residual polarization
are associated with the submicron values obtained for
the grain sizes [24].

Dielectric and piezoelectric properties

The wvalues obtained for the dielectric and
piezoelectric properties as a function of sintering are
presented in Table 5. These values are dependent on
grain size, crystal structure, sintering process and
technological parameters. The relatively high values
of the dielectric constants (dielectric permitivity (&)
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and dielectric losses (tan §)) are due to the mobility of
the domain walls [17].

Table 5: The dielectric and piezoelectric properties obtained
for piezoelectric compositions function of sintering

temperature
Samples | Temperature & tgod kp
[OC] * 10-2
MC-MP 1150 960 | 0.86 | 027
1250 1675 | 124 | 032
MC- 1150 1026 | 0.12 | 032
MPPr 1250 1953 | 1.43 | 043
SPS- 850 1386 | 0.84 | 020
MP 950 1365 | 2.01 | 024
SPS- 850 1356 | 4.66 | 021
MPPr 950 1677 | 2.54 | 027

The values obtained for the piezoelectric parameter
(the planar coupling factor (ky)) increases with
increasing sintering temperature, the obtained
microstructure being the determining factor. Through
the SPS technique, at relatively low sintering
temperatures, is possible to increase the level of
densification as a result, one can improve the
dielectric and piezoelectric properties.

5. Conclusions

In this paper B-oxide sintering process and Spark
plasma Sintering (SPS) method were employed to
develop 0.88Pb(Zr0‘52TioA4g)O3 — 0.12Pb(MI11/3Sb2/3)O3
— x at%Pr complex system. The aim of the research
was the evaluation of the effect of sintering technique
on the dielectric and ferroelectric properties of the
piezoelectric materials. Based on the results obtained,
the materials attained by the SPS technique reveals a
lower remanent polarization and maximum strain, as
well as a superior coercive field, compared to the
those obtained employing the same composition
produced by B-oxide method. Dense piezomaterials
0.88Pb(ZI‘0,52Ti0,48)O3 — 0.12Pb(Mn|/38b2/3)03 —x at%
Pr was obtained by (i) SPS technique sintering for 5
min at lows temperature of 850°C and 950°C and (ii)
conventional sintering method for 2 hours at 1150°C
and 1250°C.

The microstructure, being dependent mainly on the
grain size, can be considered as the main feature
which influence and determine the differences
between the values of the same property obtained by
the two procedures. The obtained results indicate that
the SPS technique can be considered an alternative
technology for sintering piezoelectric materials
belonging to complex systems based on PZT.
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