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Abstract: Lead-based piezoelectric ceramics are widely used in piezoelectric devices due to their excellent
piezoelectric properties. Piezoelectric actuators require piezoelectric ceramics with high piezoelectric properties and
high precision displacement as well as small strain hysteresis under applied electric fields, which can be obtained by
donor-acceptor co-doping. In this work, (1-x)(Pby¢5Srg05)(Zrs53Tis7)O03-xBiAlO; + 0.2%MnO, ceramics were prepared
by a traditional solid-state reaction method (doping amount in mass percentage). The microstructure and piezoelectric
properties of the prepared ceramics were investigated. The results demonstrated that the defect dipole can hinder the
domain rotation in a few additions of BiAlOs, resulting in a relatively low piezoelectric property and low strain
hysteresis under electric fields. With more BiAlO; addition, the piezoelectric properties and strain hysteresis of the
ceramics are improved because the pinning effect to the domain rotation become weak. The optimal performance is
obtained at x=1.75%, where the piezoelectric coefficient (d3;), electromechanical coupling coefficient (k,), mechanical
quality factor (Q,,) and Curie temperature (7¢) are 504 pC/N, 0.71, 281 and 312 °C, respectively. This piezoelectric
ceramic show a relative high strain and low strain hysteresis (only 15%) under the electric field of 10 kV/cm. Due to
the high piezoelectric performance and low electric field strain hysteresis along with the good temperature stability, the
(1-x)(Pby 95510 05)(Z153Ti47)O3-xBiAlO; + 0.2%MnO, ceramics can be a kind of piezoelectric ceramic with practical
application potentials for the piezoelectric actuators.
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Lead-based piezoelectric ceramics play a significant
role in the application of piezoelectric devices, owing to
their excellent ferroelectric and piezoelectric properties' ..
For piezoelectric actuators, the high electric field-
induced strain and the low hysteresis are required*.
Relaxor ferroelectrics with the nano-domain or polar nano-
region (PNR) are potential to meet this need because the
nano-domains or PNR are ready to rotate to the direction
of the applied electric fields, and they are reversible to
their original state as the applied field to be zero"..
Nevertheless, due to the low ferroelectric-paraelectric
phase transition temperature and narrow temperature
range, the practical applications of relaxor ferroelectric

are significantly limited'®. Comparison with relaxor
ferroelectric, PZT-based ceramics have higher phase
transition temperatures, making it possible to work at
higher temperatures. Due to the better electric-field
induced strain behaviors and excellent temperature
stability, PZT materials have been irreplaceable in the
field of actuators so far.

To obtain a high electric-field induced strain with a
low hysteresis in PZT-based ceramics, doping elements is
one of the most effective methods. Nowadays, researchers
have mainly focused on co-doping'”’ to optimize the
piezoelectric properties of piezoelectric ceramics. Yan, et al™
studied the property of Li" and Bi*" co-doped
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PbHf, ;Tig7-PbNb,;3Ni; 3 piezoelectric ceramics with ds;
of higher than 1000 pC/N but Curie temperature of only
120 °C. Feng, et al investigated the Li" and AI’* co-doped
PZT ceramics and obtained the optimal property with
d33=310 pC/N, k,=0.5, which also performed excellent
temperature stability. Nevertheless, synergic optimization
of the piezoelectric constant, the temperature stability, and
S-E loops hysteresis property of piezoelectric ceramics
have been rarely investigated.

In this work, BiAlO; was introduced into PZT
ceramics to obtain high performances in piezoelectric
properties and S-E hysteresis loops. In these ceramics,
A-site of Pb>" was replaced by a higher valence cation of
Bi'" and B-site of Zr*" or Ti*" was replaced by a lower
valence cation of AI’". Donor doping makes ceramics
possess a large strain!'” and acceptor doping makes
ceramics possess a small electric field induced strain
hysteresis!'').  Meanwhile, Mn'?
introduced for good piezoelectric ceramics with high
piezoelectric properties, low S-E hysteresis loops, and
great temperature stability.

and St were

1 Experimental

BiAlO; doped (Pb,Sr)(Zr,T1)O4 with
0.2%MnO,((1-x)(Pby.95S10.05)(Zr0.53 Tip.47)O3-xBiAlO5+
0.2%MnO,, MnO, doping amount in mass fraction,
x=0.50%, 0.75%, 1.00%, 1.25%, 1.50%, 1.75%, 2.00%,
and 2.25%, in mol fraction) ceramics, hereinafter
abbreviated as (1-x)PSZT-xBA-0.2Mn, were prepared by
a traditional solid-state reaction. The raw materials
Pb0(99.9%), SrCO5(99%), Zr0,(99.9%), Ti0,(99.7%),
Bi,05(99.6%), A1,03(99.99%), and Mn0,(99.99%) were
weighted stoichiometrically and mixed for 10 h using a
ball milling with water. Then the mixed powders were
calcined at 820 ‘C for 2 h. The calcined powders were

ball-milled and dried again to obtain homogeneous powders.

The obtained powders were mixed with the polyvinyl
alcohol as binder and pressed into disks (¢12 mmx>1 mm)
under a uniaxial pressure of 200 MPa. The disks were
burned at 550 C for 3 h to remove the binder. After
burning out the binder, the disks were sintered in air at
1160 ‘C for 2 h. Silver electrodes were coated on top
and bottom surfaces of the ceramics and burned at 720 C
for 30 min. For piezoelectric properties measurements,
ceramics were poled under 40 kV/cm at 120 ‘C for 30 min.

The lattice structure of the sintered samples was
measured by X-ray diffraction analysis with CuKa
radiation (DX-2700BH, Haoyuan, China). Scanning
electron microscope (Phenom Pure-SED G6, China) was
used to observe the grain size. The polarization-electric

field (P-E) and the strain-electric field (S-E) hysteresis
loops of samples were measured with a TF analyzer (TF
Analyzer 2000E, aixACCT Systems GmbH, Aachen,
Germany). The piezoelectric constant ds; was measured
by a quasistatic piezoelectric d3; meter (ZJ-3A, China
Academy of Acoustics, China). The dielectric constant
(¢;) and dielectric loss (tand) were measured by an
impedance analyzer (Agilent 4294A, Agilent Technologies,
Japan). The electromechanical coupling factor (k,) and
mechanical quality factor (Q,,) were calculated using the
resonance and anti-resonance method with the impedance
analyzer.

2 Results and discussions

XRD patterns of (1-x)PSZT-xBA-0.2Mn ceramics are
shown in Fig. 1(a). The results show that ceramics with
all compositions contain pure perovskite structures
within the detection resolution limitation. To show the
evolution of phase structure clearly, the enlarged XRD
patterns of (200) peak between 43°—46° of 26 are shown
in Fig. 1(b). All peaks near 20=44.5° can be separated
into three peaks by Gaussian fitting. Two of the peaks
correspond to the tetragonal phase ((200), (002)), and the
third one corresponds to the rhombohedral phase (020).
However, it is clear that the coexistence of the
rhombohedral and the tetragonal phases occurs in all
ceramics. Thus, the ceramics with compositions x=0.50%
to x=2.25% are identified as located in the morphotropic
phase boundary (MPB) for this system!'*.

Fig. 2 shows the evolution of grain microscopic images
of SEM for BiAlO; doping (1-x)PSZT-xBA-0.2Mn
ceramics of some doping contents. Since SEM images
for all compositions are quite similar, four representative
compositions are selected from all compositions. The
black points in grains and at grain boundaries in SEM are
considered pores. The grain sizes of (1-x)PSZT-xBA-0.2Mn
ceramics were calculated by a statistical method. With the
doping of BiAlOs, the average size of grain increases
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Fig. 1 XRD patterns of (1-x)PSZT-xBA-0.2Mn ceramics
(a) 20°-80°; (b) Near (200) peak
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Fig. 2 SEM images for surface microstructures of
(1-x)PSZT-xBA-0.2Mn ceramics

firstly and then decreases, from 1.6 pm (x=0.50%) to
6.7 um (x=2.00%) and then to 6.2 um (x=2.25%). The
average grain size reaches maximum at x=2.00%,
indicating that a suitable amount of BiAlO; can benefit
grain growth. Because Bi’" can be used to reduce the
sintering temperature!'”, lower sintering temperatures of
about 1160 ‘C are required with the increasing of the
content of Bi*’, resulting in many small pores in
ceramics with x=0.75% and a few large pores in ceramics
with x=2.25%.

The temperature-dependent dielectric constant (g;) and
dielectric loss (tand) at different frequencies of
(1-x)PSZT-xBA-0.2Mn (x=0.75%, 1.25%, 1.75%, and
2.25%, in mol fraction) ceramics are shown in Fig. 3. It
is found that the temperature of maximum ¢, for each
frequency has no apparent changes with frequency,
indicating that they are normal ferroelectric rather than
relaxor ferroelectric ceramics. The temperature of maximum
& for this kind of ceramics is Curie temperature!'®). It is
observed that T¢ varies from 310 ‘C to 320 C, indicating
that the operating temperature range of ceramics is wider.
In addition, the dielectric curves have a broad Curie peak,
indicating the existence of the diffused phase transition
(DPT)!""). The existence of the DPT suggests that there
exists a microdomain structure that affects the piezoelectric
properties of ceramics!'®l.

P-E  loops, I-E and S-F
(1-x)PSZT-xBA-0.2Mn measured at a maximum electric
field of 40 kV/cm and the frequency of 10 Hz are shown
in Fig. 4. It can be seen that (1-x)PSZT-xBA-0.2Mn
ceramics with x<x1.00% show the pinched P-E loops.
With the further increase of BA content, the P-E loops
become normal and the remnant polarization increases
abruptly. The pinched P-E loops should not be attributed

loops loops of

to the antiferroelectric phase of PbZrO; because all
ceramics are located in the MPB. Hence, the phenomenon
is mainly attributed to the fact that a part of the domains
is hard to reverse along the direction of the applied
electric field™!. Mn ion plays a significant role as an

acceptor doping instead of the B-site of Ti*" ions (Mn%),

Mny; and Vg form ( Mnfp; - V) defect dipoles.

Considering the pinning effect of defect dipoles, it is
believed that the domains in PZT ceramics are pinned by
defect dipoles, which made the rotation of domains more
difficult and revert to the initial state quickly after
removing the electric field'”. The defect dipoles also
resulted in a small P, of the ceramics.

When the content of BiAlOj; is low, the content of AI*
in these ceramics is similar to that of Mn®', and Al ion
plays an important role as well as Mn in the unsaturated
shape loops. With the increasing of BiAlO; content,
BiAlO; has a stronger effect on the properties of

ceramics. Like (Mnf; —Vg) dipoles, (Al —Vp)
charged dipoles are formed by Al; and V. However,
the pinning effect of (Al — V) charged dipoles are

weaker than (MnT; —V,) dipoles and more domains
rotate under electric field. Meanwhile, Bi*" replaces the
site of Pb*" as a donor doping, which leads to the
perovskite lattice distortion and domains easily rotate.
Eventually, with the increase of BiAlO; content, domains
can rotate easily. Besides, the unsaturated P-E loops
become standard with the addition of BiAlO;, indicating
that the defect dipoles in (1-x)PSZT-xBA-0.2Mn ceramics
could rotate easily.

The same results can be found in /-E loops, as shown
in Fig. 4(b). The appearance of the current peaks
indicates the existence of domain rotation under electric
fields, and the intensity of the peaks represents the
strength of the domain rotation. There are four peaks
separately caused by the motion of defect dipoles and
domain switching in ceramics with compositions of low
content, indicating the existence of defect dipoles in

ceramics!?”

. However, only two peaks caused by the
domain switching can be observed as the content of
BiAlO; increasing from x=1.50%. The intensity of the
current peaks increases gradually, indicating that more
domains are switched and suggesting better piezoelectric
properties. The results show that the BiAlO; makes
ceramics behave like soft-doped ceramics.

It also can be confirmed from the S-F loops, as shown
in Fig. 4(c). The S-E loops exhibit the characteristic of
butterfly shape, and the negative strain increases with the
increase of BiAlO; content. This is because the weaker
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Fig. 3 Temperature dependent dielectric constant (¢;) and dielectric loss (tand) of (1-x)PSZT-xBA-0.2Mn
(x=0.75%, 1.25%, 1.75%, and 2.25%, in mol fraction) at different frequencies
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Fig. 4 Ferroelectric properties of the (1-x)PSZT-xBA-0.2Mn ceramics
(x=0.50%, 0.75%, 1.00%, 1.25%, 1.50%, 1.75%, 2.00%, and 2.25%, in mol fraction)
(a) Polarization-electric field (P-E) hysteresis loops; (b) Current-electric field (/-E) loops; (c) Strain-electric field (S-E) loops (40kV/cm, 10Hz)

pinning effect of defect dipoles make the rotation of
domain easier under electric field as the BiAlO; content
increases.

The piezoelectric and dielectric properties of
(1—x)PSZT-xBA-0.2Mn ceramics are shown in Table 1. It
can be seen that the k,, d33, and Q,, increase firstly and
then decrease with the increase of BiAlO; content. The
dielectric constant and loss maintain steadily at first and
then increase rapidly. Here, higher piezoelectric constant
is attributed to the phase structure of MPB and fewer
domains affected by defect dipoles. With the increase of
BiAlO; content, the ceramics perform a characteristic
like soft piezoelectric ceramics with a lower Q. and
higher tand. The optimum property are found at the
composition of x=1.75%, with k,=0.71, d33=504 pC/N,
On=281, tand=0.26%, &, =1470, which shows that it has

better performance than commercial piezoelectric
ceramic PZT-4 (k,=0.58, d33=289 pC/N, tand=0.4%).
high field -effective

piezoelectric coefficient d; and strain hysteresis / are

For piezoelectric actuators,

used to describe electric field induce strain properties.

*
d;
equations (1-2):

and H could be calculated by the following

d_;:3 = Smax/EmaX (1)
H=ASg /S )

where E, . is the maximum electric field and S, is the

max

maximum strain, while ASj /2 is the difference in
max

strain when rising and lowing the electric fields at half

maximum electric field £, /5 .

The characterizations of the unipolar strain loops of
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Table 1 Performance parameters of different component ceramics

il faction) s WOCNDkw T e % dipONY) H%

0.50 1.6 333 0.68 992 329 1290 0.22 380 10
0.75 1.9 367 0.69 1131 324 1300 0.27 398 8
1.00 2.5 383 0.70 827 318 1293 0.32 407 3
1.25 3.0 402 0.73 853 316 1420 0.30 540 12
1.50 4.5 460 0.72 445 311 1416 0.32 538 12
1.75 6.3 504 0.71 281 312 1470 0.27 699 15
2.00 6.7 532 0.73 130 310 1690 0.66 638 13
2.25 6.2 501 0.69 113 312 1669 1.01 710 17

(1-x)PSZT-xBA-0.2Mn measured at the electric field of 0.25

10 kV/cm with the frequency of 10 Hz are shown in Fig. 5. 0.20

With the doping of BiAlO;, the d; increases from .

380 pC/N (x=0.50%) to 710 pC/N (x=2.25%) and the H Lo

increases from 10% (x=0.50%) to 17% (x=2.25%). Thus, ;E; 0.10

the optimum properties are found in the MPB

composition at x=1.75%, with H=15% and d; = 699 pC/N. 0.05

x=1.75% y

The composition at possesses a high
electric-field induced strain and has the advantages of small
dielectric loss and small strain hysteresis, making it as an
excellent material for piezoelectric actuators'*'),
Temperature characteristics of unipolar strain loops of
the x=1.75% composition measured at the electric field

of 30 kV/cm and the frequency of 10 Hz are shown in
Fig. 6. It is found that the value of d; increases at first
and then decreases with the temperature increasing.
However, d; changes slightly from ~725 pC/N to

~755 pC/N with the increase of temperature and the rate
of temperature change is only 4%. The phenomenon is
attributed to high 7¢ which is up to 312 °C. This result
suggests that the temperature stability of these ceramics
is excellent.

0.08
—=— 0.50%
0.07F —— 0.75%
—— 1.00%
006 —v— 1.25%
—— 1.50%
0.05F —<«— 1.75%

004l o 200%

0.03
0.02
0.01

Strain / %

0 2 4 6 8 10
E/(kV-cm™)

Fig. 5 Unipolar strains-electric (S-E) fields of (1-x)PSZT-
xBA-0.2Mn (x=0.50%-2.25%)

0 5 10 15 20 25 30
E/(kV-em™)

Fig. 6 Unipolar strains-electric (S-E) fields of (1-x)PSZT-

xBA-0.2Mn ceramics (x=1.75%) (30kV/cm, 10Hz)

3 Conclusion

BiAlO; doped PZT ceramics with the composition
(1=x)(Pbq.95St0.,05)(Tig 53210 47)O3-xBiAl03-0.2Mn near the
morphotropic phase boundary (MPB) structure show
excellent high piezoelectric properties and low electric
field-strain hysteresis. All ceramics showed pure
perovskite structures and they are identified as located in

the morphotropic phase boundary (MPB) of this system.
In these ceramics, the (Mnp; — V) defect dipoles

hinder the domain rotation under electric field and the
rotated domains revert to the initial state quickly after
removing the electric field. With the increase of BiAlO;
content, there would be more Bi’" to promote domain
rotation, which causes the ceramics exhibit higher
piezoelectric properties (k, and ds;). The best strain
performance is achieved at x=1.75%, in which the
relative strain reaches 0.07%, and the hysteresis is only
15% at 10 kV/cm. Meanwhile, the ceramic has good
temperature stability, which is attributed to the high
Curie temperature of the ceramic. Our results show that
the ceramics at x=1.75% can be used as a piezoelectric
actuator, which has the performance of high piezoelectric
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properties and low electric field- strain hysteresis. Pb(Z105:Tio45)O0s-(Bis2sLag75)Tiz01,  ceramics.  Current  Applied
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