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ABSTRACT
Ba(Cu0.5W0.5)O3 (BaCW)-doped (1−x)Pb(Zr0.5Ti0.5)O3–x(Bi0.5Na0.5)ZrO3 [(1−x)PZT–
xBNZ, x = 0.025–0.1] ceramics were prepared by solid-state reaction method. Low-
temperature sintering is realized at around 1000 °C sintering temperature due to 
adding BaCW sintering aid and (Bi0.5Na0.5)ZrO3 (BNZ) second component. All 
low-temperature sintered BaCW-doped (1−x)PZT–xBNZ ceramics exhibit pure 
perovskite structure, in which the structure changes successively from tetragonal, 
across morphotropic phase boundary (MPB) and to rhombohedral with increas-
ing the BNZ content. All samples have large density, high resistivity, and rather 
uniform morphology with decreased grain size. All ceramics present apparent 
relaxation characteristic, and the MPB effect is confirmed by dielectric, ferro-
electric, and piezoelectric performance characterization, whereas extremum per-
formance appears at different compositions. High Curie temperature (TC) with 
acceptable piezoelectricity (d33) is obtained in the BaCW-doped (1−x)PZT–xBNZ 
system prepared by low-temperature sintering technique, i.e., the 1000 °C sintered 
2 wt% BaCW-doped 0.9PZT–0.1BNZ having d33 = 209 pC/N with TC = 281 °C, and 
0.95PZT-0.05BNZ having d33 = 151 pC/N with TC = 345 °C, which present broad 
application possibility in piezoelectric-related fields under extreme condition.

1 Introduction

Because of low Curie temperature (TC), inferior piezo-
electric performance, high sintering temperature, etc., 
of lead-free piezoelectric materials [1–3], Pb(Zr,Ti)O3 
(PZT)-based piezoelectric ceramics have still domi-
nated applications in piezoelectric components due 
to the superior comprehensive performance [4]. The 
progress in technology and society has triggered many 

novel application fields, such as metallurgy, aerospace, 
oil and gas exploration, in which extreme working 
condition requires high TC piezoelectric materials [5]. 
Due to the existence of depolarization phenomenon 
and low-temperature ferroelectric phase transition [6, 
7], safe working temperature of piezoelectric materi-
als is far less than the corresponding TC temperature 
[8], which stimulates enthusiastic interest in searching 
high TC piezoelectric materials.
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Besides developing novel compositions [9–11], PZT 
still attracts our interest due to scale production, wide-
spread application, and cost considerations. Based on 
the study of morphotropic phase boundary (MPB), 
normally representing coexistence region of rhombo-
hedral phase and tetragonal phase [10], Pb(Zr0.5Ti0.5)
O3 was selected as matrix in this work, in which Ti 
content was slightly larger than the MPB region, and 
could increase TC temperature [12].

Pb(Zr0.5Ti0.5)O3 deviates from the MPB region 
slightly, its structure approaches tetragonal phase, 
and its electrical performance decreases but has  
slightly higher TC temperature, which requires further 
adjustment. Constructing MPB is still a useful method 
to increase electrical properties in developing novel 
ferroelectric materials [12–14], where (Bi0.5Na0.5)ZrO3 
was chosen as a second component in this work, which 
could also help decrease sintering temperature due to 
low melting point of Bi-based oxide [15]. (Bi0.5Na0.5)
ZrO3 is similar to the well-known (Bi0.5Na0.5)TiO3, 
in which Ti and Zr have similar outer electron orbit, 
and Zr will affect ion interaction force and polariza-
tion state due to difference of atomic orbital num-
ber [16–19]. Lv et al. studied the role of Bi0.5A0.5ZrO3 
(A = K, Na, Ag, and (Na0.82K0.18)) on the potassium 
sodium niobate (KNN) ceramics, and found that 
Zr4+ acted as a buffer, Bi3+ was an accelerator, and A+ 
acted as a stabilizer. The synergetic effects reduced 
the orthorhombic–tetragonal phase transition, pro-
viding a novel strategy to design phase boundary in 
KNN without destroying long-range ordering [17]. 
Then, pseudo-binary solid solution Pb(Zr0.5Ti0.5)
O3–(Bi0.5Na0.5)ZrO3 could be formed, and stabilized 
perovskite structure and improved electrical perfor-
mance could be anticipated.

Ceramic processing and physical performance have 
closed relationship [20], in which sintering tempera-
ture is very important for preparing lead-based ceram-
ics. The sintering temperature of preparing the PZT-
based piezoelectric ceramics is relatively high, usually 
1250 °C or above [21]. In a recent work reported by 
Lin et al., in order to obtain large transduction coef-
ficient and high TC temperature in PZT, the sintering 
temperature was still as high as 1180 °C to prepare the 
(Pb1 − xBix)((Zr0.53Ti0.47)1−xFex)O3 ceramics even though 
co-doped Bi2O3 and Fe2O3 [22]. Such high sintering 
temperature not only causes severe evaporation of Pb 
during sintering, leading to reduce phase purity and 
deteriorate electrical properties, but also endangers 
health and pollutes environment [23].

Low-temperature sintering technique provides a 
possibility to solve such dilemma. To realize low-tem-
perature sintering, besides adding low melting point 
second component, such as (Bi0.5Na0.5)ZrO3 [18, 19], 
and obtaining high sintering active precursor powder 
via liquid method [24–26], adding appropriate sinter-
ing aid is mostly used method and is very effective to 
decrease sintering temperature [27, 28]. Ba(Cu0.5Wu0.5)
O3 (BaCW) is a perovskite structure sintering aid and 
has been used in lead-free system [29, 30]. Wang 
et al. reported adding 0–6 mol% Ba(Cu1/2W1/2)O3 into 
the (Bi1/2Na1/2)TiO3 ceramics, and densified ceram-
ics were sintered at 1130 °C. The addition of BaCW 
facilitated poling process, and improved piezoelectric 
performance and decreased dielectric loss with minor 
impure phase were achieved at appropriate doping 
amount [29]. Li et al. investigated low-temperature 
sintering of the (Ba0.85Ca0.15)(Zr0.1Ti0.9)O3 ceramics by 
Ba(Cu0.5W0.5)O3 addition, and the sintering tempera-
ture was reduced from 1540 to 1350 °C. At small BaCW 
doping amount, sintering ability was improved, high 
piezoelectricity was retained, and the TC temperature 
was increased slightly [30].

In this paper, Ba(Cu0.5Wu0.5)O3 (BaCW) was used 
as sintering aid, which was expected that not only 
realized low-temperature sintering in the (1−x)
Pb(Zr0.5Ti0.5)O3–x(Bi0.5Na0.5)ZrO3 [(1−x)PZT–xBNZ] 
ceramics, but also affected crystal structure and elec-
trical performance due to the tetragonal perovskite 
structure of BaCW [29, 30]. This work would verify 
that BaCW could also promote sintering capability in 
lead-containing system. However, both BNZ second 
component and BaCW sintering aid could decrease 
sintering temperature and TC temperature simultane-
ously. Then, it was necessary to find a balance between 
increasing TC temperature to satisfy requirement of 
extreme condition application and decreasing sinter-
ing temperature to facilitate ceramic processing.

The strategy of adding Bi-based second component 
and BaCW sintering aid can decrease sintering tem-
perature, avoid evaporation of Pb, and save energy, 
presenting possibility to obtain high TC and high-per-
formance piezoelectric ceramics and prospect applica-
tion in multi-layer co-sintered ceramic industry where 
low-cost silver electrode was recommended first as 
inner electrode [31]. Therefore, low-temperature den-
sified sintering at around 1000 °C was realized in the 
(1−x)PZT–xBNZ system due to adding BNZ second 
component and BaCW sintering aid. The 1000 °C 
sintered 2 wt% BaCW-doped 0.95PZT–0.05BNZ and 
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0.9PZT–0.1BNZ ceramics have high TC temperature 
and acceptable piezoelectricity, presenting broad 
application prospect in high-temperature piezoelec-
tric-related fields under extreme condition.

2 �Experimental procedure

(1−x)Pb(Zr0.5Ti0.5)O3–x(Bi0.5Na0.5)ZrO3  [(1−x)
PZT–xBNZ, x = 0.025, 0.05, 0.075, 0.1) ceramics were 
prepared by low-temperature sintering technique 
using Ba(Cu0.5Wu0.5)O3 (BaCW) as sintering aid. High 
purity PbO, ZrO2, TiO2, Bi2O3, Na2CO3, BaCO3, CuO, 
and WO3 were used as raw materials. After fully dry-
ing, stoichiometric weighing, and well mixing, perovs-
kite precursor powder (1−x)PZT–xBNZ was prepared 
by calcining well mixed stoichiometrically weighed 
PbO, ZrO2, TiO2, Bi2O3, and Na2CO3 at 775 °C for 2 
h, and perovskite sintering aid BaCW was prepared 
by calcining well mixed stoichiometrically weighed 
BaCO3, CuO, and WO3 at 870 °C for 2 h, separately. To 
fully utilize promoting sintering effect of sintering aid, 
BaCW was added into the calcined (1−x)PZT–xBNZ 
precursor powder before granulation and pressing 
into circular green pellets. In order to achieve goal of 
1000 °C low-temperature sintering, 2 or 2.5 wt% cal-
cined BaCW powder was added. Such doping amount 
was selected since when the BaCW doping amount 
was too low, the sintering temperature could not be 
decreased to around 1000 °C; when the BaCW doping 
amount was too large, the dielectric loss was unac-
ceptable large. Sintering process was undertaken at 
sintering temperature of 980–1010 °C and soaking time 
of 2 h, after separate burning out of polyvinyl alcohol 
binder at 600 °C for 2 h.

Crystal structure and free-surface morphology were 
characterized by Rigaku D/max-2500/PC X-ray diffrac-
tometer (XRD) and JEOL JSM-6510 scanning electron 
microscopy (SEM), respectively, using well-ground 
BaCW-doped (1−x)PZT–xBNZ ceramics. High-temper-
ature silver electrode was formed by manually coated 
with silver paste and fired at 850 °C for 0.5 h. Based 
on which, room-temperature resistance was measured 
using Agilent 4339B Meter, dielectric performance-
temperature relationship was measured by Partulab 
HDMS-1000 measurement system, room-temperature 
ferroelectric properties were measured using Radiant 
Precision Premier LC II, and piezoelectric properties 
were measured by ZJ-6 A meter and TH2826 LCR 

Meter after poling in silicone oil for 1 min at room 
temperature under several electric field [32].

3 �Results and discussion

3.1 �Structure change and density analysis

In this work, (1−x)PZT–xBNZ composition and 
BaCW doping amount are 2 studied variables, and 
sintering temperature no higher than 1000 °C with 
acceptable densification is pursued goal. Based 
on preliminary experiments, 2 and 2.5 wt% BaCW 
doping amount are selected, and the influence on 
sintering behavior of 0.975PZT–0.025BNZ and 
0.95PZT–0.05BNZ is analyzed by XRD measure-
ment as shown in Figs. 1 and 2. All sintered ceramics 

Fig. 1   XRD patterns of BaCW-doped 0.975PZT–0.025BNZ 
ceramics sintered at low temperatures. a 2 wt% BaCW doping; b 
2.5 wt% BaCW doping
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present pure perovskite structure, showing that BNZ 
second component and BaCW sintering aid can sta-
bilize perovskite structure, form complete solid solu-
tion, and realize low-temperature sintering, partially 
relating to being perovskite structure for both BNZ 
and BaCW. All BaCW-doped 0.975PZT–0.025BNZ 
and 0.95PZT–0.05BNZ ceramics present crystal struc-
ture dominated by tetragonal phase, in which most 
diffraction reflections, including {100}, {110}, {200}, 
{210}, {220}, and {310}, show apparent doublet peaks. 
With the increase of BaCW doping amount and sin-
tering temperature, although overall XRD patterns 
remain basically unchanged, the doublet splitting 
and peak intensity ratio change slightly but have 
no straightforward change trend. Therefore, the 2 
and 2.5 wt% BaCW-doped 0.975PZT–0.025BNZ and 
0.95PZT–0.05BNZ ceramics sintered between 980 

and 1010 °C have tetragonal phase dominant crystal 
structure.

The influence of (1−x)PZT–xBNZ composition 
on crystal structure is studied further as shown 
in Fig. 3. For x = 0.075 and x = 0.1 compositions, 2 
wt% BaCW is added and sintering temperature of 
1000 °C is utilized based on analyzing density data 
of the former samples. The diffraction peaks of all 
ceramics are indexed according to standard material 
Pb(Zr0.44Ti0.56)O3 with PDF card 50-0346. All 2 wt% 
BaCW-doped (1−x)PZT–xBNZ ceramics still exhibit 
pure perovskite phase without detectable impurity. 
Combined Figs. 1, 2, and 3 it can be seen, with the 
increase of BNZ content x, diffraction reflections 
and peak intensity ratio change gradually for all the 
1000 °C sintered ceramics. For the x = 0.025 sample, 
almost all diffraction peaks show doublet splitting 
peaks, showing mainly tetragonal phase structure. 
When x = 0.05, the high 2θ angle diffraction peaks 
tend to be broad and singlet peak, showing the 
appearance of rhombohedral phase in tetragonal 
matrix. When x = 0.075, most diffraction peaks are 
broad and singlet peak besides the {200} and {300} 
peaks, revealing that rhombohedral phase becomes 
main structure feature. For the 2 wt% BaCW-doped 
0.9PZT–0.1BNZ sample, most diffraction peaks 
exhibit sharp, symmetric, and singlet shape besides 
small broadened peaks {220} and {300}, approach-
ing pure rhombohedral phase. Such structure change 
mainly relates to tetragonal structure of Pb(Zr0.5Ti0.5)

Fig. 2   XRD patterns of BaCW-doped 0.95PZT–0.05BNZ 
ceramics sintered at low temperatures. a 2 wt% BaCW doping; b 
2.5 wt% BaCW doping

Fig. 3   XRD patterns of 1000 °C sintered 2 wt% BaCW-doped 
0.925PZT–0.075BNZ and 0.9PZT–0.1BNZ ceramics



J Mater Sci: Mater Electron (2023) 34:1970	 Page 5 of 15 1970

O3 and rhombohedral structure of (Bi0.5Na0.5)ZrO3, 
and partially correlates with tetragonal structure 
of Ba(Cu0.5Wu0.5)O3 [12, 18]. XRD characterization 
confirms successful construction of MPB in the (1−x)
PZT–xBNZ ceramics prepared by low-temperature 
sintering, which is expected to present enhanced 
electrical properties due to the MPB effect [33].

Based on Jade full XRD pattern refinement, cell 
parameters are calculated according to tetragonal 
and rhombohedral phase, respectively, depending on 
composition as shown in Tables 1 and 2, combining 
with density measured by water immersion method. 
Density is an important parameter for piezoelectric 
materials, and high densification normally predicts 
excellent electrical performance [34]. For the studied 
compositions, cell volume and density increase first 
and then decrease with elevating sintering tempera-
ture, exhibiting maximum densification at sintering 
temperature of 1000 °C. Adding 2 wt% BaCW sinter-
ing aid is appropriate, where adding smaller or larger 
amount sintering aid cannot reduce sintering tem-
perature adequately or maximum relative density is 
less than 90%. BNZ also promotes sintering, and the 
largest relative density reaches 96.81% for the 2 wt% 
BaCW-doped 0.95PZT–0.05BNZ ceramics sintered at 
1000 °C. The densification is larger than 93% for the 
x = 0.075 and x = 0.1 samples, whose optimized sinter-
ing temperature may be reduced to below 1000 °C due 
to more BNZ content in the (1−x)PZT–xBNZ system 
[35].

3.2 �SEM morphology and grain size 
distribution

Sintering mechanism and morphology characteristics 
were studied by SEM observation as shown in Fig. 4 
using the sample with largest relative density as an 
example. Although there are some pores-like position, 
due to free surface used for the SEM measurement, 
density measurement and performance characteriza-
tion are not influenced since ceramics are ground and 
polished. Even sintered at low sintering temperature 
of 1000 °C, grains grow well, producing clear grain 
boundary, intact densification, and rather uniform 
micro-morphology. Due to adding BNZ second com-
ponent and BaCW sintering aid, liquid-phase sintering 
mechanism plays major densification role in BaCW-
doped (1−x)PZT–xBNZ sintering process since most 
grains have deformed spherical shape, and there is 
over-fusion phenomenon as shown by red circle in Ta
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Fig. 4a [35]. Most grains have grain size of 1.5–2.1 μm, 
and the average grain size is 2.21 μm, exhibiting nar-
row grain size distribution. Such grain size is rather 
small, relating mainly to low-temperature sintering, 
as compared with several to over ten micrometers for 
the Pb-based piezoelectric ceramics sintered normally 
above 1250 °C [4].

3.3 �Resistance and dielectric performance

High insulation is fundamental requirement for elec-
trical-related application [30]. As shown in Tables 1 
and 2, all BaCW-doped (1−x)PZT–xBNZ ceramics have 
high resistivity, being larger than 109 Ω cm, which 
are expected to exhibit excellent electrical properties. 
On the whole, resistivity of the 2 wt% BaCW-doped 
ceramics is normally larger than that of the 2.5 wt% Ta
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Fig. 4   SEM photo (a) and grain size statistics (b) of 2 wt% 
BaCW-doped 0.95PZT–0.05BNZ ceramics sintered at 1000 °C
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BaCW-doped ceramics, partially relating to the den-
sity change. With elevating sintering temperature, 
resistivity shows change trend of first increasing 
and then decreasing, but is not coincidence with the 
change sequence of relative density. As for the influ-
ence of composition, for 2 wt% BaCW doping amount 
and same sintering temperature, resistivity increases 
with the increase of x value, reaches maximum value 
at x = 0.05, and then decreases 1–2 magnitude order, 
respectively, with further increasing the BNZ content 
to 0.075 and 0.1. The 1000 °C sintered 2 wt% BaCW-
doped 0.95PZT–0.05BNZ ceramics have the largest 
resistivity, being 1.6314 × 1011 Ω cm. Such complicated 
resistivity variation relates to many factors, such as 
composition heterogeneity, density and porosity dif-
ference, microstructural morphology, point defects, 
etc. [32].

For extreme condition application, high TC temper-
ature is urgently required. Figure 5 shows dielectric 
properties versus temperature relationship of the 2 
wt% BaCW-doped (1−x)PZT–xBNZ ceramics sintered 
at 1000 °C. For ferroelectrics, spontaneous polariza-
tion Ps decreases with the increase of temperature, 
and ferroelectric phase transition occurs at the TC 
temperature at which the Ps value normally decreases 
to zero accompanied by the appearance of maximum 
dielectric constant εm peak [36]. In this work, the 
ferroelectric phase to paraelectric phase transition 
is from mainly tetragonal phase, MPB, and mainly 
rhombohedral phase with elevating the BNT content, 
to cubic phase. With the increase of BNZ content, die-
lectric peak changes from narrow to wide shape, TC 

decreases almost linearly from 354 to 280 °C accompa-
nied by decrease of εm from 14200.9 to 8227.6, and the 
2 wt% BaCW-doped 0.95PZT–0.05BNZ sample pre-
sents excellent dielectric performance, corresponding 
well with the structure change from mainly tetragonal 
phase, across MPB region, and to mainly rhombohe-
dral phase, and revealing the MPB effect [12]. The 
increased difference between TC and the temperature 
of dielectric loss tanδ maximum indicates the increase 
of relaxation degree [16].

Figure 6 compares temperature-dependent dielec-
tric performance at 10 kHz of the 2 and 2.5 wt% BaCW-
doped 0.975PZT–0.025BNZ and 0.95PZT–0.05BNZ 
ceramics, respectively. The sole dielectric peak cor-
relates with tetragonal or MPB ferroelectric phase to 
cubic paraelectric phase transition. Overall, the 1000 
°C sintered ceramics present best dielectric properties, 
relating to the largest relative density, besides the 1010 
°C sintered 2.5 wt% BaCW-doped 0.975PZT–0.025BNZ 
sample, relating to the largest dielectric loss [37]. The 
variation of TC temperature caused by different sin-
tering temperatures is less than 10 °C, but TC is all 
higher than 320 °C, showing prospect application 
in high-temperature and high-power piezoelectric-
related fields under extreme condition [4]. Particularly 
noteworthy is that TC has little change for the 2 wt% 
BaCW-doped 0.975PZT–0.025BNZ ceramics sintered 
at 980–1010 °C, all being around 350 ℃.

Figure  7 shows frequency-dependent dielectric 
properties of 2 wt% BaCW-doped (1−x)PZT–xBNZ 
ceramics sintered at 1000 °C. The relatively narrow 
dielectric peaks in BaCW-doped 0.975PZT–0.025BNZ 
relate to the mainly tetragonal perovskite structure, 
and the relatively wide dielectric peaks in BaCW-
doped 0.9PZT–0.1BNZ correlate with the mainly 
rhombohedral perovskite structure. Whether in nor-
mal ferroelectric state or in relaxor ferroelectric state, 
the dielectric frequency dispersion is very apparent 
around the TC temperature. Overall, the BaCW-doped 
0.95PZT–0.05BNZ ceramics show excellent dielectric 
properties, attributing to the MPB effect [12].

Combined Figs. 5, 6, and 7, it can be seen that die-
lectric loss tanδ increases sharply above the TC tem-
perature in all ceramics, especially at low frequency 
of 100 Hz. In piezoelectric materials, dielectric loss is 
mainly caused by polarization hysteresis loss under 
alternating current electric field, leakage current 
induced loss, and defects induced loss correlating 
with manufacturing process [38]. In this work, the 
third mechanism dominates the main cause of loss. 

Fig. 5   Temperature dependent dielectric performance at 10 kHz 
of 2 wt% BaCW-doped (1−x)PZT–xBNZ ceramics sintered at 
1000 °C
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Although low-temperature sintering is realized for 
preparing the BaCW-doped (1−x)PZT–xBNZ ceram-
ics, the evaporation of Pb2+ and Bi3+ is inevitable 
since the melting points of Pb and Bi oxides are still 
lower than the sintering temperature, resulting in 
formation of oxygen vacancy defects as shown below 
[9]:

Such generated oxygen vacancies exhibit typical 
thermal excitation and lossy-type conductivity charac-
teristic, resulting in sharp increase of leakage current 
and dielectric loss at high temperatures, especially 
above the TC temperature [9].

The frequency dispersion and relaxation character-
istic can be studied by dielectric performance fitting as 
shown in Fig .   8  using exponential  law 
1

�
−

1

�
m

=
(T −Tm)�

C
�

  [9, 39]. The dielectric behavior 
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O

above the TC temperature of all samples can be fitted 
well by the exponential law with high fitting accuracy, 
in which the fitted diffusive coefficient γ of all samples 
is larger than 1.7, showing high relaxation degree. 
With the increase of BNZ content, the γ value tends to 
increase, where BaCW-doped 0.95PZT–0.05BNZ has 
increased γ, relating to the complicated coexistence of 
multi-ferroelectric phases around MPB [12]. Such phe-
nomena show that all BaCW-doped (1−x)PZT–xBNZ 
ceramics have apparent relaxor characteristic what-
ever in tetragonal or rhombohedral structure, reveal-
ing complex influence of forming solid solution on 
dielectric relaxation characteristic. Important electrical 
properties are summarized in Tables 3 and 4.

3.4 �Ferroelectric and strain properties

Figure 9 compares influence of composition on fer-
roelectric performance, including polarization–elec-
tric field (P–E) hysteresis loops and strain–electric 
field (S–E) butterfly-like curves, of the 2 wt% BaCW-
doped (1−x)PZT–xBNZ ceramics sintered at 1000 °C. 

Fig. 6   Influence of sintering temperature on dielectric perfor-
mance–temperature relationship at 10 kHz of BaCW-doped 
(1−x)PZT–xBNZ ceramics. a 2 wt% BaCW-doped 0.975PZT–

0.025BNZ; b 2.5 wt% BaCW-doped 0.975PZT–0.025BNZ; c 2 
wt% BaCW-doped 0.95PZT–0.05BNZ; d 2.5 wt% BaCW-doped 
0.95PZT–0.05BNZ
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The normal change from narrow P–E loop to nearly 
rectangular P–E loop accompanied by the appearance 
of extremum values of remnant polarization Pr and 
coercive field Ec with changing composition across 
the MPB region is not observed [12]. All P–E hyster-
esis loops of the 1000 °C sintered 2 wt% BaCW-doped 
(1−x)PZT–xBNZ ceramics are rather saturate and have 
nearly rectangular shape, in which the Pr and Ec values 
show increase trend with increasing the BNZ content, 
and BaCW-doped 0.925PZT–0.075BNZ has the larg-
est Pr, proving that MPB is not composition point but 
has composition region [10, 13, 14, 33]. BaCW-doped 
0.95PZT–0.05BNZ has the largest positive strain and 
BaCW-doped 0.9PZT–0.1BNZ shows the largest nega-
tive strain at 25 kV/cm, and the S–E curves are rather 
symmetric, also reflecting the complex relationship 
between structure and performance in solid solution.

Influence of sintering temperature on ferroelec-
tricity is shown in Fig. 10. For the 2 wt% BaCW-
doped samples, sintering temperature affects 
ferroelectric performance greatly for both the 
0.975PZT–0.025BNZ and 0.95PZT–0.05BNZ compo-
sitions, in which the P–E loops change from narrow 

to nearly rectangular shape accompanied by great 
increase of the Pr and Ec values with elevating sinter-
ing temperature. As comparison, S–E performance 
is affected less besides the 2 wt% BaCW-doped 
0.95PZT–0.05BNZ, especially for the 2.5 wt% BaCW-
doped 0.975PZT–0.025BNZ and 0.95PZT–0.05BNZ 
ceramics, almost having no change as sintering 
temperature increasing. On the whole, maximum 
positive strain is larger than maximum negative 
strain for all samples. Slight asymmetry and small 
breach exist in the P–E loops, correlating with fric-
tional resistance-induced energy loss, which is nor-
mally caused by polarization rotation, domain wall 
motion, and especially point defects as discussed 
above in this work [4, 37].

3.5 �Piezoelectric properties

Figure  11 shows piezoelectric constant d33  poling 
electric field relationship of 2 wt% BaCW-doped 
(1−x)PZT–xBNZ ceramics sintered at 1000 °C. For 
all samples, the d33 values increase almost linearly 
with the increase of poling electric field. At 2 wt% 

Fig. 7   Influence of frequency on dielectric performance–temperature relationship at 10 kHz of 2 wt% BaCW-doped (1−x)PZT–xBNZ 
ceramics sintered at 1000 °C. a 0.975PZT–0.025BNZ; b 0.95PZT–0.05BNZ; c 0.925PZT–0.075BNZ; d 0.9PZT–0.1BNZ



	 J Mater Sci: Mater Electron (2023) 34:19701970 Page 10 of 15

Fig. 8   Exponential law fitting of dielectric characteristic for 2 wt% BaCW-doped (1−x)PZT–xBNZ ceramics sintered at 1000 °C at 10 
kHz. a 0.975PZT–0.025BNZ; b 0.95PZT–0.05BNZ; c 0.925PZT–0.075BNZ; d 0.9PZT–0.1BNZ

Table 3   Important dielectric properties, and piezoelectric performance poled under 25 kV/cm of 2 wt% BaCW-doped (1−x)PZT–xBNZ 
ceramics sintered at low temperatures

Composition Sintering 
temperature 
(°C)

εm (100 Hz) Tm (°C, 
100 Hz)

εm (2 MHz) Tm (°C, 
2 MHz)

ΔT (°C, 100 
Hz-2 MHz)

Diffuseness 
coefficient (γ, 10 
kHz)

d33 (pC/N) Kp Qm

x = 0.025 980 12,997 355 8185 357 2 1.859 78 0.114 111.1
990 14,761 355 8996 355 0 1.737 106 0.199 76.5

1000 24,047 354 11,012 354 0 1.764 103 0.168 71.2
1010 35,889 351 9518 350 − 1 1.651 120 0.203 72.4

x = 0.05 980 7856 348 4852 349 1 1.921 43 0.111 111.1
990 8870 349 5562 350 1 1.811 45 0.093 155.2

1000 24,592 345 9546 345 0 1.847 151 0.221 79.4
1010 30,454 335 9174 333 − 2 1.710 159 0.221 78.5

x = 0.075 1000 10,598 306 6917 306 0 1.727 121 0.234 52.4
x = 0.1 1000 12,972 281 7434 282 1 1.821 209 0.191 45.1
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BaCW doping amount sintering aid and same sin-
tering temperature, 0.9PZT–0.1BNZ presents extra-
large piezoelectricity of d33 = 209 pC/N, whose TC is 
only 281 °C. The relatively large d33 of 151 pC/N for 
0.95PZT–0.05BNZ also attributes to the MPB effect [10, 
33], whose TC is high as 345 °C.

Figure 12 shows the influence of sintering temper-
ature on piezoelectric performance for 2 systems of 
BaCW-doped (1−x)PZT–xBNZ ceramics. Overall, the 
2.5 wt% BaCW-doped samples have higher d33 value 
as compared with the 2 wt% BaCW-doped samples 
with same (1−x)PZT–xBNZ composition. Higher 
sintering temperature tends to induce larger piezo-
electric constant, but the difference becomes almost 
negligible at higher poling electric field of 25 kV/cm, 
besides the 2 wt% BaCW-doped 0.95PZT–0.05BNZ. 

Under 25 kV/cm poling electric field, the 1010 °C sin-
tered 2.5 wt% BaCW-doped 0.975PZT–0.025BNZ 
ceramics achieve the largest d33 value of 163 pC/N. 
The complicated change of piezoelectricity with 
composition, sintering temperature, and poling 
electric field partially relates to uniformity change 
of ceramics caused by sublimation of Pb and Bi dur-
ing sintering [9, 26].

Figure 13 shows impedance and phase angle reso-
nance curves using the 1000 °C sintered 2 wt% BaCW-
doped (1−x)PZT–xBNZ ceramics poled under 25 kV/
cm as examples. All curves have excellent resonant 
and anti-resonant characteristics, providing effective 
energy conversion between mechanical energy and 
electrical energy. Based on Fig. 13 and according to 

formulae K
p
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√

f
p
− f

s

f
s

× 2.33 and Q
m

=
f
2

p
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⋅R(f 2
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[26], electromechanical coupling coefficient Kp and 
mechanical quality factor Qm are obtained as shown 
in Tables 3 and 4. Overall, higher density samples have 
larger Kp. The phase angle θ is normally less than 50°, 
showing possibility to improve poling effect by other 
poling techniques, such as alternating current poling 
[40]. The Qm value is around several dozens or slightly 
larger than 100, being typical soft piezoelectric materi-
als, and relating to generation of oxygen vacancies due 
to evaporation of Pb and Bi during sintering [9, 26]. 
The high TC temperature combined with acceptable 
piezoelectric performance studied in the (1−x)
PZT–xBNZ system prepared by low-temperature sin-
tering via adding BaCW sintering aid shows prospect 
application in extreme high-temperature piezoelectric-
related fields. 

Table 4   Important dielectric properties, and piezoelectric performance poled under 25 kV/cm of 2.5 wt% BaCW-doped (1−x)PZT–
xBNZ ceramics sintered at low temperatures

Composition Sintering 
temperature 
(℃)

εm (100 Hz) Tm (°C, 
100 Hz)

εm (2 MHz) Tm (°C, 
2 MHz)

ΔT (°C, 100 
Hz-2 MHz)

Diffuseness 
coefficient (γ, 10 
kHz)

d33 (pC/N) Kp Qm

x = 0.025 980 13,293 345 9399 346 1 1.807 146 0.187 87.2
990 17,821 343 9389 345 2 1.753 159 0.204 86.3

1000 21,904 346 8677 347 1 1.768 157 0.207 97.7
1010 50,434 350 10,350 350 0 1.630 162 0.184 97.9

x = 0.05 980 9387 317 6031 317 0 1.831 151 0.187 72.8
990 16,362 323 5199 321 − 2 1.792 152 0.167 79.9

1000 31,956 332 8044 330 − 2 1.654 154 0.205 80.4
1010 20,617 322 6100 320 − 2 1.707 154 0.188 87.4

Fig. 9   P–E hysteresis loops and S–E curves of 2 wt% BaCW-
doped (1−x)PZT–xBNZ ceramics sintered at 1000 °C
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4 �Conclusions

Low-temperature densified sintering was realized 
in the (1−x)PZT–xBNZ system at around 1000 °C 
sintering temperature due to adding BNZ second 
component and BaCW sintering aid. All sintered 
BaCW-doped (1−x)PZT–xBNZ ceramics present 
pure perovskite structure, which changes from 
mainly tetragonal phase, across MPB region and 
to mainly rhombohedral phase with increasing the 
BNZ content. High density ceramics are obtained at 
low sintering temperature, which present decreased 
grain size, narrowed grain size distribution, and 
enhanced homogenous morphology, mainly relat-
ing to low-temperature sintering. The 2 wt% BaCW-
doped 0.95PZT–0.05BNZ ceramics sintered at 1000 
°C achieve the largest relative density of 96.81%. 
All BaCW-doped (1−x)PZT–xBNZ ceramics have 

Fig. 10   Relationship of piezoelectric constant d33 versus poling electric field of 2 wt% BaCW-doped (1−x)PZT–xBNZ ceramics sin-
tered at 1000 °C

Fig. 11   Poling electric field-dependent piezoelectricity of 
BaCW-doped (1−x)PZT–xBNZ ceramics sintered at low tem-
peratures
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high resistivity larger than 109 Ω cm, and the MPB 
effect is confirmed in dielectric, ferroelectric, and 
piezoelectric properties. The 1000 °C sintered 2 wt% 
BaCW-doped 0.95PZT–0.05BNZ ceramics have the 
largest resistivity of 1.6314 × 1011 Ω cm. All samples 
have apparent relaxation characteristic whatever 
in tetragonal or rhombohedral structure, and the 
diffusive coefficient γ increases with elevating the 
BNZ content, revealing complex influence of form-
ing solid solution on electrical properties. The 1000 
°C sintered 2 wt% BaCW-doped (1−x)PZT–xBNZ 
ceramics have rather saturate and nearly rectan-
gular shape P–E loops, in which the Pr and Ec val-
ues show increase trend with increasing the BNZ 

content. The 1000 °C sintered 2 wt% BaCW-doped 
0.9PZT–0.1BNZ has d33 = 209 pC/N with TC = 281 °C 
and 0.95PZT–0.05BNZ has d33 = 151 pC/N with TC = 
345 °C. The low-temperature sintered BaCW-doped 
(1−x)PZT–xBNZ ceramics exhibit broad application 
prospect in high-temperature piezoelectric-related 
fields due to the high TC temperature and acceptable 
piezoelectric performance.
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