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Abstract

Lead-free transmittance electro-optic ceramics (1 -x)(Ky sNag 5)NbO;-xBa(Zn, ,3Nb,,3)O; (x = 0.03, 0.05, 0.07, 0.08,
0.09 and 0.11) (KNN-BZN) were prepared with the solid-state reaction technique. The effects of Ba(Zn;/3Nb,/3)O3
dopant content on the microstructure, phase transition, optical property, and electrical properties were studied
systematically. The X-ray-diffraction and Raman spectroscopy results indicated that for KNN-BZN ceramics with
increasing BZN content, the crystal structure transforms from the orthorhombic phase into the pseudo-cubic phase
and finally to the tetragonal phase. The KNN-BZN ceramics (0.05 mm thickness) with x = 0.07 exhibited the highest
transmittance of 43.00 % in the visible spectrum, which was due to the high relative density, low porosity, uniform
microstructures, and high symmetry of the pseudo-cubic structure. Moreover, &, tand, P, and E_ are 975.9, 0.02,
2.231pC/ecm? and 9.82 kV/cm, respectively. All of the above demonstrated that the KNN-xBZN ceramics could be

promising lead-free transparent piezoceramics.
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I. Introduction

Compared with metal materials, traditional ceramic ma-
terials have good thermal stability, corrosion resistance
and wear resistance 1. However, in some special fields,
such as optical computers, electronic information tech-
nology, and national defense and military applications,
traditional ceramics are often not viable. Therefore, re-
searchers have turned their attention to transparent ce-
ramic materials. Transparent ceramics can be divided in-
to transparent ferroelectric ceramics, transparent scintil-
lating ceramics, transparent infrared ceramics, and trans-
parent laser ceramics according to their different func-
tions 2. Among transparent ferroelectric ceramics, only a
few can be used commercially at present. Haertling and
Land first prepared La-doped lead zirconate titanate ce-
ramics [(Pby_La )(ZryTiy_y)1_/4O3 (PLZT)] by means
of hot-pressing sintering. PLZTs are good relaxation fer-
roelectrics that exhibit large quadratic photoelectric cou-
pling coefficients, so they are widely used in the manu-
facturing of anti-strong-radiation goggles 3:4. PLZTs can
also be used as rarefied ferroelectric ceramics for opti-
cal storage, showing a linear photoelectric coupling ef-
fect. (1 —X)Pb(Mg1/3Nb2/3)03—XPbTIO3(O1 < X< 035)
and (1 —x)Pb(Zn1/3Nb2/3)03—beTiO3(O.l5< x< 035)
have been developed and put into commercial use in re-
cent years 5 6. Both of these ceramics are relaxation ferro-
electrics with perovskite structure, which exhibit a strong
quadratic photoelectric coupling effect. However, since
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the content of lead oxide — a toxic and volatile substance —
is up to 60 %, this leads to an irreversible impact on hu-
man health and the ecological environment in the process
of production and use. Owing to the increasing awareness
of environmental protection, researchers have turned their
attention to lead-free piezoelectric transparent ceramics.
Sodium potassium niobate (KNN) lead-free piezoceram-
ics are one of the potential candidates that has been studied
indepth7-12,

The main factors affecting transparent ferroelectric ce-
ramics include the raw materials, sintering process, pores,
surface finish, and crystal structure. From the perspective
of crystal structure, the high symmetry of ceramic mate-
rials having a cubic structure makes it easier for materi-
als to exhibit transparency 13,14, A previous study showed
that doped ions enter the KNN lattice, and the orienta-
tion and form of lattice distortion are different due to the
differences in occupying position and ion radius 13,16, An
oxygen octahedron expands by replacing B-site ions of the
KNN lattice with larger ions or ion groups, and the lattice
collapses towards the center of oxygen octahedron by re-
placing A-site ions of the KNN lattice with smaller ions or
ion groups. Under the joint action of the two, the O-phase
of the KNN lattice evolves toward the R phase. Moreover,
it is well known that ABO; materials are ferroelectrics
of perovskite type exhibiting a relaxor-type diffuse phase
transition. Therefore, based on consideration of the above
factors, Ba(Zny,3Nb,/3)O5 was doped in_the KNN ce-
ramics, and Ba?*(1.35 A) and Zn2*(0.74 A) are suitable
forintroduction into K+(1.33 A) and Nb>+(0.7 A), respec-
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tively. In addition, effects of Ba(Zn;,3Nb,,3)O3 content
on the phase transition, microstructure, optical proper-
ties, and electrical properties of (1 —x)(Kg5Nag 5)NbO3-
xBa(Zn;/3Nb,/3)O3 ceramics were investigated in detail.

II. Experimental Procedures

(1 —x)(Ko5Nag5)NbO3-xBa(Zn;/3Nb,/3)O5 (KNN-
BZN, x= 0.03, 0.05, 0.07, 0.08, 0.09 and 0.11) ceram-
ics were prepared using an ordinary sintering method.
The starting powders were Na,COj3 (99.9 %), K,CO;4
(99.9 %), Nb,05(99.95%), BaCOs (99 %), and ZnO,
(99 %). The raw materials were first dried in a vacuum
oven at 80°C for 5h to remove absorbed moisture. The
mixed KNN-BZN powders were ball-milled with ethanol
using zirconia ballsfor 10 hand then pre-sintered at 800 °C
for 3 h. After calcination, all the powders were ball-milled
again with ethanol for 10h and then pressed into disk
samples with a PVA binder at 300 MPa; the diameter of
the disk samples was 15 mm. The samples were then sin-
tered at 1180°C for 6—8h in air. Before measurement,
all the obtained ceramics were thinned to a thickness of
~0.5 mm and polished to make both the surfaces smooth.
Silver electrodes were fired at 800 °C for 10 min on the top
and bottom surfaces of the sintered samples. The ceram-
ics were poled under a DC field of 3 -4 kV/mm at 90°C
in silicon oil for 15 min. Microstructures were examined
with scanning electron microscopy (SEM, JSM-6700F).
Crystalline structures were characterized by means of X-
ray diffraction (XRD) analysis with Cu Ka radiation (X’
Pert PRO X-ray). Raman spectra (LabRAM HR Evolu-
tion) were recorded in order to characterize the crystal
structure. The optical transmittance of the samples was
measured by means of ultraviolet-visible-near-infrared
(UV-vis-NIR) spectroscopy (PE Lambda950). The rela-
tive permittivity €, and loss tangent tand were measured
as a function of temperature using an impedance analyzer
(Agilent E4980A). Room-temperature polarization-elec-
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tric field (P-E) loops were measured with a ferroelectric
tester (aixACCT TF200) at 1 Hz.

III. Results and Discussion

The XRD patterns of the (1 -x)KNN-xBZN transpar-
ent ceramics are shown in Fig. 1. It can be concluded that
the ceramic crystal structures of different compositions
are perovskite structures. To further observe the change in
crystal structure, the diffraction peaks between 30° - 34°
and 44°- 48° were amplified. It can be found that with
increasing BZN content, the diffraction peak at approxi-
mately 46° changes from the (002) and (020) double peaks
that exhibit the left peak is low and the right peak is high
relative to the single (200) peak, and then shift for the
(200)/(002) doublet exhibiting that the left peak is high and
the right peak is low. Moreover, when x = 0.07, the unit-
cell parameters a=3.95662, c = 3.939954, and the a/c val-
ue is close to 1, indicating that the phase transition of the
KNN-BZN ceramics first changes from the orthorhom-
bic phase to the pseudo-cubic phase, and then changes
from the pseudo-cubic phase to the tetragonal phase. The
diffraction peak at approximately 32° in the figure tends
to shift toward a small angle with increasing BZN content,
which can be considered an increase in the lattice constant
owing to doping 17.

In addition to observation of the changes in ceramics
structure by means of XRD, Raman spectroscopy can be
used to analyze the phase composition of different mate-
rials based on their specific Raman spectra. The Raman
spectra of ceramics with different BZN contents measured
at room temperature are shown in Fig. 2(a). It can be seen
from the figure that KNN-BZN and pure KNN ceramics
have similar Raman spectra in the range 200—1000 cm-1.
The vibration modes of the NbOg oxygen octahedron in
the figure are expressed as 1A 4(T1) + 1Ey(T,) + 2F (13,
T4) + Fp4(T5) + Fpu(Te) (Tis the %requency band,and A,
Eo, Fiy Fpgand Fy, represent different vibration modes%,
indicating that doped BZN enters the KNN lattice 8.
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Fig. 1: XRD patterns of (1-x)KNN-xBZN ceramics.
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Fig. 2: (a) Raman spectra of (1-x)KNN-xBZN ceramics; (b) T; mode fitted using Gaussian-function modes. Raman shift and FWHM of (c) 14

and (d) T5 modes.

T represents the stretching vibration of the NbO oxygen
octahedron along the c axis and 15 represents the bending
vibration along the shear direction. To study the change
in the crystal structure of KNN-BZN ceramics, we per-
formed Gaussian fitting on T and T5. Fig. 2(b) shows the
results of T{ Gaussian fitting for KNN-0.03BZN, and the
corresponding frequency and full width at half-maximum
(FWHM) are counted, as shown in Fig. 2(c) and (d). The
results show that for (1 -x)KNN-xBZN ceramics, with in-
creasing BZN doping, the Raman shift of the Ay 4(t¢) vi-
bration mode shifts to the low frequency and then to high
frequency, while the F, ,(15) vibration mode shifts to low
frequency. Itis indicate(f that when the composition of the
ceramics in the system is between x = 0.05 and 0.08, the lat-
tice stretches along the ¢ axis caused by the B-site doping
and the pseudo-cubic phase appears. When x> 0.08, the
amount of Ba2+ substituted for the A-site 1on increases,
and the large electro-negative A-site ion induces a larger
molecular field, resulting in the collapse of the lattice along
the shear direction. At this time, the tetragonal phase ap-
pears, which is consistent with the previous XRD analysis.
For the FWHM, the T; and 15 mode becomes broader be-
cause of BZN doping. It can be considered that the crys-
tallinity and doping affect the dynamic coupling of the vi-
bration modes of the oxygen octahedron.

The natural surface morphology of the KNN-BZN ce-
ramics with different concentrations was measured by
means of SEM as shown in Fig. 3. It can be seen from the
figure that whenx =0.03,0.05 and 0.07, (1 —-x)KNN-xBZN
ceramics have clear grain boundaries and grain stacking
growth. When x > 0.08, voids are formed, the compactness
decreases, and the grain boundaries are blurred. In addi-
tion, the grain size of the ceramic samples are obviously
component-dependent. As the doping content increases,
the grain size of the ceramic sample changes significantly,
and the grain size is not uniform. To observe the distribu-
tion of doped elements in ceramics, the distribution of ele-
ments in KNN-0.05BZN ceramics was characterized. As
shown in Fig. 4, all doped elements are evenly distribut-
ed in the ceramics without segregation, indicating that all
doped ions enter into the KNN lattice.

The effect of BZN content on the grain-size distribu-
tion and relative density was further studied. Fig. 5 shows
the average grain size and relative density of KNN-BZN
ceramics with the change of BZN content. It can be seen
from the figure that the average grain size of ceramics first
decreases rapidly and then decreases slowly, while the
relative density first increases and then decreases. Gen-
erally speaking, when x= 0.07, the average grain size
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Fig. 3: SEM images of natural surface microstructures of (1-x)KNN-xBZN ceramics.
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Fig. 4: SEM images of (1-x)KNN-xBZN ceramics with x = 0.05 and corresponding element mapping.
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Fig. 5: Effect of grain size and relative density on the composition
x of (1-x)KNN-xBZN ceramics.

and relative density are the best, as are the optical proper-
ties of this component. One of the main reasons is that the
grain size is fine, and the density is good, so the light scat-
tering caused by pores is less. At this time, better trans-
parency can be obtained.

The KNN-BZN samples were polished to a thickness
of 0.5 mm, and then the samples were visually observed
and photographed, as shown in Fig. 6(a), which shows that
with increasing BZN content, the handwriting becomes
clear and then blurred again. When x = 0.07, the hand-
writingis clear, indicating that the 0.93KNN-0.07BZN ce-
ramic sample has the best transmittance. This is consistent
with the results obtained from the crystal structure, grain
size and relative density of the samples. Fig. 6(b) shows the
linear transmittances of all components at 1272 nm and
780 nm, representing the transmittances of each compo-
nent in the near-infrared and visible regions, respectively.
It can be seen that with increasing doping amount, the lin-
ear transmittance of ceramics in both the visible and near-
infrared regions first increases and then decreases, and
reaches the maximum at a doping amount of 0.07. How-
ever, it can be seen the maximum transmittance in the visi-
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ble regionis only 43 % (780 nm). Obviously, the doping of
BZN does not make the transparency of KNN-based ce-
ramics achieve our desired effect. Combined with the anal-
ysis of microstructure, this may be due to the uneven grain
size and unclear grain boundary of KNN-BZN composi-
tion series, which are not ideal and have an effect on linear
transmittance. However, compared with the linear trans-
mittance of pure KNN in the visible region of 20-30 %,
theintroduction of BZN improves the transmittance of ce-
ramics to a certain extent 19,

Fig.7 shows the dielectric temperature spectrum of
(1-x)KNN-xBZN ceramic samples. As observed, when
x=0.03 and 0.11, the peak of phase transformation from
the orthogonal phase to tetragonal phase occurs at 160 °C
and 180 °C, respectively. When x = 0.07, the peak of phase
transformation from the pseudo-cubic phase to cubic
phase can only be observed in the dielectric tempera-
ture spectrum, which indicates that the phase structure of
(1 -x)KNN-xBZN ceramics also changes with increasing
BZN content from the orthogonal phase to pseudo-cu-
bic phase, and eventually becomes the tetragonal phase,
which is consistent with the results obtained by means
of XRD and Raman spectroscopy. In addition, with in-
creasing BZN doping, the phase transition peak of the
ceramics has broadened — thatis the diffusion phase tran-
sition (DPT) — which is a kind of relaxation behavior
that is beneficial to improving the linear transmittance 20.
Moreover, the dielectric loss of all ceramicsis less than 2 %
between room temperature and 400 °C, which is advan-
tageous for improving the properties of ceramics. At the
same time, it can be found from Table 1 that the Curie tem-
perature 7 and dielectric constant of the sample have the
opposite trend. The Curie temperature first decreases and
then increases, and the dielectric constant first increases
and then decreases. In summary, the (1 -x)KNN-xBZN
ceramic system designed in the present work has the best
performance when x = 0.07, and the dielectric constant is
975.9.
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Fig. 6: Transmission spectra of (1-x)KNN-xBZN ceramics. (a) Transmittance of 0.93KNN-0.07BZN specimen and photographs (specimens
with x = 0.03, 0.05, 0.07, 0.08, 0.09 and 0.11 from left to right above the letters) in the inset. (b) Optical transmittance of (1-x)KNN-xBZN for

light at wavelengths of 1272 and 780 nm.
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Table 1 Permittivity and Curie temperature
of (1-x)KNN-xBZN ceramics

Fig. 7: Temperature and frequency dependence of dielectric permittivity and corresponding loss for (1-x)KINN-xBZN ceramics, (a) x = 0.03,

(b) x=10.07, and (c) x = 0.11.

According to Fig.7(b), we determined that 0.93KINN-
0.07BZN ceramics have relaxation characteristics. It is
well known that the normal ferroelectrics should obey the
Curie-Weiss law above the Curie temperature, the Curie-
Weiss formula is expressed as follows 21:

C
T Toy )
AT,=Tg-Ty 2
y
LLzﬁ 3)
€ €y C

where C is the Curie-Weiss constant, Ty the Curie-
Weiss temperature, 7g the Burns temperature (the start-
ing point for observing the Curie-Weiss law), and 7,
the temperature at which the maximum value of ¢, is
obtained. At the same time, the diffusion factor y is the
main parameter used to distinguish between normal fer-
roelectrics and ideally relaxing ferroelectrics. When y=1,
the material is a normal ferroelectric; when 1< y< 2, it
is a relaxation ferroelectric; and when y= 2, it is an ideal
relaxation ferroelectric. 7oy is obtained by fitting the re-
ciprocal of the dielectric constant of the sample at 1 MHz.
The relationship between the reciprocal of dielectric con-
stant (1/¢) and temperature is shown in Fig. 8(a). It can
be found that the ceramic materials studied do not fully
conform to the Curie-Weiss law, but can only be fully

satisfied at higher than a certain temperature. When 7>
T, the values of In(1/¢-1/¢,)) and In(7-T,,) at 1 MHz fre-
quency are expressed in coordinates, where In(1/e-1/¢,)
is the ordinate and In(7-T,) the abscissa. The calculation
results are shown in Fig. 8(b). After calculation and fit-
ting, ¥ =1.394£ 0.00741 is obtained, and it is found that
the ceramic is a typical relaxation ferroelectric.

Fig. 9(a) shows the P-E hysteresis loops of (1 -x)KNN-
xBZN ceramic samples measured at room temperature
and frequency is 1 Hz. As observed, with increasing BZN
content, the hysteresis loop turns from saturated to unsat-
urated, and finally has a tendency to saturated. When x =
0.07 and 0.08, the hysteresis loop is slender compared with
that of other components, which indicates that the electric
domain deflection of the component ceramics responds
more rapidly to the applied electric field, and the hystere-
sis decreases, which is consistent with the conclusion of
the dielectric temperature spectrum. It can be found from
Fig.9(b) that the residual polarization strength (P,) and
coercive field (E ) of the specimens decrease to their low-
estvaluesatx=0.08, thatis 1.477 pC/cm? and 8.28 kV/cm,
respectively. Because of the high symmetry of the pseudo-
cubic phase, the electric domain deflects under the stim-
ulation of a smaller external electric field, which reduces
P.and E, that is resistance of the ceramics to an external
electric field.
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IV. Conclusions can be helpful in the design and synthesis of other KNN-
_ based ceramics with high transmittance.
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