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Abstract: Biys(Nay ¢sKo2:Lig 10)0.5T11_<C0,05 lead-free perovskite ceramics (BNKLT—xCo, x = 0, 0.005, 0.010, 0.015 and 0.020) were fabric-
ated via the solid-state combustion technique. A small-amount of Co*" ion substitution into Ti-sites led to modification of the phase formation,
microstructure, electrical and magnetic properties of BNKLT ceramics. Coexisting rhombohedral and tetragonal phases were observed in all
samples using the X-ray diffraction (XRD) technique. The Rietveld refinement revealed that the rhombohedral phase increased from 39% to
88% when x increased from 0 to 0.020. The average grain size increased when x increased. With increasing x, more oxygen vacancies were
generated, leading to asymmetry in the bipolar strain (S—F) hysteresis loops. For the composition of x = 0.010, a high dielectric constant (&,,) of
5384 and a large strain (Sy,.) of 0.23% with the normalized strain (d§3) of 460 pm- V™" were achieved. The BNKLT-0Co ceramic showed dia-

magnetic behavior but all of the BNKLT-xCo ceramics exhibited paramagnetic behavior, measured at 50 K.

Keywords: BNKLT—xCo; dielectric; ferroelectric; strain; magnetic

1. Introduction

Pb-based ceramics have globally dominated the field of
electro-ceramics, because of their highly efficient elec-
tromechanical properties, which are widely used in actuators,
sensor and transducers. However, these ceramics possess
some serious drawbacks, because of the volatility of the tox-
ic PbO containing compounds during the sintering process in
Pb-based ceramics. The toxicity of synthesizing Pb-based
ceramics has raised environmental and health concerns [1-3].
Hence, it is essential to examine and develop other environ-
mentally friendly ceramics to replace Pb-based ceramics.

Recently, among many studied lead-free piezoelectric
ceramics, for future electronic devices, bismuth sodium titan-
ate (BigsNays)TiO; (BNT) ceramics are considered a poten-
tial candidate due to its high Curie temperature (540°C) and
large remanent polarization (P, = 38 uC-cm?) [4-5]. BNT
ceramics though are hard to pole because of its high coercive
field (E. = 73 kV-em™) and high electrical conductivity
[6-7]. To improve the electrical properties, new research has
concentrated on the search for a morphotropic phase bound-
ary (MPB) in BNT-based ceramics [§-9]. Sumang et al. [10]
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reported that the synthesis of the Bigs(Nag 3K 2:L10.10)05T103
system (BNKLT) by the combustion technique with a sinter-
ing temperature of 1025°C for 2 h, which led to a MPB com-
position. It was found that this ceramic exhibited a high
dielectric property (&,,) of 4340 and a high measured density
of 5.79 g-em™.

Generally, A and B-site acceptor-donor doping causes the
atoms to become off-centered and cause lattice distortions in
the unit cell, which produces a morphotropic phase boundary
(MPB) composition in the system. A number of BNT-based
solid solutions were prepared, aiming to obtain a MPB com-
position, such as (BiysNa5) TiO;—~(Biy 5Ky 5) TiO; (BNKT)[11],
Na, sBiysTiO;-BaTiO; (BNT-BT) [12] and (BiysNags)TiOs—
(Big5Kg5) Ti05—(K, sNay s)NbO; (BNT-BT-KNN) [13]. More
recently our group also observed that substitutions of a trans-
ition metal (Fe*) in B-sites [14] modified Bigs(Nao Ko
Lig0)05Ti,Fe,,O; (BNKLT-xFe) ceramics and formed a
MPB at this composition, with great ferroelectric properties
(P, = 26.8 pnC-em?, and E, = 204 kV-cm™), a maximum
strain (Spax = 0.20%) and the highest normalized strain (d;,=
386 pm-V ') at x=0.010.

Recently, several researchers have found that the substitu-
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tion of Co*" ions into BNT-based systems leads to the coex-
istence of the rhombohedral and tetragonal phases in the
ceramics [15-16]. Thangavelu ef al. [15] characterized
(BisNays)TiO; ceramics with Smol% Co®" substituted into
Ti sites and showed an increased grain size and unit cell
volume, along with Co®" creating oxygen vacancies. Mean-
while, Buntham et al. [16] reported that the best values of dir-
ect piezoelectric coefficient ds; = 105 pC-N", a dielectric
constant at room temperature ~670, P,= 16.8 pC-cm™ and E,
=15.3kV-cm™ were observed from (BiysNa s)(Cogo; Tig.00)O5
ceramics. However, research on the transition metal ion Co*
substituted into BNKLT ceramics has not been reported yet,
which is very interesting to try to produce a composition at a
MPB.

Thus, the present research is aimed at the fabrication of
Bijs(Nag sKo2:Li0.10)0.5T11<C0,0; (abbreviation as; BNKLT—
xCo) ceramics with different Co®" concentrations between
0.005 and 0.020 mol and to investigate the phase formation
with an emphasis on the presence of a MPB. Moreover, the
physical, electrical and magnetic properties are examined for
this system.

2. Experimental

Bigs(Nag 65K ,Li0.10)05T114Co,0; (denoted as: BNKLT-
xCo) ceramics were synthesized by the solid-state combus-
tion techniques. High purity Bi(NOs);-5H,0 (purity ~98.5%),
NaNO; (purity ~99%), KNO; (purity ~99%), Li,COs (purity
~99%), TiO, (purity ~99.5%), and Co(NO;),-6H,0 (purity
~99.5%) were selected as starting materials. BNKLT—xCo (x
=0, 0.005, 0.010, 0.015 and 0.020) powders were weighed
and then were milled using zirconia balls in a media of ethan-
ol for 24 h. After milling, these powders were dried and
mixed with glycine (C,HsNO,) as fuel at a ratio of 1:1.094 by
weight. The mixed powders were then calcined in an alu-
mina crucible at 750°C for 2 h [10]. The calcined powders
had 3wt% polyvinyl alcohol (PVA) added and were then
ball-milled in ethanol for 12. After that, the mixed powders
were pressed into disks under a pressure of 80 MPa. Then,
the green compacts were sintered in closed alumina crucibles,
first at 600°C for 1 h to burn off the binder, and then at
1025°C for 2 h, with a heating rate of 5°C-min". In order to
measure the electrical properties, silver paste was used to
form an electrode on both sides of the polished samples and
then fired at 600°C for 30 min.

The phase formation of the BNKLT—xCo ceramics were
studied using an X-ray diffractometer (XRD, Philips PW
3040/60 X’Pert PRO), using Cu K, (4 =0.15418 nm) radi-
ation in the scanning range 10° to 70° of 26 at room temper-
ature. The Rietveld refinement was determined using the
Fullprof software. A scanning electron microscope (SEM,
Leo, 1455VP) was used to study the microstructure of the
BNKLT—xCo ceramics after preparing the surface by polish-
ing and thermally etching the ceramics at a temperature of
100°C below the sintering temperature for 15 min. The aver-
age grain size of the samples was estimated by the linear in-

tercept method. The grain size distribution was obtained us-
ing the ImageJ software and was analyzed by plotting a his-
togram. The density of sintered BNKLT-xCo ceramics was
calculated by Archimedes’ principle. The measured dielec-
tric properties from 30 to 400°C, in the frequency range of 1
to 100 kHz, was carried out using an LCR meter (HP,
4284A). For ferroelectric and strain properties, all samples
were poled in a silicone oil bath with an applied ac field and
were measured using a modified Sawyer-Tower circuit (Ra-
diant, PLC2-1014346). In order to verify the true P, value,
the "remanent hysteresis" test was used with electrical pulses
(Logic 0 and Logic 1). Logic 0 measures both the switching
and non-switching dipole, but Logic 1 measures only the
non-switchable dipole in the sample. Thus, subtracting the
result of a Logic 1 measurement from a Logic 0 measure-
ment gives the remanent polarization. For the magnetic test, it
was studied by a vibrating sample magnetometer (Versa Lab,
Quantum Design) at a temperature of 50 K.

3. Results and discussion
3.1. Phase formation

The XRD patterns, measured at room temperature, of
BNKLT-xCo ceramics with x = 0, 0.005, 0.010, 0.015 and
0.020, plotted as a function of 26 = 10°-70°, are shown in
Fig. 1(a). All specimens had a pure perovskite phase and no
secondary phase appeared, implying Co®" ions completely
diffused into the BNKLT lattice. In order to study the phase
transformation from the Co" ions substituted into B-sites of
the BNKLT system, the diffraction peaks in the range of
38°-50° are expanded, as shown in Fig. 1(b). As it is well-
known, the pure Bi,sNa,sTiO; and Bi, 5K sTiO; ceramics are
characterized by the rhombohedral (JCPDS file No. 036-
0340) and tetragonal (JCPDS file No. 036-0339) phases, re-
spectively. Typically, the thombohedral symmetry is identi-
fied by dual peaks of (003)x and (021)r in the range of
38°-42° and a single peak of (200)y in the range of 44°—48°.
For the tetragonal symmetry, it presents a single peak of
(111)r (26 ~38°—42°) and double peaks of (002); and (200);
(20 ~44°—48°) [10,14]. In Fig. 1(b), it is apparent that the
sample with x = 0 showed an asymmetrical peak in the range
of 38°-42° and dual split peaks of (002); and (200); at 26
~44°-48°, indicating that this sample presented coexisting
tetragonal and rhombohedral phases . For the Co*" substi-
tuted ceramics, the peaks in the range of 260 ~38°-42° showed
broad peaks in all compositions. For the peaks in the range of
26 ~44°—48°, the intensity of (002); continuously decreased
and (200); continuously increased, when x increased. These
results imply that the rhombohedral and tetragonal phases co-
exist in all specimens and the rhombohedral phase increased
with increased x.

To identify the phase structure for the BNKLT-xCo
ceramics precisely, the Rietveld refinement method was em-
ployed. Rietveld refinement can be used to measure the
structural changes of all the ceramics, to quantify the ratio of
the rhombohedral and tetragonal phases, by fitting the XRD



1800 Int. J. Miner. Metall. Mater., Vol. 29, No. 9, Sep. 2022
x=0.020 (a) x=0.020 (b)
A A A A Al UV S SRSV G SN
x=0.015 x=0.015
A A A Al *A"A\M"W/\"W
x=0.010 x=0.010
£ [ x=0.005 = [ x=0.005
z z
ﬁ A A.—-A—-«\«—JL——-—J\ ﬁ
Elx=0 Sl x=0
A J T WP | W mﬂ/\'wmmw/’\ym
JCPDS: JCPDS:
036-0339 ‘ | 036-0339
1l | | 1T 1l |
JCPDS: JCPDS:
036-0340 | ‘ 036-0340
| | || i | || | | ||| | | | |
10 20 30 40 50 60 70 38 40 42 44 46 48 50
20/(°) 20/(°)
Fig. 1. X-ray diffraction patterns (XRD) of BNKLT-xCo ceramics: (a) 26 = 10°-70°; (b) 26 = 38°-50°. JCPDS file No. 036-0339 and

036-0340 were given as the tetragonal and rhombohedral references, respectively.

data with the Fullprof software. The initial values of the lat-
tice parameters, space group and atomic functional positions
have been taken from corresponding reference patterns cal-
culated from the Crystallography Open Database (COD). A
structural model based on Bi,sK, ;Na,,TiO; with a rhombo-
hedral symmetry using a R3¢ space group and a tetragonal
symmetry using a P4bm space group were used as initial
models for refining the BNKLT-xCo ceramics XRD data.
The background was fitted with a Chebyshev polynomial
function and the refined profile shape was explained by a
Pseudo-Voigt function [17]. The Rietveld refinement on the
XRD patterns of all BNKLT-xCo ceramics in the 26 range
from 10°-70° are shown in Fig. 2(a)—(e) and the details of the
related parameters, quality values, atomic information and
the percentage of each phase are shown in Table 1. The qual-
ity of the fitting to experimental results showed the profile re-
liability (R,) < 31.8%, the weighed pattern reliability (R,,) <
32.9%, the expected residual (R.y,) < 17.79% and the good-
ness of fit (y’) < 3.93, all indicated a good agreement with the
calculated parameter profiles for all ceramics. The fitting res-
ults confirmed that all ceramics had coexisting rhombohed-
ral and tetragonal phases, with an increased rhombohedral
phase as x increased. Moreover, we can conclude that the
rhombohedral and tetragonal phases are close to equal at x =
0.010 for BNKLT-xCo ceramics and this composition had a
phase ratio of rhombohedral: tetragonal = 55:45.

3.2. Microstructure

The SEM images and histograms of the grain size distri-
butions of BNKLT-xCo ceramics with different concentra-
tions of Co®" are illustrated in Fig. 3(a)~(e) and (f)—(j), re-
spectively. For the SEM images, all ceramics showed poly-
hedral grain shapes. At x = 0, large pores formed on the sur-
face and a wide grain size distribution was obtained as seen

in Fig. 3(f). As the substitution was increased to x = 0.005
and 0.010, the porosity was reduced, and the surface mor-
phology showed a narrower grain size distribution (Fig.
3(g)—(h)). With an increase in x at 0.015 and 0.020, fewer
pores can be seen at the grain boundaries and the surface
morphology consisted of a mixture of small and large grain
sizes with a wide size distribution, as shown in Fig. 3(1)}—(j).
According to the linear intercept method, the average grain
size of the BNKLT-xCo ceramics with 0 <x < 0.015 had a
value around 0.5 um (Table 2). With an x of 0.020, the aver-
age grain size rapidly increased (around 0.7 um). The accel-
erated grain growth may have resulted from the presence of
excessive oxygen vacancies, which contributes to mass trans-
port during the sintering process [18—19]. The substituted of
Co”" ions at Ti*" site gives rise to the loss of oxygen from the
crystal lattice (oxygen vacancies) [16]. From these consider-
ations, it could be assumed that substitutions into the
BNKLT—xCo ceramics leads to different ionic valences that
can promote the phase transformation and lattice distortions
of the BNKLT—xCo ceramics. The oxygen vacancy was gen-
erated according to Egs. (1) and (2).

Co(NOs),-6H,0 — Co0+2.50,+N,+6H,0 )

CoO — Coh+0O:+Vy® 2)

where CoO substituted TiO, at B-site ions of lattice; V* is
oxygen vacancy; O; is oxygen ion at the regular site; Co’; is
the Co®" occupying Ti*' site.

The measured density of the BNKLT—xCo ceramics with
x of 0, 0.005, 0.010, 0.015 and 0.020 are listed in Table 2.
The density increased with increased x and reached a maxim-
um value at x of 0.010 (5.86 g-cm™) and decreased slightly
with x > 0.010 (Table 2). It is believed that the highest meas-
ured density was mainly affected by the good microstructure
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Fig. 2. Rietveld refinement of BNKLT-xCo ceramics using rhombohedral (R3c) and tetragonal (P4bm) space groups with composi-
tions: (a) x = 0; (b) x = 0.005; (c) x = 0.010; (d) x = 0.015; (e) x = 0.020.

as seen in the SEM images. bohedral PNRs [14]. At x =0, a T, around 150°C was found
and exhibited a 7}, around 349°C (Fig. 4(a)). When x > 0.005
(Fig. 4(b)—(e)), the T, became unclear in the curves. Not be-
Fig. 4(a)—(e) reveals the temperature dependence of the ing able to distinctly observe the 7y may be due to distortions

3.3. Dielectric properties

dielectric properties, as a function of the dielectric constant in the lattice parameters [20], indicating a compositionally in-
(left y-axis) and dielectric loss (right y-axis) measured at 1, 10 duced crystal structure change after substitution with Co*"
and 100 kHz for the BNKLT—xCo ceramics. All samples ex- ions. Chen et al. [21] reported that an indistinct first dielec-
hibited broad peaks and obvious frequency-dependences, tric anomaly in the (Na,Bigs)y4sBagosTiO; system is influ-
typical of relaxor ferroelectrics. In general, BNT-based enced by the oxygen vacancies, which corresponds with this
ceramics presents two humps (the depolarization temperat- work. The T,, value of the BNKLT-xCo ceramics reduced
ure (7}) at a lower temperature and the temperature of max- from 349 to 342°C when x increased from 0 to 0.020. The
imum dielectric constant (7;,) at a higher temperature). Ty dielectric constant at T}, (&,) of the BNKLT-xCo ceramics
refers to the thermal evolution of polar nano-regions (PNRs) increased with increased amounts of x and reached a maxim-

with the R3¢ and P4bm symmetry, which is correlated with um value of €, of 5384 at x = 0.010 and then slightly dropped
the relaxation of PNRs in the rhombohedral phase, while 7, with a further increase in x. This demonstrated that the op-
is ascribed to the tetragonal PNRs emerging from the rhom- timum substitution concentration, for obtaining the highest
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Table 1. Lattice parameters, unit cell volume, atomic coordinates and site occupation obtained by Rietveld refinement for the
BNKLT-xCo ceramics.

Atoms information
Samples Goodness of fit Phase structures Profile parameters The percentfge
Label X ¥ z Occupancy (Occ.) of phase /%
4=0549848 nm B 0 0 025940 047079
c=1381039nm Na 0 0 025940 031196
ca=251167 K 0 0 025940  0.10132
R3c w=120921 Li 0 0 025940  0.0329 39
=303 y=094582 Ti 0 0 025940  0.84270
& —one w=-023558 O 0.12950 0.32600 0.08330  2.99493
=0 P e 4=0549184nm Bi 0 05 054900  0.50564
wp = 6. ¢=038540lnm  Na 0 05 054900 031819
Rexp=14.17 /a=070177 K 0 0.5 054900  0.10637
PAbm u=168905 Li 0 0.5 054900  0.03133 61
y=105383 Ti 0 0 0 0.85114
w=-022978 Ol 0 0 052600 233577
02 026420 023570 0.01810  3.17914
4=0554150nm Bi 0 0 025940 043068
¢=13316250m Na 0 0 025940  0.44167
cla=240300 K 0 0 025940  0.10450
Ric u=120468 Li 0 0 025940  0.03226 43
v=115573 Ti 0 0 000240  0.88936
o334 w=-026483 Co 0 0 000240  0.00531
PR O 0.12950 0.32600 0.08330  2.97120
x=0005 P “0 4=0544118nm _ Bi 0 05 054900 0.4437
wp = 9% c=0388463nm Na 0 0 054900 031896
Rexp = 1747 ca=071393 K 0 0 054900  0.10312
©=042209 Li 0 0 054900  0.03249
P4bm : 57
v=014573 Ti 0 0 0 0.87907
w=-000906 Co 0 0 0 0.00543
ol 0 0 052600 228257
02 026420 0.23570 0.01810  3.58245
4=05541950m Bi 0 0 025940  0.08330
¢=1336503nm Na 0 0 025940 031874
ca=241161 K 0 0 025940  0.10587
Ric u=13801 Li 0 0 025940  0.02122 55
v=-100518 Ti 0 0 000240  0.84943
o348 w=074547 Co 0 0 000240  0.01052
P O 0.12950 0.32600 0.08330 220210
x=0010 " Ho 4=0545686nm Bi 0 05 054900 044656
wp = 92 ¢=03892830m Na 0 05 054900 031915
Rexp = 17.64 ca=071338 K 0 05 054900  0.10414
©=021243 Li 0 0.5 054900  0.03456
PAbm : 45
v=017929 Ti 0 0 0 0.85160
w=003257 Co 0 0 0 0.01053
ol 0 0 0.52600 2.9456
02 026420 023570 0.01810 274434
4=0556428nm Bi 0 0 025940  0.46480
=327 c=1340759nm Na 0 0 025940 033049
204 cla=240958 K 0 0 025940  0.11050
x=0015 P i R3c ©=084540 Li 0 0 025940  0.06114 58
wp =L v=087538 Ti 0 0 000240 087117
Rexp=17.37 w=-016027 Co 0 0 000240  0.01204

O 0.12950 0.32600 0.08330 1.71438
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Atoms information The percentage

Samples Goodness of fit Phase structures Profile parameters

Label x y z Occupancy (Occ.) of phase /%

a=0.547683 nm Bi 0 0.5  0.54900 0.37935
¢=0.391075nm Na 0 0.5  0.54900 0.30685
c/a=0.71405 K 0 0.5  0.54900 0.18260
u=0.37120 Li 0 0.5  0.54900 0.06647

Pabm v=0.17933 Ti 0 0 0 0.84071 42
w=0.01955 Co 0 0 0 0.01441
(0] 0 0  0.52600 3.00317
02 0.26420 0.23570 0.01810 3.13757
a=0.552747nm  Bi 0 0  0.25940 0.46969
¢=1.331039nm Na 0 0  0.25940 0.34424
c/a =2.40804 K 0 0  0.25940 0.10139

R3c u=0.46770 L 0 0  0.25940 0.03707 88
v=1.01955 Ti 0 0  0.00240 0.87645
V=292 w=-0.20696 Co 0 0  0.00240 0.0218
R =203 O 0.12950 0.32600 0.08330 1.47287
x=0.020 R P _ 304 a=0.543765nm  Bi 0 0.  0.54900 0.39824
e ’ ¢=0.387379nm Na 0 0.5  0.54900 0.31920
Rep =17.79 c/a=0.71240 K 0 0.5  0.54900 0.10146
u=0.24455 Li 0 0.5  0.54900 0.03376

P4bm . 12
v=0.15342 Ti 0 0 0 0.77816
w=10.01459 Co 0 0 0 0.01417
(0] 0 0  0.52600 3.04490
02 0.26420 0.23570 0.01810 2.73464

dielectric constant is an x of 0.010, which resulted from the
good phase ratio (near MPB) and the highest density. For the
dielectric loss tangent (tand) at 7, it showed a similar value
for all x values. The tand above T}, sharply increased due to
the high conductivity of the ceramics at high temperature
(seen in Fig. 4(a)—(e)). Dielectric properties (&, and tand at
T,,) and the T;, of BNKLT—xCo ceramics measured at 1 kHz
frequency are listed in Table 2.

3.4. Ferroelectric behavior

Fig. 5 illustrates the polarization (P—F) hysteresis loops
with a normal polarization hysteresis loop (black dots) and
remanent polarization hysteresis loop (red dots) and the bi-
polar strain (S—£) hysteresis loops of BNKLT-xCo ceramics
with x = 0, 0.010 and 0.020. The P—E hysteresis loops with
the normal polarization hysteresis loop procedure refers to
the total polarization, including ferroelectric polarization and
non-ferroelectric polarization (defect dipole); while, the P—-E
hysteresis loops with the remanent polarization hysteresis
loop procedure ascribe only ferroelectric polarization, lead-
ing to a square-like loop [22]. For the P—E hysteresis loops
produced with the normal polarization hysteresis loop pro-
cedure, as shown in Fig. 5(a)—(c), shows all samples exhib-
ited a typical ferroelectric characteristic. Most of the research
confirms that BNT-based ceramic is characterize by relaxor
ferroelectric behavior [23-24]. For this work, all samples
may be non-ergodic relaxor ferroelectrics (NER), which
transforms irreversibly into the ferroelectric state under an

external electric field. At x lower than 0.010 (Fig. 5(a)«(b)),
these ceramics presented well saturated polarization suggest-
ing good poling behavior of the ceramics. However, at x
higher than 0.010 (Fig. 5(c)), it showed a relatively large
leakage current which may be attributed to excessive oxygen
vacancies (Eq. (2)), which corresponded to the earlier parts.
The P, (red dots) increased from 15.6 to 20.8 uC-cm™ when
increasing x from 0 to 0.020. For the E, value (red dots), it de-
creased from 25.1 to 21.7 kV-cm™' when x increased from 0
to 0.010 and then rapidly increased. The ferroelectric proper-
ties (P, and E) are summarized in Table 2.

3.5. Strain behavior

The bipolar strain (S—F) hysteresis loops of BNKLT-xCo
with x = 0, 0.010 and 0.020, under an electric field of 50
kV-em™', were obtained and are shown in Fig. 5(d)—(f). All
samples showed butterfly-shapes with positive strain (S,q)
and negatives strain (S,.,). Note that this characteristic re-
veals NER, which corresponds to the dielectric and ferro-
electrics properties. At x = 0 and 0.010 (Fig. 5(a)~(b)), the
S—F loops showed a symmetric shape, while, at x = 0.020, it
displayed an asymmetric shape (Fig. 5(c)). The asymmetric
shape in the x of 0.020 ceramic is caused by the internal bias
field from the excessive oxygen vacancies [25]. In addition,
atx =0.010, both S, and S, were enhanced, indicating that
this composition becomes softened due to easier domain wall
motions. For the maximum strain (S,,,x) With S, side, the Sy
value rapidly increased from 0.09% to 0.23% when x in-
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Fig. 3. SEM images and grain size distribution of BNKLT—xCo ceramics with (a, f) x =0, (b, g) x = 0.005, (¢, h) x = 0.010, (d, i) x =
0.015, and (e, j) x = 0.020.

creased from 0 to 0.010, and then decreased as listed in equation [26-27],
Table 2. The normalized strain (d;) is calculated using the d33 =S max/ Emax 3)
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Table 2. Average grain size, density, dielectric, ferroelectric, strain and magnetic properties of BNKLT—xCo ceramics

Averagegrain size / Density / Tl tand at P,/ E/ Sinax / di,/ M,/ (A-m*kg™) (50
um (g-cm™) °c ™ T,  (uCem?) Vem) % (pm'V) K)

0 0.52 5.73 349 4679 0.08 15.6 25.1 0.09 180 —0.0014
0.005 0.52 5.75 348 5144 0.07 15.7 22.5 0.15 300 0.0097
0.010 0.57 5.86 345 5384 0.08 17.8 21.7 0.23 460 0.0202
0.015 0.55 5.81 345 5226 0.07 19.2 29.0 0.17 340 0.0301
0.020 0.71 5.78 342 4800 0.05 20.8 314 0.15 300 0.0387
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Fig. 4. Dielectric constant and dielectric loss of the BNKLT-xCo ceramics with different amounts of Co** (a) x = 0, (b) x = 0.005, (c)
x=0.010, (d) x = 0.015 and (e) x = 0.020 as a function of temperature at the frequencies of 1, 10, and 100 kHz.

where S, refers to the highest maximum strain in a sample
and E,,, refers to the maximum applied electric field.

The calculated value of di,is displayed in Table 2. The
d;,of the BNKLT-0Co ceramic was 180 pm-V™". The d;,
value increased with increased x and reached the maximun
value of 460 pm-V"' for the BNKLT-0.010Co ceramic.
The d;, of other modified BNT ceramics present values

around 200400 pm-V™ [9,13,25,28], which are lower than
when compared with the BNKLT-0.010Co ceramic in this
study.

Excellent dielectric and piezoelectric properties, and suit-
able ferroelectric properties were demonstrated at x = 0.010,
implying that this composition is a near MPB region with the
rhombohedral and tetragonal phases in a ratio of 55:45 as ob-
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(a, b, ¢) Polarization hysteresis loops with normal polarization hysteresis loop (black dot) and remanent polarization hyster-

esis loop (red dot) and (d, e, f) bipolar strain hysteresis loops (right) measured at room temperature as a function of applied electric
field of 50 kV-cm™ of BNKLT—xCo ceramics: (a, d) x = 0; (b, €) x = 0.010; (c, f) x = 0.020.

served in the XRD results, with a good microstructure and
high density.

3.6. Magnetic properties

Fig. 6 is the results of the application of an alternating
magnetic field, which produced a hysteretic magnetization—
magnetic field loops (M—H loops) at 50 K. The BNKLT-0Co
ceramic displayed diamagnetic behavior with a negative
slope because all the electrons in the 3d-orbital of this com-
position are paired. When Co”" ions are substituted into the
BNKLT system in the 0.005 to 0.020 mol range, the M—H
loops gradually became paramagnetic with a positive slope
and the saturated magnetization (M) values slightly in-
creased (seen in Table 2), which occurs with increased oxy-
gen vacancies and the associated increase of unpaired 3d-or-
bitals, from the increased magnetic exchange interaction of

the nearest and next nearest neighboring Co”" ions within the
unit cell of BNKLT—xCo ceramics.

0.04

«x=0
0.03 | « x=0.005
x=0.010
_002r, x=0.015
W 01| ¥=0020 oo
o AN
E O L ..l.l.:.l.l‘I:...:I'w- 4 &‘III.I..II.II.I
T 001} ee*®® Ny
= ’ - g v"
—0.02F T g7
'V
-0.03 v
7004 1 1 1 1 1
-150 -100 50 0 50 100 150
Magnetic field / (A-m™)
Fig. 6. Magnetic hysteresis loops (M—H loops) recorded at 50

K for BNKLT-xCo ceramics with x = 0-0.020.
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4. Conclusion

In this work, Co®" ions modified the phase formation, mi-
crostructure and electrical properties of Bigs(Nag Ko 2
Lig10)05T1;_/Co,0O5 ceramics with x values of 0, 0.005, 0.010,
0.015 and 0.020 mol. The XRD analysis exhibited the coex-
istence of the tetragonal and rhombohedral phases in all
samples and the rhombohedral phase increased from 39% to
88% when x increased from 0 to 0.020. The replacement of
Ti*" ions by Co*" ions at B-sites significantly affected the
content of oxygen vacancies leading to changes in the micro-
structure, dielectric, ferroelectric and piezoelectric properties.
BNKLT ceramics exhibit diamagnetic behavior. However,
upon substituting Co*" ions into BNKLT ceramics, paramag-
netic behavior was demonstrated and M, increased with in-
creased amounts of Co”" ions. The greatest dielectric con-
stant (&,,), large strain (Sya), superior normalized strain (d;)
and excellent ferroelectric properties (P, and E.) of 5384,
0.23%, 460 pm-V"', 17.8 uC-cm™? and 21.7 kV-cm™, re-
spectively, were obtained at x = 0.010, which was near a
MPB composition with a ratio of thombohedral: tetragonal of
55: 45. This sample also showed a good microstructure and
the maximum density (5.86 g-cm™).
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