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Abstract
Pure (BNT) and iron-doped bismuth sodium titanate (Fe-BNT) ceramics were produced according to the formula Bi0.5Na0.5Ti1
−xFexO3−0.5x, where x = 0 to 0.1. The addition of Fe2O3 enables decreasing the sintering temperature to 900 °C in comparison with
1075 °C for pure BNT, whilst also achieving lower porosities and greater densities. This is attributed to oxygen vacancy
generation arising from substitution of Fe3+ onto the Ti4+ site of the BNT perovskite structure, and the resulting increase in
mass transport that this enables during sintering. X-ray diffraction (XRD) analysis of Fe-BNT samples shows single-phase BNT
with no secondary phases for all studied Fe contents, confirming complete solid solution of Fe. Rietveld refinement of XRD data
revealed a pseudocubic perovskite symmetry (Pm-3m), and unit cell lengths increased with increasing Fe content. Scanning
electron microscopy (SEM) showed that average grain size increases with increasing Fe content from an average grain size of ~
0.5 μm in (x = 0) pure BNT to ~ 5 μm in (x = 0.1) Fe-doped BNT. Increasing Fe content also led to decreasing porosity, with
relative density increasing to a maximum > 97% of its theoretical value at x = 0.07 to 0.1. The addition of Fe to BNT ceramics
significantly affects electrical properties, reducing the remnant polarization, coercive field, strain and desirable ferroelectric
properties compared with those of pure densified BNT. At room temperature, a high relative permittivity (ɛ′) of 1050 (x =
0.07) at an applied frequency of 1 kHz and a lower loss factor (tanδ) of 0.006 (x = 0.1) at an applied frequency of 300 kHz were
observed by comparison with pure BNT ceramics.
Keywords BNT . Iron . Solid-state sintering route . Physical properties . Electrical properties

Introduction
Lead zirconate titanate (PZT) ceramics have been extensively
used in electronic applications such as transducers, capacitors
and piezoelectric motors, due to their excellent ferroelectric
and piezoelectric properties (coercive field of 1 kV/mm and
remnant polarization of 35 μC/cm2) [1–5]. However, the use
of PZT is under review in Europe, due to the high toxicity and
evaporation of lead oxide (PbO) at higher sintering temperatures, which cause health and environmental hazards [3, 6–8].
Researchers have thus studied bismuth sodium titanate (BNT)
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ceramics [9], among others, as replacements for PZT. BNT
plays an important role as a non-toxic electrical ceramic material and has thus been utilized in electronic applications such
as resonators and filters, transducers, piezoelectric motors and
actuators [10, 11]. Stoichiometric BNT has two main phase
transitions: (i) a ferroelectric to anti-ferroelectric phase transition at approximately 200 °C and (ii) an anti-ferroelectric to
paraelectric transition at approximately 320 °C [12]. BNT
ceramics have thus been used for two reasons: they are nontoxic, and they have good piezoelectric properties [10, 11].
BNT has a good remnant polarization (38 μC/cm2), but drawbacks include evaporation during the processing of volatile
Bi2O3 (melting temperature 817 °C) and Na2O (melting temperature 1132 °C) that can lead to porous ceramic products.
Another limitation of BNT is a high coercive field (73 kV/cm)
which results in difficulties with poling [13–15]. Many researchers have studied additions of flux materials and
sintering aids to BNT as a potential means of solving this issue
by reducing sintering temperatures. Such additions have included MgO [16], CuO [17], BiFeO3 [18] and Fe2O3 [19].
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Watcharapasorn et al. [19] lowered the sintering temperature
of BNT to 850 °C with a high densification of 95% relative
density by adding 0.15 mol% Fe2O3. In addition, Chou et al.
[17] reduced the sintering temperature from 1100 °C for pure
BNT ceramics to 950 °C by adding 4 wt% CuO which also
enhanced the relative density to 95%. Reducing energy consumption in BNT sintering through lower sintering temperatures was the primary aim of the present work.

process as follows: (i) Heat from room temperature at
3 °C/min to 300 °C and hold at this temperature for 1 h; (ii)
heat at 3 °C/min from 300 °C to 700 °C and hold at this
temperature for 1 h; (iii) and finally heat at 5 °C/min from
700 °C to 900 °C (samples BFe0.00 to BFe10.00) or
1075 °C (sample SB0) and hold at this temperature for 2 h;
then allow samples to cool slowly inside the furnace to room
temperature.

Experimental procedures

Characterization

A conventional solid-state processing route was used to prepare seven BNT ceramics, including pure BNT and BNT
doped with Fe at different concentrations. The starting raw
materials consisted of analytical-grade powders of Bi2O3 (>
99% purity), Na2CO3 (> 99.9% purity), TiO2 (> 99.9% purity)
and Fe2O3 (> 99% purity). These were prepared as powder
mixtures to manufacture ceramics according to the stoichiometric formula Bi0.5Na0.5Ti1−xFexO3−0.5x where x = 0, 0.025,
0.0375, 0.050, 0.070 and 0.100. The nominal compositions
and the sintering temperatures of the samples prepared in this
work are summarized in Table 1. The raw materials were dried
at 110 °C for 24 h then weighed out using a three-decimalplace balance to provide batches for 20 g of each ceramic.
Batches were wet-milled in 250-mL polyethene (PE) bottles
containing propan-1-ol and yttria-stabilized zirconia (YSZ)
milling media, on a roller-mill for 24 h. The milled powders
were then removed and dried overnight at 110 °C in an oven
placed in a fume cupboard. The dried powder was then placed
in a recrystallized Al2O3 crucible and heated in an electric
furnace at 5 °C/min to 700 °C and held for 2 h (samples
BFe0.00 to BFe10.00) and 4 h (sample SB0), and then cooled
to room temperature. The powders were then wet-milled
again, in 250-mL polyethene (PE) bottles containing propan1-ol and YSZ milling media, for 48 h. The milled powder was
again removed and dried overnight at 110 °C in an oven
placed in a fume cupboard. The dried powder was then
pressed to form 10-mm-diameter pellets using a hydraulic
press at 2 t force. The prepared pellets were sintered in one

The crystalline structure of each sample was investigated
using X-ray powder diffraction (XRD, PANalytical X’Pert
Pro MPD) using Cu Kα radiation (λ = 1.5405 Å) over the
range 10 to 80 °2θ. The structure was also analysed using
Raman spectroscopy (DXR2 Raman Microscope, Thermo
Fisher Scientific, USA) using a 532-nm laser, applied at room
temperature. The microstructure was characterized by scanning electron microscopy (SEM, Nova NanoSEM). All samples were polished using SiC paper with water (100, 200, 400,
800, 1200 and 2500 grit size), then polished using diamond
paste (1 μm). The polished samples were thermally etched at
800 °C in an oven for 1 h and then were coated with a thin
layer of carbon. Silver paint was applied on three sides to
provide electrical contact between the sample and SEM sample holder. Microstructural images were obtained using both
secondary electron and backscattered electron imaging. Bulk
density was measured according to the Archimedes principle.
The relative density of ceramic samples was calculated according to the density of pure BNT using Eq. (1):

Table 1 Sample names, nominal
compositions and sintering
temperatures/times

ρr ¼ ðρm =ρt Þ  100

ð1Þ

where ρm is bulk density and ρt is theoretical density (5.98 g/
cm3 for Pure BNT) [17]. Bulk sample densities were measured using a four-decimal-place density balance and vacuum
desiccator, where the dried sample pellet was weighed in the
air (W1), then placed under vacuum to remove the air inside
the vacuum desiccator for 30 min. The evacuated sample was
then immersed in distilled water inside the vacuum desiccator

Sample name

Nominal composition

Sintering temperature (°C)

SB0
BFe0.00
BFe2.50
BFe3.75
BFe5.00
BFe7.00
BFe10.00

Bi0.5Na0.5TiO3
Bi0.5Na0.5TiO3
Bi0.5Na0.5Ti0.975Fe0.025O2.9875
Bi0.5Na0.5Ti0.9625Fe0.0375O2.98125
Bi0.5Na0.5Ti0.95Fe0.05O2.975
Bi0.5Na0.5Ti0.93Fe0.07O2.965
Bi0.5Na0.5Ti0.9Fe0.1O2.95

1075 °C/2 h
900 °C/2 h
900 °C/2 h
900 °C/2 h
900 °C/2 h
900 °C/2 h
900 °C/2 h

J Aust Ceram Soc

Results and discussion
X-ray diffraction (XRD) analysis at room temperature shows
pure rhombohedral perovskite phase (Powder Diffraction File
Number 04-017-0216) for pure Bi0.5Na0.5TiO3 ceramics, and
pure cubic perovskite phase (Powder Diffraction File Number
89-3109) for all iron-doped BNT ceramics, without measurable levels of any secondary phases or significant changes in
the crystallographic structure, as shown in Fig. 1(a). This confirms that iron forms a complete solid solution in BNT for all
compositions studied, i.e. up to x = 0.1. Also, the single-phase
region has thus been demonstrated at higher Fe contents of
doped BNT ceramics. By comparison, Aksel et al. suggested
an upper limit of x = 0.050 [20] and Watcharapasorn et al.
suggested an upper limit of x = 0.015 [19]. We have thus demonstrated a higher upper limit of solid solution (x ≥ 0.1) than
was previously obtained by those authors.
For the <110> and <111> diffraction peaks at ~ 32.7 °2θ
and 40.2°2θ, respectively, a slight shift to lower angles is
observed with increasing additions of Fe (increasing x), as
presented in Fig. 1(b and c). This slight shift, which shows
increasing d-spacing with increasing Fe content (x), is due to
the larger ionic radius of Fe3+ (0.645 Å) [21] by comparison
with Ti4+ (0.605 Å) on the B-site of the perovskite structure,
which causes changes in the unit cell dimensions and thus
changes in d-spacings [22]. Similar peak shifts to lower angles
upon addition of Fe to BNT were also reported by
Watcharapasorn et al. [19].
Rietveld refinement [23] using FULLPROF [24] was carried out on XRD data to refine the crystal structure parameters.
The Bi0.5Na0.5TiO3 structure [25] was used as a starting model
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where MBNT, MFe2O3, ρBNT and ρFe2O3 represent the mass of
BNT composition, the mass of Fe2O3, the theoretical density
of BNT, and the theoretical density of Fe2O3 (5.12 g/cm3,
Powder Diffraction File Number 032-0469). Electrode samples were prepared using a coating instrument for electrical
measurements. The electrodes were made using an Au sputter
coater with sputtering current 10 mA, sputtering time 600 s
and tooling factor 2.7. Polarization and strain as functions of
electric field were analysed at 10 Hz using an AixACT system. The relative permittivity and loss factor were measured at
three different frequencies (1, 10, 100 kHz) using an LCR
meter (Agilent 4285A, Agilent Technologies Japan, Ltd.).
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ð2Þ

XRD Intensity (a.u.)

ρm ¼ ðW1=W3−W2Þ  Liquid Density

a
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for 10 min to allow the water to penetrate the open porosity.
The wet sample was then weighed in water (W2) and in air
(W3). The bulk density was calculated using Eq. (2) and theoretical density using Eq. (3):

BFe10.00
BFe7.00
BFe5.00
BFe3.75
BFe2.50
BFe0.00
SB0

39.5 40 40.5
Angle, 2θ (degrees)

Fig. 1 (a) X-ray diffraction patterns; (b) <110> peak positions (2 theta);
and (c) <111> peak positions (2 theta) for Bi0.5Na0.5Ti1−xFexO3 ceramics
(x = 0.0000, 0.0250, 0.0375, 0.0500, 0.0700 and 0.1000)

for Rietveld refinement. For the Fe-doped samples, Fe and Ti
were disordered over the same site. The Rietveld refinement
outputs (Table 2) show pseudocubic cell symmetry (Pm-3m),
in agreement with Vijayeta et al. [7] and Fukuchi et al. [26].
The pseudocubic phase results from rhombohedral distortion
of perovskite lattice, and with shifting of the <110> peak
position to lower angles. This is due to the substitution of
Fe3+ (larger ionic radius 0.645 Å) on the Ti4+ (smaller ionic
radius 0.605 Å) site, which generates oxygen vacancies. The
observed intensity (measured, shown by blue lines in Fig. 2)
shows slightly higher intensities than calculated intensity (red
lines) for the <100>, <110>, <200> and <211> Bragg peaks.
Quantitative analysis provides unit cell lengths (a=b=c), cell
volumes, weighted residual factors (wRf), weighted residual
expected (wRexp), d-spacing from the <110> Bragg peak, BiO/Na-O and Ti-O/Fe-O interatomic distances and X-ray densities, as shown in Table 2. The increase in unit cell lengths
(a=b=c), from 3.8829 to 3.8893 Å with increasing Fe content,
and accompanying increase in unit cell volume, from
58.618 Å3 for the Fe-free x = 0 sample to 58.832 Å3 for the
x = 0.1 iron-doped sample, are consistent with the slight shift
of the <110> Bragg peak as shown in Fig. 1(b), and are due to
Fe (larger ionic radius, 0.645 Å) occupying the Ti (smaller
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Table 2 Unit cell lengths and volumes, wRf, wRexp, χ2, d-spacing of <110>, Bi-O/Na-O and Ti-O/Fe-O interatomic distances and X-ray densities for
Bi0.5Na0.5Ti1−xFexO3 ceramics (x = 0.0000, 0.0250, 0.0375, 0.0500, 0.0700 and 0.1000)
Sample
name

Unit cell lengths
(a=b=c)/Å

Unit cell
volume/Å3

wRf

wRexp χ2

d-spacing
<110>/Å

Bi-O/Na-O
interatomic
distances/Å

Ti-O/Fe-O
interatomic
distances/Å

X-ray densities/
gcm−3

SB0
BFe0.00
BFe2.50
BFe3.75
BFe5.00
BFe7.00
BFe10.00

3.8829 (4)
3.8846 (4)
3.8853 (3)
3.8865 (3)
3.8870 (3)
3.8881 (3)
3.8893 (2)

58.543 (9)
58.618 (10)
58.653 (8)
58.704 (8)
58.726 (7)
58.779 (8)
58.832 (6)

4.9590
9.1826
8.6935
8.5623
8.4016
9.1257
7.5692

4.0871
3.2484
4.9673
4.9464
5.1190
5.0591
3.3598

2.7457
2.7468
2.7474
2.7482
2.7485
2.7493
2.7502

2.7456 (20)
2.7468 (20)
2.7473 (15)
2.7482 (15)
2.7485 (15)
2.7493 (15)
2.7502 (10)

1.9415 (20)
1.9423 (20)
1.9427 (15)
1.9433 (15)
1.9435 (15)
1.9441 (15)
1.9447 (10)

6.010
6.002
6.005
6.002
6.002
6.002
6.003

2.9916
14.4689
6.0769
5.9464
4.8872
5.9035
8.6237

ionic radius, 0.605 Å) site of the pseudocubic perovskite structure. The weighted residual parameters (wRf and wRexp) and
chi-square (x2) show reasonable changes with increasing x.
The d-spacing of the <110> Bragg peak increases with increasing Fe content, as do both the Bi-O/Na-O and Ti-O/FeO interatomic distances (Table 2).
Figure 3(a) shows room temperature Raman spectra for all
samples. Spectra show six broad Raman peaks. The width of
these peaks has been attributed to disorder on the A-site [27,
28]. The peak centred at low Raman shifts of ~ 140 cm−1
(labelled peak A) is attributable to A 1 symmetry and
Fig. 2 Rietveld refinement of Xray diffraction patterns for
Bi0.5Na0.5Ti1−xFexO3 ceramics
(x = 0.0000, 0.0250, 0.0375,
0.0500, 0.0700 and 0.1000)

vibrations of cations on the A-site in the ABO3 perovskite
structure [27–32]. Wang et al. [27] and others have also suggested that this band implies the existence of local Na+TiO3
clusters of several unit cells. No Bi-O Raman bands are expected in this region since a Bi-O band should occur at <
100 cm−1 due to the large mass of Bi [27]; however, instrumental limitations meant that we could not provide robust data
much below 100 cm−1 and therefore this spectral region was
not considered further in this study. Raman results (Fig. 3(a))
show no significant changes in the Raman shift or intensity of
peak A with increasing Fe content. This lack of change is thus
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consistent with Fe occupying the B-site, in light of the origin
of peak A. Peak B, centred at ~ 280 cm−1, is assigned to Ti-O
vibrations (A1 symmetry) [27–32]. Peaks C and D, at ~
520 cm−1 and ~ 590 cm−1, respectively, are assigned to vibrations of TiO6 octahedra [27, 30, 31]. Peaks E and F at ~
750 cm−1 and ~ 850 cm−1, respectively, whilst previously observed, were discussed in terms of their origins by Wang et al.
[27], who stated that they are likely to be due to overlapping of
A1 (longitudinal optical) and E mode (longitudinal optical)
bands. As expected on the basis of similar spectral changes
in Raman spectra when Mn3+ was substituted onto the B-site
of BNT by Anthoniappen et al. [30], our Raman spectra show
Fig. 4 Secondary SEM images
for Bi0.5Na0.5Ti1−xFexO3
ceramics (x = 0.0000, 0.0250,
0.0375, 0.0500, 0.0700 and
0.1000), sintered at 900 °C (BFe
Series) and 1075 °C (sample SB0)

BFe10.00
BFe7.00
BFe5.00
BFe3.75
BFe2.50
BFe0.00
SB0

Raman Intensity (a.u.)

b

a
Raman Intensity (a.u.)

Fig. 3 Raman spectra for
Bi0.5Na0.5Ti1−xFexO3 ceramics
(x = 0.0000, 0.0250, 0.0375,
0.0500, 0.0700 and 0.1000).
Peaks are marked A to F

Peak shifting
Ti-O

B

BFe10.00
BFe7.00
BFe5.00
BFe3.75
BFe2.50
BFe0.00
SB0

200 300
Raman Shift (cm-1)

that the centroid position of peak B at ~ 280 cm−1 shifts slightly to lower Raman shift with increasing Fe3+ addition, as
highlighted in Fig. 3(b). This shift may be due to structure
disorder (structure transition from rhombohedral to
pseudocubic) and existence of oxygen vacancies in the FeBNT system, as a result of substitution of Fe3+ onto the Ti4+
site of the BNT ceramics [32].
Secondary SEM imaging (Fig. 4) shows a distribution of
grain sizes which increases with increasing Fe content, from ~
200 nm in pure BNT to ~ 5 μm (x = 0.1). We observe that, for
those samples with a 900 °C sintering temperature, SEM
shows a porous microstructure and small average grain size,

J Aust Ceram Soc

Sample name

Relative density (%)

SB0
BFe0.00
BFe2.50
BFe3.75
BFe5.00

93.6
69.2
91.7
93.3
95.6

BFe7.00
BFe10.00

97.6 ± 0.5
96.5 ± 0.5

±
±
±
±
±

0.5
0.5
0.5
0.5
0.5

a

4
3

Polarisation (μC/cm2)

Table 3 Relative density
results for Bi0.5Na0.5Ti1
−xFexO3 samples (x =
0.0000, 0.0250, 0.0375,
0.0500, 0.0700 and
0.1000)
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Applied Field (kV/cm)

Table 4 Remnant polarization
and coercive field for
Bi0.5Na0.5Ti1−xFexO3 ceramic
samples

b
Polarisation (μC/cm2)

and as increasing amounts of iron are introduced into the material, the microstructure becomes progressively more densified (less porous), accompanied by a larger average grain size.
This behaviour is analagous to the behaviour observed by Guo
et al. [33] who added similar levels of Mn to BNT ceramics.
SEM imaging is thus qualitatively in agreement with the relative density measurements of samples which shows increasing density with increasing Fe content, for samples sintered at
900 °C, as presented in Table 3. Undoped BNT (sample
BFe0.00) exhibited a very low density at 900 °C sintering
temperature; however, density rapidly increased with increasing Fe content, reaching a value of ~ 97% relative density at
the highest Fe contents studied here. In addition, density increased with increasing sintering temperature, reaching ~ 93%
relative density for the SB0 BNT sample sintered at 1075 °C.
This is approximately the same density as the BFe3.75 sample
which was sintered at 900 °C. Substituting Fe3+ onto the Bsite in the BNT perovskite structure generates oxygen vacancies which aid mass transport during sintering and hence increase grain growth [19, 33–35].
Table 4 shows the measured remnant polarization and coercive field for selected samples. For the pure BNT sample
sintered at 1075 °C (SB0, with increasing frequency from 1 to
5 to 10 Hz), significant reductions in both remnant polarization and coercive field were recorded. Similar magnitudes of
reduction in both remnant polarization and coercive field were
also observed with increasing Fe contents for the BFe series of
samples sintered at 900 °C, within the range studied here.
The polarization-electric field response at 10 Hz in a bipolar field at room temperature is shown for the Fe-doped

40
30

20
10
0
-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80
-10

1 Hz
5 Hz
10 Hz

-20
-30

-40
Applied Field (kV/cm)

Fig. 5 Polarization versus electric field response at room temperature
using bipolar measurement for (a) Bi0.5Na0.5Ti1−xFexO3 ceramics (x =
0.0250, 0.0375, 0.0500, 0.0700 and 0.1000) at 10 Hz and (b) pure
Bi0.5Na0.5TiO3 (sample SB0) at different frequencies (10 Hz, 5 Hz and
1 Hz)

samples in Fig. 5(a) and for pure BNT in Fig. 5(b). A significant reduction of remnant polarization is displayed for the Fedoped samples, compared with the high remnant polarization
(38 μC/cm2) of pure BNT (Fig. 5(b)). The ferroelectric hysteresis response displays slimmed loops at the applied electric
fields studied here, upon addition of Fe. Figure 5(b) shows the
polarization versus electric field loops for densified pure BNT
(SB0) ceramics at room temperature and three different (1, 5
and 10 Hz) frequencies. A lower remnant polarization
(4.8 μC/cm2) was measured at 10 Hz, which then increased
with decreasing frequency to reach a higher remnant polarization at 34.8 μC/cm2 at 1 Hz. The hysteresis loop shows a
slimmed hysteresis (P–E) loop shape with relaxor behaviour

Properties

Remnant polarization/μC cm−2 (10 Hz)
Remnant polarization/μC cm−2 (5 Hz)
Remnant polarization/μC cm−2 (1 Hz)
Coercive field/kV cm−1 (10 Hz)
Coercive field/kV cm−1 (5 Hz)
Coercive field/kV cm−1 (1 Hz)

Sample name
SB0

BFe2.50

BFe3.75

BFe5.00

BFe7.00

BFe10.00

4.80
26.10
34.80
41.81
61.69
56.60

1.18
21.92
-

0.52
10.21
-

0.17
5.00
-

0.33
9.25
-

0.15
5.35
-
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Fig. 6 Electric field–induced strain at room temperature using bipolar
measurement for pure Bi 0.5 Na 0.5 TiO 3 (sample SB0) at different
frequencies (1, 5 and 10 Hz)

at higher frequency (10 Hz), then the shape tends to be a broad
shape typical of ferroelectric behaviour at a lower applied
(1 Hz) frequency. The hysteresis loop exhibits ferroelectric
shape with a maximum remnant polarization (34.8 μC/cm2)
and coercive field (56.6 kV/cm) for the pure BNT SB0 sample
at 1 Hz for an applied field of 70 kV/cm, in comparison with
adding Fe to the BNT ceramics that made the hysteresis loop
slimmer which significantly decreases remnant polarization
and coercive field to 1.18 μC/cm2 and 21.92, respectively,
for sample BFe2.5 at 10 Hz and applied field 60 kV/cm.
This indicates that the ferroelectric behaviour of BNT ceramics is decreased by adding Fe dopants as the oxygen vacancies generated may assist in breakdown of the samples
with broadly comparable behaviour observed in other ceramics [36–39]. The remnant polarization and coercive field
for the pure BNT sample (SB0) are consistent with values for
pure BNT ceramics reported in the literature (remnant polarization 38 μC/cm2 and coercive field 73 kV/cm) [13, 14, 40].
Figure 6 shows the strain versus electric field response at
70 kV cm−1 applied field and three different (1, 5 and 10 Hz)
frequencies using bipolar measurement at room temperature
for the pure BNT (SB0) sample. The lowest strain (0.018%)
Table 5 Relative permittivity (ɛ′)
and dielectric loss factor (tanδ)
versus frequency for
Bi0.5Na0.5Ti1−xFexO3 ceramics
(x = 0.0000, 0.0250, 0.0375,
0.0500, 0.0700 and 0.1000)

Sample name

SB0
BFe0.00
BFe2.50
BFe3.75
BFe5.00
BFe7.00
BFe10.00

was measured at 10 Hz; it then increased with decreasing
frequency to reach a maximum strain of 0.085% at 1 Hz.
The strain loop shows a slimmed shape indicative of relaxor
behaviour at 10 Hz, with no negative strain recorded, then
changes to a butterfly shape indicative of ferroelectric behaviour at 1 Hz. The maximum strain (0.085%) obtained for the
SB0 sample is in close agreement with the 0.08% previously
reported for pure sintered BNT [36]. The strain-electric field
curve collapsed upon additions of Fe, and so is not reproduced
here. This may be attributed to the formation of structural
defects or defect dipoles (FeTi′-VO●●) that produce oxygen
O2− vacancies (O3−0.5x) in Bi0.5Na0.5Ti1−xFexO3–0.5x ceramics
due to the replacement of Fe3+ by Ti4+ [20, 37, 38, 41].
The relative permittivity (ɛ′) and dielectric loss factor
(tanδ) at different frequencies (1, 10, 100 kHz) and measured
at 20 °C are shown in Table 5. The relative permittivity and
dielectric loss factor decreased with increasing frequency from
1 to 100 kHz for all samples. Both parameters, ɛ′ and tanδ,
generally tend to decrease relative to the SB0 sample, with
increasing Fe content, although the data for the BFe0.00 sample may be unreliable due to the very low density/high porosity of this sample (Table 3).

Conclusions
Pure and iron-doped bismuth sodium titanate (BNT) ceramics
were successfully produced using solid-state sintering.
Substitution of Fe3+ onto the B-site occupied by Ti4+ can
create oxygen vacancies which thereby enable lower sintering
temperatures of 900 °C and higher densification at up to 97%
of relative density. Iron concentrations ranged from x = 0.0 to
x = 0.1 according to the formula Bi0.5Na0.5Ti1−xFexO3−0.5x.
XRD analysis showed pure perovskite BNT phase for all studied Fe dopant levels. SEM imaging showed that increasing
average grain size accompanied increasing iron content, from
< 1 μm in pure BNT (x = 0.0) to ~ 5 μm at x = 0.1. The addition of iron to BNT enables a significant reduction in sintering
temperatures whilst enhancing relative density, but this is

1 kHz, 20 °C

10 kHz, 20 °C

100 kHz, 20 °C

ɛ′ (± 2)

tanδ (± 0.001)

ɛ′ (± 2)

tanδ (± 0.001)

ɛ′ (± 2)

tanδ (± 0.001)

506
987
245
375
403
1050
358

0.048
7.541
0.303
0.032
0.091
1.286
0.014

531
512
212
362
296
506
354

0.045
3.680
0.091
0.020
0.036
0.670
0.007

499
311
198
354
288
286
350

0.043
0.872
0.036
0.014
0.016
0.343
0.006
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accompanied by reductions in the remnant polarization, coercive field and the ferroelectric properties of BNT.
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