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a b s t r a c t

An unfilled tungsten bronze-structured ferroelectric ceramic, Ca0.28Ba0.72Nb2O6 (CBN28), has been doped 
with Y3+ to produce ceramics with a nominal composition, (Ca0.28Ba0.72)1–3w/2YwNb2O6 [0 ≤ w ≤ 0.05]. The 
substitution of Y3+ for Ca2+/Ba2+, and consequent additional vacancy formation, is assumed to occur on the 
A1/A2 sites. This resulted in a minor reduction of the c lattice parameter, and unit cell volume. For undoped 
CBN28, there was a slightly diffuse relative permittivity-temperature (εr-T) peak at 268 ⁰C. The peak became 
much broader for sample compositions w = 0.04 and 0.05 and the peak temperature showed a level of 
frequency dependence consistent with weak relaxor behaviour. The polarisation-electric field loops became 
narrower for samples w = 0.04 and 0.05, corresponding to a reduction in remnant polarisation value, from 
2.4 to 0.8 µC cm−2 (30 kV cm−1). The Y doped ceramics exhibited stable relative permittivity over a wide 
temperature range, the variation being within ±  15% of the median value from 36 ⁰C to 218 ⁰C for w = 0.05, 
when measured at 1 kHz. Consequently, we suggest that A site donor-doping and aliovalent B site doping of 
CBN holds potential for industry standard, temperature stable, high temperature dielectrics (ɛr ≥ 500  ±  15% 
from - 55–250 + ⁰C).
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http:// 

creativecommons.org/licenses/by/4.0/).

1. Introduction

Tungsten bronze-structured niobate ceramics have received at-
tention due to promising ferroelectric and optical properties [1,2]. 
More recent work has demonstrated a tungsten bronze (TB) struc-
tured ceramic with near temperature stable dielectric permittivity 
from − 55–300 ⁰C by doping strontium sodium niobate (SNN) with Y, 
Zr and Ca [3].

Structurally, tungsten bronzes consist of a matrix of corner 
sharing (BO6) oxygen octahedra of two orientations (B1O6 and B2O6) 
tilted in such a way to create three different sites for occupancy by 
other cations, the general formula being (A2)4(A1)2(C)(B1)2(B2)8O30. 
These three sites (A2, A1 and C), have coordination numbers of 15, 12 
and 9 respectively and represent pentagonal, square, and triangular 
channels along the c-axis of the unit cell, Fig. 1. The origins of a 
spontaneous polarisation in tungsten bronzes (TBs) are more com-
plex than for perovskite ferroelectrics. For niobate TBs, displacement 
of Nb5+ within the NbO6 octahedra occurs primarily along the c-axis. 
The B2O6 octahedra may also tilt out of plane, disrupting these 

ordered NbO6 chains [4]. In CBN, this octahedral tilting and rotation 
can give rise to commensurate or incommensurate modulation [5,6].

Tungsten bronzes may be classed as ‘filled’ or ‘partially filled/ 
unfilled’ depending on full or partial occupancy of the A2 and A1 
sites. The much smaller C sites are usually empty, but the term 
‘stuffed’ is applied should they be occupied (by Li+ for example). 
Calcium barium niobate (CBN) solid solutions are examples of ‘un-
filled’ TBs as only five of the available six A2/A1 sites are occupied in 
the formula (Ca x Ba1−x)5Nb10O30, more commonly written (CaxBa1−x) 
Nb2O6.

For single crystal Ca0.28Ba0.72Nb2O6 (CBN28), Graetsch et al. re-
fined the X-ray diffraction data to space group P4bm [7]. They re-
ported that an incommensurate modulation originates from the 
distribution of Ca, Ba and vacancies on the 15 co-ordinate A2 sites 
[7]. This induces a displacive modulation of the adjacent O atoms 
with amplitudes up to 0.2 Å, which results in NbO6 octahedra being 
cooperatively tilted from their average positions [7]. High resolution 
transmission electron microscopy and electron diffraction studies 
provided direct evidence of the incommensurate modulation of 
CBN28 superstructure [6]. The A2 sites were found to be occupied 
predominantly by Ba2+, whilst Ca2+ was the dominant occupant of 
the smaller 12 co-ordinate A1 sites. However, there was a minor 
level of mixed site occupancy by Ba2+ and Ca2+ [7]. Previously it had 
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been suggested that the smaller Ca2+ ion occupied the 12 co-ordinate 
A1 sites exclusively, with Ba2+ only located on the larger 15 co-or-
dinate A2 sites [8].

In the ferroelectric phase, both types of symmetrically non- 
equivalent NbO6 octahedra (B1 and B2) are distorted by displace-
ment of the Nb atoms along the tetragonal c-axis [9] On heating 
above room-temperature, the Nb displacements gradually decrease 
[9]. However, some structural distortions were reported to persist 
above the temperature of the peak in relative permittivity and result 
in fluctuating polar nanodomains [9]. The dynamics of polar na-
noregions and the extent of relaxor behaviour was found to vary 
with increasing Ca/Ba ratio (x) for the CaxBa1−xNb2O6 solid solution 
series, 0.18 ≤ x ≤ 0.35 [10]. The x = 0.28 composition corresponds to 
‘CBN28′, studied in the present work.

We selected CBN28 as a promising material in the context of 
developing temperature-stable Class II dielectrics. These should 
show a variation in relative permittivity, εr, of no more than ±  15% 
across wide temperature ranges, ideally from − 55–250 °C or 300 °C, 
with minimum εr values >  500. Commercial Class II capacitors are 
generally based on ferroelectric BaTiO3 as the dielectric. Dopants and 
microstructural strain produce a smeared out or flattened εr-T re-
sponse facilitating a consistent permittivity from − 55–125 °C in the 
so called X7R commercial formulations. However, because the Curie 
point (εr -T peak temperature) of BaTiO3 is only ∼130 °C, sub-
stitutionally modified BaTiO3 cannot retain high permittivity to 
temperatures of 200–300 °C, as required of new capacitor materials 
for modern power electronics applications. The relatively high 
temperature of the εr -T peak for CBN28, ∼ 270 °C, as opposed to 
∼130 °C for BaTiO3, makes CBN28 a promising starting point in the 
context of devising new higher temperature dielectrics through 
compositional engineering.

There are a number of Pb or Bi containing perovskite-structured 
dielectrics that go some way to satisfying the new requirements for 
operation above 200 °C [11–14]. However, the oxides of both Pb and 
Bi are thermodynamically incompatible with the manufacture of 
nickel base metal electrode multilayer ceramic capacitors, the main 
market sector. Moreover, Pb is toxic.

Recently a material based on the formulation Sr2NaNb5O15 was 
demonstrated by our laboratory to result in a ceramic with εr >  1000 
and better that 15% stability from − 55 ⁰C to ∼300 ⁰C [3]. But it 
presents significant drawbacks in terms of capacitor applications. 
The product which results from sintering (1300 −1400 °C) and 
normal furnace cooling procedures is a two-phase mixture of a 
tungsten bronze solid solution of Sr2+xNa1–2xNb5O15 (SNN) phase 
with x ∼ 0.05 and a perovskite phase Na1–2xSrxNbO3 [15]. Although 
SNN can be produced as a single phase for compositions 
0.05 ≤ x ≤ 0.2, charge-balancing Na ion vacancies increase with in-
creasing x values, which is undesirable for capacitor applications.

Any soda loss which occurs by volatilisation during calcination 
and sintering would increase the concentration of sodium vacancy 
defects and also create oxygen vacancies, adding to the likelihood of 
electrical conductivity and low dielectric strength problems. There is 
a further, fundamental obstacle to SNN: it is metastable below 
∼1200 °C [15] although the rate of decomposition at temperatures of 
relevance to capacitors has yet to be established.

These problems facing Pb, Bi or Na containing high temperature 
ceramic dielectrics motivated us to consider alternative ceramic 
systems. Here, we investigate the properties of Ca0.28Ba0.72Nb2O6 

ceramics modified by Y3+ ‘donor’ substitution and examine dielectric 
and ferroelectric properties.

2. Experimental

Ceramics of formulation (Ca0.28Ba0.72)1–3w/2YwNb2O6 [0 ≤ w 
≤ 0.05] were produced by the conventional mixed oxide process with 
the assumption that the Y3+ substituent will occupy A1/A2 sites. 
Appropriate quantities of the following oxides and carbonates were 
dried at 200 ⁰C for at least 24 h and ball milled with yttria stabilised 
zirconia milling media and isopropanol for 24 h: CaCO3 (Alfa Aesar, 
99.95%); BaCO3 (Alfa Aesar, 99.95%); Nb2O5 (Alfa Aesar, 99.9%); Y2O3 

(Alfa Aesar, 99.9%).
Dried, milled powders were calcined at 1200 ⁰C for 4 h in covered 

alumina crucibles (heating rate 5 ⁰C/min). Calcined powders were 
sieved through 300 µm nylon mesh and milled again with 2 wt% 
binder (Opitax AC112, Zschimmer & Schwarz) before drying, sieving, 
and pressing uniaxially at 180 MPa for 30 s in a 10 mm diameter steel 
die. Green pellets were then heated at 550 ⁰C for 5 h to promote 
binder burn-out (heating rate 1 ⁰C/min). To obtain high relative 
densities (≥ 94%), a two-stage sintering regime was employed 
(heating and cooling rate 5 ⁰C/min). The undoped Ca0.28Ba0.72Nb2O6 

and doped (Ca0.28Ba0.72)1–3w/2YwNb2O6 [w = 0.02] formulations were 
heated to 1350 ⁰C and then immediately cooled to 1200 ⁰C for a dwell 
time of 4 h. The (Ca0.28Ba0.72)1–3w/2YwNb2O6 [w = 0.04 and w = 0.05] 
formulations were heated to 1325 ⁰C then cooled to 1250 ⁰C for a 
dwell time of 4 h.

X-ray powder diffraction (XRD) was performed on crushed sin-
tered pellets by rotating the samples in a Bruker D8 powder dif-
fractometer (Bruker, Germany), using Cu Kα X-ray radiation 
(wavelength 1.5406 Å) for 12 h scans measured from 10 to 90 ⁰2θ, 
with a step size of 0.008 ⁰2θ and a time per step of 4.2 s. Unit cell 
lattice parameters for the Pb4m phase of CBN were obtained by full 
pattern Rietveld refinement using TOPAS 5.0 software (Bruker AXS, 
Karlsruhe, Germany). In the refinement analysis, the peak shape 
function was determined by the X-ray diffractometer geometry, and 
fundamental background parameters. Lattice constants, scale factor, 
atomic coordination and occupancy were refined. Maximum theo-
retical densities were calculated from unit cell atomic masses and 
lattice parameters obtained from the refinement outlined above. 
Measured ceramic densities were calculated via the geometric 
method.

Sintered ceramic pellets were mounted in epoxy resin (Epothin, 
Buehler), in preparation for microstructural examination. These 
samples were ground with silicon carbide abrasive paper (P800 and 

Fig. 1. The tetragonal tungsten bronze structure, (A2)4(A1)2(C) (B1)2(B2)8O30, viewed 
along the [001], with tetragonal unit cell projections marked out (dotted lines). 
Interstitial sites A1, A2 and C exist within a matrix of corner-sharing NbO6 octahedra 
of varying tilt.
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P2500) and polished using Texmet P microcloths then MetaDi 2 
diamond suspensions with sequentially decreasing particle sizes of 
9, 3 and 1 µm (Buehler, Germany). Chemical etching was carried out 
at room temperature with a 2:1 ratio of hydrofluoric acid and con-
centrated nitric acid for 180 s. Scanning electron microscopy was 
undertaken on sample pellets sputter coated with 20 nm amorphous 
carbon, in a Hitachi SU8230 high performance, cold field emission 
instrument operating at 2 kV and 5000x magnification.

For electrical measurements, silver electrodes (Gwent Electronic 
Materials) were deposited on ceramic pellets at a firing temperature 
of 550 ⁰C for 5 h. Relative permittivity and dielectric loss were 
measured as a function of temperature by using a HP4284a LCR 
analyser (Hewlett Packard, USA); frequencies ranged from 103-106 

Hz and temperatures from 20 to 350 ⁰C. A controlled environment 
chamber was used for lower temperatures down to − 70 ⁰C (Tenney 
Environmental-SPX, White Deer).

Ferroelectric hysteresis measurements were performed by ap-
plying four sinusoidal cycles of an AC electric field waveform with a 
frequency of 2 Hz, using a function generator (HP33120A, Keysight 
Technologies, Berkshire, UK) and a high voltage amplifier (HVA1B, 
Chevin Research, Otley, UK). The electric field was calculated directly 
from the recorded voltage waveform, while the corresponding po-
larisation values were obtained by integration of the current with 
respect to time using LabVIEW software [16]. Polarisation-electric 
field (P-E) loops were obtained with a maximum electric field in the 
range 30–50 kV cm−1. At lower field levels, elliptical P-E loops were 
processed to derive the field-dependent real and imaginary parts of 
the relative permittivity, εr

/ and εr
// [17].

3. Results and discussion

X-ray powder diffraction patterns of crushed, sintered pellets 
were indexed on the basis of a Pb4m Space Group, as adopted by 
Graetsch [7] (ICCD 05–001–0283). For undoped CBN28, calcined at 
1200 ⁰C for 4 h then sintered, orthorhombic CaNb2O6 secondary 
phase was detected (ICCD 00–011–0619), indicating incomplete re-
action of precursors. Other secondary phase peaks were present in w 
= 0.05 (Fig. 2), suggesting that this doping level may be beyond the 
solid solution limits; these included CaNb2O6, a tetragonal Ba3Nb5O6 

(ICCD 00–031–0158), and cubic Ba-Y-Niobate or Ba-Ca-Y-Niobate 

phases (ICCD 00–024–1042 and ICCD 04–021–7855). Lattice para-
meters of the CBN28 phase resulting from Rietveld refinement, 
Fig. 3, are presented in Table 1. There was a slight contraction in the c 
lattice parameter with increasing Y content, consistent with solid 
solution formation and the substitution of the smaller Y3+ ion for 
Ca2+/Ba2+, as intended.

The experimentally measured densities of the sintered samples 
were 5.11–5.18 g/cm3 for compositions w = 0 (CBN28) to w = 0.04, 
Table 2. Relative density was 4.96 g/cm3 (94%) for w = 0.05. Sec-
ondary electron micrographs of (Ca0.28Ba0.72)1–3w/2YwNb2O6 [0 ≤ w 
≤ 0.05] are shown in Fig. 3. Apparent high porosity in CBN28, 
Fig. 3(a), may in part be caused by grain pull-out, given its higher 
measured density, when compared with similarly porous w = 0.05 
Fig. 3(d).

Fig. 4 shows similar grain sizes for different dopant levels ≤ 8 µm, 
except for w= 0.04 where grains are up to ∼12 µm in size. Reasons for 
these observations are thought to relate to different sintering con-
ditions and the presence of secondary phase in some samples. It had 
been found that for CBN28 and w = 0.02 the highest densities could 
be obtained by two-step sintering at 1350 °C and 1200 °C, whereas 
for w = 0.04 and 0.05 optimum densities were achieved by proces-
sing at 1325 °C and 1250 °C. The increased grain growth in w = 0.04 
may be due to these differences in thermal processing. For sample 
composition w = 0.05 which underwent the same sintering condi-
tions as w = 0.04, the presence of secondary phases (absent in w = 
0.04, Table 1) may have inhibited grain growth thereby offsetting 
any thermal effect. Columnar grains, which are common in TBs due 
to a preferential [001] growth habit, were not observed. Micro- 
cracking was evident by SEM in undoped CBN, this phenomenon was 
less evident in w = 0.04 and absent in w = 0.05, Fig. 4.

Plots of relative permittivity versus temperature are shown in 
Fig. 5. The relative permittivity of the undoped CBN28 ceramic 
showed a peak value of 2086 at a temperature of 268 °C, with no 
evidence of frequency dispersion (relaxor behaviour) between 1 kHz 
and 1 MHz. The substitution of Y3+ up to w = 0.02 caused a significant 
reduction in the temperature of the permittivity maxima to 188 °C, 
with some evidence of frequency dependency of permittivity now 
appearing. The change in response between CBN28 and w = 0.02 
provides further evidence that Y ions had been incorporated into the 
tungsten bronze structure and these, plus the corresponding A-site 
vacancies, acted to destabilise the ferroelectric phase. On increasing 
the level of Y substitution to w = 0.04 there was a change to a very 
broad permittivity peak with more significant frequency depen-
dence, consistent with weak relaxor behaviour. The temperature of 
the permittivity maximum, Tm, was 146 °C at 1 kHz increasing to 
152 °C at 1 MHz. Variation of permittivity for w = 0.04 remained 
within ±  15% of the median value (ɛr =1140) over the temperature 
range from 71 to 210 ⁰C, when measured at 1 kHz. For w = 0.05, the 
permittivity maximum temperature, Tm, was slightly more sensitive 
to measurement frequency, with Tm occurring at 141 °C and 150 °C, 
when measured at 1 kHz and 1 MHz respectively. Temperature sta-
bility of permittivity was also further improved, remaining 
within ±  15% of the median value (ɛr = 910) from 36° to 218°C.

Dielectric loss tangent, tan δ, values were ≤ 0.1 for frequencies of 
1 kHz for the temperature range investigated (−70 to 350 ⁰C) for 
samples CBN28 and w= 0.05. For w = 0.02 and w = 0.04, measured at 
frequencies of 1 kHz and 10 kHz, the tan δ values increased sharply 
above a temperature of ∼250 °C. A future detailed study of loss 
mechanisms would provide a foundation for addressing the rela-
tively high losses.

The polarisation-electric field (P-E) responses showed a negli-
gible change in character between CBN28 and Y3+ inclusion up to 
dopant level w = 0.02 (Fig. 6a). The coercive field strength (Ec) and 
remnant polarisation (Pr) values were determined as 14.2 kV cm−1 

and 2.4 µC/cm2 respectively for the undoped CBN28 (Emax = 30 kV 
cm−1). Equivalent values for w = 0.02 were 13.9 kV cm−1 and 2.3 µC/ 

Fig. 2. X-ray diffraction patterns of (Ca0.28Ba0.72)1–3w/2YwNb2O6 [0 ≤ w ≤ 0.05], indexed 
according to P4bm, ICCD 05–001–0283. Symbol ♦ represents orthorhombic CaNb2O6 

(ICCD 00–011–0619); • represents tetragonal Ba3Nb5O6 (ICCD 00–031–0158); ■ cor-
responds to a 100% R.I. peak in a cubic structure whose composition is either 
Ba2YNbO6 (ICCD 00–024–1042) or Ba2Ca0.79Nb1.08O5.68Y0.13 (ICCD 04–021–7855).
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cm2. However, the P-E response changed significantly for the higher 
Y3+ contents, w = 0.04 and w = 0.05, each of which had displayed 
evidence of relaxor behaviour in their permittivity-temperature 

plots (Fig. 5). The Pr values consequently decreased to 1.5 µC/cm2 for 
w = 0.04 and 0.8 µC/cm2 for w = 0.05. The coercive field values de-
creased to 8.2 kV cm−1 for w = 0.04 and 5.1 kV cm−1 for w = 0.05. The 
narrower ferroelectric loops (lower Ec values) for w = 0.04 and w 
= 0.05, are consistent with a reduction in polar length scales, giving a 
lower energy barrier for ‘domain’ reorientation relative to ferro-
electric samples (CBN28 and w = 0.02) (Table 3).

At sub-coercive field levels, for example 5 kV cm−1, Fig. 6(b) the 
P-E loops for each composition, exhibited an elliptical form, similar 
to those reported previously in conventional perovskite-type ferro-
electrics [17]. At these field levels the domain structures of the 

Fig. 3. Full pattern Rietveld refinement for (Ca0.28Ba0.72)1–3w/2YwNb2O6 [w = 0.04], indexed according to P4bm, ICCD 05–001–0283. 

Table 1 
Summary of (pseudo) tetragonal lattice parameters from the refinement of (Ca0.28Ba0.72)1–3w/2YwNb2O6 [0 ≤ w ≤ 0.05] indexed to space group P4bm. The Rwp ‘goodness of fit’ 
values, calculated theoretical density (ρ) and estimated percentage of CaNb2O6 secondary phase are also listed. 

Sample Code a (Å) c (Å) Volume (Å3) Rwp (%) Theoretical ρ (g/cm3) CaNb2O6 (wt%)

CBN28 12.4574 (2) 7.8976 (1) 1225.52 (2) 9.81 5.31 5.3
w = 0.02 12.4538(1) 7.8901(1) 1223.74 (1) 9.85 5.30 -
w = 0.04 12.4555(1) 7.8881 (2) 1223.75 (3) 9.93 5.28 -
w = 0.05 12.4589 (2) 7.8762 (7) 1222.52 (2) 10.06 5.27 6.7

Table 2 
Summary of experimentally measured density data. 

Sample Code Nominal formula ρ (g/cm3) Density (%)

CBN28 Ca0.28Ba0.72Nb2O6 5.11 96.2
w = 0.02 (Ca0.28Ba0.72)0.97Y0.02Nb2O6 5.18 97.8
w = 0.04 (Ca0.28Ba0.72)0.94Y0.04Nb2O6 5.14 97.3
w = 0.05 (Ca0.28Ba0.72)0.925Y0.05Nb2O6 4.96 94.1

Fig. 4. SEM secondary electron micrographs of (Ca0.28Ba0.72)1–3w/2YwNb2O6 [0 ≤ w ≤ 0.05]: a) CBN28, b) w = 0.02 c) w= 0.04 d) w = 0.05. 
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Fig. 5. Relative permittivity-temperature and loss tangent–temperature responses for (Ca0.28Ba0.72)1–3w/2YwNb2O6 [0 ≤ w ≤ 0.05] ceramics, measured at a 1–1000 kHz. a) CBN28, b) 
w= 0.02c) w = 0.04, d) w = 0.05.

Fig. 6. Comparison of P-E loops for (Ca0.28Ba0.72)1–3w/2YwNb2O6 [0 ≤ w ≤ 0.05] ceramics at a) 30 kVcm−1 and b) 5 kVcm−1 and variation in (c) real and (d) imaginary parts of the 
permittivity as a function of electric-field amplitude.
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samples were not sufficiently re-ordered or “poled”, by the applied 
field, and so lower residual polarisations were recorded in compar-
ison to the P-E loops acquired at the higher applied fields The gra-
dients of the P-E loops for w = 0.04 and w = 0.05 were significantly 
higher than those for CBN28 and w = 0.02, consistent with the higher 
dielectric permittivity values of the former in the range close to 
room temperature. The P-E data were subsequently processed fur-
ther to yield field-dependent values for the complex dielectric per-
mittivity, with the real part (εr

/) corresponding approximately to the 
gradient and the imaginary part (εr

//) to the area (hysteresis loss) 
enclosed within the loop [17].

Both the εr
/-E0 and εr

//-E0 relationships exhibited a relatively 
field-independent region at low electric field amplitudes, followed 
by a near-linear region (the Rayleigh region) and eventually a ten-
dency towards saturation at high fields, Fig. 6(c-d). These char-
acteristics are also similar to those observed in the more common 
perovskite-structured ferroelectrics [18]. The Rayleigh coefficients, α/ 

and α//, were determined as the gradients of the εr
/-E0 and εr

//-E0 

relationships in the electric field range between 5 and 15 kV cm−1. 
These values, summarised in Table 4, demonstrate a gradual reduc-
tion in the field-dependent, extrinsic ferroelectric domain wall 
contributions to dielectric permittivity and loss with increasing 
substitution of Y3+ in solid solution. The α/ values for CBN28 and w 
= 0.05 were determined as 0.67 × 10−3 and 0.33 × 10−3 m V−1 respec-
tively, which are significantly lower than those reported for typical 
soft lead zirconate titanate (PZT) ceramics (5.3 ×10−3 m V−1) but 
comparable with that of hard PZT (0.83 ×10−3 m V−1) [18]. Mod-
ification of the Rayleigh coefficients provides further evidence for 
the disruption of ferroelectric ordering and changes to polarisation 
dynamics in Y-doped CBN28.

There are limited reports of the effects of other CBN dopants. 
CBN28 was singly doped by the addition of CeO2 or La2O3 prior to 
sintering, at 0 ≤ wt% ≤ 0.6. For both the Ce and La doped composi-
tions, with a dopant wt% of 0.5, broadening of the ɛr-T was observed, 
greater than that seen in the present work’s w = 0.02 (0.455 wt% Y), 
where ɛr = 2055  ±  15% from 166 to 211 ⁰C, but less than w = 0.04 (ɛr = 
1143  ±  15% from 71 to 210 ⁰C) and 0.05 (ɛr = 908  ±  15% from 37 to 
218⁰C). Based on the published ɛr-T plots the estimated temperature 
range of ±  15% stability was from approximately 160 to 223 ⁰C for 
CBN-0.5 wt%CeO2 and 152–212 ⁰C for CBN-0.5 wt%La2O3 [19]. The 
temperature of the permittivity peak, Tm, decreased to 190 ⁰C for 
both CBN-0.5 wt%CeO2 and CBN-0.5 wt%La2O3, when measured at 
10 kHz [19]. Here we record a similar reduction in Tm with low level 
Y inclusion up to w = 0.02, to 188 ⁰C.

Other reports show the effects of Na+ substitution according to 
the general formula (Ca0.28Ba0.72)2.5–0.5xNaxNb5O15 [0 ≤ x ≤ 1] [20]. In 

the composition x = 0.8 the temperature of the permittivity maxima 
increased to 332 ⁰C and there was a negligible effect on the breadth 
of the permittivity temperature response. Subsequent B-site sub-
stitution of Nb5+, by Sb5+ or Ta5+, in the (x = 0.8) Na- doped CBN 
decreased Tm but also increased the level of ɛr-T peak broadening, 
most notably for Sb-modified compositions. For example, the com-
position (Ca0.28Ba0.72)2.1Na0.8Nb4Ta1O15, where ɛr = ∼ 820  ±  15% from 
∼− 90 to ∼180 ⁰C, when measured at 10 kHz [21].

4. Conclusion

Yttrium doped Ca0.28Ba0.72Nb2O6 ceramics of the tungsten bronze 
structure were prepared by the solid-state method. A transition from 
ferroelectric to relaxor type behaviour of CBN28 was induced by Y- 
doping at levels of w = 0.04 and w = 0.05 in the ceramic formulation 
(Ca0.28Ba0.72)1–3w/2YwNb2O6 [0 ≤ w ≤ 0.05]. This assumed Y3+ sub-
stitution and vacancy inclusion on A-sites of the tungsten bronze 
structure resulted in a diffuse permittivity-temperature peak. 
Results suggest that further research into doped Ca0.28Ba0.72Nb2O6 

holds potential for achieving new high temperature dielectrics, 
particularly if a strategy for decreasing dielectric loss values can be 
developed.
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Table 3 
Summary of dielectric data for (Ca0.28Ba0.72)1–3w/2YwNb2O6 [0 ≤ w ≤ 0.05] ceramics, permittivity values measured at 1 kHz unless otherwise stated. Maximum polarisation (Pmax), 
residual polarisation (Pr) and coercive field (Ec) were measured under a maximum applied field of (+)30 kV cm− 1. 

Sample Code Nominal formula Tm @ 
1 kHz (⁰C)

Tm @ 
1 MHz (⁰C)

ɛr max ∆εr FWHM (⁰C) Pmax 

(µC cm−2)
Pr 

(µC cm−2)
Ec 

(kV cm−1)

CBN28 Ca0.28Ba0.72Nb2O6 268 269 2086 71 4.1 2.4 14.2
w = 0.02 (Ca0.28Ba0.72)0.97Y0.02Nb2O6 188 191 2364 73 4.0 2.3 13.9
w = 0.04 (Ca0.28Ba0.72)0.94Y0.04Nb2O6 146 152 1315 183 4.0 1.5 8.2
w = 0.05 (Ca0.28Ba0.72)0.925Y0.05Nb2O6 141 150 1043 181 3.4 0.8 5.1

Table 4 
Rayleigh coefficients of Y-doped CBN ceramics obtained from nonlinear field-de-
pendent dielectric properties. 

Sample Code Nominal formula α/ 

(10−3 m V−1)
α// 

(10−3 m V−1)

CBN28 Ca0.28Ba0.72Nb2O6 0.67 0.78
w = 0.02 (Ca0.28Ba0.72)0.97Y0.02Nb2O6 0.46 0.48
w = 0.04 (Ca0.28Ba0.72)0.94Y0.04Nb2O6 0.46 0.26
w = 0.05 (Ca0.28Ba0.72)0.925Y0.05Nb2O6 0.33 0.12
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