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Abstract

Barium calcium stannate titanate (Ba0.88Ca0.12Ti0.975Sn0.025O3) ceramics, synthesized by solid state reaction
method and sintered at 1100 °C/3 h, were exposed to gamma radiation dose of up to 1 kGy using a Cs-137
irradiation source at a dose rate of 100.46 Gv/h. Structural analysis of the ceramics indicated a tetragonal per-
ovskite crystalline structure for both pristine and irradiated ceramics with a minor secondary phase. However,
slight changes of the lattice parameters and average crystallite size were observed for the irradiated samples.
The lattice aspect ratio of the tetragonal phase (c/a) for the pristine ceramics was 1.0022 which decreased
by 0.22% at maximum irradiation dose. Irradiation also causes some microstructural changes and slight de-
crease in grain size. Energy dispersive spectroscopic investigation of the Ba0.88Ca0.12Ti0.975Sn0.025O3 showed
small variation in its chemical composition as gamma radiation dose is increased.
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I. Introduction

Barium titanate (BaTiO3 or BT) has been used in
capacitors, ultrasonic transducers, pyroelectric infrared
sensors, and positive temperature coefficient (PTC) re-
sistors [1,2]. BT is in ferroelectric perovskite (ABO3)
tetragonal phase from room temperature up to the Curie
temperature (Tc, 120 °C) [3] above which it transforms
to paraelectric-cubic phase [2]. However, there are few
drawbacks, such as low piezoelectric constants and
structural phase transformations at low temperatures
which limit the extensive application of the pure BT
in piezoelectric devices [4]. In recent years, there have
been several attempts at improving its structural stabil-
ity alongside other properties, such as ferroelectric and
dielectric constants [5–14]. Such attempts include the
substitution of Ba2+ or Ti4+ by atoms of different sizes
and oxidation states resulting in compounds of different
physical and chemical properties, while still retaining
the same structural phase [6–15]. The substitution on
the A-site of BT (Ba2+) by Ca2+ by up to 0.12 mol pre-
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vents grain growth, improves electromechanical prop-
erties, structural stability [16–18] and decreases dielec-
tric constant [15–17]. On the other hand, substitution of
the B-site (Ti4+) by Sn4+ (0.025 mol) increases permit-
tivity and piezoelectric properties, but decreases the Tc

[19]. Therefore, it is expected that simultaneous substi-
tutions of Ba2+ by Ca2+ and Ti4+ by Sn4+ could lead
to a piezoelectric ceramics having high permittivity, im-
proved piezoelectric properties and structural stability.

Barium titanate-based materials have potential appli-
cations in nuclear radiation environments such as sen-
sors in nuclear reactors, particle accelerators, detectors,
space ship and satellites, among others [20]. The prop-
erties of such materials used in the fabrication of de-
vices deployed in these environments should not be af-
fected by nuclear radiation. Nuclear radiations, partic-
ularly gamma rays are of significant concern because
they readily penetrate through protective shielding. The
ionizing effect of gamma radiation may alter the struc-
turally dependent properties of materials and hence their
performance. The magnitude of such changes is largely
dependent on radiation parameters such as linear energy
transfer, dose and energy, nature of the material and its
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structural phase [21]. However, the semiconducting and
dielectric properties of BT ceramics have been found to
depend on grain size and phase content [26]. Recently,
it was reported that structural properties of BT-based
ceramics were altered on exposure to gamma radiation
dose of up to 200 Gy [20,22] with subsequent decrease
in grain size. Moreover, works on higher gamma ray ex-
posure (dose) of BT-based ceramics is sparse in liter-
ature and extensive literature survey has revealed that
so far, no work has been reported on gamma ray irra-
diated Ba0.88Ca0.12Ti0.975Sn0.025O3 ceramics to the best
of our knowledge. This work therefore aims to study
the effect of gamma radiation on the microstructure of
Ba0.88Ca0.12Ti0.975Sn0.025O3 ceramics which might pro-
vide information on the stability of BT based devices
for applications in space and radiation environments.

II. Experimental procedures

Ba0.88Ca0.12Ti0.975Sn0.025O3 (BCST) ceramics has
been synthesized by solid state reaction method. Ap-
propriate proportion of analytical grade BaCO3 (≥99%,
Kermel, China), TiO2 and CaCO3 (99.9%, Qualikems,
India) and SnO2 (99.99%, BDH, UK) were manually
mixed thoroughly in an agate mortar and distilled wa-
ter was added to the mixture to form a slurry in order
to prevent selective sedimentation of the reagents. The
slurry was dried in an oven at 150 °C for 1 hour and
hand-ground using an agate mortar and pestle for about
4 hours to achieve homogeneity of the mixture. The ho-
mogenous mixture was placed in an alumina crucible
and calcined at 1050 °C for 4 hours in a furnace to al-
low volatilization of bye-product, CO2. The powder was
further crushed for 1 hour and ground by adding 4 wt.%
polyvinyl alcohol (PVA) as a binder before forming pel-
lets. The pellets with diameter and thickness of 26 mm

and 1 mm, respectively, were obtained at a pressure of
10 tons using a MiniPal4 Pw 4025/47B palletizing ma-
chine. The pellets were sintered at 1100 °C for 3 hours,
and furnace-cooled for crystal phase formation. The sin-
tered pellets were irradiated with gamma ray doses of
0.1, 0.3, 0.5, 0.7 and 1 kGy (the samples were labelled as
BCST-0.1, BCST-0.3, BCST-0.5, BCST-0.7 and BCST-
1, respectively) using a Cesium-137 (Cs-137) irradia-
tion source at a dose rate of 100.46 Gy/h.

X-ray diffractometer (D8 Advance, Bruker AXS,
40 kV, 40 mA) with monochromatic Cu-Kα (λ =
1.54060 Å) was used to characterize the structural phase
composition of the pristine and irradiated ceramics. The
instrument was operated in a step scan mode of size
0.034° and counts were accumulated for 88 s at each
step for 2θ angles ranging from 20° to 90°. The ceram-
ics were positioned on an aluminium stage with the aid
of carbon adhesive tape and coated with AuPd (gold-
palladium) using a sputter coater. Their surface mor-
phology and elemental compositions were investigated
using a high resolution scanning electron microscope
(HRSEM, Zeiss) coupled with an EDS spectrometer.
The HRSEM was operated at a voltage of 20 kV and
images captured at 5 kV.

III. Results and discussion

3.1. Crystal structure and parameters

Typical X-ray diffraction (XRD) patterns of the syn-
thesized Ba0.88Ca0.12Ti0.975Sn0.025O3 (BCST) ceramics
at room temperature and irradiated with varying gamma
ray doses are shown in Fig. 1. The prominent peaks in
the XRD spectra correspond to the tetragonal phase of
BaTiO3 and matches well with JCPDS No. 00-005-0626
data. The XRD patterns are in agreement with reports

Figure 1. X-ray diffraction patterns of pristine and irradiated BCST ceramic
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Table 1. XRD data (2θ position, d-spacing and FWHM) for
the peak 200 of pristine and irradiated BCST ceramics

Sample 2θ d-spacing FWHM
BCST 45.261 2.0019 0.410

BCST-0.1 45.285 1.9884 0.407
BCST-0.3 45.266 2.0017 0.418
BCST-0.5 45.278 2.0012 0.405
BCST-0.7 45.276 2.0013 0.397
BCST-1 45.270 2.0029 0.391

of other groups who prepared BT-based ceramics using
similar method [10,23].

However, a minor peak around 47.5° 2θ can be ob-
served and identified as orthorhombic CaTiO3 phase
(JCPDS file No. 00-022-0153). There were other
diffraction peaks though with very low intensities whose
match could not be found as indicated in the XRD spec-
tra. The XRD pattern of the irradiated ceramics sug-
gests a consistent phase and composition with the pris-
tine sample. This corroborates the fact that gamma radi-
ation does not change the perovskite structure of barium
titanate based ceramics. Similar observations have been
reported previously [20,22].

Table 1 gives a quantitative analysis of the peak po-
sitions and parameters of the XRD patterns where the
d values were obtained experimentally. It is observed
that as the irradiation dose increases the structure sensi-
tive XRD peak 200 slightly shifts towards higher 2θ an-
gles. This can be discerned from the raw XRD data (not
shown). Similar pattern has been observed when the A-
site of a typical ABO3 structure is partially replaced by
ions of smaller size [6,24] and leads to distortion of the
ABO3 unit cell lattice [6] together with changes in the
lattice parameters. Therefore, the slight shift of peaks to
higher angles may be attributed to A-site defects due to
the energetic gamma ray.

The average crystallite sizes (D) of the pristine and
irradiated ceramics were calculated using the full width
at half maximum (FWHM) of the most intense peak by
the Scherrer formula [9]:

D =
0.9λ
β cos θ

(1)

where β is the FWHM of the diffraction peak in radians,
θ the Bragg diffraction angle, λ the wavelength of the
X-ray used and D the average crystallite size.

The calculated average crystallite size of the pristine
ceramic is found to be approximately 38 nm. It can be
seen from the plot of β and D versus irradiation dose
(Fig. 2) that β values of the pristine increased while
D values decreased on exposure to lower dose (up to
0.5 kGy). However, on further increasing the dose up to
1 kGy, β and D appear to be almost the same with the
corresponding values for the pristine sample.

Lattice parameters a and c of the pristine and irradi-
ated ceramics were calculated from the XRD spectra us-
ing 100, 200 and 201 diffraction peaks. The calculated
lattice aspect ratio of tetragonal phase (c/a = 1.0022)

indicates a weak tetragonality of the pristine BCST ce-
ramics in comparison with the referenced JCPDS data
of BaTiO3 (c/a = 1.0110) prepared at higher tempera-
ture. Plot of lattice parameters (a and c) and c/a against
irradiation dose is shown in Fig. 3. As can be seen,
both a and c parameters are slightly changed, resulting
in an increase of c/a ratio on exposure to lower irra-
diation dose (0.1 kGy). However, a value remained al-
most unchanged while the c values slightly decreased
and consequently c/a ratio decreased with further in-
crease in the irradiation dose. These results indicate a
decrease in tetragonality of the perovskite structure of
BCST ceramics upon gamma exposure. The variations
in the lattice parameters can be understood in terms of
the energy exchange between the gamma ray and the
lattice sites of some host atoms thereby leading to lat-
tice distortion. This is consistent with the slight shift
in peak positions to higher 2θ values. The increase in
tetragonality is desirable in perovskite titanates because
it increases polarizability and consequently leads to im-
proved ferroelectric properties [25]. However, the ob-
served changes indicate on higher tendency towards
phase transformation in the BCST ceramics on exposure
to higher gamma irradiation dose (up to 1 kGy). Thus, it
is expected that irradiation would ensue deterioration in
ferroelectric properties of the BCST ceramics.

The unit cell volume is another structural parameter
that can be used to indicate change in the structure of
a crystal [26]. The cell volume of the pristine ceramics
was found to be 64.20 Å3. After gamma ray exposure,

Figure 2. Variation of β and D against irradiation dose

Figure 3. Variation of lattice parameters (a and c) and c/a
versus irradiation dose
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(a) (b) (c)

(d) (e) (f)

Figure 4. SEM micrograph of: a) BCST, b) BCST-0.1, c) BCST-0.3, d) BCST-0.5, e) BCST-0.7 and f) BCST-1

there were slight decreases of the cell volume. This is
also consistent with the fact that energetic gamma rays
possess the ability of ionizing the atoms of a material
thereby resulting in electron-hole pairs. The observed
decrease of the cell volume is corroborated by the slight
shift of the XRD peak 200 toward higher angles with
increasing gamma irradiation.

3.2. Microstructural analysis

Microstructural characterization of the pristine and ir-
radiated BCST ceramics is depicted in Fig. 4. As can
be seen from SEM micrograph of the pristine ceram-
ics (Fig. 4a), there is non uniform distribution of grains.
The pristine BCST ceramics contains two distinguish-
able microstructural features: i) a portion of agglom-
erates and some fairlyfine grained microstructure and
ii) a small portion of rod-like grains which could be
attributed to rich Ca2+ regions necessitated by insuf-
ficient homogenization of the starting precursors [17].
Further, the presence of some residual porosity is also
evident. The average grain size as determined using Im-
ageJ software is approximately 1.0µm based on 100
grains. It is known that the initial powder preparation
process and sintering temperature could result in inho-
mogeneous microstructure.

SEM micrographs reveal that gamma ray affects mi-
crostructure of the BCST ceramics, especially in the as-
pect of distribution of grain and average grain size (Fig.
4). Thus, in the samples irradiated with lower gamma
ray doses (0.1 to 0.7 kGy) rod-like grains are less vis-
ible and harder agglomeration of grains become more
evident (Fig. 4). However, further increase in the irradi-

ation dose (1 kGy) results in formation of BCST struc-
ture with higher portion of rod-like grains and fairly
fined-grained microstructure (Fig. 4f). This result sug-
gests that irradiation dose at this level affects the unifor-
mity of the composition thereby leading to segregation
in local part of the ceramic.

The determined average grain sizes of the irradiated
samples are depicted in Fig. 5. As can be seen there is
a small variation in the average grain size as irradiation
dose increases. The average grain size slightly increased
after exposure to lower dose (0.1 kGy), but with fur-
ther increase of irradiation dose the grain size decreases.
These variation in the average grain size could be due to
fractured grains as a result of irradiation effect. This re-

Figure 5. Variation of average grain size with
irradiation dose
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(a) (b)

Figure 6. EDS spectra of (a) pristine BCST and (b) BCST-1 ceramics

sult indicates that the average grain size of the BCST
ceramics does not change considerably upon gamma
ray exposure of up to 1 kGy and is contrary to some
literature data [20,22]. However, grain size is closely
connected with ferroelectric and piezoelectric proper-
ties of BT-based ceramics [22]. Ferroelectric and piezo-
electric properties decrease when grain size decreases.
Thus, slight degradation of ferroelectric and piezoelec-
tric properties is expected for the prepared BCST ce-
ramic within the range of studied doses.

3.3. Chemical composition

Figure 6 depicts the EDS spectra showing the ele-
mental composition of the pristine BCST ceramics. All
of the peaks have been identified with the potential ele-
ments that match that peak. The spectra clearly indicate
the presence of Ba, Ca, Ti, Sn, O, C, Au and Pd. The
carbon (C) source could be traced to the carbon tape
and AuPd (gold-paladium) is present in the compound
in order to make it conducting.

Table 2 gives a quantitative comparison between the
nominal and the normalized EDS derived composition
of the pristine and irradiated BCST ceramics, where the
major sources of error were removed and the remain-
ing elements normalized to 100% to give a better rela-
tive representation of the remaining elements present in
the material. However, trace amount of Al and Co were
evident in the samples irradiated with 0.3 and 0.1 kGy,
respectively. The presence of Al could be attributed to

contamination during the processing of the material for
SEM analysis and the presence of Co is not understood
at present. The fluctuations in the normalized EDS de-
rived composition in comparison with the nominal com-
position could be attributed to deficiency of oxygen dur-
ing sintering in the ambient and difficulties in achieving
macroscopic uniformity in solid state reaction method
[27]. A significant overlap for Ba and Ti is obvious in
the spectra and makes it difficult to differentiate between
them in the quantification results and this has been al-
ready reported [28].

IV. Conclusions

Ba0.88Ca0.12Ti0.975Sn0.025O3 ceramics, prepared by
solid state reaction and sintering at 1100 °C/3 h, were
exposed to gamma radiation dose of up to 1 kGy. The
pristine BCST ceramics has polycrystalline tetragonal
structure with minor impurity CaTiO3 phase. Gamma
irradiation does not change the perovskite structure, but
the structure sensitive 200 peak was found to shift to
higher 2θ angles with increase in irradiation dose. It
was also observed that the crystallite size decreases on
exposure to irradiation dose up to 0.5 kGy and is al-
most the same with further increase of dose up to 1 kGy.
XRD analysis indicates on decrease in the tetragonality
of the perovskite BCST structure upon gamma irradi-
ation, which is expected to lead to deterioration in the
ferroelectric properties. The microstructure of the pris-

Table 2. Elemental composition of pristine and irradiated BCST ceramics

Sample
Nominal composition [at.%] Normalized EDS derived composition [at.%]

Ba Ca Sn Ti O Total Ba Ca Ti Sn O Al Co Total
BCST 17.60 2.40 0.50 19.50 60.00 100.00 22.31 4.70 26.64 0.40 45.95 - - 100

BCST-0.1 17.60 2.40 0.50 19.50 60.00 100.00 19.03 4.77 22.92 0.39 52.89 - - 100
BCST-0.3 17.60 2.40 0.50 19.50 60.00 100.00 22.54 4.13 24.25 0.57 46.71 1.80 - 100
BCST-0.5 17.60 2.40 0.50 19.50 60.00 100.00 18.34 6.98 21.55 0.50 52.63 - - 100
BCST-0.7 17.60 2.40 0.50 19.50 60.00 100.00 24.30 2.86 27.00 0.72 45.12 - - 100
BCST-1 17.60 2.40 0.50 19.50 60.00 100.00 19.25 2.19 22.29 0.51 55.52 - 0.24 100
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tine BCST ceramics is characterized by agglomerates,
rod-like grains and porosity with an average grain size
of ∼1.0µm. In the samples irradiated with lower gamma
dose (0.1 to 0.7 kGy) rod-like grains are less visible
compared to those irradiated with higher dose (1 kGy).
It was observed that the average grain size of the BCST
ceramics does not change appreciably upon gamma ir-
radiation of up to 1 kGy. However, a slight degradation
in ferroelectric and piezoelectric properties is expected.
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