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� The crystal structure of BCST is pseudocubic based on Rietveld refinement.
� The structure of BCST evolved from pseudocubic to distorted tetragonal with increasing neutron irradiation.
� Complete displacement Ca2þ was observed at maximum irradiation but without oxygen vacancies.
� Ti(z) position changed with increase in irradiation and this an effect ferroelectricity and dielectric constant.
� The material is expected to suffer some degradation in performance.
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a b s t r a c t

Ba/Ca-doped barium titanate has been prepared by solid state reaction to produce Ba0.88Ca0.12-
Ti0.975Sn0.025O3(BCST) ceramics. Five samples were irradiated using neutron fluence of 8.1 � 106,
9.72 � 107, 8.75 � 108, 6.99 � 109 and 1.4 � 1010 n/cm2 (BCST-06 to -10). The structure and phase
compositions of the control (BCST) and irradiated samples were determined by X-ray diffraction and
indicate the presence of a majorly single phase tetragonal barium titanate (S.G.P4mm) with a minor
phase CaTiO3 (orthorhombic). However, Rietveld refinement using GSAS II suite of programs indicates a
tetragonality ratio (c/a ¼ 0.996) which is pseudocubic with a reduction in volume of 0.03% in the control
compared to pristine BT. The irradiated samples exhibited changes in tetragonality (maximum of 0.82%)
and variation in volume (0.58%, maximum) over the range of fluence investigated. A complete vacancy
was observed in the Ca site of BCST10 but not in the oxygen sites while the occupancies of other metal
sites varied. The substitution of Sn is expected to lead to a lower transition temperature and an increase
in dielectric constant near the transition temperature of the control. While the changes in volume,
tetragonality and occupancy of the irradiated samples are expected to affect their electromechanical
properties due to changes in the Ti octahedra which would lead to a slight degradation in device
performance.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Barium Titanate (BT) with Perovskite crystal structure (ABO3)
hasmany industrial, technological and scientific importance, due to
its superior dielectric, ferroelectric and piezoelectric properties. At
high temperature BT has a paraelectric cubic structure and changes
to a ferroelectric tetragonal type structure at 393e403 K which has
u).
high dielectric constant near the temperature of ferroelec-
triceparaelectric transition known as the Curie point (Tc). These
transitions could also be brought about by a reduction of the size of
the ceramic (nanocrystalline BT, so-called ‘’size effect’’), addition of
dopants and specifically for this work, by irradiation. Irradiation has
the advantage of not only inducing phase transition but introducing
point defects in the structure which can be used to evaluate
degradation of performance of device in neutron environments for
instance. BT powders have been synthesized conventionally using
solid state reaction at temperatures higher than 1473 K whereas
high energy ball-milling with calcinations at 940 �C show weak
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diffraction peaks for Ba2TiO4 intermediate phase [1]. Detailed
structure, atomic coordinates and properties of BT and dopants
have been reported in literature [2e9]. Lead-based piezoelectrics
are currently dominant in the market where they are used in
sensors, actuators, energy harvesters and transducers, among
others [5]. The presence of lead leads to pollution in the environ-
ment and necessitates the need for alternatives such as BCTZ
(Ba,Ca)(Ti,Zr)O3 and BCTS (Ba,Ca)(Ti,Sn)O3 ceramics which have the
potential to replace the lead-based ones on account of their high
piezoelectric properties [5]. Introduction of various dopants,
particularly, isovalent cations at both the A and B sites of BT in-
creases the dielectric constant and reduces the Curie point [2].

Sn-containing titanate ceramics have favourable dielectric
properties [6]. Increase of Sn to 15 mol% in BT can lead to the
shifting of the paraelectric to ferroelectric phase transition tem-
perature to lower temperature with concomitant increase of
dielectric constant [2]. The Tc of BTS is also controlled by adjust-
ment of the Ti/Sn ratio which structurally transforms from
centrosymmetric cubic to non-centrosymmetric tetragonal phase
at room temperature for x ¼ 0.12 (where x is the amount of Sn) [2].
BTS materials are important in the electroceramic industry due to
their superior dielectric properties which are useful for practical
applications in ceramic capacitors, among others [7]. Studies have
been reported on many Sn-doped systems, such as Ba0.97Ca0.03-
Ti0.96Sn0.04O3) [5] and BaTi0.975Sn0.025O3 (c/a ¼ 1.0063,
volume¼ 64.42�A

3
, S.G., P4mm-tetragonal) systems [2] with mixed

outcomes on phase composition, among others. Results on Rietveld
refinement of BaTi1-xSnxO3 ð0 � x � 0:2Þ ceramics using neutron
powder diffraction showed a crystal which is a mixture of P4mm
and Amm2 (orthorhombic) phases ð0:025 � x � 0:07Þ while other
workers [8] on Ba1-xSnxO3(0:0 � x � 0:05Þ ceramics found a low
content of cubic phase infused accompanying Sn doping of BT ce-
ramics (tetragonal phase) and an increase in unit cell volume.
However, on further doping with a small amount of Sn ðx � 0:03Þ it
was found to reduce the amount of defects in pristine BT ceramics
with a concomitant increase in permittivity. There is therefore a
question as to the actual phase admixture in Sn-doped BT based on
the concentration of dopant (Sn).

On the other hand, the addition of dopants such as Ca in the Ba
site has a different effect due to the very large size of Ba ion which
leads to a large octahedral site in BT in which the titanium ions can
readily move. Thus, the substitution of isovalent cations such as
Ca2þ at the Ba site alters the lattice parameters, dielectric properties
[7] and reduces the size of the octahedral site, thereby restricting
themotion of the Ti ionwith a consequent decrease in sensitivity to
temperature due broadening of the temperature vs dielectric con-
stant curve [9]. There is also the problem of phase composition for
this compound as different phases have been reported depending
on composition. The solid solution Ba1-xCaxTiO3 (x ¼ 0.05 to 0.9)
shows single phase (up to x ¼ 0.3) after which it becomes diphasic.
Ca2þ is smaller in ionic radius but has greater atomic polarizability
which induces the interaction between the Ti ions and compen-
sates for the decrease in Tc observed [7,10]. BT (tetragonal) has bulk
unit cell volume of 64.271(4)�A

3
and c/a ratio of 1.011 [3]. The solid

solution Ba1-xCaxTiO3( 0:05 � x � 0:9Þ shows the formation of
single phase up to x ¼ 0.3, whereas it was reported [11] that the
thin film system Ba1-xCaxTiO3 showed distinct tetragonal splitting
for lower concentrations of x which eventually merged into a single
peak for x >0:21 and led to a cubic phase at room temperature.
Additional peaks observed showed a secondary phase of Caerich
regions (CaTiO3, orthorhombic) which grew stronger with higher
Ca content. The c/a ratio decreased with increase in Ca content
ðx>0:05Þ and shrank in the unit cell volume, while the phase
transition temperature and the dielectric constant both decreased
with increase in Ca content. Tetragonal and orthorhombic peaks in
Ba0.70Ca0.30TiO3 (BCT) ceramics prepared by solid state reaction
corresponding to perovskite BT and CaTiO3, respectively, have been
reported [12,13]. The tetragonal peaks were found to be iso-
structural with Ba0.88Ca0.12TiO3 (JCPDS81-1288), i.e., same as the Ca
concentration in the current work. Sintering at high temperature
(1500 �C/6 h) eventually reduced the orthorhombic peaks with
consequent reduction in the tetragonal distortion (c/a ~0.99). In all
these cases the Curie point (Tc) was found to be nearly temperature
independent of the Ca doping concentration but the transition
temperatures shifted to lower temperatures [14]. Another problem
reported in literature is that of small amount of Ca2þ ions which
have been observed to substitute for Ti4þ ions in Ba1-xCaxTiO3
(BCT), provided the molar ratio of (Ba þ Ca)/Ti � 1. This is reported
to lead to some abnormalities in both properties and structure for
bulk materials if solid state reaction technique is used [10,12].

When neutron irradiations interact with BT ceramics, there is
much to be studied in terms of quantification of the defects they
induce, phase transitions and the consequent effect on the ferro-
electric and dielectric properties and thus on performance. Neu-
trons (thermal) are effective in causing impurity production and
atomic displacements through the transmutation of nuclei into
other nuclei which by themselves may in turn be radioactive. The
mechanism is as a result of fission and activation (capture). Atomic
displacements occur when atoms are dislodged from their normal
positions in the structure of thematerial. Displaced atoms can leave
lattice vacancies and lodge in interstitial locations and may also
cause interchange of dissimilar atoms in the lattice structure [15].
Several studies have shown that irradiation with neutrons, causes
irreversible changes to electro-mechanical properties. Nuclear ir-
radiations (neutron and gamma) of BT-based ceramics alter the
piezoelectric, dielectric, microstructure and structural properties
[15e18]. There is very little that is known about the type and
concentration of point defects and other structural features pro-
duced during irradiation. Reports indicate a decrease in the planar
electromechanical coupling factor kp, increase in unit cell volume
and decrease in lattice aspect ratio with increasing irradiation.
Irradiation of single crystal BT at ~100 �C with fast neutron flux of
1.8 � 1020 n/cm2 showed the transformation of the tetragonal
single crystals to perovskite-type cubic single crystal which are
normally stable at 120 �C and the lattice parameters exhibited
anisotropic expansion [19]. Increase in unit cell volume and
decrease in lattice aspect ratio (c =a) with increase in neutron irra-
diation have been reported in BT [20]. Others [15] have reported
structural changes in PbZr0.5Ti0.5O3 after exposure to a 1 MeV
equivalent neutron fluence of 1.7 � 1015 neutron/cm2 and ascribed
it to increased concentration of oxygen vacancies. The irradiation
thresholds of some pressure transducers based on BT have been
reported to be 7.6 � 1010 n/cm2, for bulk damage to occur [21].
Generally, there is scanty literature on the structural and micro-
structural defect of Sn-doped BT. Though techniques such as posi-
tron annihilation lifetime spectroscopy and co-incident Doppler-
broadening spectroscopy have been reported in the study of
structural defects in Sn-doped BT, but this is an expensive tech-
nique compared to Rietveld method, for example.

Recently, however, diffraction has been used to characterize the
effect of irradiation on materials which are BT-based [15], since
diffraction intensities are a function of the scattering factors of the
constituent atoms and their site occupancies. It means that site
occupancies are deducible from the diffraction patterns. The Riet-
veld method is one sure way that provides a quantitative approach
to measure and thus model the diffraction patterns in order to
deduce quantitative information about lattice parameters, site oc-
cupancies, and microstructural information, amongst others. In
particular, site occupancies are fundamental in that they are a direct
measure of evolving point defect concentrations with increase in
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irradiation; whereas, the lattice parameters are an indirect measure
of the point defects. Thus application of Rietveld refinement to
defect concentration characterisation is novel approach for study of
irradiated materials.

In the present work, the crystal structure of the system
Ba0.88Ca0.12Ti0.975Sn0.025O3 considered as a binary system
(Ba0.88Ca0.12TiO3 and BaTi0.975Sn0.025O3) which has the reported
features of Ca/Snedoped BT prepared by solid state reaction has
been analysed by the Rietveld method. This composition has not
been studied before to our knowledge and it is expected that the
combination of suitable physical properties of the component
systems would result in enhancement of their physical properties
to enable the determination of the phase composition and struc-
tural parameters of the system for stability of device in operation.
Similarly, the evolution of the structure, with specific reference to
defect parameters have been discussed with increasing neutron
irradiation using GSASII (General Structure Analysis System II suite
of programs) [22] in order to elucidate the problems highlighted
above.

2. Experimental procedures

Stoichiometric amounts of the staring materials were used. The
details of the preparation and synthesis conditions have been re-
ported in our earlier work [23].

Meanwhile, sintered and pelletized samples were irradiated in a
low neutron flux irradiation facility [24] which exists as a 750 mm
by 800 mm paraffin cylinder having at its centre a 5 Ci Am-Be
isotopic neutron source (diameter 30 mm, and height 48 mm)
with average thermal neutron flux of 2.7387 � 104 n/cm2.s. There
are six irradiation ports arranged symmetrically around the source.
These provide opportunity for simultaneous irradiation of six
samples at a time. For the purpose of this work, five groups of
pellets of the samples were placed in a polythene bag and lowered
into the ports with the aid of a thread. The pellets were irradiated at
8.1 � 106, 9.72 � 107, 8.75 � 108, 6.99 � 109 and 1.4 � 1010 neutron
fluence. The samples were subsequently labelled BCST-06, BCST-07,
BCST-08, BCST-09 and BCST-10, respectively. To attain the required
neutron fluence, the pellets were brought out after successive
irradiation times of 6 min, 1 h, 9 h, 72 h and 144 h have elapsed.
Literature survey showed that BT has a flux threshold of 2.1� 104 n/
cm2.s and experiences bulk damage at neutron fluence of 7.6� 1010

n/cm2 [21]. This informed the choice of the neutron fluence used in
the present study.

X-ray Diffractometer (D8 Advance, BRUKER AXS, 40 kV, 40 mA)
with monochromatic CuKa (l ¼ 1.54060 Å) over a step scan mode
of step size 0.034� and counts accumulated for 0.5 s at each step for
2q values ranging from 20� to 90� was used to characterize the
structural phase composition of the pristine and irradiated
ceramics.

Rietveld structure refinement was used to model the data. The
instrument parameter file was obtained from the default in GSAS II
[22] which is generic parameter file for CuKa1þ2 for Bragg-
Brentano diffraction geometry with zero correction of �0.07�,
POLA of 0.911 and IPOLAwas set to 1. Finger Cox Jephcoat (FCJ) peak
asymmetry ratios of S/L and H/L defaults value (0.002) was used.
Background coefficients with 9 terms and function type log inter-
polate were used. Different refinement strategies were applied on
each sample in order to arrive at a good convergence minimum.
Some of the samples had to undergo several trials in order to
achieve the desired result. The main strategy adopted was to first
refine the structure using default histogram scale factor, while the
background was adjusted to log interpolate. Next, the lattice pa-
rameters were set to refine by setting the thermals and fractional
constraints. The atomic parameters, starting with thermals/
coordinates in the case of O (1) and O (2) and only thermals for the
others, were subsequently refined. These were followed by the
coordinates for the Ba/Ca and Ti/Sn sites. The U, V and W instru-
ment parameters were then refined, followed by sample parame-
ters (in some cases crystallite size/microstrain were refined).
Structural parameters (coordinates, site fraction, and isotropic
thermal displacement) were also refined. The site fractions of Ba/Ca
and Ti/Sn were refined according to the nominal compositions to
unity and were constrained. The thermal displacement parameters
were set to be equivalent for Ba/Ca and Ti/Sn. The lattice parame-
ters used and the atomic coordinates were obtained from literature
[25,26] with a¼ 3.994, c¼ 4.036, respectively, andwere used as the
starting values for refinement of the unit cell. The Ideal perovskite
structure is cubic with space group Pm3 m. Within a unit cell the A
and B sites are crystallographically independent. Tetragonal BT has
space group P4mm and the atomic positions are at special Wyckoff
sites: the A cation occupies the 1a site (0, 0, 0); the B cation occupies
the 1b site (1/2, 1/2/, z); atom O1 occupies the 1b site (1/2, 1/2, z)
and atom O2 is at the 2c Wyckoff site (1/2, 0, z). Even though these
site positions were set to refine they retained their special posi-
tions, except the z coordinate which is arbitrary and refinable. Only
tetragonal BCST phase was refined in all samples as the small in-
tensity peaks' contribution to the overall refinement, after several
trials, were insignificant in the refinement plots and values of the
agreement factors.

3. Results and discussion

The X-ray diffraction patterns of the synthesized BCST (control)
ceramics and those exposed to different neutron fluence are
depicted in Fig. 1. Indexing of the peaks indicate that the control
and irradiated samples of BCST ceramics are polycrystalline and
compare well with JCPDS No. 00-005-0626 file for tetragonal phase
BaTiO3. Minor peak with very low intensity at ~47.5� (2q) was
observed and identified as orthorhombic phase (JCPDS File No. 00-
022-0153). There are unidentified peaks close to the peak of highest
intensity and another as indicated in Fig. 1. The tetragonal system
has Space Group P4mm.

Fig. 2 is a representative plot of the refinement for sample
BCST07 where the crosses (þ) represent the data points, the
continuous lines the fittings (model), the green continuous lines
below zero the difference plot and the vertical lines the peak po-
sitions. It can be seen that all the major peaks have been indexed
according to tetragonal P4mm S.G., while the peak close to 30� 2q
which is due to CaTiO3 orthorhombic was not refined and had no
effect even on application of diphase refinement. The agreement
factors (weighted) for the refined sample converged at 10.79, 5.88,
8.55, 9.05, 10.13 and 8.27% for BCST and BCST06-10, respectively,
which are reasonable values considering the good fit of the in-
tensities and peak positions for all the samples, except those due to
the unknown and CaTiO3, and is an indication of a good model.

Visually, the BCST (control) is the onewith nearly perfect fit. The
unknown peaks were further reduced in intensity in BCST06 and
BCST10, in particular, perhaps due to their displacement at the
atomic sites and therefore lost their scattering contribution to the
pattern. Attempts to do a diphase refinement for the samples using
known coordinates of CaTiO3 [27,28] did not yield significant
changes, both visually and based on the agreement factors. The
results of the refinement and quality of fit are listed in Table 1 for
evaluation. It can be observed that although the control and all the
irradiated samples were all indexed based on tetragonal symmetry,
their c/a ratios varied.

In order to understand the crystallographic parameters of the
refined control (Ba0.88Ca0.12Ti0.975Sn0.025O3) and the effect of
neutron irradiation on it, one can assess the control from the point



Fig. 1. Composite X-ray diffraction patterns of control (BCST) and irradiated samples. The secondary phase and Miller indices are indicated for the tetragonally indexed system.

Fig. 2. Representative Rietveld refinement plot of irradiated BCST07 showing a
pseudocubic system based on tetragonality ratio. The peak positions and intensities are
well-fitted which is an indication of the appropriateness of the model used. The
Crosses (þ) are the data points, continuous line are the fitting (model), the green
continuous line below zero is the difference plot and the vertical lines indicate peak
positions. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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of view of the effect of Ca2þ substitution on pristine BT, followed
that of Sn to form BCST and then compare the results with those
reported in literature. Accordingly, the following specific property
changes on the crystallographic and physical properties have been
observed within the context of the concentrations studied in order
to explain the observed crystallographic properties of (BCST)
(Ba0.88Ca0.12Ti0.975Sn0.025O3).

The volume of BT pristine was increased by the small amount of
Sn dopant (x ¼ 0.025) and was subsequently reduced by ~0.03% on
co-doping with Ca/Sn, hence the reduction in volume of BCST
control to 64.250 �A

3
as presented in Table 1. Ca substitution

decreased the volume of the unit cell while co-substitutionwith Sn
simultaneously increased it [8,11]. In addition, though the structure
of the control remained tetragonal, it became highly distorted as
reflected in the c/a ratio of 0.996, which is near cubic enough
(pseudocubic). The small intensity Ca-rich regions observed indi-
cate that the control is diphase (orthorhombic/Amm2). Sn doping is
known to result in a mixture of P4/mm and Amm2 phases together
with some small infusion of cubic system (Pm3 m) [2,8] for this
concentration. On the other hand, Ca doping has been reported to
lead to a tetragonal/orthorhombic or single phase tetragonal sys-
tem up to x ¼ 0.3 [11,13]. Attempts to do a sequential refinement
with the CaTiO3 phase failed due to the very few peaks (2) and their
very low intensities which are an indication of the dominance of
the tetragonal structure. Sn doping has also been observed to
reduce the amount of defects in BT and could be an explanation for
the lack of oxygen vacancies measured, apart from the level of the
maximum radiation fluence used [8]. The control is therefore ex-
pected to have a low transition temperature and high dielectric
constant at the transition temperature as a result of the co-doping.
In the irradiated samples, the phases varied between pseudocubic
and distorted tetragonal (0.9946(2) and 1.004(2)) throughout the
range of fluence used and imply that irradiation can be used to
induce phase transition of a high temperature cubic paralectric
phase of BT(usually obtained at 120e130 �C) to room temperature
in the case of BCST06/09.

The fractional site occupancies for Ba/Ca reduced considerately
compared to the nominal composition to the value of 57:43 in the
refined. This ratio however, is approximately equal in BCST07 and
BCST08 (51:49 and 48:52, respectively) whereas the ratios
are ~ 87:13, 81:19 and 100:0 in BCST06, BCST09 and BCST10,
respectively. Themost interesting result is that of BCST10where the
Ca ions have been completely dislodged from their site which is at
the maximum irradiation; whereas the Ba ions suffered relatively
small displacements. The site occupancy ratios of Ti/Sn shows that
Ti is occupying 87:13, 81:19, 83:17, 84:16, 60:40 and 94:6 in BCST,
BCST06-10 which is an indication that Ti suffered maximum
displacement in BCST09, while Sn was relatively less displaced.
However, the fractional occupancies of O(1) and O(2) were un-
changed throughout and imply that neutron irradiation did not
cause vacancies at these sites, partly due to the level of irradiation
used and the inhibition of vacancy formation by Sn doping, a fact
that is in sharp contrast with other reports [15] where higher
neutron fluence was used. Similarly, though the ratio of Ba þ Ca/Ti
� 1, the fact that oxygen vacancies were not observed in the control
BCST sample after refinement could be an indication that Ca2þ did
not substitute the Ti ion sites which would have resulted in va-
cancies for charge balance [12,13]. Moreover, the site occupancies
did not show any stoichiometry problems but the concentration of
Ca may be inadequate to project the phenomenon.

With reference to the control (BCST), the changes in volume



Table 1
Lattice parameters, site coordinates tetragonality ratios, agreement/weighted agreement factors and c square values of control and irradiated BCST ceramics. The values in
parenthesis are the estimated standard deviation of the last value calculated from the refinement.

BCST BCST06

a (Å) c (Å) Cell volume (Å3) c/a Profile fit a (Å) c (Å) Cell volume (Å3) c/a Profile fit

4.010(5) 3.994(6) 64.25(0) 0.996(1) Rp ¼ 7.40%
Rwp ¼ 10.78%
c2 ¼ 15.04

4.008(6) 3.994(2) 64.18(2) 0.9946(2) Rp ¼ 4.48%
Rwp ¼ 5.88%
c2 ¼ 5.44

Site Positions Occ. Site Positions Occ.
x y z x y z

Ba 0.0 0.0 0.00(7) 0.57(8) Ba 0.0 0.0 �0.01(6) 0.87(6)
Ca 0.0 0.0 0.0(1) 0.43(2) Ca 0.0 0.0 8.2(1) 0.13(4)
Ti 0.5 0.5 0.50(6) 0.87(4) Ti 0.5 0.5 0.4(7) 0.81(1)
Sn 0.5 0.5 0.5(3) 0.13(6) Sn 0.5 0.5 1.4(7) 0.19(9)
O(1) 0.5 0.5 0.0(2) 1 O(1) 0.5 0.5 �0.0(2) 1.0
O(2) 0.5 0.0 0.44(4) 1.0 O(2) 0.5 0.0 0.43(0) 1.0

BCST07 BCST08

a (Å) c (Å) Cell volume (Å3) c/a Profile fit a (Å) c (Å) Cell volume (Å3) c/a Profile fit

3.992(2) 4.008(4) 63.88(4) 1.0039(6) Rp ¼ 6.55%
Rwp ¼ 8.55%
c2 ¼ 11.24

3.996(7) 4.013(6) 64.11(2) 1.004(2) Rp ¼ 6.30%
Rwp ¼ 9.05%
c2 ¼ 12.64

Site Positions Occ. Site Positions Occ.
x y z x y z

Ba 0.0 0.0 0.00(2) 0.51(1) Ba 0.0 0.0 �0.0(1) 0.48(3)
Ca 0.0 0.0 0.0(1) 0.48(9) Ca 0.0 0.0 �0.01(6) 0.51(7)
Ti 0.5 0.5 0.50(7) 0.83(3) Ti 0.5 0.5 0.51(4) 0.84(3)
Sn 0.5 0.5 0.51(4) 0.17(6) Sn 0.5 0.5 0.51(7) 0.16(7)
O(1) 0.5 0.5 0.0(4) 1.0 O(1) 0.5 0.5 �0.0(2) 1.0
O(2) 0.5 0.00 0.42(9) 1.0 O(2) 0.5 0 0.55(2) 1.0

BCST09 BCST10

a (Å) c (Å) Cell volume (Å3) c/a Profile fit a (Å) c (Å) Cell volume (Å3) c/a Profile fit

4.011(7) 3.995(8) 64.30(9) 0.9961(3) Rp ¼ 6.88%
Rwp ¼ 10.13%
c2 ¼ 16.29

3.999(5) 4.015(0) 64.19(2) 1.0041(3) Rp ¼ 6.30%
Rwp ¼ 8.27%
c2 ¼ 10.94

Site Positions Occ. Site Positions Occ.
x y z x y z

Ba 0.0 0.0 �0.04(3) 0.81(9) Ba 0.0 0.0 0.06(7) 1.00(4)
Ca 0.0 0.0 0.1(9) 0.19(1) Ca 0.0 0.0 4.(7) 0.00(4)
Ti 0.5 0.5 0.4(6) 0.6(9) Ti 0.5 0.5 0.58(3) 0.94(4)
Sn 0.5 0.5 0.4(6) 0.4(1) Sn 0.5 0.5 2.9(6) 0.05(6)
O(1) 0.5 0.5 �0.0(7) 1.0 O(1) 0.5 0.5 1.0(7) 1.0
O(2) 0.5 0.0 0.4(9) 1.0 O(2) 0.5 0.0 0.52(2) 1.0
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observed in the irradiated samples are þ0.11%,
þ0.58%,þ0.21%,�0.09% and 0.09%, for BCST06-10, respectively. The
volumes initially decreased with increase in irradiation, increased
and finally decreased near the irradiation maxima. This is in
accordance with the variation of the lattice parameter a. However,
the variations in the lattice parameters a/c are anisotropic as has
been reported in literature elsewhere. The changes in lattice aspect
ratio observed are in the range 0.036%e0.82% compared with the
control sample and these are seen to increase initially, decrease and
subsequently increase toward the irradiation maxima in accor-
dance with volume. These changes in unit cell volume and lattice
aspect ratio are deemed significant compared to the report by some
workers [15].

To ensure consistency in the output of the refinement, the
refinement was repeated for all the samples without constraints
applied to the Ba/Ca and Ti/Sn sites and the site fractional co-
ordinates for each were made to unity and then refined. Oxygen
vacancies were still not observed.

These changes imply that in agreement with literature, neutron
irradiation indeed affect electromechanical properties within the
limits of the maximum neutron fluence applied and thus make it
sensitive compared to findings on other doped BT ceramics where
higher fluence have been used [15,21]. The present work demon-
strates that neutron irradiation does not create oxygen vacancies on
either sites of O(1)/O(2) and that the occupancies of Ba/Ti generally
suffer more displacements, factors which are expected to alter the
observable properties of the material. The changes in values of the
samples' physical parameters can therefore be deemed significant.
4. Conclusions

Ba0.88Ca0.12Ti0.975Sn0.025O3(BCST) was synthesized by solid state
reaction. Phase analysis showed major phase of tetragonal barium
titanate with S.G. P4mm and orthorhombic CaTiO3 (S.G. Amm2).
Irradiation of the BCST at 8.1 � 106, 9.72 � 107, 8.75 � 108,
6.99 � 109 and 1.4 � 1010 n/cm2 (BCST-06 to -10) showed differing
structural changes with structural transformation in the ceramic
compared to the control. Rietveld refinement of the structure based
on GSAS II showed reduced lattice parameters, unit cell volume and
tetragonality in the control and a pseudocubic structure at room
temperature, whereas the irradiated samples showed variations
between the pseudocubic and distorted tetragonal phases.



U. Ahmadu et al. / Materials Chemistry and Physics 196 (2017) 256e261 261
Variations in the site occupancies of Ca/Sn in particular, were
observed but none in the oxygen sites, with complete atomic
displacement observed in BCST10 in Ca. There was also no obser-
vation of Ca substituting Ti sites as reported, which could be due to
the concentration of Ca used. These variations are deemed signifi-
cant and are expected to affect the electromechanical properties of
the BCST in neutron environment. The transition temperature of
the BCST is expected to decreasewith an increase in the value of the
dielectric constant near the paraelectric-ferroelectric phase tran-
sition at room temperature. The irradiated samples are therefore
expected to show some degradation in performance.
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