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ABSTRACT

Bay5Ca,Srj5-,T1i03; (BCST) ceramics, where x = 0, 0.1, 0.2, 0.3 and 0.4, were prepared by the conventional solid state
reaction technique. X-ray diffraction (XRD) analysis confirmed the formation of BST perovskite phase structure be-
sides some calcium oxide peaks for samples with high Ca content, x. Scanning electron microscopy (SEM) results con-
firmed the XRD results, i.e., as X increased, the average grain size decreased. Energy dispersive X-ray (EDX) analysis
verified the increase of the amount of Ca element with increasing of its content. Mechanical properties such as ultra-
sonic attenuation, longitudinal wave velocity, and longitudinal elastic modulus were studied by an ultrasonic pulse echo
technique at 2 MHz frequency. Investigations of ceramic microstructures and mechanical properties showed their de-
pendence on composition. Increasing of Ca content resulted in a decrease in bulk density and ultrasonic attenuation and
an increase in porosity, velocity, and modulus. High temperature ultrasonic studies showed, in addition to Curie phase

transition, three or more relaxation peaks and its origin was investigated.
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1. Introduction

BaTiO; and SrTiO; are representatives for ABOs-type
perovskite materials. BaTiO; is usually a ferroelectric
material with Curie temperature of 120°C. SrTiO; is a
paraelectric one with no ferroelectric phase transition [1].
Nevertheless, the combined production of BaTiO; and
SrTiO; (i.e., Ba;Sr,TiO3) is a solid solution system
between BaTiO; and SrTiOs;. Therefore, Ba;_Sr,TiO3
(BST) has the simultaneous advantage of high dielectric
constant of BaTiO; and the structural stability of SrTiO;
[1,2]. These ferroelectric materials have attracted con-
siderable attention owing to their unique properties such
as chemical stability, high permittivity, high tunability,
and low dielectric losses. Furthermore, BST has shown a
great promise in applications, such as phase shifting ele-
ments in phased array antennas and as tuning elements in
devices operating at microwave frequencies [1,3-9]. In
view of their merits, the investigation on BST solid solu-
tion is therefore significantly important [1,2,9,10]. Fur-
thermore, the Curie temperature of BST can be con-
trolled by adjusting the Ba/Sr ratio and/or doping ions to
substitute for A or B sites in the ABO; perovskite sys-
tems [11,12].
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In BaTiO; materials, an elastic modulus anomaly and a
mechanical loss peak are induced at three phase transi-
tions: cubic-tetragonal (ferroelectric-paraelectric), tetrago-
nal-orthorhombic, and orthorhombic-rhombohedra. Some
losses due to relaxation processes have been observed in
materials having coarse grains in ferroelectric phase [13].
These relaxations were ascribed to the interaction be-
tween domain walls and oxygen vacancies diffusion.

The BaysSrysTiO; (BST) material exhibits the transi-
tion from the ferroelectric state to the paraelectric state
below room temperature [14]. In a recent work [15], we
have investigated the impact of changing barium content
on the mechanical properties (such as elastic modulus,
attenuation, and velocity of ultrasonic waves) and Curie
transition of Ba,Sr,_,TiO; ceramics. In this work, we aim
to investigate thoroughly the effect of Ca-doping on the
structural and mechanical properties of BagsCa,Srs <1103
(BCST) ceramics with x = 0.0, 0.1, 0.2, 0.3 and 0.4.
X-ray diffraction, SEM, EDX, and ultrasonic techniques
(at a frequency of 2 MHz) were also used to characterize
the structure and phase transitions of these ceramics.

2. Materials and Methods

Calcium-doped ceramics with the chemical formula
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Ba0,5CaXSrO'5,XTiO3 (BCST), where x = 00, 01, 02, 03,
and 0.4, were prepared by the conventional solid state
reaction technique according to the following reaction:

(0.5)BaCO; +(0.5—x)SrCO, +(x)CaO +TiO,
— Ba,;Ca Sr,; TiO, +(1-x)CO, T

For all prepared samples, the reagent grade chemicals
of high purity (99.99%) BaCO;, SrCO;, CaO and TiO,
powders were used as the raw materials and weighed
according to the above indicated compositions.

The raw materials were weighed and mixed in the ap-
propriate ratios. Mixtures of required ceramics were first
ground thoroughly by a ball milling for 4 h to insure ho-
mogeneity. Then, they were calcined at 1100°C for 11 h
in alumina crucibles opened to the air. The calcined
compositions were again ground for 6 h. The produced
fine calcinated powders were pressed into disc-shaped
pellets with 10mm in diameter and 0.6 ~ 1.5 mm in
thickness at an iso-static pressure of 5 tons with polyeth-
ylene glycol [(C,H40),.H,O] as an organic binder with
2.0% of the weight of the sample. The pelletized samples
were finally sintered at 1250°C for 6h.

The bulk density of ceramics was measured by the
conventional Archimedean method. X-ray diffraction
(XRD) patterns were recorded with Bruker AXS X-ray
diffractometer (D8 Advance) using Cu Ka radiation. The
two SEM and EDX measurements were made on JEOL
scanning electron microscope (JXA-840A Electron Probe
Microanalyzer, INCA x-sight, Oxford Instruments) for
the elemental analysis and chemical characterization of
the samples. Attenuation of ultrasonic waves (a), longi-
tudinal velocity of wave propagation (Vr), and the lon-
gitudinal elastic modulus (L) of tested ceramics were
determined by employing the conventional pulse-echo
technique at room temperature and during heating as has
been reported elsewhere [15].

3. Results

The Archimedean bulk density (pe,) and the theoretical
density (p,) from the X-ray diffraction patterns of BCST
prepared samples were used to calculate the percentage
porosity (Table 1) according to the equation % porosity
= (px — Pexp)/px [16]. Figure 1 shows variations of both
the bulk density and porosity of prepared BCST ceramics
with the Ca content x where 0.0 < x < 0.4. This figure
revealed a linear decease in the density from 4803 to
4339 kg/m’ as x increased from 0 to 0.4, in harmony with
previously reported results [17-19]. Whereas, the percent
porosity has increased linearly from 13.4% to 16.5%, for
the same variation in Ca content.

Figure 2 shows the room temperature X-ray dif-
fract-graphs for all tested BCST ceramics between 20°
and 80°. The intensity of peaks for different values of Ca
content, x, were normalized and shifted for clarity pur-
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Table 1. The variation of the density (bulk density, p,,, and
theoretical density, p,) the percent porosity, the ultrasonic
attenuation, longitudinal velocity, modulus, and lattice pa-
rameter of BCST ceramics with different values of Ca con-
tent, x.

. . . Long. .
Ca Density Porosity Attenuation Long. Elastic Lattice
cont.  Peyp Dx (%) [ Velocity Modulus Parameter
x  (kg/m®) (kg/m’) (dB/cm) V (m/s) L(GPa) a(A)
0.0 4803 5509 13423 24261 1316.1 8314 3.9510
0.1 4748 5601 13.650 19.983 1642.5 12.815 3.9461
0.2 4521 5491 15.157 16945 18739 15.872 3.9415
0.3 4483 5481 16.168 15.678 20129 18.152 3.9368
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Figure 1. Variation of the density and porosity with the Ca
content of Ba,;Ca,Srys_,TiO; ceramics sintered at 1250°C
for 6 h.
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Figure 2. XRD patterns of BysCa,Sr(s_,TiO; (BCST) ce-
ramics with Ca content x = 0.0, 0.1, 0.2, 0.3 and 0.4.
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poses. All peaks were indexed in the cubic structure due
to their observed reflections of different polycrystalline
orientations [20-22] as indicated by the (110) index; the
major peak of highest intensity. Variation of the lattice
parameter a (A) with different Ca content was listed in
Table 1.

The chemical compositions of tested BCST ceramics

were determined from EDX spectra and listed in Table 2.

The scanning electron microscopy (SEM) is a powerful
experimental technique to determine the particle size,
pore concentration, and inclusions in a material. Figures
3(a)-(d) show the scanning electron micrographs taken at
room temperature of BCST ceramics with Ca content in
the range 0.0 < x < 0.4. The SEM for x = 0.2 was not
included in this figure for brevity reasons. These micro-
graphs describe the surface property of samples, micro-
structure, size, and distribution of particles. Whereas, the
average grain size dependence (as determined from XRD
and SEM investigations) on the Ca content was illus-
trated in Figure 4.

Figure 5 shows the regression line which illustrates
the variation of ultrasonic attenuation (o) of ultrasonic
waves, measured at room temperature, with the Ca con-
tent of the prepared BaysCaSrys,TiO; ceramics sintered
at 1250°C for 6 h. Inspection of the figure reveals that a
is dependent on the composition of the tested ceramic,
i.e., it is exponentially decreased with increasing of Ca
content over the above mentioned investigated range (see
also Table 1).

Figure 6 shows the dependences of both longitudinal
ultrasonic velocity and longitudinal elastic modulus on
composition of BaysCa,SrysTiO; (BCST) ceramics
with x=0.0, 0.1, 0.2, 0.3 and 0.4 were sintered at 1250°C
for 6 h. As could be deduced from this figure, both of the
ultrasonic velocity and modulus have increased nonline-
arly with the increase in Ca content from 0 to 0.4.

Figures 7(a) and (b), show the variations of ultrasonic
attenuation () of ultrasonic waves, at 2 MHz frequency,
with temperature for BajsCa,Srys<T103; ceramics sin-
tered at 1250°C for 6h with x = 0.0, 0.1, 0.4 and x = 0.0,
0.2, 0.3, respectively. The figures reveal well-defined
damping peaks at 266°C, 313°C, 319°C, 325°C and

Table 2. Initial Ca contents and EDX analyses results for
the investigated BCST ceramics.

Ca EDX analyses results EDX
cont., X (Wt.%) Sr/Ca
0.0 Bays51S10.500Ti1.12103 -
0.1 Bay 577Cag.015510.407T11.17303 27.97
0.2 Bay 503Ca0.151510.370T11.05303 2.50
0.3 Bay ss3Ca0.256510.370T10.97903 1.42
0.4 Bay 500Ca0.32710.10s Ti1.05703 0.61
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Figure 3. SEM micrographs of BaysCa,Srs_,TiO; ceramics.
The bars represent 10 pm in length.
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Figure 4. The dependence of average grain size and particle
size on the Ca content, x, for BCST ceramics.
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Figure 5. Variation of the ultrasonic attenuation with Ca
content in BCST ceramics sintered at 1250°C for 6 h.
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Figure 6. Variation of longitudinal ultrasonic velocity and
longitudinal elastic modulus with the Ca content of BCST
ceramics sintered at 1250°C for 6 hr.

16

14

12 4

Attenuation (db/cm)
=)

4
2 T T T T T T
0 50 100 150 200 250 300 350
Temperature (°C)
(a)
16
x=0.0 266°C
14 B o —‘
,E “‘a:-;rec:a:c-x\ 226°2C.l}’5,(}' : 319°C
. JERRARARD. ° By % o,
S 12 e s | 0 B 250°C ““2?6 C}zs“c
S ottty i o g
= v 205°C
2 19 - el 2§3?cw
ki x=0.2 = (mmm 350CL™ME, ¢ M
= i L \W}) 2000 .
i 4
= 'S Iy
“ e s, a
ool
4 {
2 T T T T T T
0 50 100 150 200 250 300 350
Temperature (°C)

(b)

Figure 7. (a): Variation of ultrasonic attenuation with tem-
perature at 2 MHz for x = 0, 0.1 and 0.4; (b): Variation of
ultrasonic attenuation with temperature at 2 MHz for with
x=0,0.2 and 0.3.
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331°C for all tested specimens of x = 0.0, 0.1, 0.2, 0.3
and 0.4, respectively. Also, a shoulder was observed for
each ceramic near the room temperature. However, loca-
tions and shapes of all observed peaks and shoulders de-
pend on the composition of ceramics.

4. Discussion
4.1. Density and Porosity

The observed decrease of the density of tested BCST
ceramics (Figure 1) is attributed to: 1) distortion oc-
curred due to substitution of Ca atoms of lower atomic
weight (40.08 a.m.u.) with Sr ones of higher atomic
weight (87.62 a.m.u.) in the (BCST) ceramics [17-19];
and 2) the observed increase in the percent porosity
which is attributed to substitution of Ca atoms of lower
ionic radius (0.99 A) with Sr ones of higher ionic radius
(1.12 A) [18] (see Table 1).

4.2. XRD, SEM and EDX

XRD patterns, illustrated in Figure 2, showed all major
X-ray peaks of diffraction for BCST ceramics. The pat-
terns confirm the formation of perovskite phase of BST
ceramics obtained previously in [16,20-22]. Also, these
XRD patterns showed a cubic perovskite phase which
confirmed that Ca™ ions substitution for Sr'> can be
mostly incorporated into the perovskite structure of BST
material. Moreover, as the Ca content increased (x = 0.3
and 0.4) very small assigned peaks were observed and
indexed to their corresponding orientations as shown on
x = 0.4 pattern, Figure 2. The intensity of these subsidi-
ary peaks slightly increased for x = 0.4 and were attrib-
uted to the secondary phase of calcium oxide in these
ceramics. The lattice parameter a for the polycrystalline
cubic phase was calculated from the dgy and 26 degrees
values, and typical values were listed in Table 1. As
could be seen from Figure 2, the samples with x < 0.2
showed no apparent changes in the relative intensities
and broadening of peaks. This suggested x = 0.2 sets the
limit of the salability range when Ca substitutes Sr in
BST ceramics sintered at 1250°C for 6 h for the studied
values of x. As Ca content increases (x = 0.3 and 0.4) the
peaks become broadened to some extent in addition to
calcium oxide peaks. The previous observations indicate
that increasing the content of Ca in the BCST materials
decreases the particle size, lattice parameter a (A), and
volume of unit cell a’ (A’) when Sr** is partly substituted
with Ca®’, which is consistent with the fact that the ra-
dius of Ca®"ion is smaller than that of Sr*" ions [19], see
also Table 1.

Referring to EDX analysis results tabulated in Table 2,
the x = 0.0 sample consists of Ti, Ba and Sr, i.e., it is
Ca-free sample. Whereas for x > 0.0 samples, EDX re-
sults confirm the presence of Ca in addition to the Ti, Ba,
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and Sr elements. Also, it is clear to note the decrease in
intensity of strontium in the final products with increas-
ing Ca content than that of the initial reactants. For the
above tested specimens, the wt.% of each of these ele-
ments, as deduced from EDX analysis given in Table 2,
indicates that the amount of Ca element in the sample
increases depending on increasing Ca incorporation in
the By sCa,Sry 5.,T103 ceramics.

It is evident that the Sr/Ca ratio of BCST samples re-
sulted from EDX analysis are different from that in the
initial reactants compositions. Regardless of these dif-
ferences the trends of Sr/Ca ratios in the two cases are
the same, i.e., the Sr/Ca ratio decreases as the x value
increases, and the Sr/Ca ratios from EDX analyses are
consistently smaller than that in the initial reaction sys-
tem. Consequently, Ca incorporation has its effect on the
mechanical and electrical properties of tested ceramics as
will be discussed later on in the following sections.

Figure 3(a) reveals that the average particle size is
about 6.77 um for Bag sSrsTiO; (BST) ceramic which is
bigger than that of BCST ceramics in Figures 3(b)-(e)
doped with Ca. This is in agreement with the work of [23]
in which BST with x = 0.5 sample sintered at 1260°C
showed a large distribution of grain dimensions between
5 and 25 pum. Sub-micronic grains =~ 0.90 pum, are located
at the boundary of the largest ones as observed by [24].
Also, a less homogeneous microstructure, with an evi-
dent bi-modal grain size distribution was pointed out by
the SEM images (Figures 3(b)-(e)). Besides, large parti-
cles, exaggerated smaller grains resulted by abnormal
grain growth, were also noticed. The average values of
particle size of studied ceramics, shown in Figure 4,
were calculated from the micrographs of Figure 3 ac-
cording to the selected intersected lines method [25].
However, the average particle size values which found
from ESM micrographs were decreased from 3.81 um to
1.69 um with increasing of Ca content in the sample
from x = 0.0 to x = 0.4, which are larger than those val-
ues obtained for these grains as calculated by using
Scherrer’s equation (see Figure 4). The dependence of
grain size on Ca content, Figure 4, seems to be de-
creased for both values determined from the X-ray and
the SEM measurements. In other words, as the calcium
content, X, increases in the ceramic from 0 to 0.4, the
grain size is decreased in consistent with the A-site
cation size effect reported in previous literature [18,19].

4.3. Mechanical Properties Investigations

4.3.1. Room Temperature Characterization

The observed decrease in the ultrasonic attenuation (Fi-
gure 5) may be attributed to the observed decrease in the
crystallites or grain sizes associated with the replacement
of Sr by Ca in BCST ceramics, as seen in Figure 4. This
view agrees with our XRD and SEM investigations and
in harmony with previous results [18,19,26].

Copyright © 2013 SciRes.

4.3.2. Ultrasonic Velocity and Elastic Modulus
Variations of both the ultrasonic velocity and longitudi-
nal elastic modulus, Figure 6, could be understood based
on the effect of Ca content on microstructures of these
ceramics. We have shown that the increase in Ca content
in the ceramics decreases the grain or particles sizes due
to its insertion in A-sites with its smaller radius as ob-
served from X-ray results and SEM micrographs (see
Figure 4). This decrease in grain size is known to raise
the velocity of wave propagation [15,26]. Therefore, the
observed increase in velocity is attributed to the decrease
in grain sizes in the ceramics’ microstructures with the
increase in Ca content inside the samples. Also, it is
known that the elastic modulus is proportional to the ve-
locity squared according to the equation L = V. Even
though the density decreases with increasing calcium
content, the increase in L with the increase in the wave
velocity (V) overwhelms the density effect due to the
velocity squared character.

4.3.3. Temperature Dependence of Ultrasonic
Attenuation

Variation of ultrasonic attenuation () with temperature,
shown in Figures 7(a) and (b), could be interpreted in
terms of the effect of Ca doping in tested BCST ceramics.
It has been noticed that the observed damping peaks were
found to be dependent on the composition. Explicitly,
each peak position shifts to higher temperatures with a
reduction in its maximum and the peak shape becomes
broadened and diffused, especially in the ferroelectric
side, as Ca replaces Sr in BCST ceramics. These obser-
vations are in good agreement with previously reported
investigations of dielectric constant in Ba;.Sr,Ca,TiO;
ceramics [18]. The sample with x = 0.0 (calcium-free
sample, Figure 7) has the lowest Curie temperature (Tc)
and occurred at 266°C. As the calcium content increases
at the expense of strontium content, T¢ increases, namely,
for BCST with x = 0.1, 0.2, and 0.3 the Curie tempera-
ture Te =313, 319, and 325°C, respectively. Furthermore,
for the highest calcium content with x = 0.4, T¢ occurred
at the highest Curie temperature of 331°C. Therefore, it
can be said that, on replacing Sr by Ca the peak tem-
perature of the Curie transition shifts to higher tempera-
tures which is in good agreement with previous results
[18,19,26]. However, their occurrence in this range of
higher temperatures, may be due to the high operated
ultrasonic frequency (2 MHz) and perhaps also to the
effect of electric field produced on the ceramic surfaces
during these measurements (since tested samples were
spring-loaded in the holder as well as these ferroelectric
materials are pyroelectric and piezoelectric). This in-
duced electric field can preserve the ordered states in
ferroelectric domains for more time, in the ferroelectric
phase, in the manner that it needs—in addition to the ap-
plied ultrasonic energy—more thermal heat which in turn
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raises the temperature of order-disorder temperature pha-
se transition or the Curie temperature. However, this
needs more investigations which will be considered in
future work on these ferroelectric materials.

The above conclusion may be summed in another way
as follows: when the Ca content increases at the expenses
of the Sr in the investigated range, the average grains size
decreases (as seen from X-ray measurements, and SEM
images) and seen in Figure 4. Therefore, the ceramic
becomes to some extent more rigid, in addition to the
effect of the electric field induced due to both the piezo-
electric (direct and indirect) and the pyroelectric effects,
which allows the ceramic to require more thermal energy
for its disorder state to be attained through the Curie
transition, thus the increase in the transition temperature
from 266°C to 331°C as obtained. Also, the observed
shoulders on the plots of all ceramics in Figures 7(a) and
(b) refer to the high temperature wings of the ortho-
rhombic to tetragonal phase transition in each tested
BCST ceramic which seems to occur around 0°C tem-
perature [26-28].

Regarding the relaxation peaks observed below the
structural phase transition (Tc) in the ferroelectric re-
gions, there are three (or more) relaxation peaks on each
plot in the ultrasonic attenuation-temperature spectra
BCST ceramics (see Figures 7(a) and (b)) whose heights
and positions are composition dependent. All of these
relaxation peaks can be described by a thermal activated
Arrhenius relationship [29] and their origin could be un-
derstood according to their values of activation energy as
has been done in the case of BST ceramics in published
work [15,26]. Anyhow, the calculated values of activa-
tion energy (W) of these relaxation processes were listed
in Table 3. Referring to the table, it can be observed that
the calculated values for activation energies of relaxation
peaks corresponding to each tested ceramic are depend-
ent on their origin. Namely, it could be attributed to dif-
fusion of point defects in the ferroelectric phase [26,
27-29] as occurred in the first relaxation (W is larger
than 1.1 eV) and to diffusion of oxygen vacancies asso-
ciated to domain walls and domain wall motions as oc-
curred in the second and third relaxations when W is less
than 1.1 eV, respectively [26-28]. Besides, it is also ob-
served from Table 3 that, for each relaxation, both of
the activation energy value and position increased and
decreased with the gradual increase in Ca content overall
the tested range from x = 0.0 to x = 0.4.

5. Conclusion

In this work, Bay sCa,Sr;,TiO; ceramics with x = 0.0, 0.1,
0.2, 0.3 and 0.4 were prepared by solid state reaction
technique and studied by XRD, SEM, EDX, and ultra-
sonic techniques. XRD data confirmed the formation of
the perovskite phase structure in addition to peaks ob-
served for some tested ceramics which have been related

Copyright © 2013 SciRes.

Table 3. Temperatures and activation energies of relaxation
peaks occurred in BCST ceramics, sintered at 1250°C for 6
h, with different Ca contents, x.

Ca 1st Relax. 2nd Relax. 3rd Relax.
content, T W T W T A\
X ®) (eV) (O (eV) (O (eV)
0.0 190 1.209 226 1.051 241 1.002
0.1 216 1.088 268 0.929 286 0.890
0.2 205 1.135 250 0.976 286 0.890
0.3 235 1.020 253 0.967 289 0.884
0.4 196 1.175 233 1.027 277 0.909

to excess Ca contents in doped samples. SEM images
and EDX analysis confirmed the appearance of the major
perovskite phase and an increase of Ca ions upon in-
creasing its content. The effect of increasing of Ca con-
tent in BCST samples resulted in a decrease of particle
size, as confirmed by XRD and SEM images. Also,
BCST ceramics showed composition dependence for
their density, longitudinal velocity, elastic modulus, and
attenuation upon increasing Ca content (from x = 0 to 0.4)
and resulted in a decrease of bulk density, and ultrasonic
attenuation, and an increase in velocity, and longitudinal
modulus. The temperature dependence of ultrasonic at-
tenuation investigations for BCST samples have revealed,
the occurrence of not only, the Curie (or tetragonal to
cubic) transition and the right shoulder of (orthorhombic
to tetragonal) transition, but also some relaxation peaks
associated with point defects and diffusion of oxygen
vacancies. However, the curie transition temperature Tc
showed to be dependent on the content of Ca; its in-
creasing resulted in an increase in T¢ of the tested BCST
samples.
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