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Abstract Ba.Srx)TiO; ceramics, where x=0.05, 0.10,
0.15, and 0.20, were prepared by solid state reaction
technique. X-ray diffraction analysis confirmed the forma-
tion of single phase perovskite structures. Mechanical
properties such as ultrasonic attenuation, longitudinal wave
velocity, and longitudinal elastic modulus were studied by
an ultrasonic pulse echo technique at 2 MHz. Investigations
of ceramic microstructures and mechanical properties
showed its dependence on composition and sintering time.
Increasing of Sr content, x, resulted in a decrease in bulk
density and ultrasonic attenuation and an increase in
velocity and modulus. Also, size of crystallites and c/a
ratio were found to decrease with increasing of x, and
increased with increasing of sintering time. High tempera-
ture ultrasonic studies showed, in addition to Curie phase
transition, two relaxation peaks and its origin was investi-
gated. The acquired structural and mechanical results were
correlated and discussed.
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1 Introduction
Barium strontium titanate (BST) ceramics, Ba; xSt TiO3,

are solid solutions composed of barium titanate and
strontium titanate. These ceramics have high electronic
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interests due to its high dielectric constant, alterable
Curie temperature, low dielectric loss, and high tunability
of dielectric behaviour. Because of its favorable pyroelectric,
ferroelectric, and piezoelectric characteristics, BST materials
have been widely used in preparation of dielectric capacitors,
positive temperature coefficient resistors (PTC), transducers,
piezoelectric sensors, dynamic random access memories
(DRAM), microwave phase shifters, and uncooled infrared
detectors [1-10].

BST ceramics have been prepared by the conventional
calcining of mixed powders of oxides or carbonates. The
main drawback of this technique is the repeated process of
heat treatment and grinding that may cause contamination.
However, it is more preferred for its wide availability and
economical use of large batch processing than other
reported methods, e.g., sol-gel [11-14], co-precipitation
[15], hydrothermal [16, 17], polymeric precursor [18], and
other methods that required expensive inorganic or organic
chemicals as the starting materials [19, 20].

An elastic modulus anomaly and a mechanical loss peak
were reported in pure barium titanate, BaTiO3, materials at
three phase transitions [21, 22]. Namely, rhombic to
orthorhombic (—100 to —80°C), orthorhombic to tetragonal
(0 to 5°C) and tetragonal to cubic or ferroelectric to
paraelectric (~130°C). Also, some mechanical losses, due
to relaxation processes, have been observed in materials
having coarse grains in the ferroelectric phase and were
attributed to the interaction between domain walls and
diffusion of oxygen vacancies.

Isovalent dopants, such as strontium or lead, have been
employed to lower or raise the Curie point for particular
microwave applications such as phase shifters, tunable
filters, delay lines, and tunable oscillators [23—-26]. Using
niobium oxide in few percent, in the system Ba(Ti,Nb)Os,
caused a severe decrease in Curie temperature and raised
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the tetragonal-orthorhombic and orthorhombic—rhombic
transition points. To control porosity, MgO and MnO,
dopants (1 wt.% each) were added to Ba(_y)SrxTiO3
ceramics (x=0.25, 0.50, 0.75, 0.90) sintered at 1260°C [27].

Most of the reported dielectric studies on BagSr(;_xTiO3
ceramics in the frequency range 1-1000 KHz aimed to
investigate the dependence of phase transition on
composition. A linear dependence of Curie temperature,
T, on the stoichiometric percentage of Ba, X, in the form:
T.(°C)= — 195.0 + 322.2x, has been reported [28]. On
the other hand and to our knowledge, mechanical inves-
tigations are scarce and limited to some published work
dealt with mechanical losses (internal frictions) and shear
moduli of BaSr(;TiO3 (x=0.4, 0.55, 0.7, 0.8) at the
low frequency range 0.1-1 Hz with an inverted pendulum
[21-23, 29].

This work aims to understand thoroughly the effects of
sintering conditions and composition on the structure and
mechanical properties (such as elastic modulus, attenuation,
and velocity of ultrasonic waves) of Bag.Sry)TiO3
ceramics (with x=0.05,0.1,0.15 and 0.2), sintered at 1250°C
for 2, 4, 8, and 10 h. X-ray diffraction and ultrasonic
techniques (at a frequency of 2 MHz) were used to
characterize the structure and phase transitions of the
prepared BST ceramics.

2 Experimental

BST ceramics with the chemical formula Ba;_x)Sr)TiOs,
where x=0.05, 0.1, 0.15, and 0.2, were prepared by the
conventional solid state reaction technique. Reagent-grade
BaCOj3, SrCO;, and TiO, were mixed in the appropriate
molar ratios and ground thoroughly by an agate vibratory
micro mill for 6 h. The mixtures were calcined at 1100°C
for 11 h in alumina crucibles opened to air. The obtained
calcined compositions were ground for another 8 h. The
produced fine powders were pressed into disc-shaped
pellets (10 mm in diameter and 0.6—1.5 mm in thickness)
at an isostatic pressure of 6 t. The pelletized samples
were finally sintered at 1250°C for 2, 4, 8, and 10 h. The
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 K« radiation.

Attenuation of ultrasonic waves and longitudinal velocity
of wave propagation were determined by employing the
conventional pulse-echo technique at room temperature and
during heating. In this technique, commercial x-cut quartz
crystals actuated by an ultrasonic flaw detector (KrautKramer
USM-2) were used for transmitting and receiving the
generated 2 MHz longitudinal ultrasonic waves. The waves
were coupled to the tested sample by silicon grease. The
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received echoes, from the back end of a sample, were
characterized by its equal-distance and exponentially
decayed patterns of electrical signals displayed on the
ultrasonic flaw detector screen. To measure ultrasonic
attenuation (o), the heights of some successive echoes
were used according to this equation [30]:

a = [-20log(Am/An)]/2(m —n)d.

Where, A, and A, are the amplitudes of the m'" and n®
echoes and d is the specimen thickness. The calculated values
of o for the tested ceramics were accurate to £0.1% db/mm.
Also, values of longitudinal ultrasonic wave velocities
(V=2 d/t) and longitudinal elastic moduli (L=p V1% were
calculated by using the transient time (t) of flight between
successive echoes.

3 Results

Average values of bulk densities, of prepared Ba(; x)StxTiO3
ceramics sintered at 1250°C for 2, 4, 8, and 10 h, are listed
in Table 1. The listed values reveal the dependence of
density on strontium content and sintering time. It is
observed that the density of samples decreases as the Sr
content, 0.05<x<0.2, increases for each sintering time.
Furthermore, the density values are increased as the time of
sintering is increased, for each Sr content.

Figure 1 shows the dependence of ultrasonic attenuation
(), measured at room temperature, on the composition of
Ba(;.xy Srx)TiO3 ceramics sintered at 1250°C for different
times. Inspection of this figure reveals that o is dependent
on the composition, i.e., it is linearly decreased at different
rates with the increase of X, as indicated by regression lines.
On the other hand, Fig. 2 shows the effect of sintering time,
at a sintering temperature of 1250°C, on the attenuation of
ultrasonic waves. It is observed that, the highest values of o
are at the lowest sintering time, 2 h, and a rapid decrease is
noticed up to 4 h. Then, a slow and linear (R*=1.00, 1.00,
and 0.99 for sintering times of 4, 8, and 10 h, respectively)
decrease is detected up to the final investigated sintering
time, 10 h. It is worth mentioning that, the absolute values
of these slopes, Fig. 2, increase as the Sr content, X,
increases according to the equation: y = 0.13In(x)—
0.89(R*=1.000), where y is « (db/em) per sintering
time (h).

Figure 3 shows the dependence of longitudinal ultrasonic
velocity, Vi, on Sr content, X, of Ba_Sr)TiO3 ceramics
sintered at 1250°C for different times. The observed results
shows a linear increase in Vi with the increase of x for all
sintering times. However, the effect of sintering time on
V reveals a quadratic behavior for all compositions, see
Fig. 4. A rapid increase in longitudinal velocity is
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Table 1 Density, ultrasonic attenuation, longitudinal velocity and longitudinal elastic modulus of Ba;_,Sr,TiO3 ceramics

Sr content, x Sint. time Density, Ultrasonic atten., Long. Velocity, Long. Elastic Modulus,
at 1250°C (h) p (kg/m®) « (dB/cm) VL (m/s) L (GPa)
0.05 2 4450 21 683.6 2.1
4780 10 12933 8.1
5220 1355.2 9.58
10 5400 882.1 42
0.10 2 4100 19 813.1 2.7
4433 9.5 1397.6 8.7
4713 7 1454.4 9.97
10 5000 6 1034.6 5.35
0.15 2 3850 16 1120.5 4.83
4200 1456.8 8.9
4400 1610.5 11.4
10 4880 1283.8 7.9
0.20 2 3710 13 1269.3 5.98
3850 7 1573.0 9.53
4000 1697.6 11.52
10 4740 3 1352.8 8.67

observed with increasing time from 2 h to 4 h, followed by
a slower increase up to 8 h, and then decreases until 10 h.
The longitudinal elastic modulus, L, shows same trends of
composition and sintering time dependences as those of
VL (see Table 1).

X-ray diffraction (XRD) patterns for prepared Ba; .St TiO3
ceramics sintered at 1250°C for 2 h are shown in Fig. 5.
All XRD results obtained for all tested BST ceramics are
listed in Table 2, for brevity. The results in Fig. 5, recorded
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Fig. 1 Variations of ultrasonic attenuation with strontium content of
Ba;_x)SrTiO3 ceramics, sintered at 1250°C for different times

at room temperature, show all major XRD peaks for each
tested sample. This confirms the formation of a single
phase perovskite BST structure. All peaks are indexed
corresponding to its reflections of different polycrystalline
orientations [28, 33, 35] as indicated with (110) index as
the high intensity major peak.

Figure 6 Shows variations of the ultrasonic attenuation,
«, with temperature for x=0.05 and 0.2, sintered at 1250°C
for 2 h. This figure reveals a well-defined damping peaks at
320 and 285°C for x=0.05 and 0.2, respectively. Also, a big
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Fig. 2 Variations of ultrasonic attenuation with sintering time of
Ba(.x)Srx)TiO3 ceramics, where x=0.05, 0.1, 0.15, and 0.2
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Fig. 3 Variations of longitudinal velocity with Sr content of
Ba(_x)SrTiO53 ceramics, sintered at 1250°C for different times

shoulder for each ceramic was observed near 0°C temper-
ature. Moreover, another two small damping peaks are
occurred for both specimens below the high temperature
damping peaks. The first peak occurs at 183°C for both
ceramics, whereas the second peak is observed at 268°C for
x=0.05 and at 242°C for x=0.2.

4 Discussion
4.1 Density
Variations of bulk density of Ba(_ySrxTiO3 ceramics,

where 0.25<x<0.9, have been investigated [31, 32]. The
reported results showed that the measured density (gm/cm?)
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Fig. 4 Variations of the longitudinal velocity with the sintering time
of Baj xSt TiO5 ceramics, where x=0.05, 0.1, 0.15, and 0.2

@ Springer

of the doped and undoped BST samples with 0.25<x<0.75,
sintered at 2230 and 2260°C, could be reasonably fitted by
the equation: p(x)= 5.42 — 1.88x. This equation showed a
linear decrease in density from 4.95 to 4.01 (gm/cm?) with
increasing of Sr content from x=0.25 to x=0.75. In the
present work, a lower range, 0.05<x<0.2, of Sr content is
investigated and the average density values are illustrated in
Table 1. The measured Archimedean density shows a
decrease from 4,450 to 3,710 kg/m3 as x is increased from
0.05 to 0.2, for samples sintered at 1250°C for 2 h (see
Table 1 for other sintering times). This is in agreement,
within experimental error, with the highest range of Sr
content of the previously mentioned results [31, 32]. The
observed decrease in density of our samples is attributed to
the increased porosity associated with increasing of Sr
content [32], as well as, the fact that the atomic weight of Sr
(87.62) is lower than that of Ba (137.3).

Dependences of bulk density of BST ceramics on
sintering temperature [31, 32] and on sintering temperature
and soaking time [33] were investigated. Reported results
[31, 32] showed that density was increased for sintering
temperatures in the range from 1200 to 1230°C, and
maintained constant beyond 1230°C up to 1260°C. Also,
an increase in density was observed [33] as sintering time
was increased from 2 h to 4 h for soaked pellets sintered at
the same temperature. Furthermore, densities were in-
creased from 5.62 to 5.68 (gm/cm® when sintering
temperature was increased from 1330 to 1350°C, respec-
tively, for samples sintered for 6 h. This suggests that high
density BST ceramics could be produced by reaction
sintering process. Let us now return to Table 1 to examine
the dependence of density of our BST ceramics on sintering
time. As can be seen, a similar behavior, to that of Ref.
[33], has been obtained for all tested specimens where p is
increased for each composition with increasing of sintering
time from 2 to 10 h. Therefore, the increase in density with
the increase of sintering time in the range 2—10 h could be
attributed to shrinkage in these ceramics [33, 34].

4.2 XRD analysis

Effects of composition and sintering time on crystallinity of
tested BST ceramics are investigated, and XRD patterns are
illustrated in Fig. 5. The lattice parameters for the
polycrystalline tetragonal phase were calculated from the
interplannar, dy,, distance values and the provided x-rays
cards. The ratio (c/a) was determined and typical values are
shown in Table 2. The dependence of (c/a) on Sr content
reveals its decrease, in general, as Sr content is increased;
the tetragonal phase approaches the cubic one. On the
other hand, it is also observed that (c/a) increases with
increasing of sintering time from 2 h up to 4 h and
maintained constant over all investigated range up to
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Fig. 5 XRD records of
Ba(; xSt TiO5 ceramics,
where x=0.05, 0.1, 0.15, and
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10 h. The average crystallite diameter, Dy, is evaluated
in terms of x-ray line broadening using the Scherrer’s
equation: Dpy= kA1/BCos 6, where A is the x-ray wave-
length (A=5418 A), B is line width at half maximum
(FWHM), 0 is Bragg angle, and k=0.9. The average
values of Dy, listed in Table 2, provide another
confirmatory evidence of the previously mentioned effect
of increasing Sr content, i.e., the particle size is decreased
with Sr content and increased with sintering time.

It has been well known that crystallinity of BST
ceramics is improved by increasing of calcining or sintering

2 Theta (degrees)

temperature. Referring to the reported XRD data on BST
ceramics [28, 34], lattice parameters were found to increase
with increasing of calcining temperatures from 1200 to
1400°C for each Sr content. Also, an increase in Sr content
was accompanied by a decrease in lattice parameters and
particle size, was reported as well. Two interpretations were
proposed [34], firstly, at low calcining temperatures the
powders existed in a more strained form with the atomic
entities in nonequilibrium positions which relaxed to
equilibrium at higher temperatures, and thus lattice
parameter were increased. Secondly, domain mobility

Table 2 Lattice parameters, a, ¢, the ratio (c/a), and the particle size of Ba( xSt TiO5 ceramics

Sr content, x Sint. time at Lattice parameter Lattice parameter c/a ratio Particle size, Dy
1250°C (h) a (Angestrom) ¢ (Angestrom) [Sherrer’s Eqn.] (nm)
0.05 2 3.9771 3.9883 1.0028 31.5050
3.9820 4.0170 1.0088 34.3585
3.9820 4.0170 1.0088 36.0049
10 3.9820 4.0170 1.0088 36.4174
0.10 2 3.9771 3.9883 1.0028 28.6321
4 3.9820 4.0170 1.0088 32.9564
3.9820 4.0170 1.0088 34.3786
10 3.9820 4.0170 1.0088 35.0548
0.15 2 3.9724 3.9703 0.9995 27.0436
3.9771 3.9883 1.0028 27.4528
3.9771 3.9883 1.0028 28.0208
10 3.9771 3.9883 1.0028 28.0347
0.20 2 3.9724 3.9703 0.9995 21.5120
4 3.9471 3.9471 1.0000 23.5497
3.9471 3.9471 1.0000 25.6186
10 3.9471 3.9471 1.0000 27.4417
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Fig. 6 Variations of ultrasonic attenuation with temperature (at 2 MHz)
of Bay_4Sr()TiO3 ceramics for x=0.05 and 0.2, sintered at 1250°C
for 2 h

was restricted at lower temperatures due to pinning of the
domain boundaries by crystal defects, which became
easier upon increasing of calcining temperatures, leading
to an increase in the particle size. Bearing in mind, these
interpretations were proposed when Ba replaced Sr in
Bax)Sr(1x)TiO3 ceramics [34]. Thus, the converse action
of the above assumptions will be in favor of our results on
Ba_x)Stx)TiO; ceramics, i.e., (c¢/a) ratio is decreased upon
increasing of Sr, at the expense of Ba, and increases with
sintering time, for same Sr content, as confirmed by
Scherrer’s particle size results, see Table 2.

4.3 Attenuation, elastic modulus, and ultrasonic velocity

The observed decrease in density with the increase of Sr
content, see Table 1, was attributed to an increase in
porosity and differences in atomic weights of Sr and Ba. It
has been known [36] that heterogeneities, such as pores,
microcrakes, and grains, decrease the velocity of both
longitudinal and shear ultrasonic waves. Also, particle size
can affect ultrasonic velocity in a manner that increasing the
average particle size decreases the velocity and increases
the attenuation. Now, referring to our XRD results and the
calculated values of lattice parameters and (c/a) ratio,
Table 2, it is noted that this ratio is decreased as x is
increased. Furthermore, this ratio is increased for each
specimen upon increasing of sintering time, indicating that
the particle size is decreased, as seen in Fig. 5, where the
intensities of the diffraction peaks are decreased which is in
good agreement with the reported result [34].
Microstructures of Ba,Sr; ,TiO; ceramics, with x=1,
0.7, 0.6, and 0.5, were described [37], and the reported
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results showed an abnormal grain growth obtained with
coarse grains of about 50 um, surrounded by fine grains of
about 2 pm. Also, the grain size was increased with
increasing of Ba content or, in other words, substitution of
Ba by Sr inhibited growth of grains. Therefore, the ceramic
microstructure, by this way, has its effect on ultrasonic
velocity, elastic modulus, and attenuation of ultrasonic
waves as follows: increasing of Sr content would increase
porosity [32], and decreases the particle sizes [34, 37] in the
formed perovskite polycrystalline structures. This in turn
decreases the attenuation of ultrasonic waves propagated in
these ceramics, increases elastic modulus, and ultrasonic
velocity [36], as obtained in Fig. 1, Table 2, and Fig. 3,
respectively. On the other hand, sintering time has its effect
on the microstructure of BST ceramics in the manner that it
makes it denser due to shrinkage and reaction sintering
process. Also, this increases velocity and modulus, as
observed in Fig. 4 and Table 2, in the range 2-8 h.
However, the observed decrease in velocity and modulus in
the range 8-10 h is due to relaxation of the strained
microstructure that occurs as the sintering time is increased.
On the other hand, the attenuation is rapidly decreased in
the sintering time range 2—4 h, Fig. 2, as the microstructure
is more strained with its atomic entities in nonequilibrium
positions, and then slowly decreased up to 10 h, final
investigated sintering time, as the equilibrium of the
microstructure is attained.

4.4 Temperature dependence of ultrasonic attenuation

Mechanical loss (internal friction, Q ') and shear modulus
of BST ceramics, with Sr content x=0.2, 0.3, 0.45, and 0.6,
were studied [29] as a function of temperature in the range
from —150 to 100°C and at 0.1, 0.3, and 1 Hz operating
frequencies, using a torsion pendulum. The reported results
showed that the modulus curves disclosed three anomalies
connected to three loss peaks p;, p», and ps in the order of
lowering temperatures. These peaks were related to three
phase transitions: cubic to tetragonal (C-T, known as the
Curie transition), tetragonal to orthorhombic (T-O), and
orthorhombic to rhombohedral (O-R), respectively. It has
also been reported [29] that the temperatures of these
transitions decreased with increasing of Sr content in BST
materials, and loss peaks became broad. This broadness
was attributed to a core-shell structure of its microstructure
that led to more diffused phase transitions with rising of Sr
content. Also, internal friction investigations on BST
ceramics [21, 22, 29] showed in addition to the above
phase transitions, another one or two relaxation peaks that
was/were observed and located below the Curie transition
in the ferroelectric tetragonal phase. The origin of such
relaxation peaks was interpreted according to the calculated
values of its activation energy, for example, relaxation
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peaks of activation energy smaller than 1.1 eV in BST
systems [22, 29] could be attributed to diffusion of
oxygen vacancies associated with domain walls. Whereas,
relaxation peaks with energies larger than 1.1 eV were
interpreted to diffusion of point defects in ferroelectric phase
of these ceramics.

Although, comparison between mechanical measurements
[21, 29] and other dielectric ones [37, 39] on BST materials
makes it possible to show that these measurements are
fully connected; there are some notations which could be
summarized in the following manner: i) Dielectric
measurements [39] of the real part of permittivity
confirmed that the Curie temperature, of investigated
BST materials, was frequency-independent in the range
0.1-200 kHz, see Fig. 8 of Ref. [39]. On the other hand,
variation of dielectric loss showed some temperature
anomalies, Fig. 9 [39], due to frequency variations in the
above tested range. ii) Mechanical measurements, Q '
versus temperature, of Bag gSrg,TiO3 doped with 1 wt.%
MgO at 0.1, 0.3, and 1 Hz operating frequencies showed
Curie temperature to be frequency-independent, see Fig. 6
of Ref. [29]. iii) All previous investigations, specifically
mechanical, on BST ceramics were carried out at low
frequencies (several Hz) and no work has been performed
in the MHz range, to the best of our knowledge.
Therefore, in the present work, the temperature depen-
dence of ultrasonic attenuation of Ba(;_x)Sr)TiO3
ceramics with x=0.05 and 0.2 are investigated and carried
out at 2 MHz, see Fig. 6. These results could be
interpreted as follows: the high temperature attenuation
peaks at 320 and 285°C for ceramics with x=0.05 and 0.2,
respectively, indicate the Curie transition temperatures of
these materials. However, its occurrence in this range of
temperatures, due to the high operated frequency, agrees
very well with previous results [22, 29] in that the peak
position is lowered on the temperature scale and becomes
more dispersed with the increase of Sr content. Also, the
observed shoulders for both ceramics, Fig. 6, refer to the
right wing of the tetragonal to orthorhombic phase
transition which seems to occur around 0°C temperature.
The small damping peaks, located below the Curie
transition in Fig. 6, are relaxation peaks [21, 22, 29].
The first peak occurred around 183°C for both specimens
is independent on composition, while the second relaxa-
tion peak is observed at 268°C and 242°C for x=0.05 and
0.2, respectively, i.e., the peak temperature is decreased
with the increase of Sr content. Applying the Arrhenius
relaxation equation and using the previous results of Ref.
[29], it is found that the calculated activation energy for
the first peak is 1.248 eV. Since this value is greater than
1.1 eV, the first peak could be attributed to diffusion of
point defects in ferroelectric phase [38] of tested BST
ceramics. On the other hand, the calculated values of

activation energy corresponding to the second relaxation
peaks are 0.928 and 0.998 eV for x=0.05 and 0.2,
respectively. Therefore, the origin of these peaks could
be attributed to the diffusion of oxygen vacancies
associated with domain walls in these polycrystalline
ceramics [22, 29].

5 Conclusion

Ba;_Sr, TiO5 ceramics with x=0.05, 0.1, 0.15 and 0.2 were
prepared by solid state reaction technique and were studied
by XRD and ultrasonic techniques. XRD data confirmed
the formation of single phase perovskite structures.
Density, longitudinal velocity, elastic modulus, and
attenuation showed composition and sintering time
dependence. Increasing of strontium content resulted in
a decrease of bulk density and ultrasonic attenuation
(at 2 MHz), and an increase in velocity and modulus.
The effect of increasing sintering time on BST
microstructure revealed an increase in c/a ratio,
indicating the decrease of particle size, as confirmed
by XRD studies. In spite of ultrasonic velocity and
longitudinal modulus were generally increased with Sr
content, both showed a nonlinear dependence on
sintering time. The temperature dependence of ultra-
sonic attenuation for x=0.05 and 0.2 revealed, not only,
the Curie (C-T) transition and the right shoulder of (T-O)
transition, but also two relaxation peaks associated with
point defects and oxygen vacancies.
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