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Abstract

This study investigates the effect of calcination and sintering conditions on structure and dielectric
properties of CapsSmoysTiOs ceramics synthesized via solid-state reaction. The powders calcined at
temperatures ranging from 1000 to 1200 °C were sintered at temperatures between 1375 and 1500 °C for
various holding times (I1-5 h). X-ray diffraction analyses confirmed single-phase perovskite formation,
revealing optimal crystallinity and high phase purity at a calcination temperature of 1100 °C and sintering
temperature of 1425 °C for 4 h. Scanning electron microscopy showed significant grain growth and reduced
porosity at higher sintering temperatures and optimal holding times. Energy-dispersive spectroscopy
indicated homogeneous elemental distribution. Dielectric measurements demonstrated that optimized
sintering conditions enhanced permittivity and quality factors (Of ~ 14900 GHz), as well as improved
frequency stability (tr ~ 387 ppm/°C). Furthermore, the composite ceramics formed with Mg.95C0005TiO;s
significantly improved dielectric properties and frequency stability, making these materials promising for
advanced microwave device applications.
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I. Introduction The incorporation of rare-earth elements,
particularly Sm’, into CaTiO; ceramics has garnered
extensive research interest due to its potential to tailor
dielectric ~ properties, = improve  microstructural
uniformity and enhance temperature stability. Sm’*
ions, with their unique ionic radii and valence states,
contribute to lattice distortion and modify structural
properties, thereby influencing phase stability, grain
growth and ultimately dielectric performance [9].
Processing parameters, especially calcination and
sintering conditions, critically influence phase purity,
microstructural development and dielectric behaviour.
Optimized calcination conditions ensure complete
solid-state reactions, eliminate residual phases and
produce uniformly reactive powders. Sintering
parameters facilitate densification, promote grain
growth and reduce porosity, thereby significantly
enhancing dielectric properties [13-21].

Microwave dielectric ceramics have attracted
significant attention recently due to their critical roles
in modern communication devices, such as resonators,
filters and antennas [1-8]. The rapid development of
communication technology, particularly in high-
frequency and miniaturized systems, demands
materials with superior dielectric properties, including
high dielectric constant, low dielectric loss and stable
frequency characteristics under various environmental
conditions. Advanced dielectric ceramics, particularly
perovskite-type titanates such as CaTiO;, exhibit
excellent intrinsic dielectric properties, but their
performance is frequently limited by temperature-
dependent dielectric instability and relatively high
dielectric loss. To address these limitations, the
performance of dielectric ceramics can be significantly
enhanced through strategic doping with rare-earth Despite significant research efforts, systematic
elements and precise optimization of processing gy dies, especially those investigating the combined
conditions [9-12]. effects of calcination temperature and sintering
parameters on the structural and dielectric properties
of Sm-doped CaTiOs; ceramics, remain limited. Thus,
this study specifically focuses on the synthesis and
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optimization of CagsSmg4sTiO; ceramics, evaluating
how calcination temperature and sintering conditions
impact ceramics' structure and microwave dielectric
properties. Recent studies have increasingly explored
rare-earth element doping, composite strategies and
multi-site substitution in perovskite ceramics to
simultaneously improve dielectric constant, Qf and 1z,
[13,19-22]. These developments provide important
context for the design of thermally stable and high-
performance microwave ceramics. This research aims
to provide valuable insights into the optimization of
processing conditions for enhanced dielectric
performance, supporting the practical application of
CapsSmg4sTiO;  ceramics in  high-performance
microwave devices through comprehensive structural
characterization and dielectric measurement.

I1. Experimental

Ceramic powders of CagsSmossTiO; were
synthesized via the conventional solid-state reaction
route. High-purity analytical-grade CaCOs (99%,
Showa), Sm,0; (99.9%, Showa) and TiO, (99%,
Acros) powders were used as starting materials. These
powders were accurately weighed according to the
stoichiometric proportions and thoroughly mixed
through ball milling in ethanol using zirconia media
for 24 h to ensure compositional uniformity and
particle size homogeneity. The resulting slurry was
subsequently dried in an oven at 150 °C, and the dried
powder was ground to break up agglomerates.

To investigate the influence of calcination
temperature on phase formation and microstructural
evolution, the mixed powders were calcined at various
temperatures ranging from 1000 to 1200 °C with
holding times of 1-6 h in air. After calcination, the
powders were pulverized and sieved through a 100-
mesh screen and mixed with a small amount of
polyvinyl  alcohol (PVA)  binder  solution
(approximately 3 wt.%). The powders were pressed
into cylindrical pellets with dimensions of roughly 11
mm in diameter and 5 mm thick at a pressure of ~2000
MPa.

The green pellets were then sintered at
temperatures between 1350 and 1500 °C for 1-5 h
under ambient atmosphere, with heating and cooling
rates fixed at 10 °C/min. After sintering, the pellets
were polished for microstructural analyses. Relative
density (p,) was determined to evaluate the
densification of the sintered ceramics. It is defined as
the ratio of the measured bulk density (psux) to the
theoretical density (p.) of the material. The bulk
density was measured using the Archimedes method in
deionized water. The relative density was calculated
according to the following equation:
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The theoretical density p, was calculated using
lattice parameters obtained from XRD analysis and the
known molecular weight and unit cell volume of
CaysSmy4;3Ti0;. The open porosity (P) was then
estimated using the relation:

P =|1- Lo | 5100 @)

p th
Phase identification and crystal structure
characterization ~were performed using X-ray

diffraction (XRD, Siemens D5000, Munich, Germany,
Cu-Ka radiation, 1 = 1.5406 A) over the 26 range from
20° to 80° with a scan step of 0.02° and a scan rate of
2 °/min. Microstructural features, including grain
morphology and grain size distribution, were
examined using scanning electron microscopy (SEM,
Philips XL-40FEG, Eindhoven, the Netherlands) with
energy-dispersive X-ray spectroscopy (EDS) for
elemental analysis.

For dielectric properties measurements, silver
electrodes were applied to both surfaces of the
polished ceramic pellets by screen-printing, followed
by heat treatment at 600 °C for 30 min to enhance
electrode adhesion. Dielectric properties, including
dielectric constant (&), quality factor (Qf) and
temperature coefficient of resonant frequency (z),
were measured near 8 GHz using the Hakki-Coleman
dielectric resonator method [22-24]. The measured
frequency corresponds to the fundamental TEjJ
resonant mode of the sample, which varies slightly
depending on sample geometry and dielectric constant.
Since the Hakki-Coleman method is a resonance-based
technique, dielectric properties are typically reported
at this dominant microwave frequency and frequency-
swept measurements are not employed.

In addition, composite samples containing
CaysSmy4;3Ti0; phase were also prepared. Thus, the
composite (1 -X)Mg0_95COo_osTiO3—xcao_gSm0_4/3TiO3
powders, where x = 0.05, 0.10, 0.15 and 0.20, were
obtained by mixing of two calcined powders, and after
that uniaxially pressed and sintered at 1225-1325°C
for 4h.

II1. Results and discussion

3.1. Structural characterization

To better understand the impact of each
processing step, XRD patterns were grouped into two
categories: 1) those obtained after calcination and ii)
those after sintering. The former aims to evaluate the
phase development and crystallinity after calcination,
while the latter assesses the effects of final
densification and grain growth on crystal structure.
Figure 1 illustrates the XRD patterns of the precursor
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powders after calcination at temperatures ranging from
1000 to 1200 °C, held for 1 to 6 h. As the calcination
temperature and duration time increase a notable
enhancement in peak intensities is observed, indicating
improved crystallinity and more complete solid-state
reactions. No significant impurity peaks were detected,
confirming the successful synthesis of a single-phase
perovskite structure, which matched well with the
standard JCPDS card (No. 42-0423). The intensity
scale is shown in Fig. 1 to highlight relative peak
development under different calcination conditions
and peak indexing and phase assignment are provided
in Fig. 2.

Figure 2 demonstrates the influence of sintering
temperature (1350-1500 °C) and holding time (1-5 h)
on the phase formation and crystallinity. Distinct
peaks corresponding to the primary perovskite planes,
such as (112), (121), (220), (202), (123), (242) and
(161), became sharper and more intense with increased
sintering temperatures and extended holding times,
further confirming the enhancement of crystallinity
and grain growth [25]. Although increased sintering
temperature and time typically enhance crystallinity,
the peak intensity is not always increased
monotonically. This may be due to the grain
coarsening, porosity redistribution, or microstructural
heterogeneity that influences diffraction coherence.
Optimal phase purity and crystallinity appeared to be
achieved around 1450-1500 °C after 4-5 h of
sintering, as indicated by the clearly defined and
intense diffraction peaks. The progressive refinement
in crystallinity, as evidenced by XRD peak sharpening,
combined with microstructural densification observed
in SEM, contributes to enhanced dielectric
performance, particularly the elevated Qf and
improved thermal stability, making the material more
suitable for microwave device applications.

The lattice parameters of the CaosSmg4;TiOs
ceramics under different sintering conditions are
summarized in Table 1. With increasing sintering
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temperature from 1375 to 1500 °C (holding time fixed
at 4 h), slight fluctuations in the lattice parameters (a,
b and c¢) were observed. Specifically, lattice
parameters varied within narrow ranges (a: 5.4171-
5.4465 A, b: 7.6379-7.6609 A, c: 5.3863-5.3885 A),
indicating minimal structural changes consistent with
the stable perovskite structure under these conditions
[26]. When the holding time was varied from 1 to 5 h
at a fixed temperature of 1425 °C, the lattice
parameters remained relatively stable after 2 h,
suggesting that equilibrium in crystal growth and
structural stability were achieved within this time
frame. These results corroborate the XRD findings,
confirming improved crystallinity and structural
homogeneity with optimized sintering parameters.
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Figure 1. XRD results of CasSmy43TiO; ceramics at
different calcination temperatures and holding times
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Figure 2. XRD patterns of Ca,sSm,.3TiO; ceramics (a) sintered at various temperatures for 4 h and (b) sintered at 1425 °C
for different holding times

SEM images in Figs. 3 and 4 illustrate the
microstructural evolution of the CagsSmgssTiO;
ceramics under various sintering temperatures and
durations. At lower sintering temperatures (1375-1425
°C), the ceramics exhibited smaller grain sizes with

clear grain boundaries. As sintering temperatures
increased to 1450 °C and beyond, significant grain
growth occurred and grains became larger and more
uniform, indicating enhanced densification and
reduced porosity (Fig. 3). Grain size estimation based

Table 1. The lattice parameters of Ca,sSmo43TiO; ceramics under various sintering conditions

Sintering Holding
temperature [°C]  time [h] a [A] b[A] c[A]
1375 4 5.4368+0.0091 7.6597+0.0061 5.3876+0.0056
1400 4 5.4171+0.0158 7.6609+0.0171 5.3867+0.0156
1425 4 5.4465+0.0046 7.6586+0.0049 5.3885+0.0045
1450 4 5.4352+0.0049 7.6379+0.0052 5.3863+0.0048
1475 4 5.4465+0.0046 7.6586+0.0049 5.3885+0.0045
1500 4 5.4352+0.0049 7.6379+0.0052 5.3863+0.0048
1425 1 5.4059+0.0154 7.6402+0.0166 5.3845+0.0153
1425 2 5.4465+0.0046 7.6586+0.0049 5.3885+0.0045
1425 3 5.4465+0.0046 7.6586+0.0049 5.3885+0.0045
1425 4 5.4465+0.0046 7.6586+0.0049 5.3885+0.0045
1425 5 5.4465+0.0046 7.6586+0.0049 5.3885+0.0045
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Figure 3. Microstructural evolution of Ca,sSm,..sTiO; ceramics observed via SEM at various sintering temperatures:
a) 1375 °C, b) 1400 °C, c) 1425 °C, d) 1450 °C, e) 1475 °C and f) 1500 °C for 4 h

on SEM images indicates that the average grain size
increases from ~1.5um at 1375 °C to ~3.5 um at 1500
°C (4 h), consistent with thermally driven grain
coarsening and enhanced densification behaviour. The
variation observed in the XRD pattern of the 1475 °C
sample is likely due to the increased grain size and
surface roughness, which can reduce diffraction
coherence and alter background intensity. All XRD
measurements were performed under identical
instrumental  conditions, confirming that the
differences arise from microstructural effects rather
than measurement inconsistencies. Extended sintering
durations at 1425 °C resulted in grain growth and
improved microstructural uniformity as shown by
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SEM images (Fig. 4). Meanwhile, XRD patterns
showed peak sharpening, indicative of enhanced
crystallinity. These two observations together support
the conclusion that prolonged sintering improves both
structural and microstructural quality of the ceramics.
These SEM observations support the findings from the
lattice parameter analysis and suggest that controlled
sintering  conditions  effectively enhance the
microstructural characteristics, contributing positively
to the material’s dielectric performance [27,28].
Although quantitative grain size measurements were
not performed, SEM observations revealed clear trends
of grain coarsening and densification with increasing
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sintering temperature, which are consistent with the

Figure 5. EDS results of CaosSmy.4;TiO; ceramics sintered at 1425 °C, including full-area elemental mapping and spot
analyses on selected grains in Table 2

Table 2. EDS results of for various spots in Fig. 5

Composition [at.%]

Spot Ca Sm Ti 0]
A 10.95 2.3 12.08 74.67
B 8.79 1.85 9.71 79.65
C 8.06 1.69 8.89 81.36
D 7.98 1.67 8.81 81.54
E 6.62 1.39 7.31 84.68

Energy-dispersive spectroscopy (EDS) results
shown in Fig. 5 and Table 2 confirm the elemental
composition of the CagsSmy.3TiO; ceramics. The EDS
analyses reveal the presence of calcium Ca, Sm, Ti and
O, and the atomic ratios of Ca, Sm and Ti were
consistent with the nominal stoichiometry across all
measured points. The observed variations were mainly
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due to fluctuations in the oxygen content, likely caused
by the limited sensitivity of EDS in detecting light
elements. Nonetheless, these compositional variations
remained minimal, supporting the homogeneous
distribution of constituent elements and confirming the
formation of a consistent perovskite structure. These
structural and compositional improvements, evidenced



by XRD and EDS analyses, are expected to positively
influence dielectric performance, as confirmed by the
measured & and Of values presented in the following
sections.

The relative density and porosity of the
CaosSm43Ti0; ceramics as a function of sintering
temperature and holding time are presented in Fig. 6.
As the sintering temperature increased to around 1425
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°C, the relative density reached a maximum, while
porosity reached a minimum, indicating optimal
densification. Beyond this temperature, a slight
decrease in density and increased porosity were
observed, likely due to the grain coarsening and
possible microstructural defects at higher temperatures
[29].
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Figure 6. Relative density and porosity of CasSmy.4;TiO; ceramics as a function of holding time and sintering temperature
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Figure 7. Dielectric constant (&,) of CagsSm,.4sTiOs ceramics as a function of sintering conditions, measured at ~8§ GHz

3.2. Dielectric properties

The dielectric constant (g,) of the CagsSmg4;TiOs
ceramics as a function of sintering temperature and
holding time are presented in Fig. 7. The change of &,
has similar trend as that for density. Thus, the
dielectric constant (&) peaked at approximately 1425
°C, correlating closely with the density results. The
improved dielectric properties are directly associated
with the enhanced densification, reduced porosity and
homogeneous microstructure observed in SEM images
and confirmed by XRD and EDS analyses. These
correlations highlight the importance of controlling
sintering conditions to achieve ceramics with superior
structure and dielectric performances.

The quality factor (Qf) and the temperature
coefficient of resonant frequency (7) for the
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CaysSmy4;3Ti0; ceramics are illustrated in Fig. 8. The
Of value increased significantly with the rise in
sintering temperature up to the maximum of ~14900
GHz at 1425 °C/4 h, but starts to decline at higher
temperatures. This is consistent with the optimal
microstructural features, such as well-packed grains
and minimal porosity, observed via SEM. The
corresponding dielectric loss (tand) was calculated
using the relation tand = f/ Of, with f=~ 8 GHz. The
increase in Qf with sintering temperature is attributed
to the improved densification and microstructural
homogeneity, which reduce extrinsic dielectric loss
mechanisms such as grain boundary scattering. No
secondary phases were detected by XRD, further
supporting the structural purity of the ceramics. In
addition, intrinsic dielectric loss in crystals originates
from lattice vibrations, ionic polarizability and phonon
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interactions, and scts a fundamental limit to the
maximum achievable Qf. This intrinsic loss can be
minimized by forming a highly ordered and
chemically homogeneous lattice, achieved through
optimized sintering and precise stoichiometry [30,31].
However, the 7, values exhibited minor variation with
sintering temperature or holding time. This behaviour
indicates that 7, is primarily governed by the intrinsic
characteristics of the material's crystal structure and
ionic configuration, especially the nature of the A-site
cation substitution with Sm** for Ca**, which strongly
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influences the dielectric polarization mechanisms and
thermal response of the resonant frequency. The
results reinforce that while Qf can be enhanced by
tailoring  sintering parameters and improving
microstructure, 7y 1is primarily dictated by
compositional design and intrinsic lattice dynamics.
To further examine the influence of calcination
temperature under constant sintering conditions, Table
3 summarizes the dielectric properties of the
CaosSmy45TiO5 ceramics calcined at 1100 and 1200
°C, both sintered at 1425 °C for 4 h.
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Figure 8. Of and 7, values of CaysSm,..sTiO; ceramics sintered at different temperatures (a) and holding times (b)

Table 3. Dielectric properties of Ca,sSmo43TiO; ceramics calcined at different temperatures (1100 and 1200 °C), both sintered
at1425°C for4 h

Calcination & Of[GHZ] 1t [ppm/°C]
conditions
[9] 1100 °C/4h 120 13,000 +400
This work 1200 °C/2h 128.7 14,900 +386.9
Comparison +7.25%  +14.62% —313%
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Figure 9. XRD patterns of (1-x)Mgo.ssC00.0sTiO3—
xCaysSmy4;3TiO; ceramics with various x values, sintered at
their respective optimal temperatures for 4 h

In summary, the results demonstrate that
optimization of the sintering temperature and holding
time significantly improves crystallinity, densification
and microstructural uniformity, enhancing dielectric
performance. Notably, the Qf values are highly
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sensitive to microstructural quality and dielectric loss,
while 7, is more dependent on intrinsic material
composition. These insights provide a solid foundation
for further compositional engineering and processing
optimization of CagsSmo4;TiOs-based ceramics for
advanced microwave applications. However, the 1,
values exhibited minor variation with sintering
temperature or holding time. This behaviour indicates
that 7, is primarily governed by the intrinsic
characteristics of the material’s crystal structure and
ionic configuration, especially the nature of the A-site
cation substitution with Sm** for Ca?*, which strongly
influences the dielectric polarization mechanisms and
thermal response of the resonant frequency. The
results reinforce that while Qf can be enhanced by
tailoring  sintering parameters and improving
microstructure, 7, is primarily dictated by
compositional design and intrinsic lattice dynamics.

33 Mg()ngOa05Tl.03fC(10A8SWl(),4/3Tl.03 composite



To further improve the dielectric properties of
CaosSmg4sTi0; ceramics, composite samples with
molar ratios of x = 0.05, 0.10, 0.15 and 0.20 in the (1-
x)Mgo,95Coo,05TiO3—xCao,gSmo,4/3Ti03 system were
prepared. Figure 9 shows the XRD patterns of (1-
)C)Mgo,t)sCOo,osTiO,?ﬁxCao,gsmo,4/3TiO3 composites (x
0.10 and 0.15). The diffraction peaks correspond to a
combination of MgysC0sT1IO and CagsSmg4sTiO;
phases, with no secondary phases observed, indicating
good phase compatibility between the two
components.

To further verify the dielectric performance of the
(1 —X)Mgo_osCOo,osTiO3f)Ccao,gSm0,4/3TiO3 composite
ceramics prepared by optimized processing conditions,
a composite systems with different content of
CaosSmo43Ti0; phase were investigated (Fig. 10,
Table 4). As the sintering temperature increased,
apparent density and dielectric constant consistently
improved, with the maximum near 1275-1300 °C.
Notably, the Of values were significantly enhanced for
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x = 0.10, reaching over 120000 GHz. At the same
time, the 7, values were also tuned closer to near-zero
values for higher x content, confirming that the
CaysSmy4;3Ti0; phase effectively adjusts the thermal
stability of the composite. The adjustment of 7, values
in the (1 —x) Mg0,95C00,05TiO3fxcao,gSl’l’lo,4/3TiO3
composites is mainly attributed to the compositional
averaging of the negative 7, of Mgo45C000sTi0; and the
positive 7y of CagsSmo43TiO;. No secondary phases or
evident interfacial strain were detected in XRD,
suggesting that the observed 7, tuning is not dominated
by lattice mismatch or phase boundary effects. These
findings demonstrate that combining the well-sintered,
high-¢, CaysSm4;TiO; phase with high-Q Mg-based
ceramics results in a favourable balance of microwave
dielectric properties. This result supports the earlier
conclusions that compositional control and sintering
conditions are crucial in tailoring the dielectric
performance of advanced ceramics for practical
microwave applications [32].
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Figure 10. Variation of apparent density, dielectric constant (¢,), quality factor (Qf), and temperature coefficient (z,) for (1-
X)Mg0.95C00.0sTiO3—xCa0sSmy.3TiOs ceramics as a function of sintering temperature

Table 4. The dielectric performances with various x values for (1-x)Mgo.0sC00.0sTiO3—xCa0sSmg43TiO; ceramics

Sintering

x value temperature [°C] 7 [g/cm’] & Of [GHZ] 77 [ppm/°C]
0.05 1275 3.9 20.5 155,000 -30
0.10 1275 3.93 22.9 133,000 -3
0.15 1275 3.94 25.5 85,000 25
0.20 1275 3.95 28.8 70,000 54

IV. Conclusions

XX



S.-H. Shen / Processing and Application of Ceramics 19 [2] (2025) xxx-xxx

In this study, CagsSmossTiO; powder was
successfully synthesized via solid-state reaction and
the influence of calcination and sintering conditions on
the structure and dielectric properties of the obtained
ceramics was systematically investigated. XRD and
SEM analyses confirmed that optimized sintering at
1425 °C for 4 h produced well-crystallized and highly
densified ceramics. Dielectric measurements revealed
that the highest & and Qf values (128.7 and
14900 GHz, respectively) were achieved under these
conditions, while 7y remained relatively stable due to
the compositional design. EDS analysis also
confirmed chemical homogeneity, supporting
structural stability. Furthermore, the integration of
CaosSmo4sTiO; into  MgoosCooosTiOs  successfully
enabled 7, tuning toward near-zero values through
compositional averaging, without secondary phase
formation. These findings demonstrate an effective
strategy for tailoring temperature stability and Qf
performance through a combination of processing
control and compositional design, which is essential
for next-generation microwave dielectric materials.
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