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The synthesis and characterization of MgyCag 6.xSr0.39Bag.01ZrO3 (x = 0.01, 0.03, and 0.05) ceramics using the
solid-state method was investigated at varying sintering temperatures in this study. The results show that
increasing MgO doping and higher sintering temperatures enhance the ceramic’s bulk density, highlighting the
sintering enhancement effect of MgO. However, excessive MgO doping exceeds the solubility limit, resulting in
reduced density and the formation of secondary phases. Dielectric measurements reveal that the dielectric

constant increases with MgO doping up to 1 % but decreases at higher concentrations. Ceramics sintered at 1350
°C exhibit optimal dielectric properties, including a high permittivity of 32.98 and a Q x f value of 22,012 at 8-9
GHz. These results demonstrate stable dielectric performance with minimal loss at high frequency due to Mg
doping as a fifth cation. This behavior suggests that dielectric relaxation is associated with the high entropy

effect.

1. Introduction

With the rapid development of communication technology, the de-
mand for high-frequency multilayer ceramic capacitors (MLCCs) has
surged dramatically [1]. However, the polarization mechanism in
dielectric materials is highly dependent on the frequency of the applied
electric field. As operating frequencies increase with high frequency and
5 G communication systems, dielectric materials must exhibit faster
polarization, which requires shorter relaxation times. If the relaxation
time exceeds the switching period of the electric field, dielectric relax-
ation will cause significant dielectric loss, leading to friction and heat
buildup in devices. To meet the high-frequency requirements of
next-generation MLCCs, many studies have focused on developing new
dielectric materials with high dielectric constants, quality factors (Q
factor), and resonant frequencies [2-3].

Perovskite barium strontium titanate (BST) ceramics are promising
materials for use in the electronic components industry. The unique
ABOg perovskite structure of BST series ceramics exhibits a remarkable
ability to incorporate metallic species at either the A-site or B-site, such
as calcium, strontium and magnesium [4-5]. Similarly, other ABO3
perovskite ceramics, particularly zirconium-based perovskites, have
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been explored to improve mechanical properties, as seen in
Caj _xSrxZrO3 [6]. Due to their low temperature coefficients and low
dielectric loss, CaZrOs, SrZrOs, BaZrOs, and their combinations have
gained significant attention in the development of NPO microwave
dielectric ceramics [7,8]. Notably, Y. C. Lee et al. reported that
Cayg 6Sro.39Bag 01ZrO3 ceramics sintered at 1450 °C for 2 hours, achieved
a permittivity of 29, a dielectric loss (tand) of 2.7 x 10’4, and an
insulation resistance (IR) of 2.6 x 10'2 Q [6]. Consequently, this study
focuses on the effects of A-site substitution-induced octahedra distor-
tions on the crystalline structure and microwave dielectric properties.
Recently, the concept of high-entropy ceramics (HECs) has rapidly
evolved in the fields of metallic oxides, nitrides or carbides. The unique
properties of HECs, such as high ionic conductivity [9], high dielectric
constant [10], low thermal conductivity, and excellent thermal stability
[11-12], have driven significant advancement in ceramic applications.
In particular, high-entropy perovskite ceramics exhibit intriguing ho-
mogeneous single solid-solution phases [13]. Therefore, there is
growing interest in exploring the phase structures, substitution mecha-
nisms, and microwave dielectric properties of high-entropy perovskite
ceramics. In this study, the effects of multi-element doping in CSZ ce-
ramics would be discussed, including Ba and Mg doping. Previous
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studies have shown that the addition of Mg ions enhances the insulation
resistivity of Zn-Nb-Ti ceramics due to the electrovalence compensation
effect [14], which also reduces the sintering temperature from 1000 °C
to 950 °C. It is well established that MgO as a sintering additive, lowers
the sintering temperature by promoting grain boundary diffusion [15].
Atomistic simulation using classical pair potentials suggest that Mg
dopants tend to substitute A site atoms in perovskite ABO3 structured
ceramics [16]. Therefore, this paper investigates the phase composition,
microstructure and dielectric properties of MgxCag 6.xSro.39Bag.01ZrO3
ceramic, including the perspective of high entropy effects.

2. Materials and methods

CaCO03(99.0 % purity, 0.5 pm), SrCO3(99.5 % purity, 1 um),
BaC03(99.7 % purity, 0.19 pm), MgO (99.9 % purity, 0.31 pm), and
ZrO3 (99.9 % purity, 1.3 pm, supplied by Unique Enterprise Co. Ltd.,
Taiwan) commercial powders were weighed using a four digits libra,
according to the molar ratio for (CageSro.39Bag.01)ZrOs (denoted as
CSBZ) and (MgxCag6.xSro.39Bag01)ZrOs (denoted as MCSBZO01,
MCSBZ03, and MCSBZ05 for 1 %, 3 %, and 5 % MgO addition) ceramics.
These powders were subjected to zirconia ball milling for 24 h with
solvent and 1.5wt% dispersant (Dispex AA4040, Tye Han Trading Co.
Ltd., Taiwan). Subsequently, the milled powders were poured out, dried,
and calcined at 1200 °C for 4 hours. The resulting powders were then
subjected to ball milling again and mixed with a binder (polyvinyl
alcohol, PVA). A spray granulator (OM-1500A, Shang Hai Ou Meng
Industrial Co., Ltd.) was used to process granulation. Approximately 0.5
g of powder was uniaxially pressed into disk-shaped pellets with a
thickness of ~1 mm and a diameter of 11.9 mm using a tablet press. The
pellets were subsequently sintered in a conventional furnace at tem-
peratures ranging from 1200 °C to 1350 °C for a duration of 2 hours. The
bulk density of the sintered samples was determined using the Archi-
medes method. Initially, the dry weight of each sample was measured in
air. The sample was then immersed in water and subjected to ultrasonic
agitation for 5 min to eliminate any trapped air bubbles. The suspended
(wet) weight was subsequently measured using a suspension wire setup.
The bulk density was calculated by dividing the dry weight by the dif-
ference between the dry and wet weights. For each composition, five
sintered specimens were measured to obtain an average density value,
and the corresponding standard deviations were used to represent the
error bars. The crystallinity of sintered samples was measured using an
X-ray diffractometer (XRD, Bruker D8 Advance) with monochromatic
Cu-K, radiation (A = 1.540598 f\). A scanning electron microscope
(SEM, JOEL-6700 F) equipped with an energy-dispersive spectroscopy
(EDS) was used to analysis the microstructures. For cross-sectional
structural analysis, TEM specimens were prepared using a dual-beam
focused ion beam (FIB) system (Hitachi HR2000). Following FIB prep-
aration, the specimens were examined using a field-emission TEM (Talos
F200X G2, Instrument ID: EM025600) operated at an accelerating
voltage of 200 kV. Silver pastes were printed on both sides of the ceramic
pellets as the electrodes, dried at 130 °C for 10 mins for the dielectric
measurements. Capacitance and dielectric loss were measured at 1 MHz
and 8.9 GHz using a LCR meter (GWINSTEKG, LCR-8101 G). The tem-
perature coefficient of capacitance (TCC) was measured using a HP
4284A LCR meter and a tunable temperature chamber (Espec SH-262)
from —55 °C to 120 °C.

3. Results and discussion

Fig. 1 shows the XRD patterns of CSBZ and MCSBZ samples, calcined
at 1200 °C for 4 hours, with varying MgO dopant levels (0 %, 1 %, 3 %,
and 5 %). Phase analysis reveals that the MCSBZ samples predominantly
exhibit a single-phase Cag ¢12Sr(.388ZrO3 structure, without secondary
phases at 0 % and 1 % doping. The obvious diffraction peaks correspond
to an orthorhombic perovskite structure (space group Pp,cp), consistent
with standard data (JCPD: 89-8016). The lattice constants for the CSZ
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Fig. 1. XRD patterns of (Cag 6.xMgxSro.39Bag.01)ZrO3 powder calcined at 1200
°C for 4 h.

samples are a = 8.09460 A, b = 5.67580 A, ¢ = 11.56740 A [6]. How-
ever, MCSBZ-3 and MCSBZ-5 ceramics show weak secondary phase
peaks at 30.09°, corresponding to a cubic ZrO, phase (JCPD: 49-1642).
This secondary phase is attributed to ZrO, precipitation in CSZ ceramics,
probably resulting from MgO substitution at the B site [17]. Except for
the small amount of ZrO, present in the 3 % and 5 % MgO-doped
samples, all calcinated samples remained mostly high-purity, single--
phase CSZ, suitable for the sintering process.

Fig. 2 presents the bulk densities of MCSBZ ceramics sintered at
temperatures ranging from 1200 °C to 1350 °C. Previous studies have
shown that CSZ ceramics are typically sintered around 1490 °C [18,19]
to achieve optimal densification and enhanced dielectric properties. The
addition of Ba has been found to improve the bulk density of CSZ ce-
ramics while lowering the required sintering temperature. A maximum
bulk density of 4.7 g/ecm® was recorded for the sample with 1 % Ba
doping reaching 95 % of the theoretical density for Cag 12Sr9.388ZrO3
[6]. The trends in the curves suggest that both the MgO dopant and
sintering temperature play a role in enhancing the bulk density of
MCSBZ ceramics. Each MgO concentration corresponds to an optimal
sintering temperature. At a fixed doping level, the apparent density in-
creases with rising sintering temperature, eventually reaching the
theoretical density of CSZ ceramic at the densification temperature.

Fig. 2. Bulk density of (Cag.xMgxSro.39Bag 01)ZrO3 ceramics with different
sintering temperatures.
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Beyond this optimal temperature, a slight decrease in density is observed
due to over-sintering [20]. Conversely, when sintering temperatures are
held fixed, the density initially increases with MgO concentration,
reaching a peak, followed by a slight decline, as illustrated in Fig. 2. The
reduction in optimal sintering temperature due to doping elements is not
unique to this study; similar trends have been observed in other systems,
such as Cez[Zr1x(Co1/2W1/2)x13(M004)9(CZ1 5(CW),M) [21]. The
maximum bulk densities for MCSBZ03 sintered at 1250 °C was recorded
at 5.1 g/cm®. Consequently, using MgO as a dopant proves beneficial in
enhancing the bulk density of CSBZ ceramics while also lowering the
required sintering temperatures.

The XRD patterns of MgyCag 6.xSro.39Bag 01ZrO3 (MCSBZ) series sin-
tered at 1350 °C are shown in Fig. 3(a). The phase analysis reveals that
MCSBZ samples consistently form a single phase Cag 12Sr0.388Z1rO3
structure without detectable secondary phases at MgO concentrations of
0 % and 1 %. The high entropy MgcCag 6.xSro.39Bag 01ZrOs ceramics
exhibit a kaleidoscopic ability to maintain single-phase stability, even
with diverse elemental compositions. This feature ensures consistent
dielectric performance without phase segregation. However, as the MgO
content increases to 3 %, a secondary ZrO5 phase appears, resulting from
Mgt substitution at the B-site of Zr** [18]. When the MgO content is
further increased to 5 %, additional secondary phases are observed, such
as the ZrO5 (101) plane at 30.09° and the MgO (200) plane at 42.9°, as
indicated in Fig. 3(a). The secondary phases in MCSBZ ceramics are thus
linked to Mg?* incorporation, where Mg?* substitution in the perovskite
structure leads to ZrOy precipitation in MCSBZ03. Additionally, excess
MgO doping in MCSBZ05 not only induces the formation of ZrO; and

Fig. 3. (a)XRD patterns of (Cag e.xMgxSro.30Bag 01)ZrO3 ceramics sintered at
1350 °C for 2 h. (b)XRD patterns of (Cag.s9Mgo.01Sr0.39Bag.01)ZrO3 ceramics
sintered at different temperatures.
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MgO secondary phases but also triggers the formation of other uniden-
tified secondary phases. The unidentified peaks at 32.9° and 33.4° are
associated with Mg-rich phases, which will be further discussed in the
EDS analysis. The insets in Fig. 3(a) provide a magnified view of the
diffraction patterns from 31° to 31.5°, supporting this interpretation of
Mg?" substitution. When MgO doping is at 1 %, the enlarged view of the
CSZ (212) plane shows the peak shift from 31.26° to 31.32 and decreases
to 31.29° and 31.24° at 3 % and 5 % MgO doping, respectively. This
indicates a relationship between Mg?" substitution and the emergence
of secondary phases. Fig. 3(b) presents the XRD patterns of MCSBZ01
samples sintered at different temperatures. All Mg-doped CSBZ ceramics
exhibit a single phase Cag 612510 388ZrO3 structure, confirming that 1 %
Mg?* is successfully incorporated into the CSZ ceramic lattice without
generating secondary phase, even at elevated sintering temperatures,
such as 1300 °C or 1350 °C.

Fig. 4 shows the lattice parameters of MCSBZ ceramics sintered at
1350 °C, which were calculated from the XRD patterns. The detailed
values are systematic listed in Table 1. The lattice constants of the CSZ
samples were calculated from the XRD peaks corresponding to the (hkl)
planes using the reciprocal lattice vector relation:

1 R K P

T a® b2 2

@k
Additionally, the crystallite size and full width at half maximum
(FWHM) were estimated using the Scherrer equation:

kA

At = ——
il pcosf

The ionic radii of Mg?" and Zr** are 72 pm, and 72 pm [22].
Compared to the larger ionic radii of ca®* (100 pm) and Sr?t (144 pm)
[6], the closer match in size allows Mg?* to more easily replace Zr** at
the B-site. However, the oxygen vacancies generated by Mg?" incorpo-
ration would decrease lattice constant [23], leading to a decrease in the
a-axis and b-axis. But an increase in the c-axis as MgO doping rises from
0 % to 1 %, revealing an anisotropic strain in lattice structure. From 1 %
to 5 % MgO doping, the lattice parameters exhibit the opposite trend,
with an increase in the a-axis and b-axis, and a decrease in the c-axis This
is due to the solubility limit of Mgt substitution for Zr**. When the
MgO content exceeds 1 %, the excess dopant cannot fully incorporate
into the B-site, leading to reduced lattice deformation and the distortion
of perovskite structure, the lattice arrangement returning to the struc-
ture seen in undoped samples (CSZ). These findings align with the
density measurements results.

Fig. 5 shows SEM images illustrating the microstructure of MCSBZ01
ceramics sintered at 1350 °C with varying MgO doping levels. The
surface morphologies of CSBZ, MCSBZ01, and MCSBZ03 display a dense,
clear structure with low porosity appearance. The average grain sizes of
CSBZ, MCSBZ01, MCSBZ03, and MCSBZ05 are 1.35, 1.48, 1.69 and 1.59

Fig. 4. The lattice parameters of (Cag 6.xMgyxSro.390Bag.01)ZrO3 ceramics sintered
at 1350 °C.
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Table 1

Lattice parameters of (Ca,Mg,Sr,Ba)ZrO3 ceramics sintered at 1350 °C.
(Cag.6.xMgxSro.39Bao.01) a(A) b(A) c(A) Volume FWHM
7ZrO; A% ©)
x=0 8.030 5.577 11.745 525.99 0.145
x =0.01 7.983 5.525 11.813 521.04 0.130
x =0.03 8.002 5.563 11.786 524.62 0.100
x = 0.05 8.040 5.594 11.716 526.94 0.121

um, respectively. The increase in grain size from 0 % to 3 % MgO doping
is attributed to the sintering enhancement of MgO. On the contrary, the
decrease in grain size from 3 % to 5 % MgO doping is attributed to the
formation of secondary phase, including microstructural defects and
flakes, become apparent on the MSCBZ05 sample. These microstructures
are associated with the reduction in grain size [24]. This assumption can
be confirmed by the EDS analysis results, detailed in Table 2. Elemental
composition at point A in Fig. 5(d) shows O (38.3 %), Ca (13.9 %), Sr
(10.2 %), Zr (37 %), Ba (0.42 %), and Mg (0.18 %). The ratios of Ca, Sr,
Ba, Zr, and O are consistent with the atomic composition of Cag ¢Srg 4.
Bag 01ZrOs, but the Mg content is only 0.18 %. In contrast, at point B and
C, the Mg concentration increases to 5.13 % and 5.81 %, respectively,
indicating a non-uniform distribution of Mg in the MCSBZ sample. These
flakers are attributed to the Mg-rich secondary phase observed in the
XRD patterns [25]. Besides, the reported uncertainty reflects estimated
measurement error based on known instrumental and methodological
limitations. Typical uncertainties are approximately +2 at% for major
elements (above 10 at%), -3 at% for intermediate concentrations (1-10
at%), and up to +5 at% for trace elements (below 1 at%) [26,27]. These
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estimated errors have now been indicated accordingly in Table 2. The
high-entropy effect arises from an overall increase in the configurational
disorder of the system. As the number of dopant species increases, the
configurational entropy (ASconf) also increases, thereby enhancing the
system’s thermodynamic stability. The configurational entropy of a solid
solution can be estimated using the following expression:

n
ASconf = —R Z x;lnx;
i=1

Where R is the gas constant (8.314 J/mol-K) and x; is the atomic
fraction of the i th element in the composition. In the MgxCao.
612-xSTo.387Ba0.001ZrOs system, when the Mg content increases from x =
0 to x = 0.05, the configurational entropy increases from 5.61 J/(mol-K)
to 7.05 J/(mol-K), indicating a rise of approximately 1.44 J/(mol-K).
This result confirms that greater compositional complexity leads to
higher entropy, intensifying the high-entropy effect. For example, an
increase in entropy can enhance the dielectric properties, a point that
will be discussed in more detail later. However, the atomic solid solu-
bility limit and lattice strain energy must also be taken into

Table 2
EDS analysis of (Cag.s5Mgo.055r0.39Bag.01)ZrO3 ceramics sintered at 1350 °C.

Element (At%)

Position o Ca Sr Zr Ba Mg

A 38.3% 13.9 10.2 37.0 0.42 0.18
B 53.8 15.1 4.6 20.8 0.59 5.13
C 59.5 14.4 2.99 17.0 0.24 5.81

Fig. 5. SEM microstructure of (Cag ¢.xMgxSro.390Bag.01)ZrO3 ceramics sintered at 1350 °C (a) x = 0, (b) x = 0.01, (c) x = 0.03, (d) x = 0.05. The insets indicate that
grain size of (Cag ¢.xMgxSro.390Bag.01)ZrO3 ceramics sintered at 1350 °C (a) x = 0, (b) x = 0.01, (c) x = 0.03, (d) x = 0.05.
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consideration. According to the atomic solid solubility limit, an exces-
sive amount of MgO incorporation induces high lattice strain energy,
thereby promoting the formation of secondary phases [28]. This trend is
further supported by the compositional analysis in Table 2, which shows
that points B and C have higher concentrations of Mg, indicating the
presence of a Mg-rich secondary phase. This phenomenon can also be
found in the high entropy metal carbides series [29,30].

Fig. 6 presents TEM microstructural analysis of MCSBZ01 ceramics
sintered at 1350 °C. Fig. 6(a) shows TEM bright field images of the
specimens. Selected electron diffraction patterns were captured at
triangular point A and grain B, in Fig. 6(b) and (c), respectively. The
electron diffraction patterns and d-spacing in both images confirm that
both the grains A and B correspond to the Cag 1251 388ZrO3 phase, with
zone axes of [031] and [061], respectively. The EDS analysis, shown in
Fig. 6(d), reveals atomic ratios close to the composition of
Cag.612S10.388ZrO3 phase with ~1 % of Ba and Mg concentration. All
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grains in the MCSBZ01 sample exhibited the primary Cag 612Sr0.388ZrO3
phase, with no secondary phase detected.

This result aligns with the XRD and density measurements, con-
firming that 1 % MgO is the solubility limit for the Cag ¢12Sr0.388ZrO3
perovskite structure. Additionally, some dislocations were observed at
the grain boundary between grains A and grain B, as shown in Fig. 6(e).
Similar dislocations were commonly found elsewhere in the MCSBZ01
sample, as seen in Fig. 6(f). These dislocations are associated with ox-
ygen vacancies generated by two different models. The schematic dia-
grams in Fig. 7 illustrate the details of B-site substitution, where Mg?* or
Ca?* replaces the Zr** position, leading to the formation of oxygen va-
cancies. First one, due to similar ionic radii, oxygen vacancies are
formed when Zr*t is substituted by Mg?* at the B-site. The defect
equation can be represented by the following equation.

MgO — Mg, + V;* + Oo @

Fig. 6. (a) TEM micrograph of sample (Cag 50Mgo.015r0.390Bao.01)ZrO3 ceramics sintered at 1350 °C, (b) diffraction pattern of position A, (c) diffraction pattern of
position B, (d) elemental analysis of positions A and B, (e) and (f) TEM micrograph of sample (Cag 50Mgo.015r0.39Bag.01)ZrO3 with enlargement magnification.
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Fig. 7. Mechanism of B-site substitution between Ca®* and Mg?* and the formation of oxygen vacancy.

These oxygen vacancies are likely to contribute to increased dislo-
cation within the structure. The concentration of oxygen vacancies and
dislocations is expected to peak at 1 % MgO doping, as this represents
the solubility limit of MgO in CSBZ ceramics. On the other hand,
excessive Ca®t may occupy the Zr+t position at the B site [31,32]. When
Ba2* substitutes the Ca?* cations on the A site, the displaced Ca?* cat-
ions would move to occupy the B site, leading to more oxygen vacancies
[6]. The defect equation can be represented by the following equations:

BaO + Cacqs—Bac, + CaO 2)

CaO —Cdy, + V;* + Oo 3)

Fig. 8 presents EDS mapping and elemental composition of the
MCSBZ03 sample. At least three distinct grains are visible in the STEM
image in Fig. 8(a), labeled as grains A, B, and C. Fig. 8(b) through 8(h)
display the elemental distributions of Mg, O, Ba, Ca, Sr, and Zr. It is
evident that Mg and O are concentrated in grain B, while Ba, Ca, Sr, and
Zr are absent from this region. This observation is consistent with the
SEM, XRD and EDS analyses, which show Mg-rich phases in the
MCSBZ03 and MCSBZ05 samples. Since the MgO content in these

Fig. 8. Elemental analysis of sample (Cag 57Mgo.03Sr0.39Ba0.01)ZrO3 ceramics sintered at 1350 °C.
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samples exceeds the solubility limit at 3 % and 5 %, the excess Mg leads
to the formation of Mg-rich secondary phases, as confirmed by the XRD,
EDS and TEM results.

The dielectric properties of MCSBZ ceramics as a function of MgO
addition were measured at 1 MHz, as shown in Fig. 9. The trend of the
dielectric constants with respect to sintering temperature closely follows
the trend of bulk density (Fig. 4), as grain size directly impacts the

Fig. 9. Different sintering temperature of (a) dielectric constants (b) dielectric
loss (c) insulation resistance of (Cag ¢.xMgxSro.39Bag 01)ZrO3 ceramics measured
at 25 °C, 1 MHz.
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dielectric constant. As the sintering temperature increases, the density of
MCSBZ ceramics rises significantly, leading to enhanced dielectric
constant (e;) values of the CSBZ01 ceramics, increasing from 19.7 at
1350 °C to 33.0 at 1450 °C. Since MgO affects grain growth in MCSBZ
ceramics, the dielectric constant is closely associated with MgO content.
Notably, &, values increase with MgO doping from 0 % to 1 % across all
sintering temperatures (1200 to 1350 °C). However, beyond 1 % MgO
doping, the ¢, trend diverges. At lower sintering temperatures (1200 °C
and 1250 °C), the permittivity of MCSBZ continues to rise with
increasing MgO content. This is likely due to the sintering enhancement
effect of MgO doped, which promotes grain and grain boundary diffu-
sion, thereby increasing both density and e, values [33,34]. This is
supported by the SEM images, which show that average grain size in-
creases with MgO composition. On the other hand, once the bulk density
reaches its saturation point, further MgO addition leads to the precipi-
tation of excess MgO, causing a slight decrease in density. As a result, &,
values decrease with MgO doping from 1 % to 5 % at sintering tem-
peratures of 1300 °C and 1350 °C. This decrease is accompanied by the
formation of Mg-rich secondary phase, as observed in XRD, SEM, and
TEM analyses.

As shown in Fig. 9(b), the dielectric loss decreases with increasing
sintering temperatures, reaching a minimum at 1300 °C. It is well known
that oxygen vacancies and other defects contribute to increased dielec-
tric losses [35]. This suggests that denser sintering at higher tempera-
tures or the addition of sintering aids can significantly reduce oxygen
vacancies and other defects [36]. The MCSBZ ceramics consistently
exhibit lower dielectric loss compared to CSBZ ceramics at all sintering
temperatures. For example, when comparing CSBZ, MCSBZ01 and
MCSBZ03 ceramics sintered at 1250 °C, the dielectric loss shows a sharp
reduction, from 48.0 x 107 to 8.8 x 107°. This demonstrates that MgO
doping effectively improves the sintering performance of MCSBZ ce-
ramics. Moreover, dielectric loss remains low with increasing MgO
content across all sintering temperature. This is attributed to the verdant
complexity of high-entropy systems hinders charge mobility, effectively
suppressing leakage currents and dielectric loss. The mosaic of elements
creates a labyrinthine network that limits carrier movement. Fig. 9(c)
shows the insulation resistance of MCSBZ ceramics, which follow similar
trends as the density measurements. Improved sintering conditions
directly enhance insulation resistance, with the highest value measured
for MCSBZO01 sintered at 1350 °C, yielding 4.3 x 10'* Q. All the
dielectric results are systemically summarized in Table 3. The high en-
tropy ceramics intertwine multiple cations with varying valence states
and ionic radii, creating a labyrinth of charge distribution. This intricate
charge balance mitigates localized electric field distortions, enabling
greater stability and reducing leakage currents [37].

Table 4 presents the dielectric properties of MCSBZ ceramics sintered
at 1350 °C and measured at high frequencies (8.9 GHz). Typically,
permittivity usually decreases with increasing frequency due to reduced
interfacial polarization in ordinary dielectric materials [38]. However,
the dielectric constant and dielectric loss of all MCSBZ ceramics show
only slight deviations under microwave conditions compared to the CSZ
ceramics. This stability is attributed to the more uniform ionic distri-
bution, allowing polarization to resonate more effectively at higher
frequencies [39]. These findings highlight the potential of MCSBZ ce-
ramics for high-frequency applications. The Qf values, calculated and
shown in Fig. 10, exhibit a relationship with several factors. First, bulk
density is directly proportional to Qf since lower bulk density typically
results in more pores and defects, which increase energy loss and
interfacial polarization during electric field switching. The bulk density
rises initially at 1 % MgO doping and declines at 3 % to 5 %, mirroring
the Qf trends. Besides, the presence of secondary phases in MCSBZ03
and MCSBZO05 also contributes to reduced Qf values. Second, the atomic
packing fraction (APF), which represents the packing density of atoms in
the crystal structure, influences the Qf values and can be expressed by
the following formula [40]:
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Table 3
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Dielectric properties and bulk density of (Cag ¢.xMgxSro.39Bag 01)ZrO3 ceramics sintered at different temperatures.

Sintering Temperature (°C) (Cag.6.xMgxSro.39Bag 01)ZrO3 Bulk Density (g/cm®) Permittivity Dielectric Loss (tand x 10~%) Insulation Resistance(£2)
< 1MHz >

1350 X=0 4.91 32.75 16.6 9.8 x 1012
X =0.01 4.97 32.98 10.2 6.1 x 103
X =0.03 4.93 32.56 9.6 4.7 x 103
X =0.05 4.84 32.16 9.1 4.3 x 101

1300 X=0 4.84 32.37 11.5 7.9 x 1012
X =0.01 5.03 32.46 9.0 1.1 x 103
X =0.03 4.96 32.08 6.5 4.9 x 10'®
X =0.05 4.99 31.96 7.8 3.2 x 103

1250 X=0 4,51 25.92 48 2.2 x 108
X =0.01 4.58 26.65 37 3.1 x 10°
X =0.03 5.12 31.99 8.8 6.5 x 1012
X =0.05 4.97 31.96 8.9 3.9 x 103

1200 X=0 3.87 11.03 240 5.3 x 10°
X =0.01 4.02 19.69 215 1.3 x 107
X =0.03 4.50 25.89 147 6.1 x 10°
X =0.05 5.09 31.20 6.5 4.1 x 10'®

Table 4 . Inn+trx
Dielectric properties measured at high frequencies of (Cag 6.xMgxSro.39Bao.01) \/ﬁ(rB +1x)

ZrO3 ceramics sintered at 1350 °C.

(MgyCag 6. Permittivity Permittivity Dielectric Qxf Tf
xST0.39Bag 01) (1 MHz) (8.9 GHz) Loss (GHz) (ppm/
7105 (tand*10~%) °Q)
(Cap.6Sro.4) 28.08 24.29 8.5 12,470 41.8
ZrO3-1500
°C
X=0 32.75 31.27 4.0 21,708 —66.8
X =0.01 32.98 31.48 4.0 22,012 -54.4
X =0.03 32.56 30.99 4.6 18,888 —33.5
X =0.05 32.16 30.28 6.4 13,971 52.8

Fig. 10. Quality factor, density, packing fraction and tolerance factor of (Cag ¢
xMg,Sr¢.39Bag 01)ZrO3 ceramics with different MgO content sintered at 1350 °C.

APF — Natoms Vatom
Vcryxml

The parameter Nggoms represents the number of atoms in the primi-
tive cell, while Vgtom and Verystar denote the volume of atoms and the
volume of the crystal, respectively. According to the XRD measure-
ments, the crystal volume Vpysq1 for CSBZ, MCSBZ01, MCSBZ 03, and
MCSBZ 05 were calculated to be 92.03 %, 92.31 %, 92 %, and 91.58 %,
respectively. These values align well with the trends in Qf values.
Another significant parameter for predicting the stability of the perov-
skite structure is the Goldschmidt tolerance factor t, calculated using the
formula:

where ry, 1, and rx are the ionic radii of the A, B, and X ions, respec-
tively. C.J. Bartel et al. developed a refined method for predicting the
stability of the perovskite structure by incorporating the oxidation state
of the ABX3 structure [41,42]. For Cag gSrg.4ZrOs, the tolerance factor
calculation is simplified due to the equal oxidation state [43,44]. J.
Joseph et al. [45] reported a tolerance factor of 0.924 for Cag ¢Srg.4ZrOs,
compared to 0.965 for SrZrOs, reflecting the looser packing of
Cag 6Srg 4ZrO3 relative to SrZrOs. A. M. Glazer identified three key fac-
tors contributing to the stability of the perovskite structure: tilting of the
anion octahedra, cation displacements, and octahedra distortions [46,
47]. The tolerance factors of CSBZ, MCSBZ01, MCSBZ03, and MCSBZ05
were calculated as 0.928, 0.923, 0.914, and 0.905, respectively. This
decreasing trend in tolerance factor highlights the increasing difficulty
of incorporating higher amounts of Mg cations, which correlates with
the marked decrease in Qf values at 3 % and 5 % MgO doping.

In Fig. 11, we compare dielectric constant and Qf values of CSZ,
CSBZ, and MCSBZ samples. It is evident that dielectric properties are
enhanced with the introduction of Ba and Mg cations incorporation.
Specifically, MgO doping in MCSBZO01 improves both the dielectric

Fig. 11. The quality factor and the dielectric constants of (Cage.
xMgxSr0.39Bag 01)ZrO3 ceramics sintered at 1350 °C as a function of different
MgO and Barium content.
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constant and Qf values compared to CSBZ. Additionally, the t¢ values
improve from —66.8 ppm/ °C to —54.4 ppm/ °C, indicating that MCSBZ
exhibit better thermal stability. Consequently, MCSBZ ceramic exhibited
superior dielectric constants and Qf values compared to CSZ ceramics.
These properties remain stable even as the measuring frequency in-
creases to 8.9 GHz, owing to the stable structure of the material.
Furthermore, a comparison between CSBZ sintered at 1350 °C and
MCSBZ03 sintered at 1250 °C in Table 3 reveals that MgO doping en-
hances bulk density, dielectric constant, and reduces dielectric loss at
low to medium frequencies. This demonstrates MgO’s effectiveness as a
sintering aid, lowing the required sintering temperature.

4. Conclusion

MgxCag.6Sro.4.xBag.01ZrOs (x = 0.01, 0.03, and 0.05) ceramics were
synthesized using the solid-state method. Mg incorporation notably
enhances sintering condition, increasing the bulk density of the ceramics
and reducing the sintering temperature, which is evident in the opti-
mized properties of samples doped with 1 % Mg. We explore the crys-
talline structure and microwave dielectric properties of perovskite
ceramics, focusing on B-site substitution, where Mg replaces Zr. The
results of XRD confirm the formation of the primary phase,
Cag.612S10.388ZrO3 across the entire range of Mg concentrations (x =
0.01 to 0.05). Mg doping in MCSBZ ceramics primarily maintains the
perovskite structure Cag g12Sr0.388Z2rOs without secondary phase for-
mation at lower doping levels. As Mg content increases to 3 % and 5 %,
secondary phases like ZrO, and MgO precipitate due to the limited
solubility of Mg in the lattice. However, the present of secondary phase
confirmed that Mg substituted the ions at B site (Zr*") rather than A site,
generating oxygen vacancies. The oxygen vacancies play a role in sin-
tering enhancement, causing gradual lattice shrinkage and anisotropic
strain in the MCSBZ ceramics. The results lead to a significant increase in
bulk density and a reduction in sintering temperature. Among the
compositions studied, MCSBZ ceramics with 1 % Mg doping (solubility
limit) showed the best dielectric properties, with a permittivity of 32.98,
dielectric loss of 10.2 x 10~ and a high Q factor of 22,012 at 8-10 GHz.
This substitution strategy proves to be an effective approach to improve
the microwave dielectric properties of Cag ¢Srg.4ZrO3 ceramics, making
them highly suitable for microwave device applications.
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